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HNCCJIEJOBAHME NIOAXO0A0B K PEAJIM3ALINA PAGERANK HA A3bIKE
INAPAJIJIEJIBHOT'O ITIPOTPAMMUPOBAHHUA CHARM++

AHHOTALIMA

B cmamve npedcmassieHbl pesyabmamol uccaedogaHus nodxodoe K peaauzayuu 3adavu
paMdxcuposaHusi sepwiuH epaga - PageRank, Ha s3blke nApaaneabHO20 NPO2PAMMUPOBAHUS
Charm++, OCHOBAHHOM HA ACUHXPOHHOU MOOJeAU BblYUCAEHUU C yhpasseHueM NOMoOKOM
coobweHutl. [IpedaodxceHsbl U peaau3osaHvl mpu aszopumma PageRank ¢ pasHoll cmeneHbio
ACUHXPOHHOCMU,  nNpugedeHbl  pe3yAbmamvl  IKChepuMeHmos8 No  UCCAed08aHUN)
npouszsodumesnvHocmu peaaudayuii PageRank Ha 36-y3/1080M 8blHUCAUMEALHOM Kaacmepe
AHeapa-K1 Ha 6aze KOMMYHUKAUUOHHOU cemu AHeapa. /A58 cpasHeHUs pe3y/ibmamos
ucnoav3osanace peaaudayus PageRank u3 6ubsauomexku Parallel BGL. Pe3yabmamubl
uccsedosaHusl nokasaJu, 4¥mo npu He6o1bwWoM Koauyecmae y3.108 (do 32) na 3adaye PageRank
a/120pummbsl, pazpabomaHHble Ha OCHO8E NPUHYUNO8 ACUHXPOHHbIX 8bIYUCAEHULL U yNpasaeHUsl
NOmMoKOM COo0OUjeHUll, HO UCNO/b3yHUWUe MeXaHU3Mbl azpe2ayuu KOpPOMmKUX CO06ueHUl,
umerom makyw e 3g@PeKmueHoCMby, KaK U aA20pumm, uchoas3yroujuli kaaccuieckyro BSP-
Modeb.
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APPROACHES TO IMPLEMENTATION OF PAGERANK IN CHARM++
ABSTRACT

In the paper multiple approaches to implementation of the PageRank algorithms in
asynchronous, message-driven parallel programming language Charm++ are presented. The
described algorithms are based on the native Charm++ asynchronous model, as well as on the
aggregation library (known as TRAM) developed for Charm++ applications. Evaluation results
have been obtained on the 36-node HPC cluster - Angara K1. A bulk-synchronous parallel
PageRank implementation from Parallel BGL has been chosen as a reference for performance
comparison. It has been shown that asynchronous algorithms implemented in Charm++ and
using a TRAM-based optimization have almost the same performance as the BSP-based
PageRank algorithm implemented in Parallel BGL.
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BBEJIEHUE

OaHOM M3 NPUKJIAJHBIX 33/la4 TeopuHU rpadoB sBAsSETCS PaHXUPOBaHUE BepLIKH rpada, To ecTb
Ha3HauyeHHe PaHroB BepLIMHAaM rpada, B COOTBETCTBUHU CO CTPYKTypoi rpada. TUNHYHBIM IPUMeHEHHEM
JIaHHOM 3a/1a4H fABJISIETCS aHa/IU3 B3b6-rpada B MOMCKOBBIX cMcTeMax [1, 2], 0lHaKO CYLIeCTBYIOT U IpyTrHe
npuMepsbl NpuMeHeHus [4, 5, 6]. OAHUM U3 MEPBBIX U HaUb0JIee U3BECTHBIX aJITOPUTMOB PAaHXKUPOBAHHUS
cuutaetcs PageRank [7], pazpaboTaHHbIi A5 TOMCKOBOU MaliuHbI Google. HecMoTpsi Ha To, 4TO 3a 60Jiee
yeM 15-/7eTHIOI0 HCTOpUIO cyllecTBOoBaHUA PageRank 6bL10 BbIMONHEHO 60JbIIOE KOJHUYECTBO
WCCAelOBAHUN alropuTMa M ero MoAudUKalUM, peasM3aldil € HCIOJb30BaHHEM pPa3JUYHbBIX
MPOTPaMMHBIX MOJeJIel U TEXHOJIOTHH, U ONTUMHU3ALU I 10/ pa3/IMyHble apXUTEKTYPbI BBIYUCIUTENbHbIX
cucTeM, KJaccudeckuid PageRank nposposnkaeT npeacTaBasaTh HHTepecC Kak TUIIOBasi rpadoBasi 3a1a4a JJs
pa3paboTYMKOB HOBBIX IPOTPAaMMHBIX MOJeJIel U UHCTPYMeHTaIbHbIX CPE/ICTB.

B faHHOUN paboTe paccMaTpUBaeTCs aCMHXPOHHAs BBIYHCJIWTENbHAs MOJEIb C YIpaBJeHUEM
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MIOTOKOM COOGIIIeHHH U ee peasn3aliys B BU/e 13blKa [lapaJljieJibHOro nporpaMmMmupoBanus Charm++ [8, 9]
JUJIsl CyIepKOMIIbIOTEPHBIX KOMIIJIEKCOB U BBIYMCIUTENbHBIX KJACTEPHBIX cUCcTeM. [I[porpaMMHas MoJie/b
Charm++ 3HAYUTEJbHO OTJHWYAETCA OT CYLIECTBYIOUIMX CTAaHJAAPTOB pa3paboTKH MNapasyiesbHbIX
porpaMM, OCHOBaHHbIX Ha SPMD-Mojeny U MoJiesid pacnpezieeHHoN uau obuen namsatu, MPI [10] niau
OpenMP [11], a Takke X KOMOMHAIUN. ACHHXPOHHOCTb? 3aJI0K€HHasi B MOZieJid BbluucaeHu Charm++7?
M03BOJISIET T0-APYroMy BbIpaXXaTb aJITOPUTMBI U, COOTBETCTBEHHO, MOJIyYaTh NPUHLUIHAJBHO HHYIO
OpraHM3alMI0 BBIYUCJAUTENBHOrO npolecca. bosiee mopo6HO 0 CyIIeCTBYIOIUX aCHHXPOHHBIX MOJESX
BBIYMCJIEHUH MOXXHO 03HAKOMUTCS B pabore [12].

AnroputMbl anasu3a rpapoB Ha Charm++ ABJAKTCA MaJIOUCCIEJOBAHHOW 06J1acTblO [0
HaCTOsIlero BpeMeHH, B TO BpeMs Kak MoJiesib Charm++ xopouio noaxoauT 15 pa3paboTKU aCUHXPOHHbBIX
rpadoBBIX aJITOPUTMOB B CUJIY CJIEAYIOLUX NPUYHH:

- 00'beKTHO-OpUEHTHpOBaHHas Mojejb Charm++ M03BoOJIsIeT JOCTATOYHO IPOCTO BbIpaXKaThb
rpacdoBble aJrOPUTMbI B BEPLIMHHO-OPUEHTHPOBAaHHOM CTUJIEe (Vertex-centric), KOTOPBIH SIBJIS€TCS OAHUM
13 HauboJiee paclpoCTpaHEHHBIX OJX00B K paboTe ¢ rpadaMu IpU pellleHUH 3aJa4 aHau3a boabuinx
JanHbix [13, 14];

- IMHaAMH4ecKasi 6aJJaHCUPOBKA HarpysKH, MOAJAep>KUBaeMasi B CUCTEMe BPEMEHU BBIIOJIHEHUS
(runtime-cucteme) si3bika Charm++, M03BOJIAET OCYIIECTBJAATh aBTOMAaTHYECKYH0 MUTpALUI0 0G'HEKTOB
MeX/y y3JlaMHU BBIYMCIUTENbHOIO KJIacTepa, YTO 0COOEHHO aKTyalbHO /J1s1 IpadOBbIX 33/ja4 BCJIE/ICTBHE
HX HEPEery/JIsIpHOCTH, a TaKXKe HecbaJlaHCUPOBAHHOCTH peasibHBIX IpadoB (HanpuMmep, scale-free rpadsl c
pacrpe/ieJleHUEM CTeIIeHU BEPILHH I10 CTENIEHHOMY 3aKOHY).

B nanHOM paboTe npeAcTaB/eHbl TPU Pa3/IMYHbIX aJIropuTMa peaiusanuu PageRank Ha Charm++,
BCe TPU aJTOpPHUTMa SBJSIOTCS ACMHXPOHHBIMHU 10 XapaKTepy BbINOJHEHUs MoAUPUKALMN paHTOB
BEPILHH, HO C PAa3/IMYHON CTeNeHbI0 aCUHXPOHHOCTU. Peanv3anuu aaropuTMoB GbLIM POTECTUPOBAHBI
Ha CHUHTETHYEeCKH CcreHepupoBaHHbIXx rpadax tuma RMAT [15]; gaHHBIM TUn 6/M30K K rpadam,
HCI0JIb3yeMbIM B oLleHo4YHOM TecTe Graph500 [16]. Pe3y/ibTaThl OLleHOYHOI'0 TECTUPOBAHMUSA MTOJIYYeHbI Ha
BBIYHCJIUTENbHOM KJacTepe AHrapa-K1 Ha 6a3e KOMMyHUKalMOHHOW ceTH AHrapa [17,18].

Jlanee NpuBOAUTCS KpaTKoOe oNKcaHue mporpaMMHoOlN Mofenu Charm++ (pasgen 2), onucaHue
¢dopmasnbHOHN mocTaHOBKM 3ajayu PageRank (pasgzen 3), omucaHue anaropuTMmoB (paszen 4) U aHaaIu3
pe3y/IbTaTOB OLEHOYHOI'0 TeCTUpOoBaHus (pa3zes 5). B 3ak/oueHUH PUBEEHbI BBIBO/JBI U JJaJIbHeNIIHe
MJIaHbI UCCJIEJOBAHUM.

INPOIr'PAMMHAA MOJAE/Ib CHARM++

fA3bIk mapasutesibHOro mporpaMmmupoBaHus Charm++ sBisieTcs paciiMpeHueM ssblka C++ U
OCHOBAaH Ha 06'bEKTHO-OPHEHTUPOBAHHON MO/IeJId C yIpaBJeHueM aCUHXPOHHBIM IOTOKOM COOGIIEHUH
[8, 9]. Himxe mpuBOASTCSA OCHOBHBIE KOHILIENI[UM TPOrpaMMHOM Mogeiu Charm++.

BazoBbiM 06 bekTOM B Charm++ sBssieTcs chare (unu chare-o6sekm), 06J1aJal0MM TOMHUMO BCEX
CBOWCTB 00beKTOB B C++ (MHKAICYJMPOBAHHBIMU JAaHHBIMHU, MHOXXECTBOM NYOJMYHBIX M MPUBATHBIX
MEeTOZ0B U T. I.), UHTepdelcoM U3 CleLHaJbHbIX entry-memodos, BbI30Bbl KOTOPBIX COOTBETCTBYIOT
nepezaye JaHHBIX (T. €. COOOIIeHUN) Mexay chare-06beKTaMH.

[Ipunoxxenre B Charm++ cocTOMT M3 MHOXecTBa chare-06'b€KTOB, OOMEHUBAIIIUXCA MEXIy
co60¥ JaHHBIMU MOCPEJCTBOM BbI30BOB entry-mMeTo/joB. KpoMe TOro, BbI30B entry-MeTo/ia MOpPOXAAET
BBINOJIHEHHE HEMOCPeACTBEHHO CaMOro MeTo/ia Ha TOM y3Jie, IZle HaXoAuTcs chare-06beKT, entry-MeTos
KOTOpOTO ObLI BbI3BaH, TO €CTb TAKUM 00pa30M peaJu3yeTcsl KOHLENL U ynpasieHusi N0MoKOM OaHHbIX
WM AKMUBHbBIX COO6UWeHUT.

B mporiecce BbINOJIHEHUS entry-MeTo/a MOTYT ObITb U3MEHEHbI TOJIbKO JaHHbIe, IPUHA/JIeXaliie
chare-o6bekTy. OfHOBpeMeHHO y chare-o6'beKTa MOXKeT BBITNOJHATHCS He 60Jiee 0AHOTO entry-MeTo/1a, 4To
M03BOJIsIeT M30eXaTh NMpPoO6JieMbl obGecrieyeHUs] aTOMAapHOCTH HU3MEHEHUs [JAaHHBIX, NPUHAAJIEXAIUX
chare-06beKTy, U 3HAYUTEJbHO yIpOLIAeT NporpaMMupoBaHue. CxeMaTH4YeCKH MpOrpaMMHasi Mo/ieJib
Charm++ npezacraByeHa Ha pucyHKe 1.

Kpome mpocTbix chare-o6'bekToB Charm++ nMMeeTcs BO3MOXXHOCTb CO3/1aBaTh MacCHUBBI chare-
06beKkToB. [Ipy 3TOM MaccHBBI GBIBAIOT KaK OJHOMEpPHBIMH, TaK U MHOIOMepHBbIMH. Mcmosib3oBaHue
MacCHBOB I03BOJISIET CO3/1aBaTh 60JIbLIOE KOJMYECTBO chare-06b€KTOB, YIIPAB/IATb UX paclipe/ieieHueM
10 BBIYUCJIUTENbHBIM y3J/1aM, BBIIOJHATD HaJ HIMHU KOJIJIEKTHBHbIE ONlepalyy.

B Charm++ mnoajep>xuBaeTcsi aBTOMaTU4YecKas JUHaMH4yecKas OaJJaHCHUPOBKAa Harpy3kKud Ha
BBIYMCJIUTENbHbIE Y3JIbl, UTO peasu3yeTcsl Ha ypoBHe runtime-cucTeMbl 3a cyeT nepeMmenieHus chare-
00'bEKTOB MEX/ly BbIYMCAUTENbHBIMU y3JaMHU. i MPUKJIaZHOr0 MPOTPaMMHUCTA JaHHAsA BO3MOXXHOCTb
COBeplIeHHa MPOo3payHa, TaK Kak mporpaMMHasi Mozesab Charm++ He cnenudunupyeT pacroJsoxeHue
chare-06beKTOB B BBIUMCJUTENbHON CHCTEMe, U BCe OOBEKTHI aJ[peCYIOTCSl B €JWHOM aJpPecHOM
MPOCTPAHCTBE.
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OcHoBHbIe KOHLeNIMU MoJiesin Charm++ 6b11u paspaboTansl modtu 20 JileT Ha3ajd B TO BpeMs,
KOTZla MaccoBO-lNapasijiejibHble CHCTEMbI (BBIYHUCJIWUTEIbHBIE KJACTepbl) HAa OCHOBE KOMMEPYECKHUX
MHKPOIIPOIECCOPOB TOJbKO HAaOUPaIu MONyJIsIpHOCTh. TeM He MeHee, Mofiesib Charm++, BoGpaBiuas B ce6s
Kak npuHnuns! dataflow-monesielf, Tak U MHOTONOTOYHBIX (MY/JbTUTPEOBbIX) MO/JieJled BbIUUCIEHUH,
OKa3aJs1ach J0CTATOYHO yCIEeIHON U C MOMEHTA CO3/iaHus [TI0YTH He peTepleBaJsia U3MeHeHHU .

Chare B
Chare D[1] Chare D[4]
~ f
5 /f \
Chare D[0] Chare D[3]
/ \\.Chare D[2] / /' \Chare D[5]
f
Chare A Chare C
PEOQ PE1 PE 3
Chare A | |Chare D[0] Chare B | |Chare D[2] Chare C | |Chare D[4]
Chare D[1] Chare D[3] Chare D[5]
Charm++ RTS Charm++ RTS Charm++ RTS
| I Scheduler ‘ | Msg Oueuel | Scheduler ‘ [ Msg Oueuel | Scheduler ] | Msg 0ueue|
Transport Layer Transport Layer Transport Layer
Interconnect

Puc. 1. [Ipozpammuas modesb Charm++

INOCTAHOBKA 3AJIAYY PAGERANK

Anroputm PageRank mMogenupyer mnpouecc cay4daiiHoro mnepemeineHus ("cepdunra")
MoJb30BaTeJisd 0 CTpPaHUIAM B36-CETH, MPHU 3TOM IepeJ, KaKAblM HOBBIM IIAroM C 3aJaHHOU
BEPOSITHOCTbIO BBIOMpAETCs OAHO W3 JABYyX JAeWcTBUMl: (1) mosib3oBaTesb C PaBHOW BepPOSITHOCTBHIO
BbIOMPAET OHY U3 IUIlepCcChlIOoK (pebpo Bab-rpada), mprHajiexaliux TeKyliel cTpanule (BepiurHe B36-
rpada), U MepexoAUT Ha CTPAHUIy IO BbIOPAHHOM CChbLIKe, WX (2) MOJIb30BAaTe/Nb OCYILECTBJSET
"Tejienopranu” - MnepeMelieHHe Ha APYTYI CTPAHUIY, BBIOPAaHHYI CJy4alHBIM 06pa3oM M3 BCeX
CYLIECTBYIOUIUX CTPAaHUL| B36-ceTH. UHTYUTHBHO NMOHSATHO, YTO [IPHU TaKOM NepeMelLleHUH, yeM 6oJiblie
CTPaHUIAa UMeeT BXOAALIMX CChIJIOK, TEM 60JIbliIee KOJIMYECTBO pa3 Ha Hee Oy/IeT BBINOJIHEH NEPEXOJ.

[lycte gaH opueHTHpoBaHHBIA TpadG = (V,E), B KOoTOpoM V- 3TO MHOXKECTBO BepuiuH, E-

MHOXxecTBo AyT. Toraa paHr BepuiuHbl VB PageRank BeiuncisieTcs cieayomuM o6pa3om:
1-p PR(u)
PR(v) = —+pX e 1
@) vl +p ZuEd'"(") ldout I’ (1)
rfie p— BEPOSITHOCTh BbIGOpa mepexo/a 1o ucxogsiei ccolike (0 < p < 1), dj,(v)- MHOXKECTBO CMEXHbIX
C VBEpILKH, UMEIOLIUX UCXOAsIHE AYTH, YKa3bIBaoL1e Ha vV, d,,(V)- MHOXECTBO CMEXHbIX C UVBEPLIKH,
1

Ha KOTOpPbI€ YKAa3bIBAKOT UCXOAALWE U3 VAYTH. B KayecTBe HaYaJIbHOT'O 3HAYEHHU S paHroB BbIGI/IpaeTCH v

ACUHXPOHHBIE AJITOPUTMbI PAGERANK

HauboJiee pacripocTpaHeHHOM cXeMOM BbIYMC/IEHUS PAHTOB BEPUIMH NPU peaM3alUy aJropuTMa
PageRank siBsisieTcst ©”TepaTUBHAs CXeMa, KOT/Ja Ha KaXK/[OM LlIare BbIUUCJISIETCsSI HOBOE 3HAaYeHHe paHTa JJis
Ka)kKZI0M BepIIMHBI, IPU 3TOM MEX/y IllaraMH, KaK MpaBUJIO BINOJIHSIETCS GapbepHasi CHHXPOHHU3aLUs,
YTOOBl 06€eCrneyruTh COIJIACOBAHHOCTh BBbIUMCJEHHMN. B HalleM moJxoJe Mbl TaKXXe HCI0JIb30BaIU
HMTEPaALMOHHYIO CXeMy BbIUMCIEHUH, OJJHAKO aJJalITUPOBA/IH ee K aCHHXPOHHOM Mozenu Charm++.

Ha pucyHke 2 npezacTtaB/ieH 6a30BbIN (MJIM HaWBHBIM) aCHHXPOHHBIN anroputM PageRank Ha
sa3pike Charm++. AnropuTM sBJsieTCS WTEPALMOHHBIM, Ha KaXJOW HTepalMy NMPOUCXOAUT IepecyeT
3HAYeHUH paHToB BCex BepLIMH. BepIiuHbI Npe/cTaB/ieHbl B BU/Je 3JIeMEHTOB MaccuBa chare-06beKTOB
kJacca PageRankVertex, mpu 3TOM KazAblii 06bEKT COOTBETCTBYeT OJHOW BepiuvHe rpada. [asee
TEepPMUHbI BepLIMHA U chare-06'beKT MOXXKHO CUUTATh B3aUMO3aMeHs1eMbIMH.
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readonly:
¢ — IPOKCH-CCBLIKA Ha MaccHB chare-oobexkToB (rpad)
N — KOIH9ecTBO BePIINH
d — BeposrTHOCTB nIepexoma 110 pebpy (damping factor)
entry method PageRankVertex:: doPageRankStep_init()
PROfd — PR'n.r.'.lr-'
PRyew + (1.0 —d)/N
end method
entry method PageRankVertex::doPageRankStep_update()
> BBI30B update B cOCeHUX BEPITHHAX
for all u £ outgoing edges do
gldest(u)].update(PRoja/dowt)
end for
end method
entry method PageRankVertex::update(r)
PR, cw + PRew +dxr
end method
function MAINCHARE: :DOPAGERANK
for i =0;7 < Niters;i 1+ 1 do
&= BBI30B doPageRankStep init Bo Bcex BepmmHax rpada
gl#].doPageRankStep_init()
> oxKHAAHTE “THITHHABL
CksStartQD (CkCallbackResumeThread() )
> Be30B doPageRankStep update Bo Becex BepmmHax rpada
gl#].doPage RankStep_update()
> OKHIAHTE “THINHHEBL
CkStart(QD (CkCallbackResumeThread() }
end for
end function

Puc. 2. Basosylil anzopumm PageRank na Charm++

B kax/z0¥ BepliMHe onpejeseHsl ABa napametpaPR,;uPR,,,, B KOTOPbIX XpaHATCA 3Ha4YE€HHUE
paHra BeplUHHbI AJA NpeJblAyllied UTepalluy U YaCTUYHO NOJCYMTAaHHOe 3HaueHHe paHra Ha Tekylleil
1
m.

HWTepanuu aJroputMa cocTodT U3 AByX ¢as. [leppas pas3a muHULMMPYeTCs BbI30OBOM entry-MeToAa
doPageRankStep_init y Bcex BepuinH. HazHayeHue nepBoil ¢pa3bl B MHUIMAJIMU3ALUN TEKYIIEero miara -
06HOBJIEeHUM 3Ha4yeHUHPR,  UPR,,,. Bropas ¢asa ununuupyerca Bbi3oBoM doPageRankStep_update
TakXe y Bcex BepiinH. Ha BTopo# ¢dase BbINOJIHAETCS aCUHXPOHHOE BhIUMCIeHHePR,,,,,y BCeX BEpUIUH.
[Ipy sTOM KaxJasd BeplIMHA paccbllaeT CBOUM CMeXHBIM BepliMHaM (IO MCXOAAIMM JAyram)

WTepalyH, COOTBETCTBEHHO. B Hauya/IbHbIM MOMEHT BpeMeHUPR,,,,, HHULIUAJIU3UPYETCSA 3HAYEHUEM

PR
3HaquHed—°l‘1c MIOMOLIBI0 BbI30Ba entry-MeToja update y cooTBeTcTByMOLIMX chare-o6beKTOB. Mex 1y
out

¢dbazamuy, Tak ke KaK U MeX/Ay UTepalusaMy, He0o6X0AMMO BbINIOJIHEHUE 6apbepHOM CUHXPOHU3aLMHU. [lis
3TOr0 HCHOJIb3yeTcs mnojdepkuBaeMbli B Charm++ MexaHu3M o6GHapyKeHHUs "TUILMHBI" (BbI3OB
CkStartQD).

O4eBUAHBIM HEJOCTATKOM 6a30Boro asroputMa PageRank siBasieTcss Hanuvue ABYX r/106aJbHbIX
6apbepHBIX CUHXPOHM3aLUH Ha KaXKJA0W UTepaliiy, YTO MOXKET NMPUBECTH K CJ1a60M MaclITabupyeMoCTH
ajsroputMa. /Jlyis ycTpaHeHUs1 3TOM NMpo6JeMbl NpeJJaraloTcs cjieAyioliye ABa aJiropyuTMa: YaCTHYHO-
aCMHXPOHHBIN anropuTM PageRank ¢ moscyeToM coob1ieHUH U TOJHOCTbI0 AaCUHXPOHHBIN aJITOPUTM.

Ha pucyHke 3 npuBesieH NCeBJOKO/, 4aCTUYHO-aCUHXPOHHOTO asiropuTMa PageRank c mogcyeTom
BXOZSALIMX COOOIEeHUH, B KOTOPOM KOJIMUECTBO [V1I00aJIbHbIX 6apbepOB Ha OZJHY UTEPAL[MI0 COKpAIeHO [0
onHOro Gapbepa. OCHOBHaAs U/jiesd aJrOPUTMa — UCI0JIb30BaTh MOACYET BXOASAIINX COOOIeHUH (BhI30BOB
entry-mMeToga update), ¥ mocsie MoJiydeHUs1 MOCJeJHEro COOOINeHHsI HA JAHHON HTepanuyd OOHOBJISTH
3HAYeHUsl JIOKAJbHBIX IepeMeHHbIX BepUIMHBL [logpa3ymMeBaeTcs, 4YTO BCe BEpPIIMHbl HUMEIOT
HHbOPMAIMIO O KOJIUYECTBE BXOJAIUX cocesiedl (d;,), TaK YTO /151 OpUEeHTUPOBaHHBIX rpadoB TpebyeTcs
JIOTIOJIHUTEIbHAA Npefo6paboTka rpada. [ mogcdyeta COOOUIEHUNA UCIOIb3YeTCs OOPaTHBIM CUETYHK

Ninsg-
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readonly:
g — TIPOKCH-CChLUIKa Ha Maccnb chare-obbekTos (rpad)
N — KOJIHYIEeCTBO BEPIINH
d — BepOsSITHOCTE nepexoma 1o pebpy (damping factor)
entry method PageRankVertex::doPageRankStep()
> npucsansBanne P R4 cebuikn Ha ranky unm rank;
PRoia < (niter mod 2) ? ranko : rank,
> BBIZ0B update B cOCeHNI BEPIIHHBL
for all u € outgoing edges do
gldest{u)].update( PRoafdout)
end for
end method
entry method PageRankVertex::update(r)
> npucsansanne PR, .., coblukn \a ranke wam ranky
PRycw < (niter mod 2) 7 ranks : ranky
PRngu.- = PHne:u_‘ + d; xr
MNimag < Nmsg — 1
if 49 = 0 then
Nmag din
iter + Miter + 1
> npucsansanue PRy, cobikn na ranke nam rank;
PR‘RE!‘-‘.U = ('nifer mod 2) 7 'T'ﬂn-‘i-'l :'r‘a'n.k:o
PRyew + (1.0-d)/N
end if
end method
function TESTDRIVER::DOPAGERANK
for i =0;i < Niersii < ¢+ 1 do
B> Bb130B doPage RankStep Bo Beex BepmmHax rpada
gl #].doPage RankStep()
B osKHIaHIe “THIIMHBL
Ckstart(OD ({CkCallbackResumeThread () )
end for
end function

Puc. 3. Anzopumm PageRank c nodcuemom coob6wenuti Ha Charm++

readonly:
g — TPOKCH-CChLIKA Ha MaccHB chare-06bexToB (rpad)
N — KOTHUIECTBO BEPIIHH
d — BepoOATHOCTE Nepexoia 1o pedpy (damping factor)
Niters — kOmmuecTro urepaunii PageRank
entry method PageRankVertex::doPageRank()
e maanmanmsannsa P Rer W oiter B kamaoi sepmmne
PR + LO/N, iter + 0
& BBIZOB Update B COCEAHNX BEPNINHAX
for all u € outgoing edges do
gldest(u)).update(0, PRy [dou)
end for
iter «— iter + 1
end method
entry method PageRankVertex::update(z, r)
PR[i].nmaeg +— PR[i].Nrmsg + 1
PR[i].pr < PRli]lpr+d xr
while PRiter] nmay = diy, do
PR.w, = (1.0 —d)/N + PRJiter].pr
if ?;tf-?" +1< .I'\'.-\E?e?-.a thell
b BBI3OB update B COCEMHUX BEPIINHAX
for all u € outgoing edges do
g[desz‘.(u}].update(i + 1, PReur /dout)
end for
er +— iter -+ 1
end if
end while
end method
function MAINCHARE: :DOPAGERANK
© BBI20B doPageRank BO Beex BepnInHAX
g|#].doPageRank()
end function

Puc. 4. [lonHocmblo acuHxpoHHbll anzopumm PageRank Ha Charm++
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Takxe He06X0JMO 06PAaTUTh BHUMAaHUE, UTO paboTa Cc IepeMeHHbIMU XPaHALIMMU Npeblyliee
U Tekyllee (06GHOBJIsIeMOe) 3HAuYeHUs DPAHTOB, BbINOJIHSAeTc 4Yepe3 ccbuikd (PR, u PR,.,), 3TO
He0o0X0/JMO /IJIsl TOTO, YTOOBI COXPAaHUTh KOHCHCTEHTHOCTb 3TUX 3HAYE€HUH B CJIyyae paCCHHXPOHU3AIUU
BbINOJIHEHUS MeTo10B doPageRank u update.

Ha pucyHke 4 mnpejcraBJjieH elle ofHa Moaudukauus aaroputMa PageRank c mosiHOCThIO
ACHHXPOHHBIM BBIIIOJIHEHHEM OOHOBJIEHUH pPaHIOB BEPILMH, TO €CThb Mexay uTepauusMu PageRank
OTCYTCTBYeT KaKas-1M60 CUHXpOHMU3alus. [Jis 3TOro B KaK/Ayl BepIIUHY JoOaBjeHa acColMaTUBHAs
tabaunaPR[ ] azpecyemasi mo HoMepy MTepalydy, a B BbI30B entry-meroza update Jo6aBjieH HOMep
ruTepalyi (i), B paMKax KOTOPOW OH BBIMOJIHSETCS.

Kaxkmas 3anuce PR[  ]cofep:kuT 3HaueHHe paHra BEPIIHHBI Ha JaHHON UTepalyu pr, KOTOpoe
MOXET OBbITb BbIYUCJIEHHBIM WM ObITb B CTaJJUM BbIYUCJIEHHUHA, U KOJUYECTBO COOOLIEHHH Mg,
MOJIy4eHHbIX Ha JJAHHOU MUTepalMy OT COCeAHUX BepIIuH. Korja Bce cooblieHnst OGbLIM JJOCTaBJIEHbI JJIs
Tekyuedl urepauuu (T.e. PR[iter].n,, = d,), To Bepu1Ha "mepexoAUT" Ha C/leJyIOIlyi0 UTepalHio
(iter = iter + 1), paccbliaeT HOBble 3HAYEHUSI CBOUM COCESIM U 0KHU/IAET HOBYIO MOPLUIO COOOIEHUH U T.
J. Heo6xoauMo OTMeTUTb, YTO B BePIIMHY MOTYT HNPHUXOAUTHL COOOIIEHHs] C Pa3HbIMU i, U TOrAA
uHbOpMaIUs 0 HUX GYeT MonaAaTh B pasHble 3anucd PR[  ].

3KCIIepPIMeHTaJIbHLIe pEe3yibTAThI

B kauecTBe TecTOBOU MIaTPOpPMbI HCIOJB30BAJICA BBIYMCIUTENbHBIN KjacTep AHrapa-K1 c
OTe4eCTBEHHOW KOMMYHUKAaLlMOHHOW ceTblo AHrapa. Kondurypauus Axrapa-K1 Bkurouaet: (1) 24
JBYXIPOI[ECCOPHBIX y3Ja C 6-s/lepHbIMU Npolieccopamu Intel Xeon E5-2630, (2) 12 ogHOmpoLecCOpHbIX
y3na c 8-amepHbiMH Intel Xeon E5-2660. Bce y3ibl umeror no 64 I'B omepaTUBHOW mNaMsTH.
KoMMyHUHKanMoHHas ceTb — AHrapa c Tonosiorueit 3D-top (3x3x4).

JJis TeCTUpPOBaHHUsI MacCIITAaOUPYEMOCTH aJrOPUTMOB MCI0Jb30BaJUCh OpPHEHTUPOBAaHHbIE
cunTetndyeckue RMAT rpadwl pasaumyHoro pasmepa (mapamerp k=16). B kadecTBe reHepatopa
HCII0JIb30BaJICSI COOTBETCTBYOLIHH Ko/ U3 TecToBoro naketa Graph500. KosndecTBo ntepanuit PageRank
paBHO 3.

Ha pucyHke 5 mnpuBefieHbl TpaduUKH 3aBUCUMOCTeH BpeMeHU BbiNosiHeHUs1 PageRank ot
KOJINYeCTBA MCIIOJIb3YEMbIX Y3JI0B KJacTepa (KOJMYECTBO HCIOJIb3yeMBIX siiep B y3J/e OblIO Bcerja
paBHBIM 8) NpU MOCTOSAHHOM pasMepe rpada (cubHasg MacuITabupyeMocTh). TakuM o6pa3oM, YUCIO
BepiirH rpada RMAT-s cocTaBsisieT2®.

U3 rpadukoB BUJHO, YTO, BO-E€PBbIX, 6a30BbIi aaroputM PageRank u anroputm c nojacyeTom
COO00ILeHMH TTOKA3bIBAIOT IPAKTUYECKU OIMHAKOBOE BpeMsl BbINOJIHEeHUs1. C 0ZJHON CTOPOHBI, 3TO TOBOPUT
0 AocTaTo4HO 3¢ PEeKTUBHON peasiM3alMy MexaHW3Ma o6HapyKeHus TUIIKHBI B Charm++, Ho, ¢ Apyroi
CTOPOHBI, MAaKCHMaJIbHOE KOJIMYECTBO y3JI0B JJOCTATOYHO MaJio U HEraTUBHBIN 3QdeKT OT BbINOJIHEHUS
6apbepHON CHHXPOHM3AlMU He 3aMeTeH. Bo-BTOpBIX, NMOJHOCTbIO aCUHXPOHHBIA airoputMm PageRank
MMeeT 0o0Jiee BBICOKYI0 MPOU3BOAUTENbHOCTD [0 CPAaBHEHUIO C 6a30BbIM aJIFOPUTMOM: TaK, AJs rpada
RMAT-20, Ha ogHOM y3Jie OTHOIIIeHUEe JBYX aJFOPUTMOB COCTaBJsAeT 2,5 pa3a, a HA 16 y3iax - 3,1 pasa.
JlaHHOe ycKOpeHHEe MOXEeT ObIThb 00'bSICHEHO HECOAJTaHCUPOBAHHOCTBIO BBIYMC/AEHUH B paMKax OJHOM
WTepalUy NPU BbIOJHEHUM 6a3o0Boro ajaroputMa PageRank (Takke Kak W aJirOpMTMa C MOJACYETOM
COOOIIeHUl), B TO BpeMsl KaK B aCUHXPOHHOM aJITOPUTMeE AaHHAsg HecOAJaHCUPOBAHHOCTh He HMMeeT
CUJIBHOTO 3HaY€HHUS, TaK KaK UTepaliiy BbIIIOJHSIOTCS C HEPEKPBITHEM APYT OTHOCUTENBHO JIpyTa.

Takke Obla BBINOJIHEHA peasiM3anus 6a30BOr0 aJrOpUTMa C HMCIOJb30BaHHEM OHOJHUOTEKU
arperaguu coobuiennii TRAM [19], paspab6oranHo#l aas Charm++ nporpamMm. IIpuMeHeHue 3ToMU
6UOJIMOTEKH [03BOJIIET OTNPABJAATH KOPOTKHE COOOLIEHUs, HCIOJIb3ysl MeXaHU3Mbl arperauvv M
NPOrPaMMHOM MapIIpyTHU3aLMH COOOIIEeHUH B 3a/JaHHOW BUPTYaJbHON TOMOJIOTMHU (MOJJEepKUBAOTCS
MHOrOMEpPHbIE pelIeTKH), B y3Jax KOTOPOH HaxoAsATCS MPOLLECChl CUCTEMbl MOAJAEPXKKH BbINOJHEHUS
Charm++ (111, 4TO IpaKTUYECKHU OAHO U TO ke, MPI-npowecchl).

Kak BuAHO W3 pucyHka 5 ucnosib3oBaHue 6ubsvorekn TRAM juia peasusanuu 6a30BOro
aJIFOPUTMa MO3BOJIMJIO 3HAYUTEJbHO COKPATUThH BpeEMs BBINOJHEHHUS aJIrOpUTMa IO CPaBHEHUIO C
HaTuBHOU Charm++ peanusanuu: aisd rpada RMAT-20 HA oJHOM y3Jie TPUPOCT MPOU3BOJUTENbHOCTH
coctaBua 4,22 pasa, a Ha 16 y3nax - 5,7 pasa. TakuM o6pasomM, peasiusanus 6azoBoro ajaroputma PageRank
¢ ucnoJyb3oBaHueM 6uGauoTeku TRAM okasasace Haubosiee 3GGeKTUBHON cpefu HCCIeAyeMbIX
peasnuszanui PageRank Ha Charm++.
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Puc. 5. Bpems evinonHeHust PageRank Ha kaacmepe Aneapa-K1 das epagpos RMAT-20 (a), RMAT-22 (6), RMAT-24 (8),
RMAT-26 (2). Pedscum cunbHoll Macwmabupyemocmu

Juis  cpaBHeHHUsI ObLIM TOJIyYeHbl pPe3y/NbTaThl BbINOJHEeHUs ajropuTtMa PageRank,
peasnusoBaHHOro B 6ubsnoTreke Parallel Boost Graph Library (PBGL) [20], ocHoBaHHOI Ha CHHXPOHHOMU
Mozenu BeruvcaeHud Bulk-Synchronous Parallel [21]. Kak Buano u3 rpadukos, yto PBGL u TRAM
peanusanuu PageRank nMeeT npakTU4ecKH 0OZiJMHaKOBOE BPeMS BbIITOJHEHUS, YTO 00 bSICHIETCS CXOXKUMU
NPUHIMIAMU HUX PabOThI: arperanys KOPOTKUX COOOGIIEHUH M COBMellleHHe BbIYMCIEHUN U nepefadu
JIAHHBIX 110 CETH.

Brikosi0Thle TOUKU Ha rpadukax (rpadsr RMAT-24 u RMAT-26) cOOTBETCTBYIOT C/Iy4asM, Korja
BBINTOJIHEHHE AJITOPUTMOB HEBO3MOXHO M3-332 HEXBATKH MaMATH. [IpU 3TOM B aCHHXPOHHBIX aJITOPUTMax
npo6JsieMa HEXBAaTKU NaMATH 0COGEHHO aKTyasbHa, TaK Kak /Il TAKUX aJTOPUTMOB XapaKTEPHO pe3Koe
BO3pacTaHHe KOJIMYEeCTBa COOOIEHUH U, COOTBETCTBEHHO, a/IOKAlUs GOJIbIINX YYAaCTKOB B MNAMSTH
(mpo6JieMa B3pbIBHOTO MapaJsiien3Ma).
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pagerankin=16, ppn==8), vertical.nicevt.ru/charm-6.7.0-patch, ws pagerankin=18, ppn=_8), vertical nicevt.ru/charm-6.7.0-patch, ws
100 T T 1000 T

T T T T
charm-pagerank {naive)} charm-pagerank {naive)}

charm-pagerank {count) & charm-pagerank {count)
charm-pagerank (async) charm-pagerank (async)
tram-pagerank {nalve) —l- tram-pagerank {nalve) —l-
phgl-pagarank —s— phgl-pagerank —s—
100 - -
v v N
ki : ki
o 10 — e . |
@ 1] e -
£ m £ —
£ . £ /*/.,A i
,-)t—//_-.’-—-l— =i D
e e il 2!
Vg """ g
i 5 2 1
1 2 4 8 16 32 1 2 4 8 16 32
nodes nodes
(a) (6)

pagerankin=20, ppn=8), vertical nlcevt.ru/charm-6.7.0-patch, ws
1000 T

T T
charm-pagerank {naive)}
charm-pagerank {count)
charm-pagerank (async)
tram-pagerank {nalve) —l-
phgl-pagerank —w—

100 _,__—o—_—”"' 4

Time [sec]

10

nodes
()
Puc. 6. Bpems evinoaHerust PageRank Ha kaacmepe Aneapa-K1 das epagpos RMAT-16 (a), RMAT-18 (6) u RMAT-20 (s).
Pesicum cnaaboii macwmabupyemocmu

Ha pucynke 6 mnpuBefeHbl rpaduKU 3aBUCHMOCTH BpeMeHHM BblnoJsiHeHUs PageRank ot
KOJINYeCTBa UCI0JIb3yeMbIX Y3JI0B KjacTepa (KOJHMYECTBO MCIIOJIb3yeMbIX si/iep B y3Je — 8) npu pa3mepe
rpada Cc NPONOPIHOHAJbHBIM yBeJMYeHHEM OT 4Mcaa y3J0B (caabasg MacutabupyemocTb). Takum
06pa3oM, Koim4ecTBO BepuinH rpadpa RMAT-s coctaBiaeT25*8*™, rjje n— KOJM4YECTBO UCHO0JIb3yEMBIX Y3JI0B.

Kak BuAHO u3 rpadukoB Ha puUCyHKe 6, Bce 3¢ddeKThl, HabJIOJaeMble B Cay4ae CUJIbHOTO
MacUITabUpPOBaHUs, MPOSABJAITCA W NpU cjaaboM MacmiTabupoBaHUU. OTMyYMe JIUIIb B HECKOJIBKO
GoJiblllell pa3HUIle B MPOU3BOAUTENbHOCTH MeXJy acUHXpoHHbIM PageRank, peannsoBanHOM c
ucnosib3oBanueM TRAM, u peanusanueit Ha PBGL (oco6enHo i rpada RMAT-18).

3akidenue

B cTaTbe mpejcTaBeHbl TPU aCUHXPOHHBIX ajroputMa PageRank, peasn3oBaHHBIX Ha fI3blKe
napaJiieJibHOro mnporpamMmMmupoBaHusi Charm++, a TakXke C HCHoJb30BaHHMeM 6ubJMOTEeKH TRAM.
UccnepoBaHve NpPOU3BOAUTENBHOCTH aJTOPUTMOB INPOBOAWJIOCH HA 36-Y3/1I0BOM BBIYHCJIUTETBHOM
kJiacTepe AHrapa-K1 Ha 6a3e KOMMyHHKallHOHHOM ceTH AHrapa.

Pe3ysnbTaThl 3KCIIEPUMEHTOB MOKa3aJjd, YTO CpPeAu peajrdsanui? BbITOJHEHHbIX Ha Charm++
HauboJiee 3¢ HeKTUBHBIM 0Ka3aJICs TOJIHOCThI0 aCHHXPOHHBIH aJrOPUTM, B KOTOpoM uTepanuu PageRank
BBINOJIHAIOTCA 0fHOBpeMeHHo. [I[puMeHeHnue 6ubarnoteku TRAM juia peanusanuy 6a30Boro aJropuTMa
MO3BOJIMJIO TOJYYUTb MOYTH 5-KpaTHOe YyBeJMYeHHEe MPOU3BOAUTENbHOCTU. B cpaBHeHHUH C
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cyuiecTBylolell peasusanreii PageRank B mapasienbHo#l 6ubavoreke PBGL peanusanusa PageRank Ha
TRAM noxkasbiBaeT HE3HAYUTENbHO 60J1bIIYI0 3P PHEKTUBHOCTD.

B pganHON paboTe Ha mnpuMepe 3ajayu PageRank mnposeMOHCTHPOBAaHO, YTO C MOMOLIbIO
ACMHXPOHHOM Mojesu BblyucaeHU Charm++ (c ucnosbzoBanueM TRAM) Bo3MOHO pa3pabaThiBaTh U
peasin30BbIBaTh I'padoBble aJITOPUTMbI B BEPLIMHHO-OPUEHTUPOBAHHOM CTUJIE (T. €. CTUJIE VerteXx-centric),
NPHU 3TOM NPOU3BOJAUTENBHOCTb TAKHUX AJITOPUTMOM COMOCTAaBUMa C IPOU3BOJJUTENbHOCTBIO PEIIEHUH Ha
6a3e TpaJULMOHHBIX MoOJesell BbIYMCAEHUHN (B JaHHOH pabore - BSP Mopenu u ee peanusanuu B
6ubauorexe PBGL).

B GyayuieM npeanoJiaraetcs cpaBHeHre Charm++ ¢ JpyruMu cUCTeMaMH, MOAAEeP KU BAIOIIMMHU
ACHHXPOHHYI0 MOJieJIb BbIYMCJIEHUN, TaKUMU Kak AM++ (ActivePebbles) [22], Grappa [23], HPX [24], a
TaK)Ke HCCJIe[JOBaHME MacIITabMpyeMOCTH aJropuTMoB Ha rpadax 6Gosbiuero pasmepa (RMAT-30 u
0oJIblIIE), AJIS Yero NoTPeOYITCS KJIacTepHble CUCTEMBI C 6OJIBIIMM YUCJIOM Y3JI0B.

Paboma evinosneHa npu noddepicke epaHma PODU Ne15-07-09368.
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