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Abstract Complex mining algorithms over large-scale graphs usually require highly frequent iterative analysis, while
distributed computing with scalable computing power and storage capacity is a preferred solution for efficiency.
However, the edges freely connecting vertices generate a lot of messages across distributed computing tasks and hence
incurs communication costs during iterations, which heavily limits the performance improvement of distributed
computing. To alleviate the negative impact of communication bottleneck, existing research basically employs
combining and replicating techniques on top of the traditional pushing framework design. However, they mainly focus
on easy-to-be-optimized single-dimensional-message algorithms with simple message data structure, and are not
suitable for other important multi-dimensional-message algorithms with complex structure. Also, they cannot be
seamlessly integrated into the-state-of-the-art pulling framework where messages are generated on demand. We
thereby propose a lightweight vertex replication mechanism to synchronize replicated vertices and generate messages
based on such replications on demand. The mechanism can work well under the pulling framework with inherent
advantages in terms of fault-tolerance and memory consumption, and also greatly optimize the communication costs.
Moreover, by considering the communication benefits and the costs incurred by possible workload imbalance, it can
select an optimal replication threshold for best performance. Finally, extensive experiments over various real-world

graphs validate the effectiveness of the lightweight vertex replication framework and the threshold analysis model.

W 7% H #3: 2021-08-20; & B H #: 2022-03-02

EETH: HREARPEIEEIH (61902366, 61902365, 62072083 ) 5 H e i AL I AR Al 55 9 % T B¢ 42 (202042008 5 1L AR K 24 3 i 1R 517 8
B A U W T N I A R RO s o B S R 5 40T H (2020T130623) 5 F 8 17 32 B0H K LI (20-3-2-12-xx) 5 H DG PR R
LRI AL Rk K R FE 4 I H (CSZ82021003)
This work was supported by the National Natural Science Foundation of China (61902366, 61902365, 62072083), the Fundamental Research Funds
for the Central Universities (202042008), the Open Project from the Key Lab of Cryptologic Technology and Information Security (Shandong
University), Ministry of Education, the China Postdoctoral Science Foundation (2020T130623), the Qingdao Independent Innovation Major Project
(20-3-2-12-xx), and the Graduate Professional Development Fund Project of Department of Computer Science of Ocean University of China
(CSZS2021003).

BI5 1€ % : T & W (wangzhigang@ouc.edu.cn)


mailto:duyujie1201@163.com
mailto:wangzhigang@ouc.edu.cn
https://doi.org/10.7544/issn1000-1239.202110839

Tk I 4

VIZIEVEZ FN B/ A R A RN 655

Key words  distributed graph iterative computing; graph algorithms with multi-dimensional messages;

communication optimization; vertex replication; workload imbalance

W OE RMBBGA LRI EATEESMERIM, MAET L G455 @5 R RIFH A Xt
FARZAEXFENAZTE Rf, BMEZLRABEEARM SR GAXEZ, 2E>H X HFE52 08 =4
KEHE, AAEZRIEIRT FAWERBETHSEHNORERE CHIEERAELEREERT
KRS AFENFHABKBEARN, 22200 LNE L. HRAGELELETL R, FRERTEH
B SEREEL R, CEAL ST RAFGFELBRTEIERES AR R —FH AR ZTHM.E
Hhuh, Bt ENTRENBEERATARARE LB EAR, TREUARBEFIEREZ A A G F 1

FH e FARY, B2 EEAREE RN, b, BEE RERKE S R BN, TR
AR GHERER. REARTAFEHFESE LRIET AR KB AW A 2K,

KA
mEESES TP391

PRt LR o — o 2 22 00 Ko 25 4, & el
A7 BLSE A B v 25 Bl o0 &R 8] 2R B9 56 &%, i AN A
R P9 P B A 52 R 245 | A ) v B 2R B R 4% 4 B
TR A 20k, PETROHE ) MEASE 52 A I 2 I, 4

%2021 4E 1 H, Facebook F H T% B P £ 1t 28 121,

T I 2Z 18] 52 2% i A 58 ¢ 285 B0 i R B8y i
3 4y A Ak FAE B B AR T R i A A AT SR R
TP SR, T B 1 45 BN 4 BT T AT
3R LA A 38 0 A A, a2k AR A rh R DLV
B IE 22 4 TS 2 8] | o ] 3155 45 2R fh 1 T A
AT RE 3 A T (6] 09 43 A AT 55, X 2 7 AR R Yl
(EEIR::P

UL A B R 43 B BE A 45 I 5T HE 4% 1158 Page-
Rank 1P JF 5% /5 1% 4% (single-source shortest path, SSSP)
A A PR, AL HE AL 1 432 SC(semi-cluster) ™ Al
2 2% 1) £ TR B 58 #6421 38 (multi-source shortest path,
MSSP) " S5 e k. H— 2RI B A5 s B
IO AR R AT L A3 B, (E 7 Rk 19 9 B (A
— N IEAFAE IR RN AT ek, RIS S E, a0 LAY
A BUEUHE 7R PageRank 1Y 1 5T HE 44 43 =l SSSP Y
o PR B B2 AR B W 5 S T R A R Al SIS AL R
Gk, B2 4E0H BAE, DATE R RUE 4 ok 3R 7R MSSP
e T R TR Y SR B B (E L, DA R BUAR 5 R SC
AN SR R B 0 SR AR T R TR S PR BSOHE Y 2
AL IR, 2 455515 10 9K 25 20l 15 hn 9 5038 15 I
B, 2o A O S A BRI AR

A A B AT T R, K oA U R
TR 6 B S BF & ok IF G v 5 HE | (g
o AR REEE THAE &S Jr AT O e, Horh
56 T A e A A B AR 32 AL T R4 DL R

A XBAERTF; 54K 8B &; @E0RA; REED; ABRHE

X143 5 BT B A I 5 TS A L L 1 R A Ry
— A~ NP 58 4 [a] B30 3l LA [ A1 38 15 7 85 O A
FIVER T A R 14 B 28 40 45 7 T S R 2R dme . I
W, T e] 7E 25 28 X) 43 5 R RGBT ST AR LAk,
(XY

A A E R R G b 3 B A 4 g2
5y N3] Pregel™ 5 GPS™ 45 & 4t 5% FH 1 3 3 k% ML
il (push) F1 PowerGraph” X & HGraph!"” % & 4 % |
B 8T R0 42 5 B BOHL 1 Cpull) . E2 45 9 B A I AT A
£ LA KRl A B0l B R 35 78 push HEZE TR 5 K SR
1T 9 R BT8R 3 A 9 Ja R 2% , push AE 22
ML b TE 2 PR UE R A 50 B 9 58 26 0, ™
A PRPEREN 55 2, pull HEZRME Kok 38 T Jm&B bk,
A% PR RN & T I B 8 25 0F, Wi KA B &
FEU 5. AR A & B, XFF PageRank 288 15, pull
MEZLT T B 5 0 5 U & 0y, ZE 3R b Al 7™ A2 4
] (4 PE BB W 4. KT, X T 22 4B B, 40 MSSP,
B Xk A U TR AH G 1Y LR B B AT TR e S
I, ASTRDIE TO0 5P #) B 1) 22 4 T JEL(ELAR SR A8 5 i X
T SC B, ZIHEZ#HIERPEZ R, UGS IT
B B W TSR IR AS TA IF B AE. R L, 7 7
pull HEZ2 T 52 BTG A8 Oy ML, 76 R B8 A 03 TR T
BAIEEU S IF B B9 TS AR R AT ) W s i AT 42 T,
3 3 O Sy 1 — A0 Pkl A5 M e

SR, BLA T0 45 1y 77 ¥5 B9 7E push HEZE F &
58 i, FEA 03 TR A8 19 [R] 25 SR M AR 8 Sk T push 7 =X,
R TR pull HERE T, & B R] — A~ %400
i [6] B A2 A push 5 pull X 2 Fh B BAR 6, 3R
J7A pull HESR B & 58 56 B vk 5 LA 1, Lo an &k
P18 25 685 A L L BB AT 1 PN A T RV R S R L A



656

HENTR SR E 2023, 60(3)

F A BIL A PR AT R G A WA, (H 2 T B0 B 1
AN} o3 A AT 55 Z (Bl AT I 4%, 52 i Tt P 4 23 45 2R
4 B A K A, o A R BT KA S0 5 B A
IS TF A . DAL I g 368 43— A B e 1) 5 4 A B EL, %o
TIRBURA A &5 A PR 2 OCE 2. b, X T MSSP
FXFFRIFMEE, IR 2 BRI B A I T AR
B S5k, ARG IR W, Wi £ 45 I IR 55 4 1 I
fi Z [B) AT B4, J2 O Ah— AN FOR B K.

[l 58 22 4k 11 5 530 1 1) T 1 DG A 1] AL, AR STBE XS
A A ORI A I A BB R, 7E R pull FE ST
Tt TR T HLR, R T R A
T AE AR 58 R 0T B A5 s, i T & 1 5
pull HESR5E FEH AT s Bt AU Wi 2 458 250 L2 4% A i £ i
ERSE R SIS NIUEATNEIR S /T8 & /. i P
B PRI B A G R R B SEmE B, A shiE R
e MG o5 03 BAEL, 9 Ak Ay WL A 7Yy S B 1 BE WAL i O akE
G B9 T T E I 5 PR 4R A 5 B0 MSSP 28]
FIFZ R, NS IRl 5 A IR 2 A Y
W 22 W 3 I e B F B BOMEL, DR O 2 003 AL A 78 BiE
W i KB LSRR R B A SE R A5 R SR W, £ 58 push
F A AL 4 AT B 29 R T A SR I R A
T HEZR, Fie i AT 3k 15 s X HE A AR 4 00 7Y pull AESE,
A SCHE S8 0T 52 1 = 35 53% (9 Pk AR U 25 5 1 AR A 43 A7
5 8 ) T A A0k PR AL Y A R, S B S T sl
RERH I )V RE A £

1 #HxIE

A TF 4 — B2 1 29 40 A 2 &1 b 3 B 42 T 1Y
ORBR R 3R AR B TS T 3R 0 A OC AR IR ik
ARILHEARGEANTH X 5.

D) Bl 534k = BT i 9 1 R 43 550 1 B FE A R
P B8 AI A s 20— &1 () ) G 356 OC 2, 3 i o /0 38 15 I
B, [ B A PR 25 AT 55 09 B 4R 2 A LA D IR AT 1LY
KA SR SR, T R4 ) R T NP 5% 4 )
fa] B A4 Hash™ 1 Range!” %] 23 7T 43 51 44 3E 00 45 A i
B 0 ¥ A 3 I, ERAR TS B i U0 R s g R A
%) 308 15 JF 8, B R T30 2 R B, © B 2 T
TG HLH. AN, 2902 A 43505 1 Metis™, PaToH™,
KaHIP"" %53 1o [ 2 3% A B 55408 43 il v 8, vl b 2%
Rop AV A T 8, (R R T 3 e AR ot o 23 4™ 24k
8y 46 388 15 0 Ak ot = 000 A BT AR AR SOy 3 A
AL 2 B X5 25 5 Tl 43 J5 19 R 3R T 2 ikt 4k,
RS AR BRI AR

2) 8 BB L. B R oAb, FE R AT B AR
i A7 FEAR 22 38 A5 DL L B R . AR ARG Pregel A 1
FoE X 2N 1 S5 K4 1 B G I SR . Pregel B IT
SCBL GPS 45" M4 Y LALP $E W, Xof 25 ) B T o
AT 303 A I 45 Oy U T0UA T LA e Oy R Ay, i — 20 19 T
VERT 1 Ann] 78 2% 03 30 4% 2o Bt v DR TIE £ 48 35 1,
Pregel+!"" 7E 11 B A JF S Bl L& LALP, JF-4 in i1 i
B (R T 45 00 B W ie, UITEG IR S &z
[B) A7 4. SR, bR ZR 48 4% 1 push HLAHI, X &
1T B B T A0 A Y JR e 22, T L T I AR AR
AN AT push #E 42, PowerGraph”, CGraph'”', HDRF!"
S5 HE R AR R0 2t A5 SR TR 43 1 SR e, JF it
T XF Wi ) GAS( gather-apply-scatter) 3% 1t 11 S AESL, A]
[Fi) s S 4 10 B3 AL 2 > S0k, Horh Gather I pull
BLH 0 A% O B0 F. SR, TS U0 43 51 A K B N AE T
B, H GAS T fih e T 22 [ 4 [ A B AR, F
B8R, A, PowerLyra™, GrapH™", L-PowerGraph™,
LightGraph'™" 45 43 5] B\ T0 55 1) 43 5 W& 15 504 i) 74 8
38 7 1 R AT Ak BT $2 A HGraph R 401" ) 45
T DL B AT I R RO T pull HE Y, B
FoE TR H R T A R R R, TS B e 4
W R B A I, FEAR ST TR YT M ET4R T, B X
A IR, Horkne & 0L THE40 pull HEZE H7E
P AF T FE 5 28 B 42 1 O T A B R 3. SR, 2 4
Bl T O B AR B B R, TS
HGraph 7E ) Ji5 & 118 B ((E 5 H i TS D) J5 , il AE
PR ATE R A 8, i 5 3 3k Tl A 03 i — 20 B I G
H5.

UTAF R, TR S A SRR 1Y BT SR A Ak TR R
C 4R 5 — AW B, (R R SO Pl 4 A
T A LA, ASKERE A S5 R AT R A R

2 [EX

AR B S A o A X AR — R Ak By
25 ARG AR T BB A 4t B DL KA T I8 e e
REIEIAT 2, I EEN TR BN A E
B H ) 2 G- B2 e B T HER% (push)
AR (pull) 3% 2 B 3= 38 7073 =X 88 FAE 4L, 43 By
B I5 B XA [) 28 0 ] Bk 1 AR R
21 SHERXEERITE

BEmARNAERE G=(V,E), Hitp V|4 T
HMIERT E RN EFNMER. ENEBEA R e=
Qv vy BEAFEVR IS v, FE BT v, Hoy, 2 v A



FE A 20 N 4R B IR R AR R AL Uy i

657

JE AT JE /TR, T vy o v, B RE 4R s /T A AT L 4B
T A7, B A WL R E T v FETA LUy, N
TR B L A TR

or A R R GuAe R sk AU R 22T
e G NI IR A AL (o A SR A R S
HDFS) J-A7 a3 P AW i 3 A7 AR 55 T, L
BT 55 10 5T Ab B —F o K, T G=(V, ED
I AR R s B R 4TSS T AR M T G
IR AT AR T AR T I B AR R A
I WA b B 2 2 LS 0 R AT B9, R O TR A B
Fr O, BEOAEPA R0 — ANk A0, A0 2 )5
i 2 Jay ] 210 e A I3 R 2% A 55 1 A BRLE B2 5
AL B B AR AR A5 AR S A1 2D U I R
T TR, R BB B T LI B e s R
ik gy H R T, DARE LRSS k1 280 $00AT BT R4
UNSR TG, v, Z ISR & A3k AR R 53, UK v, 7E1%

AR R WO 0, g AR N DT MR AR A O B
10, LAskE e AR 0 O B9 o RO 5. 24 A T 34 4k
TR WO IR B R G2 v A B T B A i, Bk
Wk, AR A
22 ZUHEHBLREXREE

WA 43 A1 2K P B8 A 3R AT SR R v A 3 0 R
(R AN ) 248 B2 R R0 G O i 1, AT o3 oA =X BR
11032 BARS Hpr a4 : 1) — 4508 B S i I B
(IERDRDREE R N5 & R b L S S UG e A N ¢
PRV G Rk, Bl e 5 248, 2) ZAER —AH 1
T A5 B AN TRl BB A& SRV g & 0T — A {H, BIE
BIFRAESE. 3R 1 ROR T8 WA 2R Bk 1 43 25 45
AN L SSSP. F 2 T Hk 55 ¥ (label propagation
algorithm, LPA) . MSSP H1 SC Jy f4i], 4 5 ¥ B8 2 Fh 43
AR AN [ 28 AU SR k) AR SR A 7 ) 348

Table 1 Graph Algorithm Classification

1 EEEHNE
IIFEMAR B EZ
PageRank
CC ( connected components ) MSSP

fHEIF SSSP

BFS ( breath-first-search )
PPR ( personalized PageRank )

MBFS ( multi-source BFS )
MPPR ( multi-source PPR )

fite 4 Lea

Louvain’

SC
SA® (' simulated advertisements )
PSCAN™"!

SSSP 3k 14 H br J2 & 0 45 7 TR 101 2] 1] v At
T A T 05, 2 [R] A e e R L R AR TR B B, UR T K
00 A5 CEY B B8 {80 0 45 Ak A O JF AR 40 s 321 17 R 2 A
A T R K B T, TR BT TR
P SE R B o5 KRS, Bk i, ik
B b — 20 B TS B B0 I A BE 4 J 1 9 B
F A B T0 T 3 B R /0N (B HE AT 0 TR, A AR
TOUGU(E & A2 1 R, DNV 30 2R ORI 80T KR 4
AR 5. B S5 TH B msg=CID, msgValue) , H: %% ¥4 {2
£ 45—~ int B (9 H /9 00 ID #1 double 24 i &5 5
msgValue, J& .45 .. ILAb, 5358 A0 i B 1E
BIE, P LU SRS 2 Sl 2 4% H G T A ) 19 1 i
e =Cvy, vi) Fl ey =Cvy, va) , 73 51 AE BUEA A AT B
(B B 315 B0 msgy=( 3, 0.1) Fl msg,=(3,0.5), W Al &
I h— 451 B msg=(3, min{0.1, 0.5}=0.1) LAF5 & 8 {5
AR i P

LPA J& — i st A1 % B34, W B A4S T A
WRAE — > 4 P bR 28 000 4 Ak o T 1D, B s 26 AU

bR B FEA B2 A8 S b B P BRI B 2
H T T BT A0 BT AT A BE 88 e B A 45 (o0 A, B
DA 2B 3R A R A T 3 2 5 S L i 1) B A
AR ST F ORI AR 2, R4S . 15 SSSPAH
L, HE R AR R, B E A T 2D 1 int 2 B4 65 4%
{H, J& TR AR Z b2, T/ B ARG AR
BB A HEAT TR, A T B AE R TR O, AT
Hz, BV msg =3, 2) Fl msgy=(3, 2) , A 7] % H2 1K

BEAE N msg=(3, [2,2]) L& I (IL5) H T & D i
M7 44 38 15 FF 4.

MSSP 2 SSSP 1) —Flv i UL 2 5 5 . = g A
A48 5 5 M B 1k T LA ] P T A O 2 ()
F14) o Jd B 5, T 3R o B AT i 5SS [ U TR A5 Y SSSP A
i, 233 Rl LAY B 20 T3, RCRAR T . — ol s 8 fi
7 SRR AR LRI SRR ), A — A B R
DA N 3T % 155 22 A T TR ) i J6 B S 0 A, 1
MSSP. B35 I A I TG AR m, D) b Bsf A T
F — 1~ double B4 4™ J# A K BE 4 m 19 double %4 ;



658

HENTR SR E 2023, 60(3)

o o Hb, T S YT B N double B ZH . AN, 24 m=3
i, TTA msg=(3, [0.1, 0.4, 0.2]) Fl msg,,=(3, [0.5, 0.3,
0.11), B B A% XoF 17 Y 102 1) Y1 BB T & 9%, A JF
Je BT BAAA R — KB R 3 B, B msg=(3,[0.1,
0.3,0.1]), WE Tl &1 . 4082858, HAab g
S5 J7 ¥R 1 PPR I BFS 94 250l 2 U5 .

SC J& 77 W T U5 [ 4b B R 4 Pregel H P B —Fh
A A, B A — AT I Sk A O TR 1 2 A4
REIAT o HEP . W0 bh, B TS A S0 iR 1
H— AR Rk g AR AR A A, BT
00 B 0, AR AR B 4 T T J 1 RS AR T T A
CrJE B2, Ihgkse) #. Bk 3% A0 B H AR T
SUTER RS (I TS AR5 ), 75 2 2 A AR 2%
RIVEATEC A Rk, JB T 2480 B 450 Hl TRZER
FKoifE B, WO BAEA TG IF. 2L B4, o) 4 31
Homsg=(3, (1)]0.6,(2,5)0.3) Fl msg,=(3, (2,5)[0.3),
RITO0 R vy AT 3@ F A 3 T vy 19 3RS (D) ML 5 T
o 5 v IERZE(2,5), 2080551 0.6 F110.3, 11 v, 1]
PLO3 WA )E TR (2,5). 5 LPA K, 2 4&0H
SER X R TR A R AT LA OE & %, AT B
AL AT 3 42, BIRL msg=( 3, [(1)]0.6, (2,5)10.3,(2,5)]
0.3 B R it 17 & 3%,

2 B O i R R (€ T e i S 7 S 1 el W DR ST
I G I 0 0 BB AR A O, T K 2 i B A TR 5 R
LA R, I B EA TSI, AR
A ST B B B 2 Rl Ak ) D R B G, B
EN, AR RS T B E 0 7 B A, O {5 R 0TS
A K2, T2 B A%, KR AR
B ) RIS B T B A 8 35 T FH 1 35 AR 0080 2 180 1 4
H, BI4E B2, i MSSP 55 ¥ v (1) 3 2 5 T B H 0
SC Bk v R T SRR AE A8 S AR B0 S R0 4 5 A
FEM F A A RIBETT, 24005 B AR SRR
BT = S I T 05 (= 1 N 2 A 1< R B (= M LI
S 3 R AR AT I g SR, AR 4 A 2R AR A
B R v, RO X SR R B A, AT S5 R A
N RIS TE] TR 5 24 1 B AT I ) B9 509% L BB DR e i
X 2 4 B R AR R R E F AR R,
T+ A AR RS
23 HEAHSREMa&MRWESH

3 A 3 {5 1) A AT L e i T P R 4 SR o A
W, RIAE CRIE 7 2k 38 A i g TR R R 2
TE1) 14y 00 R0 A 0 i A . AR T, TR R A — N R G
NP 5¢ 4 u) f "™, % DL AE B B[R] 9 3075 5 o X 4
SEOL. PR, XA R4 R i T R T S S AE Ak

MR ARIC N E . H AT 7k £ 8 2 2K 1H
BA IS & Oy, N 1 454 push F1 pull 3X 2 Ff 714
AL i 7 o0 2 B e Ak vk 7 R WA aR , AR
A SRS A P
2.3.1 push 5 pull 3 5 &% 77 U H

%A R T B AR LS ARk O AT A S PR
KT, 439K push A1 pull. 781648 2 k, push 78 T0 45
TR B R T R 0T s R B A AT B
(Y T50 A5 T pull A 58 B T0 A B8 . A 16 V8 L. 7 2%
2P kw1, push AT 6 01 H A9 158 BT 75 4 8 3 2 2 10F
it B AEAHh, AT 5 H 5 100 pull 75 B AR 4R 320 1) ARt
O 2 DX IO 9058 T A5 Ak 2 5 o BT B EE . 2 A B
PEHESR A DL Bk 5, push 7E— AN 3E A D v, AT 36 [Ty
— YR THL A5 B AT 5 o TS S5 AT T R A i, H
T Z W\ KRB B WA, — ATy 3
6 101 19 H Y TS Y 0 A B A A 22 1 S ik v, B 3230
e 3% 1 T B BRI 8 ) 9 H R TSR R A 25, AL
ZA B EB T AL A, RIS
TE 3% v A W B B R RS ST, "iRZE
(9 P AE BT s pull BT SR AR 8 LI S X 48 m Ak
ST T B Y A TR, R AR R4, ELAE Y I
ErTEHEg BT, THEA, R ETH
FEGEUR, AR TA] H A TS G B 8 & S SO L i IR
o0 W B LA 12 B 22 U
232 HEAI

AT LA 2 A IR T 2w W — > H
T 5 & 5 T BV (2 0 1 454, dn SR Bl vl &
JF, BARAT LATEIH B R Z A A7 G0 (n 22 19 |y
SSSP #vk ), LAVS /D Jd 15 JT 4. 48100, 7E push J7 R,
I8 B Y H Y IO 3 A1 14 Ja) Fi P 550 22 T A K i
GAEXEAREY, NILiBEZETZS 55 IF0H
B, BT eI fE B A I, R EGEF
W g BTG, 8 2 XE DLRRTH & 0T T g | AR 38T 5. a0
Kl 1(a) iR, BRI R R b A A5 1R 2 2RTH B, TR
WETS v 5 v, RIEHBTS o, 5 4, WIH B S I
{02 v, AR 21T 0y KIETH BB, H TERATH, Wk
d 5 d, IHBIEZ s i v d, KIZTHE, (B
GG, BB IES v 5 v, £ AT B A IR, B
N A I TH B TC IR RUE R | 58 4 MG . AH R |,
7€ pull J5 38 F S, WK 10b) B, H A T 4% 08 2
B AT 4 e, SR LA S i B R T L 2R 1
AN R R d S 4, REYER S, TEZAE N
2HYETHE TS, A8 B I ZIRE 2 N HUS shhn
PRAE. AL, sXCRP e Hehr oy 7 2, AT AR GIE [F] — >



FE A 20 N 4R B IR R AR R AL Uy i

659

PR B TOU A AT 1 RS IO £ 58 TO0 A5, R AR 8 T
SR BE AL IO . 5 B A X A R AT
JEZ AR S, BT 2.2 W S IR R, nI S

msg(v&vy)

msg(v,&vs,)

H B T 1D 53 BAE A IF; 1 X {8 % B 2R 3k, (Y
Al S H B TS ID A O, HE A W 25 U FE, (AL
SR .

val(v,)

@
msg(n,&v,) @

|| msg(v,&v,&vy)

N
EN
val(v,) o
{ V2 ===
>

% — ;
/’A‘ = msg(v,) val(vs) i~ ,//
O] ol @ o te®
v .................................................
(a) push (b) pull (c) VRT3
O mmin (O #hTis —— RIEBE > GO o RIS

Fig. 1 Illustration of message combination and vertex replication
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Fig.2 The skewness of the in/out degree distribution for different datasets
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Fig.3 The data storage and management methods of on-demand synchronization update strategy
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Fig.4 Comparison of hybrid-cut and lightweight vertex replication
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@ while G; # @
®  adj(v)=loadGraph(G;);
AR 1 AT AR R I H NG B+
[Vil++;
W kR H B T8 o3 A SRR e 5 dseTids
for(e € getEdges (adj(v) ) )
dstTid[getTargetTask( e) |++;
|EiH+;
end for
for(6,€0©)
for(task ) ID k=1to P)
if(dstTid[k] > 6,)
updateMatrix(j, k, M;, N;) ;
1 ST A Ay T RO T A% 3 B+
@ end if
® end for
end for
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@@ end while

return |Vil, |Ei|, M;, N
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Table 3 Description of Real Datasets
*3 EXHIRERHIR

Bl T %k SR SCER/VMB
UK®! 1766010 18 244 650 10 148

Livel™ 4847571 69 028 541 14 518

wiki™!' 6261502 150124927 23 1003
EU™ 11264052 386915963 34 3143

SR 2 ACWE T B M AR A A,
Hh 0 2683815 5 7 9 A6/ 51 AL 385 R S e = 89 MBps,
Sio =507 MBps, F 15 1 2 75 1 3 S o = 42 MBps; 5
— 5, EAE Y Fa= Mnse) ]S upas B =
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Table 4 Memory Usage of Concatenation Algorithms
x4 EEBEEEZAEERER

2 4 8 16 32 64
UK 1.13 1.26 1.49 1.88 2.44 3.12
LiveJ 1.13 1.26 1.48 1.86 2.42 3.09
Wiki 1.13 1.25 1.47 1.84 2.39 3.07
EU 1.13 1.25 1.47 1.83 2.38 3.05

TE: A He=push [R5 00 AT R AR5 )20 B A A T #E.

Table S Memory Usage of Combination Algorithms
x5 EEHEHZANEFEERRBER

] T
Bl
2 4 8 16 32 64
UK 1.14 1.29 1.58 2.16 3.32 5.64
Live] 1.19 1.39 1.78 2.56 4.12 7.24
Wiki 1.30 1.61 2.22 3.43 5.87 10.73
EU 1.45 1.90 2.81 4.62 8.24 15.47
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Table 6 Comparison of Synchronizing Running Time for

Replicated Vertices with pull and push

*6 pull 5 push AXTERTAKEFIEITRIEILE s
YIS 7= SC #ivk SA Bk MSSP %
npull 1329 47.4 213
UK pull 1227 42.4 19.2
push 121.4 41.7 18.9
npull 2533 156.7 259.2
Livel pull 237.6 144.3 244.8
push 236.5 1422 239.6
npull 586.4 214.8 523.5
Wiki pull 560.3 204.8 508.9
push 554.9 202.4 503.8
npull 13 630.8 1063.4 1098.2
EU pull 13500.8 1057.8 1087.1
push 13488.5 1049.7 1080.4
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Fig. 5 Running time of SC algorithm on different data sets
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Fig. 6 Running time of SA algorithm on different data sets
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Fig. 7 Running time of MSSP algorithm on different data sets
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Fig. 8 Analysis on workload variation due to vertex replication
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Table 7 Comparison of Performance Improvement Between Actual and Predicted Optimal Replication Thresholds

®7 KEREMNRAEDERENELERAT T

SiE i ; e ; SA ; MSSP
SPRE ToUmHE SEPRE TUE SEPRE TmiE
e (E 0 0 4 1 3 3
UK TERESR T % 30/29.5 30/29.5 30/29.0 27/25.9 24/22.5 24/22.5
' B2y N 20 10 1 2 50 40
bivel TERESRTH % 24/22.8 23/22.0 50/47.1 49/47.7 21/20.5 19/18.4
o et BE 15 13 1 11 13 12
Wik PERESETH % 28/27.1 27/25.8 53/47.5 38/35.0 31/29.6 28/26.8
et A 15 10 30 2 35 40
U et /% 26/26.0 23/22.8 17/16.0 15/13.7 33/32.2 32/31.0
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