FRARZ men

SCIENTIA SINICA Informatienis

HEETEINRMNFRARLGR

IiE, K8 FF, HEN, Z8, KiEiE BHE and THE
Citation: REEIZ: EE#12; doi: 10.1360/N112018-00281

View online: http://engine.scichina.com/doi/10.1360/N112018-0028
Published by the _(FREFR}Z) ZtiExt

1

Articles you may be interested in

SCIENTIA SINICA Informatlonls 40, 692 (2010)

= (% symg
SCIENTIA SINICA Technologica 42, 1016 (2012);



http://engine.scichina.com/publisher/scp/journal/SSI
http://engine.scichina.com/search/search?fullnameFilter=王靖
http://engine.scichina.com/search/search?fullnameFilter=张路
http://engine.scichina.com/search/search?fullnameFilter=王鹏宇
http://engine.scichina.com/search/search?fullnameFilter=徐嘉鸿
http://engine.scichina.com/search/search?fullnameFilter=李超
http://engine.scichina.com/search/search?fullnameFilter=朱浩瑾
http://engine.scichina.com/search/search?fullnameFilter=钱学海
http://engine.scichina.com/search/search?fullnameFilter=过敏意
http://engine.scichina.com/publisher/scp/journal/SSI
http://engine.scichina.com/doi/10.1360/N112018-00281
http://engine.scichina.com/publisher/scp
http://engine.scichina.com/doi/10.1360/csb1987-32-5-332
http://engine.scichina.com/doi/10.1360/ze2009-39-3-544
http://engine.scichina.com/doi/10.1360/2009-39-4-523
http://engine.scichina.com/doi/10.1360/zf2010-53-5-692
http://engine.scichina.com/doi/10.1360/ze2012-42-9-1016

R E R (S BB
SCIENTIA SINICA Informationis
1S5

H M EAE RER A G

E3k, Kb, I, BES, B, ki, AFE, LS

AR AN S TR R, Bl 200240
* J@{E{E#. E-mail: lichao@cs.sjtu.edu.cn

7’

[ % & AR THRI(TH 465 2018 YFB1003500) % BT H

HE [ (Graph) & — DT A A0 40 R B & £ Fi e R B & H B4 4. Bt 5 (Graph Process-
ing) EXRKMNENLEH TN KX RBUHE A EREEN A HTE LT HE. & TCPUKREE A A E]
WA, AMIZRT 2 HBA BRI AmES, B TRESTEEHFTEEE s THITEEAHK
BREER., THETHELENEL, BelTETEREREREAR RN AE A EEAHMERK
EAENT A, RN FEERMSEHETESRGENREEELANER. ACENERMEH
AHETNFRAANEBRRMMMATE, HHE M BB RE T FRENEEEES; 2TEHE LA
i EGPU. FPGA . ASIC. PIM&F W M A 5N F A ENENIIE, BEENERFARHE; F
BHREETHANF T EANE S Pk

Xiha B, MRS NEEE AFRRRM, TRERL

][l

1 3]

Kl(Graph) A~ [A T B (Graphic), & — M8 1 — T DLAGERARAT 4 i B 45 4. 7230 S
st R Z B s v DRG0, 3F Hf Las HRR Z R 25, Eetndidi ke . Hhss s Al
ari o] AR BEEE B RIEVE DA S S, AT DUR 4 ) 3R IR TX L SR 2 TA) R SR IR &R

K115 (Graph Processing 8¢Graph Computing) & 7t & Mt Fi 24t H W) -5 F W) 2 8] 1) 9 R 0T
Hk AT S Bt 2 L THE AT — T TR R B R, R KB R I & 1 ) e s 7 1. B B
P B A A B A TR SR A 0, BT R S0 KU b 28 SRk AT AR A S
ANH 2 FNE. GHTREIE . =i EEEOR IEAT-Puid A R it 11, ) F R E0s i pL a8 2 ) AR 2 2
ST, AT BT SR (ER BRI ORI L e | IS A A B E R — B
TR, 0 i e 5 1) 3 B 00— M E A PR ) A

BITHEA & & — DU R EUIR s S A, EBITHE R o B R ) Ui AE R S AR B
R TSR B R RE, G ) A GER AV B SRR U AT D BT AT E A NS R 2 Tk i B i

SR £y, ok, BN, R, 20, RSEE, 2R, SRR IR BRI AGERGRABRSEE. hEREE: FEREE,
TE B SCE
Jing Wang, Lu Zhang, Pengyu Wang, Jiahong Xu, Chao Li, Haojin Zhu, Xuehai Qian, Minyi Guo. T 1A B N AR
RGN ARLEE (in Chinese). Sci Sin Inform, for review



T, gKEE, EMST, AREAG, 2R, AREEE, B, I BOR: T B A AT R R ERiA

v | §2.1 Basic definition and characteristic ©

§4.1 Feature of GPU hardware architecture

§4.2 Data layout Optimization

§2.2 Algorithm classification ©

& § Memory on CPU+GPU |

§4.3 Out-of-core memory access Optimization

| §4.4 Other aspects

Intensive

Locality | §2.3 Memory access feature

= §2 Introduction of graph processing

—¢]  §5 Memory Management on CPU+PIM | §5.3 Me

| §5.4 Communication optimiz:
{
| §5.5 Energy efficiency optimization

‘:‘\ §3 Graph data layout  |©

! §6.1 Feature of hardware architecture
Heterogeneous graph processing memory architecture TSNPV TS
| §6.2 Out-of-core and in-core memory access Optimizat

ion

ition | §3.2 Partition management | ] §6.3 Parallel memory access and execution

Grid partition Tsinghua University <[ §6 Memory Management on CPU+FPGA/ASIC | §6.4 Memory bandwidth optimization

Huazhong University of Science and Technology | §6.5 Memory hierarchy optimization

| §7 Domestic resent research 5 | §6.6 Communication optimization
Peking University |——— | PO

|8 Challenges and Opportunities | §6.7 Eneray efficiency optimization

Shanghai Jiao Tong University |

1 XEARERES

Figure 1 Content architecture of this paper
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Traversal-centric algorithms:

| BFS | | Dijkstra | | Prim | [ Radii | | sSSP | | Betweenness Centrality |

| DFS | [ MST | [ Kruskal | | BellmanFord | | SPFA | | Floyd Warshall |

Computation-centric algorithms:

‘ A* Search H MIS H Connected Component ‘ ‘ Ford Fulkerson ‘

‘ Union Find H Graph Color H PageRank ‘ ‘ Triangle Count ‘
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Figure 2 Traversal-centric and computation-centric graph algorithms
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BITE T R 2 1A SR I B8 AR . g R ASE 2R ] DI o PR R ] G T B ) it SRS = T R b
FRIXLEAH R I HORC 2. DA A T B g AR AL A B m] DA AN 200 BATH A O PR R
HMILAZ g R — S8 SO A8 251 T & iR

AT s A D BOAR BY: i A R (1) B B9 38 3 Think as a vertice M7 (1) 77 SRACHL K. & a7 Ak
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FRITU (Scatter). 9w AEASE RS AT LASEII NS 120 RN U5 A7 A 1 B ek 2% 388 45 FH DA Dy v O R B ARY
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TR BERE ), [RIN 2 AL IE AT e 3 SO T S BEL YT ). PRI, 8% 7 AL, ] an ks
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K NEAT LA T SRR B T S B A B S AR 58 = T 208 L 0 B B R idemn 7 11
Jia, WNEEE A UL X ESRmUi 26, 5500 2N E N =FA R ISR (GPU 24 2T PIMTHA
BRI LU B IR SSFPGA . ASIC JH ) SR B e BT SR RE A N A7 B R T,

3 ETInHFEFMAHERERR

B IR Bl B R 1k TR AL M 2 BT SR U A R L DR SR R iy
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3.1 EHERTRZE

it AR & AR YE . Ui DU B R BRI, v dE = i B R R U7 5, Refg i
Fr 2 1S B E B RE R T, AR F B2 LS A5 A U AR L BB B SR AR R R E NN
A a: Edge ArrayflAdjacent List.

Edge Array 2 EI¥E LR ERVIE Hig i R 1 77X, IFHBIRZ R RS, BI¥EREF
fiti A — N, Foh BB 5 A5 1 VR TOLAURT B AR T RAR G S PR B 0. 7 @ I Edge Arrayifl it
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(a)Graph topology
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(b)Edge array

E 3 E#iNSEdge Array®Rr
Figure 3 Graph topology and edge array representation
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Figure 4 Adjacent list representation
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PRI RS (B 4-a), BCE & BT A AR BARTIS (Bl4-c). TEEITFE RS H, T BB 48 R 2R — i
& NE4-b 5K 4-d Frsd N 4657 51 (Compressed Sparse Column, CSC) 5 K4 117 (Compressed
Sparse Row, CSR). iXFh iR 77— M s B A0 & = /MR B T @ HAE, FIEE i 1)U
FL(CSC) i 72& BRI (CSR), BARAE— N0 B B AT I B R a0 & 51 . XMt A Jmy 77 2N A A
N, BT R P T PP A A N AE TR, AEBEAT B SRR R v m] DA A R 7 i), ksl 1 BEATL
U 0] AT 5 PR A7 [ S RE . DR T AT i A O P BT S A ) A2 3R 1A 71 3 AT DA o i 7 v 47
ML, Ui S E . K2 BB E RS0 0L R A010~13.16.17) 0% F AR He R it Ui T
pEy e
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FHE AL

STEEABFHITRES: AN CSRA IR T7 1% BRI AN P s T AU kA7 U7 18], (B2 % T T R
YRR I8 2 — ALV A AR, A — BT R G0k — L BB 5 BT A& (T A &R 5] L R
PEAESE), TT LA O HB SR B (¥ R B 1, BRAEO0S P9 A7 R BEATL T ). GraphOps 161 38 7 — AN Hdfa 4544,
2 FR CSRA T 51 (1 A7 T SR A7 T 2 K JB MEAE. CyGraph DB XUR 4R IR CSRIV a8 7 ¥4, 16 TR
AR ABI B 15 BAFEE R — o m b, 20Tk R R S T A a0 [ RCE.

SEMEHITESE: BT RS0 EAFESEAIR, T EZHE v B A R, 12
AR Uy )R, — S8 P BRI 25 B o0t BRSO R AT R 4 AR /M%7 7). GraphH M) ZETHUS A4S
HUNT BRI TR R G, of BEOE B3 51 HEAT 358 S, AT R 28 VR 51 R4 /N — & B A7 it
[f]. Graphicionado Bl F1ForeGraph % FIRLRLE 22 25 2 51 141 77 2R /I B B0 1) 476 A

X E BRI THER: 0 EEEE AT HEFR & oy 1 S SR R A A BRI, S s R
GFHIVT ) R B, SR MU, B T HEF AL — SR B X Edge Array HIAT Rt sUBEAT RO TT .
W B T I Edge Array % BEUE S ECE R B AR AR REAT HE, W RASR S A AE U i) 1 R B,
R T BE T e DA TG AF, XK AR 2 = Vi AR RO R R R b, SR AR
P, JEAH NI SEET B AR T AR M. A SR R R U ia), WAy DL SO 4. SR, an SR H AR
M HY, WE NS REA PUE k. 2R tA — MRS B0 2, Bl (R0 fU5 R H AR R
BEATHER?, M —FhGrid MR, A0S #RAR X 2506 8 191,

3.2 AHMBREHESINTHAFERE

X UGS I HAR AT 0 B E I T DU RS 0. — PP Ol A Z PRI, R Gopiuadt o A7 (e 25
(0 Fr B A DA SR 55 45 T R N A ) B R FEE AR PRAER /N BIR, AN BE— 00 I 2l 2 0 ) PR 500, DTt 75 22
TR AT (I g v A DL 9% A R T 5 ) SR ATk P R, I R R B 2 R AT A
B PR A T, R R TT T DL 2 o1 B 7 SR R B AR R AL B 5 — M R
L BIE N R TEIT. REAMRRR %I BAAEZ MR BT, FEEEE 5 F 2 A1 B 55
JREIAS A (o 5B e FR g AT S 2B A, Gl G R A B A SR Bk S m R RIS FOE . S —
PRI, WEFT N RAEREAT B 70 B, 388 AR 2 27525 R ARG L LS 2 SE L R ROR.

BHFESE: GraphChi 82 5 — AN A ST KU B S RS, BT N A7 25 18]
AR, GraphChizk H 1 BIEHE 73 F11 750%, K KB B E 0 73 Bk 2 A K/NaT BLE N A7 1) 1,
NShard. 1% % Gk EIEURE 1 L I B AR SUNARE, 73 B2 N ASAHAE ) Interval, % FTA B AR S
BT ZInterval {12 4% FEOLUR AT HEFP, AT BOAS R (¥ Shard. B & GraphChilk i I 374718 2)) &
HPSW (Parallel Sliding Windows) 5%, 273 #1775 2 AT LA/ 6 — A7 it (AR T7 1], i R n 1
HCHE P U7 Te) 1o i S

EEBRT SNESE: B2 RS 1419200 [T m B b1 s a#072%, 5 XO5El s £
X B AR BRI AL A AR NLH S 70 X H PR TR RER, M B2 5ie8. T
() AR R A AE I, PR A — AN 20 Bk T T0 A (9 SR 0 2 A LML I, SR sh AT A S 2504 o %
FRAIIF4Y. Graphicionado BIR FHIZ A 43 X 7 15 R A AR BEA 73 X R AT LIS B BB A7 2% A7, 7870 F A
FARAE IR =yl SEAe . GraphP POHSR A ZF 7 3, {H GraphP I THZ N T I A F & E o X
Z (A TEAE, AT AT DA HMC 77 Rk 2 (B BdAs, s EH L e e,

EEET RSB AL RG22 2R S PR 0K T R AU 2r #0753, 3 X7 1E
T3 X B AR RO . A A% H 85 0 DX VR T ORE ST, AR T R 60, 25 AEAH R R 43
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DXrb T EREAN 7 DX A PR TR 2R 5 38 A S AR 1Y), TR T DA ORI 1) PN A7 1) s P T 1 Y
GIX, AT LA {5 £ B T S R e i e R SR R TV R A 0 2 X

H MR E 5 F): GridGraph 23547 FEA GraphChi Y5 s HE e 10 T Ad B85 DA R 55 22 IR
BB BT 1 — M Grid 897 I8 R BB BT F BN PN A AHAZ BT R, SR KL 1
VS RUITAE 5 HUED9AT, LB B ARTI AT AE I T B E 981, 5 B8 b B Bir e BIATREI P < PR
% (grid) . 22y F107 20T DUR R0t D A8 K BN 2 RGBT 8 BRI i, SR -1
S-SR HAR T RO, B Trgrid 20 Herb i i — 21 BRI 6 B AR O AR R, DR 5 AR R E 2k
TR G A7, B USRI B R 77 18] N B3R BEAT TSR, AT AR G2 A7 R M AR R Ml D T A £ 5 N4 A
M I8 520K . Fore-Graph [0 fi X Fh 775k 78 43 A FHFPGA S R A A7 f##%. GraphR 1%
FHIX A7 #177 3, FIFHReRAMBIAF il R PR BT i PR BEAR DO AE 0 [ o B ek 25

4 GPURMIETHENMTEREER
4.1 GPUZZEM4ES

GPUR FSIMD (5454 2 8udf) 340, il KB IFAT3RA5 s MR RE. FEGPU o, K2 H0E A X3
FARZHR B IC(ALU)EH, 10— /N &R 20 DX 42 oo M mndk 2247 . /R GPURT LUB L $ e B2
AT PERSE AP IS AT O TERE, (ER AN B TS AR e Pkl B TH SR8 H R DA U ) B 07
AR, PR EAE AT RETCIA M ) GPU R JFAT 18 S 4R AL A e 2 18 .

GPU SR R = i AU 4 58, (B L A7 22 (B /NIRRT BRI HAECPU 2T, mT AE
AR B KRR R 1 o, (HRIEGPUY, GPU W75 EHIDRAM [HIE {3 FHPCleA
&, Rl ek S, GPUIE W R s (H A RN 3= AE, W TS 20 2507 17 (4
&, LU 51 e Eas /AR IR 2L (B, 2R 2 AR AR [R5 190 36 =2 A7 P RS R8s, DT g
= PEAABank R, A ERHI 7RI 1T IFAT L.

RITEMAFEE R L RGPUM T ETH A& 7 25 8 0 . GPU &R isfT &
PAWrap AHAL, PRIERRE P AE 38 AT I R AP0l o DABROR BEAT W AZ DT ). 300 2R Y Warp A HY (R0 4 J& 77 fik
YT AR B LANME il 45 U5 7] 570 A & I JF HL T, JU0AT DL A5 38 A fid 45 8 98 (AR F 2.

BERFR RIS EN 75 30 2 i o KRR TSRO A S BT . 2 GP U4 )R A7 A REd B
R B I, 8 Out-of-Core [T AT EIALBE 2 55— N GPU BN F 225 8 103 77 . SR A AT i 2
BB T3 3K, R AR Kt 7 B R N BN T 18, LR A 3 ) B R s T ik, A 7
Rela 2 Bt GPU A7, FEM PRI R T AE o %6 RIIEAEGPU A B 7 2555 18 A I i A 2o
T ANy E 7 AORVEAL A A7 RO AEH.

4.2 GPULHBERBMIL

BHWarpZiBI8): AL S T CPU B AR B SR R g b, AW B8 A Jm LSk
PUESE A7k 507 In) DU SR TLBAN s 22 A7 i Hh 2. (R FEGPU Y, A GPUAL B g3k 52— 4
JINAE, XTI IR, 7 22 AR RE A I S s vT DUR R A2 I PERE. GPU ks A
4 (CUDA H i Wrap) FTERPAT. d0 RIELL L AR IEAE VT RS2 1) A AF bk, U Warp ZRAER 42 =) A 77
PRI I K B I B AU ) SRR 3 TT DARROR i B v AL A7 T R
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BEEOXREES: TR E AN, & RAX R THE SRR S GPURTFR (1 A4 424
ALHES, fEGPU EE R AL G BTkl 2B 2 E A GPU A A R ). — L85 W,
(RGP U P i % 4t ik Bl e and 1 11 58 0 5 %2 0 5 s £y Pl 380 A Jm >R A M A7 D7 ). KR 23 I GPU
E i R4 Tigr 28], Medusa 291, MapGraph B9, Frog BUZEHR2 i T #2 21 (1 CSRIK A 7 /7 X, IXFh A7
fift B AT L 4 BB o 408 P P A 23 TR R B2 FH SR e 3 B R rhoxod T PR Jg e 1) 7 e 7 A
IRKHIBENLME, &% T KEMBENLUT ). 52GraphChi 85 &, Cusha B2 52 T G-Shard. G-Shardff]
¥938& 77 7% 5 Graphchi 819 [ Shard —#£.  [F] I G-Shard$ H 5 BX % [ (Concatenated Window), BJ7E—
PO T T 1T B A S IR TR, IX R — M — AN AT DU A A I 7 A0 2040
ey )4 — TR, FECuShatt, FFANG-ShardXf B — N2 AEHR, IXFE AT RLORIIE 58 4 1 250408 J= 3B 1. 55
4, G-Shards P UEAHZL, AFRIG-Shard ERITHER DR HUT, KRG T GPU mAOHTHIFS .

{EFAPageid? % Warp53 I8: G-Shard K/ E & B F B Wrap 77 B RS 5 &l A7 03
AEABL, FRAT T RIAE /NI Pages kA7, MIMTAN 75 ZEOGIEX Page ML, ETHE RAGTS B3, GStream
34145 Fii Slotted Pagelf A RAFAGE I, 5 Bl 73 %I — R FIISlotted Pages. X T/NUI4IHR, AT LLH
FLIWNSlotted Pages, B{# & —Slotted Page ] MFEE MR IR, X T m4EE TR /2 2
MPage RAEMIZ VLR, KA — A Page HI AP BEX LePagef1{5 B HH T Pagelf) K /NS & [ 5E 1, i
PLA] LB S BE AL /N B G-shard 717 5K B Wrap 20 5 25 7] #52.

4.3 GPUHOut-of-Core Bt EIFEM ML
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WAEEAT AR XL TEAT U AR 04T, I B AT LIS P ) 77 o GPUTHE M B s AL itk AT &
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SLRIEER: GTS BIIHGPULAREE, BACPU MEY5. ZRGMHCUDA W7k, ¥k
Vg 5] 1) B R AL BIGPUREAE N A7 BT L2 U5 18l B0 B B R: b B8 I, bnid A )E
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JERNAT R Warp A CTA FRPRHRL U 2. 199 SREWE £ AN [5] 1) PR B B AT AN [R] R R8CR  o0f B () AR
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bk T8 FHPIM A+ HMCR AL N A7 1 AL 2R ) B 5
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SiamiEa, 3 TTHEANL/OTERE. B M AL E T IS W] AAEReRAM P 7 ALEfif MIAL 3, 7] DA
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P IR e BE, ] DASR AR B = () AT E.

10



HERFE A5 R

6.2 RLESRTAFREMRKL

ST B SOINE RS, $2m A7 RCR B @ Wi m A i 8 RG0S L O T M R AR AT
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PE12:26.27) - Jialiang Zhang 2 4@, HdE R AT EIEHMCH), B2 A Hln G BAR, FATAT LLE
— BeLh FRAX LR (L BIAHMC AR )2 AR i RAT L. AT BAHSoroosh Khoram P42 H 1 5
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TFPGARIILE AR, CNEZANFPGA W4 — 2R R G s, B MO8 2 M b B T
R TR G2 A7, T AR (AT [0 AR KRR A AE — B, 32 PR 98 IR, )R 3L = T A7
FARE L IRHIFPGAR o R 1.

6.4 HNETRML

H T8 FH AR AR R AR R A A R LR T AR e (K BB AL D ) 3083 U5 47 8GR ORI 1 B, JRIR 2 K&
. B N AE T B R 2R T DA A AR ) B . T AR e R P 2R 1 7 A A R Rk O7 =(
ALY 5 17 7 54

BHERAR: BWERZDIH E R G D BRI H . %07 1278 B g 5122137 o
2R Blhn, W R A AR RAE UG B SR AR, X8R AT U N — N RER & 9F. &
WU AT BEAFAE T LA S 20T S8 TR B BB AL 5 157,

WG B R AE: R AT i s 2158 et Nt 5 il B — 2302 ar LY i iR ALV 1] A
PATH s oy v B RS or ) T 320 mT UGS A% i 3185 B8, 12073k mT L 7R 40 FH BAI O oo B R R
R 5. (R, P RE R EEDRTHER, AR USE A R U7 slig At 12

6.5 MERRXEMRK

AT IR RS BB R SR VAT IO BBk PRI BR 10 Sy Aot 22 (45 24 i RO AT TR IR s R k2 28K
AR R G AR fi h AR IR AU RDESR, RO RIRIAM A L. EEGAT R IRA B R A
NS A7 SR AL .

Scratchpad R 7 HIAE B0 P20 A0 0] - IEZ A7, BT A7 4% A9 R A B A2 R o AT IS el A3
38 V5 1) B2 P EES- 390, Graphicionado B TR A7 4% PN A7 A AE At I IR T00 e a8 M B A R 1 L DA A
BEALEE U7 F). S80I, Ozdal IR ARGE U AT AN TR L LRI A5 B e it T AR SE B 2247

B BB RE AN LR X 2 B (K B I 2247, BT L SR ik, Bl dn e JR KT TR P v 8 v J2 T
SR T RESAE L RVI ). Tunao 1O 5 AT DAZE A7 6 8 2 Ok HLAE 22 Y05 Rl B T AR @ 1R g FPGP
B9 A ForeGraph [ A FIZRALLRA 6 1) 23 X T 32 8dt 1 THUA B SRy b, oM Tt AR B0t 1 ReBR I 122
TIX, DASEAE 2P A BRI U5 7]

6.6 BEFEEAMAL
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*1 ETARAFRUNETERGDE

Table 1 Summary of graph processing system on memory optimization

Optimization scheme Graph processing system [system, architecture, year]

Data layout [GraphOps 18], FPGA, 2016], [CyGraph 7], FPGA, 2014], [GraphH (14 PIM, 2018],
[Graphicionado [8], ASIC, 2016], [ForeGraph [6], FPGA, 2017], [FPGP [19 FPGA, 2017],
[Tigr 28], GPU, 2018], [X-Stream [?], CPU, 2013], [Mosaic [19), CPU, 2017]et.al

Graph partition [GraphChi ['8] CPU, 2012], [Cusha[32], GPU, 2014], [Graphicionado 8], ASIC, 2016],
[GraphH (14 PIM, 2018], [FPGP 19, FPGA, 2017], [GraphP [20 PIM, 2018], [GStream
(341 GPU, 2015], [GTS 33], GPU, 2016], [GridGraph [23] CPU, 2015], [ForeGraph [6],
FPGA, 2017], [Gemini 13!, CPU, 2016], [Frog 3], GPU, 2015],[Page [*°!, CPU, 2015],
[GraphReduce 351, GPU, 2015], et.al

Storage media [GraphPIM 411 PIM, 2017], [Graphicionado [8], ASIC, 2016], [FPGP [19 FPGA, 2017],
[ForeGraph (6], FPGA, 2017], [FPGA-HMC [12] FPGA, 2018], [Ozdal 111, ASIC, 2016],
[GraphH (14 PIM, 2018], [GraphR [7], PIM, 2018], [GraphP [20], PIM, 2018], [Tesseract [42],
PIM, 2015], et.al

Memory access [REBFS [53] PIM, 2018], [Tesseract (2], PIM, 2015], [GraphH [14]] PIM, 2018],
[Graphicionado [8], ASIC, 2016], [GraphGen [37], FPGA, 2014], [FPGA-HMC (13 FPGA,
2018], [GTS 33, GPU, 2016], [Frog BY, GPU, 2015], et.al

Communication [Tesseract 42, PIM, 2015], [GraphP [20]) PIM, 2018], [GraphH [*4] | PIM, 2018], [Groute [>4],
GPU, 2017], [FPGP [19 FPGA, 2017], [ForeGraph [6], FPGA, 2017], [Frog 31, GPU, 2015],
[Tornado (11, CPU, 2016], [GTS [33], GPU, 2016], et.al

Power [GraphBIG (52 pIM, 2015], [GraphH (14] PIM, 2018], [Graphicionado (8], ASIC, 2016],

[GraphP [20 PIM, 2018], [GraphR [T, PIM, 2018], [GraphPIM 41| PIM, 2017], [HyVE [43],

CPU, 2018], [Tesseract (421, PIM, 2015], [Ozdal !} CPU, 2016], Congra [46], CPU, 2017],
[Tunao [40]  ASIC, 2017], et.al

FEFPGAMASIC. {B/E, K2 B vH5 N A A7 UG IR TS LA, Ui R AN e AL, AR Bd it
SHEZ upcitencar-data I 45 REH, PageRankfE W A7 L H BRI REFEAEIL60% . Xt 15 B X A A7 REFE R
PUAL T BLHE— 25 5 v RE SRR

FETEERSIOR: I B A0 s AN T 52 48 4 AR AT i 28 Y A2 — MR I I BRI REFE I 7
. B, WEs AR HMC 14204142 ReRAM (7431 I Fh 40k ik v] AU B BE 3T B 1 4. &
H ARG T A I BE R s AT BEYR. X — b, FRATTAT LG I I 7 M A7 B A R A B
RAEG FIDRAM.

BRI HERAR: &M ZEHNEAR. el UEZH BRSNS e TR E. 27 RE
FF A S AA g 2 430 i, S J Zhou BREXAN VAR FFPGA LRIBRAM, i id i F b
13 1 3 B0 S FIBRAM, X A2 PR AAFPGABEFE M B8, BRAMABE BV A AF 0 T 75 B0 i ik
. RIS TR AT T ReRAM 3] 3B 5 HIReRAM bank 0SSk & 13 Vi 1] 1) RE &

PLEJLE S HIMGPU. PIM. K5 % A INE 2 FPGAFIASICIX JUAN 7 T VR 08 T R 280 T
WETFE N RGN, BA15F L BRI F % WAEZR S R Gt 47 T 845, ik 1 Fior.
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7 EREHAMRER
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FLAERE, E 2 ] P 85 R HLAA P RIE 78 N SR AR AR TE P U B RO 0 7 TR A T AN 1) .
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Vg I HASE L ES A 25 ) Flegrid AR S s 2, 78 20 ) A R AR IR U e J3 P, B s 08 7 I FD A 3 P P . ik
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AT Z I3 B BIAE] Fsocket b, AR BEAR 1 A AE D7 n) B REIR (7] A R FH R 4 28 58 B 1) 77 X AR
T IO BRI N AE YT IR 7R, X T S AR B B, IR AR R T T B T FPGANIE I B R
% ForeGraph S FIFPGP 19, ForeGraph it T % FPGAZ I8 N 77 K8 S ) 8, FPGPIEVE T M %5
WP AT B PR I, K T AP I IRAMA, AT i S o I DL U B . FEPIM A AZ 1T 5
A, AR T R T PIM BT N E 28 GraphH 04, o KB 23 B 2 AN B S 58 1 B0 454 1
AT, R T IR IF M SR BR UR.

fech B RZF WA TR T HIER A FPGA 5 F Nk 2547 Al 714 H i i o 7 i) 7 305
T JEG 2 A PR A8 SRR I @, I L2 G R BT SR T E SV R R U A R0 . i T A A ) P Ak B A K
1 1) M AT VIR IR 2, B NAEAR ARG, TR AR, 75 B 4Edr A O, R
FAVT A3 2 A fR et 18] S e, 2 v PO U I BRI PR . A 1 5 IR PR 50 A T Ak B e A 0 5080 v 2% el A
WFFEN AR T R 250 b 588 B 1 AceuGraph 480 JE -1 T i 2o #8105 AT 5 947 FE I
Hr, SRR A L AR AR R S AR ER 22 V5 ), 7 RIE IERRE RO N IR IEAT . B
TAEFPGAIE ETHE EAEH B SR DTk, 4B R A5 GPUSEM T 78 BT 58 5 77 AR 2 o
SR A4 1) 16 3, 32 T GPU BT R GiFrog BY B 48 Bl — 5 (B8 f) 1 32 SR b el Bt ok
5, [FIE Il g T K ETGVE AN GPU N A7 1 1), 5535 B IR 9 23 ) i (19 2500 4 TELAH 2 1) 1)
APPSR, RS B = AT B R A

JETRARZ R FE N AR H BRI B 0 B TH R 5 PAGE 91 g LR B BT I FE i R gtk
A BT S B AT HEHE, AAT LR BB R 2 J5 ARG 7E 5 D worker (1 A7 R, A8 BT HOVH S AL R 2
BN FFRIEHIGR, DLALEEA W o (0 A by S AR EE TAE 3. bat K% E i fSeraph POL& — 457
R RN AT BT R G, e R P 5 v AR 43 B9 1 RN S B DURL A A T 1) [ —
B 1) 2 AN HE RV SAT S5, R A AL J5 B8 D O TE A [R] B (A1 B2 52 1 8 10 1 2R A2 B — B0 N A7 B Bt
BIRRARTITE. X MR RV 2 A IR AE I A 0 B, BME L R BB b Bk e T
PRl P B S T AS 2 4 B 75 B 0 A3, RO T A .

EiE BRI T BT R0 S R D B A i 1) B A 5 5] B Power Switch 4] 43 A 30
Bl FD 5 R b A A b, SCEIRH —MEha& FE R V)3 skmg, 32 s S rrEse. EE
MBS FE A R A o) X B 2 AN 05, LTSI T ) B e I N AE UG M SR AR A TR
& BRI FE I 5 #EPower Lyra BIFE H ) X BT A TS AT 88— A28 5 51 S 1 BN P4l . @S Al
PN AT HE AR 15 25 1) L, Power Lyra e 16 2 45 by [ 33 I 1 S P A [R) S T 557 (40 35 PS50 43 S SR s, Sk
AR VR TR A R T A 43 AT SO TH AN R 43, B BT 7 Sl A R ek, DASRE e il A i FE v - S
W] R A7 SRy 3k, 7R [RIRE /N1 A A7 A mT UAR BEARASSBE I 1] B TNUMA 288 F itk s B &
ZiPolymer U5 H | [ ALER S 5 45 I 1T B30 #1046 7™ 5. LA 5008 140 Ja0 S 14 R0 AT, I 149 0% st ) 7Y
A7 V5 0] (GZE R PN A7 170 ) LA L s RN A AT B ATL O 19 v £ 22 1A 9, B ARk B BScie AT Jm AU 1) 5
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R A /MU BEATURIZ AR A7 U7 1, JF BRI SRR AE FL A A 719 R b 20 BE LA, AT B A 7 ).
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Abstract Containing a variety of information, graph is a complex data structure composed of vertices and
edges. Graph processing (or Graph computing) requires us to abstract the relationship properties into graph
structures in real conditions and to perform complex calculations. Due to the performance bottlenecks in CPU,
many coprocessors and Domain-specific accelerators have been designed to improve running speed and save
energy. In view of the strong data dependence of graphs, improving the efficiency of memory access is the
key issue to improve system performance. In particular, memory management and optimization become more
important owing to the expansion of graph data scale and the acceleration of heterogeneous graph processing.
This paper introduces the memory architecture and management methods in graph processing on heterogeneous
architecture. We describe the graph data layout that can improve the efficiency of memory access, analyze recent
work on memory optimization and features of GPU, FPGA, ASIC, PIM, etc. Then we summarize the relevant
research progresses in recent years in China, and make a conclusion on the opportunities and challenges of graph

processing in memory.
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