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Á� ã(Graph)´�«±º:Ú>�¤��¹õ«&E�E,êâ(�. ãO�(Graph Process-

ing)�¦·�òy¢^�¥�'Xá5Ä��ãêâ(�¿?1E,O�. duCPU5UJ,��

´¶,<�}Á
õ«�?nì½;^\�ì,�åuJp$1�Ý¿!�UÑ.duãO�äkê

â�65r!��-O�'p�A:, JpãO����Ç´UõXÚ5U�'�. cÙ´�Xãê

â5��*�, p��S�+n`zéÉ�ãO�5U�Jpw�c�­�. �©ò0�É�e�

ãO�¥S�XÚ�+n9`z�{, 8B8cU
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1 Úó

ã(Graph)ØÓuã/(Graphic), ´�«�¹
�|º:±9ë�¦��>�êâ(�. 3y¢

­.¥, éõêâ�±^ã(�L«, ¿��±$^�éõ�A^¥�, 'Xêâ�Æ!���ä!Å

ìÆS!ÄÏ|Æ�. ãêâäk(¹5±9Ä�5, �±éÐ�Lãù
¢N�m�'é'X.

ãO�(Graph Processing ½Graph Computing)´ïÄ�*­.�¥¯Ô�¯Ô�m�'X¿é

Ù?1��/�x!O�Ú©Û���?nã�Eâ, ´�êâ'éá5��ZL��ª. �Xãê

â5���¿ªO�ÚE,O�I¦�ØäO\, ãO�XÚ!�5�ã?n�{ÚãO�`z�E

âFÃÉ�'5. �c�êâ!�O��Eâ�?u¯�uÐ�Ï, |^�êâ�ÅìÆSÚ�ÝÆ

S�{,Ñ�6uãO�.�´ãêâ���'é5!�Æ5!S�$��A:¦�ãO��5U��

�3´¶, \�ãO��$��Ç´��k��Lk]Ô�ó�.

ãO���´����O�'ép�A^, 3ãO��O�L§¥, ��m�Óâ
é��'~.
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JpãO��5U, Ð�S�e�Ú+nüÑ7Ø��. 8c<�®²lØÓ��¡5UõãO

Ú^�ª: �½, Ü´, �+�, MWõ, o�, ÁÓÛ, aÆ°, L¯¿. ¡�ãO��S�XÚ`zEânã. ¥I�Æ: &E�Æ,
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ã 1 ©ÙSN|�µe

Figure 1 Content architecture of this paper

�L§¥����ª5JpãO��5U, �)éuãêâ(��?n, �O#�O��ª, æ^#

.S�M�e�, �O�'\�ì��¡5\�ãO�����Ç, l
`zãO��5U¿}Áü

$UÑ.

yk�ó��éØÓ�e�Ú²�?1
õ�¡}Á,Ì��e�²��)p5UGPUe�!Ä

uProcessing-In-Memory(PIM)�e�±9;^ãO�\�ì(ASICÚFPGA). GPU�p¿1Ý�p�

°éãO��$�\�å�
�'­���^; �
~�S���¯�5�m�, <��O
�«ê

â�ªÚã�{±Jp���Ç. PIMEâ4Nõ#,M�A^�ãO�¥, XHMC(Hybrid Memory

Cube)!ReRAM(Resistive RAM) �, ¢y���Nz, ~�S�êâ�£ÄDÑ�5�m�. â»Ï

^?nì���, ãO�;^\�ì�)ÄuFPGA ��O±9;^�¡(ASIC)��O, }ÁgÌ�

O$�6Y�!���ª�`züÑ5\�ãO�$��Ç±9~�UÑ.

�©Ò´�éãO�\��¸eØÓe�²�eéuS�+n¤�Ñ�ãå±9Ù¦�¡�`

z�Y?1nã. �©�oNe�Xã 1 ¤«.

2 ãO�Ä�0�

3�Ù!¥, ·�Äk0�ãO��Ä�Vg�ã�{�A:©a, ,�o(ãO��O�A�

Ú~��?§�..

2.1 ã�Ä�½Â

ã´�«dº:(Vertices)Úë�º:�>(Edges)�¤�êâ(�, G = (V,E), Ù¥V L«º:

8Ü, EL«>�8Ü. e = (vi, vj) L«lº:vi �vj ��^k�>. Ó�, z��º:�z�^>Ñ

káugC�á5�.ØÓ�+�á5���LØÓ�¹Â.X���ä¥,º:�á5���<�9

Ý, 
>�á5�KL«�k'é�ü<�m�;�§Ý. y¢¥�g,ã�3±e�A5.
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ã 2 H{½O��¥%�ã�{8a

Figure 2 Traversal-centric and computation-centric graph algorithms

1. DÕ5: º:�²þÝêé�, êâ©Ù'�©Ñ, ãêâ�DÕ5¬�����ÛÜ5êâ�

¯Ú�þ��Å�¯.

2. �Æ5: �Æ5´g,ã���é~��A�, ãêâ¥��Ü©º:'éXý�Ü©�>. 


�Ü©�º:�'éX�þ�>. ãêâ��Æ5¬��éî­�K1Øþï.

3. �­.5: ã¥�?¿ü�º:Ñ�±ÏLé��k��¥m!:�p�¯. ù«�­.5��

ã�©��¿1ö��5
é��]Ô.

2.2 ãO��'�{

éu~^�ã�{?1o(�8B, �±òã�{©�±eüa, Xã 2 ¤«.

1. H{�¥%�ã�{: Ta�{Ï~I�±A½�ªlA½º:H{ã, §��O�S��¯Ç

�é�$, �3�þ�Å�¯, ù��L¤
�;ì�°. '�²;��{XBFS (2Ý`kH

{), SSSP(ü
�á´»), BC (¥0¥%Ý)�Ñáuù«�{.

2. O��¥%�ã�{: Ta�{3��S�±Ï¥k�þ�$�?1, 3z�gS�¥¤k�º

:Ñ¬ë�.�'uH{�¥%�ã�{,ùa�{�êâÛÜ5�Ð,�´3$�L§¥¬Ñy

�þ�2:$�, 
�zÓS�¤kº:�ë�¬O\�{$�L§¥éS���¯ªÇ. ²;

�PageRank(��üS), CC(ëÏ©þ), TC (n�/Oê)�Ñáuù«�{.

2.3 ãO��A:

��!0�ãO����Ù¦�êâ$��A:,l
©ÛS�`zÚ+n3ãO�¥ÓâX�

­�/ .

1. êâ�¯�8: c¡J�ãO�´�«O�-��'�é�$�A^,3ãO�$�L§¥��Ü

©ö�Ñ�êâ��¯k', ���5U��K�XãO���N5U.

2. êâÛÜ5�: ãêâ¥�,�º:�Ù¦º:��ë´�Å�, ù��3ãO�L§¥éêâ

�¯��Å5, l
E¤<s�êâ�¯ÛÜ5.

3. êâ�65p: êâ�65´dã¥º:ë�á5'é�5�Úå�. î­�êâ�6¦�ã3

$�L§¥¿1�1(J, �õ�º:ÁãÓ��UÓ�º:êâ�, ¬Ñyî­�êâÀâ.
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2.4 ãO�~�?§�.{0

ã3º:�mkE,�êâ�65. ?§�.�±ÏL&¢�7º:½>�O��ª¦�U/)

Íù
�'��6'X. yk�^uãO�?§�.Ä�þ�±©�ü�aO: ±º:�¥%��.

Ú±>�¥%��.. �
ãO�\�ì�}Á
�ö�KÜ.

±º:�¥%��.: ¦^d�.�ã�{ÏL”Think as a vertice [1]”��ª?nã. §Õá?

nz�º:�?Ö,¿ÏL>é��º:?1O�ÚêâDÑ.duz�º:Ñ�üÕ?n,Ïd�±

ÏLÓ�NÝ�yp¿1Ý.±º:�¥%�O��.�±é�B/L«�«ã�{¿��±¢yº

:�p¿1, ¤±ù«?§�.®�2�^uNõã\�ì[8, 11,19,37]. ,
, 3±º:�¥%��.

¥¬�3�þ��Å�¯, l
��d3�[B�S��¯m�.

±>�¥%��.: X-Stream [9]´1��¦^±>�¥%��.=GAS�.5?nz^>, Ì�

ÏLn�Ú½S��1: 1)Â8Ù
º:�&E(Gather); 2)�#(Apply); 3)ò�#���ux��8

Iº:(Scatter). T?§�.�±¢yé>�^S��. yk�ã\�ìÏ~¦^±>�¥%��.

5JpÙk�S��°�|^Ç[6, 21]. ��±º:�¥%�?§�.�', ±>�¥%��."y(

¹�NÝUå, Ó�T�.��U��éº:��þ�Å�¯. Ïd, Ï~I��	�`z, ~X[â

Ý©«Ú½��º:�#üÑ[6, 7].

·Ü?§�.: ·Ü?§�.´�3±º:Ú>�¥%�?§�.�m?1��, |^ü«�.

�g�`:5\�ãO��$1[4]. �¹�º:'Ç�é�p�, �¦º:�¥%��.KI. ��,

¹�º:'Ç�é�$�, ¦^>�¥%��.Aé. �.���û½´�â�cXÚ-¹º:�'

~5(½�, 
ù�K�Ï~ÚS��°k'X. �éØÓa.��{��±(¹/�O#�?§�

., XPCPM [5]±©��¥%�?nA½PageRank, nÜ�Ä
±>�¥%Ú±º:�¥%�`³±

9�{A:, �GAS?§�.�(Ü, wÍ~�
Ï&Ú�ÅDRAM�¯�m�.

�ÙÌ�0�
ãO�¥êâ!�{±9O��A�9���]Ô. ¡éù
A�, ·��e5

òl±eA��¡5&?ãO�¥�S�+n�`zEâ: 1nÙ0�~��ãêâL«�{Ú©�

�ª,lêâ�|�/ªþJp���Ç;1o�8Ùln«ØÓ�e�(GPUe�!ÄuPIM�O�

e�±9ã;^\�ìFPGA!ASIC e�)5&?JpãO�5U�S�+n�YÚ`z�{.

3 Äu��`z�ãêâ�ª

g,ãêâ�DÕ5!�Æ5±9�­.5�ãO����!ãêâ©�!±9O�K1þï�

5é��]Ô, Ï
3?1ãO�$1?Ö�c, ·�~ég,ãêâ?1ý?n. �O�A��;

�ª!­üSÅ�±9©¬üÑ�±JpãO����Ç.

3.1 ãêâL«�{

(ÜØÓO�²���;A5!��A5±9êâÛÜ5, �O·��ãêâL«�ª, U
[

âÝ/�ÏãO�5UJ,. �!Ì�0�~�ãêâ(����A:. ãêâ�Ä�L«Ì��ü

«/ª: Edge ArrayÚAdjacent List.

Edge Array ´ãêâL«�%@¿��{ü�©��ª, ¿��éõ�XÚ¦^. ãêâ�

;���ê|, Ù¥�¹�z^>�
º:Ú8Iº:�éA��êé. *Ð��Edge ArrayÏL
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(a)Graph topology
(b)Edge array

ã 3 ãÿÀ�Edge ArrayL«

Figure 3 Graph topology and edge array representation

(a) Adjacent List

(Incoming edge)
(b) Compressed Sparse Column

(c) Adjacent List

(Outgoing edge)
(d) Compressed Sparse Row

ã 4 ã���LL«�{

Figure 4 Adjacent list representation

ü�ê|5�;ãêâ, ��ê|�;º:�á5�, ,��ê|^5�;>±9>�á5, =Edge

List^u�;>�'�êâ. ã 3 Ð«
��ã(��¢~±9ÙéA�Edge Array�L«�{. ,

	, Edge Array´ãêâ��«Ä��L«�{, ØÓ�XÚ�âXÚ�I¦, éEdge Array ?1©

¬!üS�ö�±·A²��I¦. éõXÚ[2∼4,6∼9] Ñ´æ^�Edge Array��ã��Ä�L«�

{,,��âØÓ�XÚéEdge Array?1­#üS!©���EÑ·AXÚÚ�;A5��;�ª.

æ^Edge Arrayù«L«�{�±é�B/lS�¥^SÖ�>,éu>�Ö�kéÐ���ÛÜ5,

3±>�¥%�O��.¥kéÐ�5U, XX-Stream [9]æ^±>�¥%�O��., 3$�L§é

>?1Scatter-Gatherö�, ÏLEdge Array �L«�{, �±^SÖ�>êâS�, Jpãêâ��

��Ç.

Adjacent List �;z�º:éA�>�ê|. z�º:����ê|,Tê|�¹Ù\>�¤k


º:(ã4-a),½ö´¤kÑ>�8Iº:(ã4-c). 3ãO�XÚ¥,éuãêâ���LL«���

E�ã4-b�ã4-d¤éA�Ø DÕ�(Compressed Sparse Column, CSC)�Ø DÕ1(Compressed

Sparse Row, CSR).ù«Lã�{��I��¹n�ê|5L«ãêâ: º:á5�,ãêâ¥>�


:(CSC)½ö´8Iº:(CSR), ±9z��º:�¤k>ê|�å©¢Ú. ù«êâÙÛ�ª�`:

�, z��º:�¤k>^S�;3S�¥, 3?1ãO��L§¥�±�5^S�¯, ~�
�Å

�¯l
JpS��¯�Ý. Ïd3±º:�¥%�ãO��.¥, ��L�/ª�±O\^S��

�AÇ, Jp���$�5U. �õêãO�XÚ±9\�ì[10∼13,16,17] Ñæ^��L��ª?1ã

êâ�;.

þ©J�ãêâ�Ä��;�ª,ØÓ�ãO�XÚ�âXÚ�A5±9�;�A5éÄ:�ã

êâ£ã�ª?1`z, ±÷vãO�XÚ���!O�A5. e¡0��
3�OãêâL«¥¦
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^�~^`z:

éãêâ?1KÜ: Ä��CSRL«�{�,�±�5^S/éº:?1�¯, �´éuº:á

5��¯�´���Å���L§. k�
ãO�XÚò�
ãêâ�&E?1|Ü(Xº:¢Ú!á

5��), �±4�/Jpêâ�ÛÜ5, ü$éS���Å�¯. GraphOps [16] O\
��êâ(�,

UìCSR¥º:���^S5�;º:�á5�. CyGraph [17]?U�©�CSR�L«�{, òº:G

�Ú��º:�&E�;3ê|�����¥. T�{wÍJp
�;ì�¯�Ç.

éãêâ?1Ø : du\�ì�¡þS��mk�, �
�õ/3¡þS�¥�;ãêâ, J

pêâ�¯�Ý, �
ãO�\�ì�Oéãêâ?1Ø ± ��;�m. GraphH [14] 3º:��

ê�u���º:¢Ú�, éãêâ�¢Ú?1­½Â, l
�Ø�x¢Ú5 ��½�êâ�;�

m. Graphicionado [8]ÚForeGraph [6]æ^oâÝõ?¢Ú��ª5 �ãêâ��;5�.

éãêâ?1üS: éãêâ?1üS´�
�Uãêâ3S�¥��;^S,¦�êâäk�

Ð��¯ÛÜ5, Jp���Ç.ÄuüS�`z��´�éEdge Array�ÙÛ�ª?1�`z�Y.

òãêâ¥�Edge ArrayUì
:½ö´8I!:�^S?1üS, �±JpS��¯�ÛÜ5, Ï

��C!:�êâ�U®²�ý���, ùò4�/Jp���Ç. 3ãO�L§¥, Ö�
:�á

5, ¿�A/�#8Iº:á5. XJ
:²LüS�¯, K�±~�Ö�m�. aq/, XJ8I!

:²LüS, K�\L§�±�p�. �,�k�«·Ü��ª, §ÏLÓ�é>�
:Ú8I!:

?1üS, �¤�«Grid �/ª, ÖÚ�Ñ�ép�[6, 8, 19].

3.2 �5�ãêâ©�¥�S�+n

é�5�ãêâ?1©�Ì�Äu±eü«�¹. �«�¹��;��.XÚ¯�S�(\�ì¥

�¡þS�±9ÑÖì¥�S�)�,�Ýé¯���k�,ØU�g5\1�Ü�ãêâ, ÏdI�

�?�;(\�ì¥�S�±9ÑÖì¥�^��)5�;ãêâ, d�I�òãêâ©�¤�±\1

�¯��;¥�fã, O�ü��±ÏLõg\1fã��ª¢yé�5�ãêâ�?n. ,�«I

��Ä��¹´O�¿1. XÚké���°¿��3õ�O�ü�, òãêâ©�¤õ�fã©O

��ØÓ�O�ü�¥?1ÉÚO�, ÏLÜn|^�°ÚO�]
5JpXÚ�$��Ý. ���

J�´, ïÄ<
3?1ãêâ©��, Ï~Ñ¬nÜ�Äü«�¹±���`��J.

üÅfã©�: GraphChi [18]´1��JÑ¦^üÅ?1�5�ãO��XÚ, duS��m

k�, GraphChiæ^
ãêâ©���{, ò�5�ãêâ©�¤õ����±1\S��fã, ¡

�Shard. TXÚòãêâUì>�8I!:�IO, ©�¤õ�Ø���Interval, é¤k8I!:

 uTInterval�>UìÙ
:?1üS, l
/¤ØÓ�Shard. �ÜGraphChi�O�¿1wÄI

�PSW(Parallel Sliding Windows)�{, T©��ª�±~�é�?�;���5�¯, 
��O\


êâ��¯�ÝÚ$��Ý.

¡�8I!:�ã©�: éõXÚ[8, 14,19,20]æ^¡�8I!:�©��{, ©«�{Ï~3z�

©«¥äkØ���8Iº:. ¤kD\>Ñ�©«�8Iº:�'é, �¤fãë�$�. du>

�8I!:´Ø���, Ïdz��©¬éuº:��#Ñ´�pÕá�, ù�Ò�±;�êâÀâ

�5�m�. Graphicionado [8]æ^ù«©«�{5(�z�©«Ñ�±ë��6�ìS�, ¿©|^

Ù$ò´p�°A5. GraphP [20]�æ^T«�ª, �GraphP��O´�
~�ØÓ\�ìþ�©«

�m�Ï&, l
�±UõHMC á�N�m�Ï&, \�ãO��5U.

¡�
!:�ã©�: k
XÚ[4, 22]¬�â¢S�¹æ^¡�
:�©��{, ©«�{Ï~3

z�©«¥äkØ���
º:. ¤kDÑ>Ñ�©«�
º:�'é. 8Iº:ò�¹3�A�©
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«¥. du3z�©«¥�
º:¢ÚÏ~´ëY�, ùÒ�±(�^S�S��¯. ¦^¡�
�

©«, �±�B/3ãO�L§¥(½I��#�º:á5�©«.

¡����ã©�: GridGraph [23]�
ü$GraphChi é
:üS�ý?nm�±9�õ�^�

�\ö�
�O
�«Grid �©��ª. òãêâ�º:©�¤�P�Ø���f¬, ,�ò>�


:¤3�f¬��1, >�8Iº:¤3�f¬���, òãêâ¥�¤k�>��P × P ��

�(grid)¥. T«©��ª�±ép�/~�^���\gê. �XÚ?1$���ÿ,Ö�
!:-O

�-�#8I!:�. dugrid©¬¥�z��ãêâ>�8I!:Ñ´�Ó�, Ïd8I!:®²�

ý����¥, ¤±æ^����lþ�e?1O�, �±|^��A54�/~�^���\ö�,

l
Jp$��Ç. Fore-Graph [6] ¦^ù«�{5¿©|^FPGAk��¡þ�;ì. GraphR [7]�æ

^ù«©��ª, |^ReRAM��;A55�Op5U$õÑ�ãO�\�ì.

4 GPUÉ��¸e�ãO�S�+n

4.1 GPUe�A:

GPUæ^SIMD(ü�-õêâ)e�, ÏL�5�¿1¼�p5U. 3GPU ¥, �õê�¡«�d

�âÜ6ü�(ALU)¦^, 
��Ü©«�^u��ü�Úp���. ¦+GPU�±ÏLJøpÝ¿

155Jp§S$1�5U, �´�éãO�%�3�½�]Ô. ãO�Ï~Ly�Ø5K�êâ�

¯�ª, Ïd§S�UÃ{¦^GPU�¿1$�Jø�¸�5U.

GPU�,kép�S��¯�°, �´ÙS��m���~k�. ¿�3CPU e�e, �±¦^

�?�;5�Ï�5�ãêâ�O�, �´3GPU¥, GPU S��ÌÅDRAM�mÏ~¦^PCIe�

ë, ÙêâDÑ�Ý�ú. GPUÏ~��p��Nþé��¡þ��S�, �^u��ª��¯�ê

â, ±~��¯��þ�ÛS��I�. �´, XJõ��§Ó��¯��S�¥�ØÓêâ, K�U

¬��S�Bank�Àâ, l
��
§S$1�¿1Ý.

�Op�S�+nüÑ�´GPU^uãO�\�I��Ä�'�¯K. GPU ¥��§$1´

±Wrap �ü , Ïd§S3$1L§¥Ï~±¬5?1S��¯. XJdWarpuÑ�é�Û�;

ì��¯3��½A��;ì�¯ü�SÜ¿¿�éà, K�±wXJp�;ì�°�|^Ç.

êâL«Ú©��ª�´)û�5�ãO�\��­��¡. �GPU��ÛS�ØU·A�5

��ãêâ�,¦^Out-of-Core�/ª?1ã?n´,��GPUã\�I��Ä�/�.æ^c¡J

��ã©��ª, ò�5�ãêâ©�¤õ����fã, ±9¦^Ü·�êâL«�{, 3I��

òêâ��?GPU S�, ´)ûd¯K�d3)û�Y. Ïd3GPU ¥�I��ÄÜ·�êâL«

�{Ú©��ª5`zS��¦^.

4.2 GPUþ�êâÙÛ`z

Ü¿Warp�§�¯: 3DÚ�ÄuCPU�ã/?n�{ÚXÚ¥, <�~�OêâÙÛ±¢

yëY��;ì�¯±OrTLBÚp���·¥Ç. �´3GPU ¥, ¤kGPU?nìÑ�����

ÛS�, éuz�g�S��¯, �õ��§Ó�Jøêâ�±Jp���5U. GPU ¥��§±

|(CUDA ¥�Wrap)�/ª�1. XJëY�§�3�¯ëY�S�/�, KWarp �§é�ÛS�

��¯òÜ¿�ügS��¯. ù�Ò�±4�/JpS��¯�Ç.
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�½, Ü´, �+�, MWõ, o�, ÁÓÛ, aÆ°, L¯¿: ¡�ãO��S�XÚ`zEânã

GéI�éA�§¬: duãO��Ø5K5, §�Øé¡�O�L§�GPUé¡�M�e�

Ø��, 3GPU þ��A^DÚ�ãO��{Ò¬��î­�GPU |^ÇØv�¯K. �
~�

�GPUã\�XÚÁãÏL�O�\;�Ú�\5K�ãêâÙÛ5`zS��¯. �Ü©�GPU

ã\�XÚXTigr [28], Medusa [29], MapGraph [30], Frog [31]�Ñ´c¡J��CSR�ÙÛ�ª, ù«�

;�ª�±Ø ãêâÓâ�S��m��. �´¦^CSR¬3$�L§¥éº:�á5��¯�)

é���Å5, E¤
�þ��Å�¯. ÉGraphChi [18]�éu, Cusha [32]¢y
G-Shard. G-Shard�

�E�{�Graphchi [18]¥�Shard��. Ó�G-ShardJÑGéI�(Concatenated Window), =3�

g$�¥òu�cI��'�>Ñ�;e5,ù�z��z���§Ò�±ÏLù�GéI��êâ

5�¯z��º:. 3CuSha¥, z�G-ShardéA���§¬, ù��±�y�Ð�êâÛÜ5. ,

	, G-Shards *dØ��, ØÓG-Shardþ�O��±ÉÚ�1, ùêÜ
GPU p�¿1�A:.

¦^Page;�Warp©Ü: G-Shard���Ø(½5¬���Wrap ©Ü�¯K. �p���Vg

�q,·�¦^Ó����Page5�;,l
=I�'5éPage�+n. ãO�XÚGTS [33], GStream
[34]¦^Slotted Page�/ª5�;ã, òã©�¤�X��Slotted Pages. éu�.���L, �±�

��\Slotted Pages, ½ö´��Slotted Page�±��õ�º:���L. éup�Ý�º:I�õ

�Page 5�;T��L, Ù¥k��Page^5��ù
Page�&E. duPage���Ñ´�½�, ¤

±�±;��Å���G-shard�5�Wrap©Ü�¯K.

4.3 GPU¥Out-of-CoreãO���`z

>üS�S�Ü¿: �
?nÃ{\1�S�¥��5�ãêâ, GraphReduce [35]òãêâ©

���Cq�fã, ¿�â
�º:éfã¥�>?1üS, ±��GPU¥�S��¯�ª. �


|^GPUS�Ü¿�{ò��¯�êâý��S�¥?1^S�¯, GraphReduceæ^Ú�J[Ï

�(UVA)��ª5©�S��m,¿¦^��S��¯(Directed Memory Access)EâÏLPCIe��é

S�?1ö�.ù
�{¦��^S�1,¿��±ÏLý���ªòGPUO�ÚêâDÑ?1­U,

Jp$��Ç.

J[©�: ãêâ�Ø5KS��¯¬��GPU¿1O��Øþï5,l
��
GPU�5�¿

1�5�`³. ãêâ��Æ5´���¯Ø5K�Ì��Ï, �
JpS��5K�¯, Tigr [28] æ

^
�«J[!:��ªé�Æãêâ?1=�. §½Â�Ý�.��, �º:��Ýpu.��Ò

òTº:?1©�, ©�¤�õ��Ýþï�J[º:ë�$�. ÏLù«J[©���ª, =�±

�y§S$1��(5, ��±Jøãêâ�5K�¯, ¿©u�GPU ¿1O��5U.

ÉÚêâDÑ: GTS [33]�¦^GPU?nã, vkCPU �ë�. TXÚ¦^CUDA 6�{, ò�

�¯�ãêâD�GPUM�S�þ
ò®²�¯�êâ����^�þ. êâ©�ü«, �IP�á

5aêâ(º:á5Ú>��­, 3O�¥Øä�#�êâ)ÚÿÀaêâ(Ä�(�êâ. ¦�rá5

aêâE��;3GPUS�¥, 
éuÿÀaêâ, ¦�¦^6�{lÌÅS�¥��GPUM�S�

¥. GTSæ^ÉÚGPU6��ª5�1êâ�ÉÚDÑ. ù«�ª­U
Ì��GPUS���¯��

�m, ~�
O����m. ÏL­UêâDÑ��ª5JpGPU|^Ç.

4.4 GPU ?1ãO�Ù¦�¡�ãå

�
�±�Ð3GPUþ?1ãO��\�, Ø
S�+n�¡��ãå	, ïÄö�3Ù¦��

¡?1
�þ�ó�. ùp���{ü�o(.
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Ä�NÝ�V�©): ãêâ�Ø5K5¬î­�K�GPU¿1$��Ç. Ø
éêâ��?1

ý?n�	, 3ãO�?1L§¥, GPU�¬æ��½�NÝüÑ5Jp5U. MapGraph [30] ¥¦^

Ä�NÝ(Äu���§ê|CTA!Äu×£!ÄuWarp)ÚV�©)üÑ5þïêâ�?n, l
J

ø�p�$�¿1Ý, Jp$�5U.

o[âÝNÝ�(Ü: GunRock [36]¦^
ü«NÝüÑ, ¦�©O´�éü��§�[âÝN

ÝÚ�éWarpÚCTA�oâÝNÝ. ü«üÑ3ØÓ�ãêâþkØÓ��J: �éü�§�[âÝ

NÝüÑ3��þï�êâ©Ù±9�»�p�ãêâþ�J'�Ð, ù«üÑ�±éÐ/þï�

�CTA ¥��§$1; �éWrap ÚCTA�oâÝNÝüÑ3�Æãþ�J�Ð.

>�¥%�:�¥%���: GraphReduce [35]3?§�.þ¦^GAS?§�.,�
ü$ãêâ

�m�Ï&m�. TXÚ3gatherÚscatter�¦^±>�¥%�?§�ª,3apply�ãæ^±º:�

¥%�?§�ª.

´^5?§��: Medusa [29]ÚMapGraph [30]Jø
�X��GPUþ?1ãO��?§��, �

±�B^r?1ãO�§S�?�, Jpmu�Ç. Gunrock [36]�Jø
´^5?§��. ¢y
ê

â�¥%�Ä�.

5 ÄuPIMe�eãO�S�+nEâ

5.1 M�A:��E

PIM(Processing In Memory)3��ccÒ�JÑ,,
��vkv
��S�5|±ù«E,�

�O, ¤±¿vkÊ9. �X3E,O�¥S�´¶FÃàw, PIMq�­#JþF§. §�M�Ä:

=�ÊÏ�;ì,XDRAM, ReRAM, HMC�,�,du�;ìa.ØÓµe�O¬k¤UC,5U�

¬k¤ØÓ. 8¤>´����CPU��l\�ì, ¦��Ì�á�3u�Å�;ì�¯¤�5��

òÚS��°�L¤, ±9�;]
�©ÑE¤�ª�êâ£Ä�Ï&�Ñ. 
PIM�JÑ�ÐÚ¢

y�ù
]
ÚUÑL¤¯K�5
4Ñ.du3DæUEâ�?ÚXp�HMC�jÙ¦^,<���

àu¦^PIM+HMC5`zS�þ?n�ãO�.

HMC¥�PIMö�Ä�þ�1n�Ú½[41],lDRAMÖ�êâ,éÜ6+�¥�êâ�1O�,

,�ò(J�£��Ó�DRAM �.�âHMC 2.0��, PIMü�3HMC�S±�f�ª�1Ö!

?UÚ�(RMW)ö�. 3RMWö�Ïm�A�DRAM |�£½, ØU�Ó�|�?ÛÙ¦�;ì�

¦JøÑÖ. ¤kPIMö�=�¹��S�ö�ê, ö�3á=�ÚS�ö�êþ�1.

5.2 �;�¯�¿1`z

PIM�HMC(Ü`z: GraphPIM [41]´�«^u�Ò�CêâO�NDP (Near-Data Processing

NDP)�ãO�µe[25]. HMC ù�#,Eâ¦�<�U
3�-?O��;ìS?1PIM�©6ö

�, �ÑãO��5U´¶. GraphPIMéy�ãO�ó�K1?1©Û, JøM�Ú^�Å�, ±k

�/|^PIMÚHMC.Ì?nì¢yPIM©6ü�(POU),§��±(½�c�;ì�-�êâ´».

duPIM «�´Ø����, �¯PIMS�«��-�¦Ñò7L���g(�¿��C1�HMC

þ. ��¦�ìèqJÑGraphBIG [52], ���¡�ãO�ÄOÿÁ@�, �Ï^r*	ãO�3M

�e�þ�1�, 'X�±w�S�óéþ���'%�¯K.
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S��°`z: �
���Ý/~�S��°L¤, ReBFS [53]|^S�?n(PIM) �ReRAM�

(Ü��ª, Jp
O�ÚI/O5U. §�Ð?3uãêâ�±3ReRAM¥±È�;Ú?n, ¿�±

��$êâ£Äm�Úpbank?¿1O���¦. Tesseract [42] ¿©|^�^�;ì�°�#M�e

�HMC, )û
�Å�¯�ª����/�°ü?¯K, ±9d�Ûêâ�¯�ÛÜ5���O��

JØ�ýÿ�¯K. GraphH [14]8¤
ÄuSRAM�¡þº:�Àì, ±�Ø�/�°P~, ¿�Ú\


�­�V�ë�±Jøp�Û�°.

S��'�Ï&`z: Tesseract [42]JÑ
ØÓ�;ì©«�m�k�Ï&�{, �O
ÕA

M��O�?§��. §��)ü�;�^uã?n��;ì�¯�ª�M�ý�§S. ¦+�Ä

uDRAM�XÚ�', PIMäkêþ?�\�, �TesseractÏLSerDes ó´�)Lõ���á�Ï&,

Ù�°��uHMC�àÜ�/�°, ù´Ï�º:?§�.¤I�êâ|�É�. GraphP [20]@�Ä

uPIM�ã?nXÚATòêâ|������O�ÄÏ�.ù´�«#.�ÄuHMC�^�/M�

�Ó�O�ãO�XÚ,Ì�~�
Ï&ÚUÑ.¦ÏL1)”
��”©«, l��þUCªõ�êâ8

Ï&, lz�ªá�N>�����§���z�B����#. 2)”ü�ãº:§S”, �«�”
�

�”©«�O�?§�., äkü�ö�: GenUpdate ÚApplyUpdate. 3)©�Ï&Ú­U, ÏLJÑ�

©«Ú?§�.Jø�ÕAÅ¬?�ÚJp
5U.

5.3 UÑ�Ç`z

9a��9�e%: GrapgBig [52]JÑ
�«9a�
��Å�CoolPIM ,���$1�PIM�1

�rÝ. TEâ¦^Äu^��EâòHMC ��;ì+��±3�~ö�§ÝS. ïÄ*	�HMC

�ó�§Ý�puDÚ�DRAM, $��±ÏL�Äe%)û�YÚå9'ä. �´, =¦¦^ÑÖ

ìe%)û�Y, �S�?n�pÝ|^�, HMC �Ã{òS��¡�§Ý�±3�~ó���S,

l
���p�UÑÚ5Um�.

©«ÚNÝ�{: XÛ©�êâÚNÝ?n6§±;�ÀâÚ²ïó�K1�´­��ü$U

Ñ��ª. GraphH [14]Ú\
©«ÚNÝ�{, XIndex Mapping Interval-Block ÚRound Interval Pair,

l
²ï
ó�K1, ;�
Àâ. ?�Ú©O?1`z, ±~�ÓÚm�Ú­^¡þêâ.

6 ãO�;^\�ì¥�S�+nEâ

6.1 M�A:��E

ASIC�FPGAÑ´8¤>´, ¡þO�ü��8¥Úp¿1ÝJp
]
|^Ç, ¦�¦�$1

�Ýé¯, ��>´�õU~�
Ï&�Ñ, ¦�¦�õÑé�, ù�´¦�×�»å5�Ì��Ï.

,
�����¯K´¡þ�;]
�, ù�´Ï^�Ó?nì�Ï¾. ¡é�5�ãO��I¦,

·�Ø=I�)ûJp¡þS�|^Ç�¯K, Ó����Ä¡þ�ÌÅCPU�S�Ï&���.

duASIC´�âõUò>´��Å��¬¡þ, ¤±õU�²Å�Ã{UC. FPGA�Ñy4·

��±�E��êiÜ6, �¡�?§5, �,�'uASIC$1�Ýü$��?§��O4�õ<¦

^, �1�Ç��'CPU p�. FPGASÜØÓa.��?§]
, Ø�?§Ü6ü�LE	�k·�

�Å���;ìSRAM, ð�Ú¬RAM (BRAM)�. FPGAÏL¦^6Y�õ�-üêâ�.MISD

�ïù
]
, �±Jø�p�¿15.
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6.2 ¡þ�¡eS��¯`z

éuãO�\�ì, JpS��ÇÌ�´ÏL�Op���;ìfXÚ[8, 11]. �
�ïp���

;ìfXÚ, <�3¡þBRAM Ú¡e�;ì�p��°|^�¡?1
�þïÄ�¢�.

¡þS��¯`z: FPGP [19], ForGraph [6], FPGA-HMC²�[15]¦^BRAM��Å�¯�º:J

øp�°Ú$S�ò´. �
UõBRAMþº:�ÛÜ5, ïÄö�æ^oâÝy©Ú;^êâ6�

üÑ5JpBRAMþº:�­^Ç. S J Zhou [21]JÑ
�«êâÙÛ,�`z¡	�;ì5U,¿¢y

p���;ì-¹½'4õU, ±ü$¡þ�;ìõÑ. ¦�JÑ¡þ�;ìdNõBRAM�¬|¤,

z��¬�;�Óêþ�º:êâ. ¦��O
��”é^”à�5ÀJ5/-¹ÚÊ^BRAM�¬.

¦^ù«�{,��¯�êâ�;3BRAM�¬¥�, BRAM�¬�-¹,ÄK§�Ê^±��BRAM

õÇ. z��¬Ñkp�Öà�Úp ��à�(L«�pR/pW ), p�?n6Y��±Ó�Ö�¡þ�;

ì. �
ÛõlDRAM�¯º:êâ�ò´, ¦��æ^
V�ÀEâ: ò¡þ�;ìþ!/©¤ü

�¬, ��¬�;�3?n�©«�º:8, ,��¬¥�;��ìý��e��©«�º:8.

¡	�;ì�°`z: FPGAÚCPU3ÏLp�����5pëë���¹e, �æ^É�e�.

FPGA�±3Ø¥äCPU��¹e�¯ÌÅ�;ì. S J Zhou3,��©Ù[4]¥JÑ,ùü�?nì�

±�t/�p��, ±?n'ü�FPGA��p¿1Ý��.ã. éuS�Øv�FPGA þ��.ã

?nL§, �k�
ïÄ;5uÏé����êâ���ª. 3FPGP [19]ÚForeGraph [6]¥, êâ�±

��l^�½ð�6ÄDÑ�FPGA�þ�?nü�. Song�<JÑ�GraphR [7]æ^ReRAM���

;0�, ÄuReRAM o��ã?nÚ��±¢yp��DÕÝ
?n.

S��g(�`z: �O¿¦^#�S�e��±JpS��¯�Ç. éõã\�ìÏ~æ^6

�ì5�ODÚ���. 6�ì±�;ì¿�SN,�Ï�p���, ¿�±<���. Graphicionado
[8]¦^eDRAM��ASIC�6�ì5�;I�ª��Å�¯�ãêâ, ~X8Iº:. �â�¯A�,

M M Ozdal [11] 3RTL?�O
õ�ØÓ«aãêâ�;^��. duù
�;ì]
�±±k��

�ª;�/ë��?nü�, ÏdÄuASIC�ã\�ì�±3�¡þ¢ypóéþ.

6.3 ¿1S��¯��1

6Y��ªU
Jø�p�¿15. ÄuASIC½FPGA�ãO�\�ì¥�?nü�Ï~±6

Y��/ª|�[6, 15,19]. ã�{��-´6Y��. GraphOps [16] )¤�\�ìd�X�M��¬|

¤, ãêâÚO���êâ±6�/ª3�¬mDÑ.

:é:��;�p�U
J,¿1Ý. Graphlet [24]�ï
�­��M�\�µe. ë�¿1�ã

?nü�(GPE)!�;�p�äÚ$1�m+nü�. 3�;�p�ä¥,z�GPEkXéA�FIFO,

¿d�m+nü�+n�1ö�. ù�µe3¿1êâ?n�k:é:��;�p, l
�NGPEÚ

�;��°�Jp.

õ�BankÚI/Oà�: S�?¿15(MLP) �U
|±�Ó�S��¦�êþ. �p�MLP�

±~�êâ�8.A^§S�oS��¯�m, Xã?nÏ~I�S���5|±v
�¿uS�

�¦. DÚ�OrS�?¿15�{Ì�ü«�{. �«�{´¦^õ�Bank. DRAM dNõÕá

�Bank |¤¿�¦�äk�±|^�¿15, ¦��±Ó�ë��?nü�¿��±Ó��¯[24].

O\I/O à���±O\S�?¿15. Graphicionado [8]�±36�ìþÃÄ�Oà�êþ, �à�

ê�u?nü�ê�, �±¼��pMLP. FPGAþ�BRAM��±<���±¢yù�8I[21]. ù


BRAMÏ~|Ü3�å/¤äkõ�I/O à���;ì¬.
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�½, Ü´, �+�, MWõ, o�, ÁÓÛ, aÆ°, L¯¿: ¡�ãO��S�XÚ`zEânã

#.S�e�HMC: HMCùüc�JþF§, ^uJp���Ç. �CêâO�NDP [25]ÏL

òó�K1\1�8¤�HMC 5�Ó/OrFPGA�ãO�Uå. ù�U²wJp���°Ú¿1

5[12, 26,27]. Jialiang Zhang [12] JÑ, êâ�´G1��HMC�, �õ�êâ����, ·��±ÏL

�
?n¦ù
êâ���HMC¥ØÓ��±Jp¿1Ý.¦�ìè¥Soroosh Khoram [26]JÑ
,

�«�{, |^aquMapReduce�L§ò�ã©��ã, 2©��f�ã. z��f�ã���à

a, 3©O?n���Ü¿L§¥, HMC��Ü¿±Ï�Ì�1N.

��S�: ��S��.Ï~�±;��ED4�.¥ãêâ�P{B�Ú�	��;�m.

§�´u¢yÚ�O. �´XJ,
º:dNõ��º:�#, K3Ó��;ì �þ�U�3N

õêâÀâ, ù�´·���I��Ä���. ForeGraph [6]¦^©Ùª��S�. FPGP [19]æ^Ä

uFPGA���S��.. §�õ�FPGA ��o���Û��º:�;ì, z���õ�?nü�

�3º:��. I�3S��m?1ÓÚ±�±S���5. Ék��°���, �Û��º:�;

ì�U¬��FPGA��*Ð5.

6.4 S��°`z

�°|^Ç�zgDÑ�k��'Ç. ã?n¥��Å�¯Ï~���Ç�Ìeü, ¿L¤�þ

�°. JpS��°|^Ç�±~�S��¯�oê. ü«Jp�°|^Ç��ª�)Ü¿�¦�ª

Ú^S�¯>ö�.

Ü¿�¦�ª: ¿�Xòõ���8�=£|Ü¤�����8. T�{3ã\�ì[12, 21,37]¥

�2�æ^. ~X, XJS��¦3º:½>�L¥��. ù
�¦�±����¬��¦Ü¿. Ä

K�U�3A����°L¤��Å�¯[37].

^S�¯>ö�: ¿�Xl�;ì���ì^S�¯1�^>[21]. �±~�é>��Å�¯. 3

±º:�¥%��.¥, º:�>�±^SDÑ��¡þ[8]. T�{�±¿©|^±>�¥%��.

¥��°. �´, >�UI�­#üS, ±B±�k���ª$1[4, 12].

6.5 S��g(�`z

���g(��­�´Jp���­��{. ã?n�ÛÜ5�¦��c����g(�"y�

Ç. ép����·¥Çò\�S��¯ò´, ��O�]
�|^Øv. ­����g(�¿�X

�ãO��O#���e�ÚÅ�.

ScratchpadS�^�²(����Ï���. 6�ìS�éã?nL§´µ4�. §�±�ê

â�¯Jøp5U[38, 39]. Graphicionado [8]¦^6�ìS�5�;��º:á5ê|Ú>��±`z

�Åêâ�¯. aq/, Ozdal [11]��â�¯1��º:!>ÚÙ¦ã&E�O
ØÓa.���.

ÛÜa��À«´ãêâ�;^��,äk�ÐÛÜ5,~Xp�gº:. �Æã¥�p�gº:

o´�U¬�õg�¯. Tunao [40] JÑ�±��ù
p�g��õg�¯�º:±Jp5U. FPGP
[19]ÚForeGraph [6] ¦^aq���©«�{U?
º:�ÛÜ5, ¿�º:f8�O
AÏ�¡þ�

À«, ±B3­^�¯��¯.

6.6 UÑ�Ç`z

ãO�\�ì�5U�±^z¦H{�>å(TEPS)5Oþ. Uþ�Ç�?�Ú½Â�TEPSz

�A(TEPS/W). yk�ãO�\�ì~ÏLäk�k$UÑ�;^>´Jøp5U, �L5�Ò

12

Acc
ep

te
d

Downloaded to IP: 192.168.0.24 On: 2019-03-05 05:00:22 http://engine.scichina.com/doi/10.1360/N112018-00281



¥I�Æ :&E�Æ

L 1 ÄuØÓS�`z�ãO�XÚo(

Table 1 Summary of graph processing system on memory optimization

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

Data layout [GraphOps [16], FPGA, 2016], [CyGraph [17], FPGA, 2014], [GraphH [14], PIM, 2018],

[Graphicionado [8], ASIC, 2016], [ForeGraph [6], FPGA, 2017], [FPGP [19], FPGA, 2017],

[Tigr [28], GPU, 2018], [X-Stream [9], CPU, 2013], [Mosaic [10], CPU, 2017]et.al

Graph partition [GraphChi [18], CPU, 2012], [Cusha [32], GPU, 2014], [Graphicionado [8], ASIC, 2016],

[GraphH [14], PIM, 2018], [FPGP [19], FPGA, 2017], [GraphP [20], PIM, 2018], [GStream
[34], GPU, 2015], [GTS [33], GPU, 2016], [GridGraph [23], CPU, 2015], [ForeGraph [6],

FPGA, 2017], [Gemini [13], CPU, 2016], [Frog [31], GPU, 2015],[Page [49], CPU, 2015],

[GraphReduce [35], GPU, 2015], et.al

Storage media [GraphPIM [41], PIM, 2017], [Graphicionado [8], ASIC, 2016], [FPGP [19], FPGA, 2017],

[ForeGraph [6], FPGA, 2017], [FPGA-HMC [12], FPGA, 2018], [Ozdal [11], 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 [42], PIM, 2015], [GraphH [14], PIM, 2018],

[Graphicionado [8], ASIC, 2016], [GraphGen [37], FPGA, 2014], [FPGA-HMC [15], FPGA,

2018], [GTS [33], GPU, 2016], [Frog [31], GPU, 2015], et.al

Communication [Tesseract [42], PIM, 2015], [GraphP [20], PIM, 2018], [GraphH [14], PIM, 2018], [Groute [54],

GPU, 2017], [FPGP [19], FPGA, 2017], [ForeGraph [6], FPGA, 2017], [Frog [31], GPU, 2015],

[Tornado [51], 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 [7], PIM, 2018], [GraphPIM [41], PIM, 2017], [HyVE [43],

CPU, 2018], [Tesseract [42], PIM, 2015], [Ozdal [11], CPU, 2016], Congra [46], CPU, 2017],

[Tunao [40], ASIC, 2017], et.al

´FPGAÚASIC. �´, �õêãO�A^S��¯O�'Ç�p, ���ÑØU�À. �CêâO

�µeupcitenear-data�(JL², PageRank3S�þ�Ñ�UÑ�L60 . ù�`²éS�UÑ�

`z�±?�ÚJpU
�Ç.

#,�;ìEâ: |^#,�;ìEâòO�Ü68¤3�;ìS´��éÐ�ü$UÑ��

ª. ~X, Xc¤ã�HMC [14, 20,41,42]ÚReRAM [7, 43]. ù«e�UE�±÷Xêâ?1y|O�. §

g,;�
ª��êâ£Ä±!�U
. 3ù�:þ, ·��±ÏL¦^ù
#,��;���t�

�DÚ�DRAM.

>
��Eâ: ´�«2�¦^�Eâ. §�±3Ü6>´�s�'4§±!�Uþ. T�Y·

^u�@�����;ì[4, 43]. ~X, S J Zhou [4]òù��{A^uFPGA þ�BRAM, ÏLé^�à

�ÀJ5/-¹ÚÊ^BRAM, ù´ü$�NFPGAUÑ�'�. BRAM�¬=3�;¤Iêâ�-

¹. TüÑ½�^uReRAM [43], ÏL��ReRAM bank �-¹5!�>÷�¯�Uþ.

±þAÙ©OlGPU!PIM!ãO�;^\�ìFPGAÚASICùA��¡�[©Û
É�e�e

�ãO�S�XÚ`z, ·�é±þJ��~�µe½XÚ?1
o(, XL 1 ¤«.
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7 ISCÏïÄ?Ð

�éãO��ïÄ, IS�Æö�ÑÐy
4��È45, �,IS3ãO��ïÄL§¥åÚ

'��, �´IS��Å��ïÄ<
�Ñ3ãO��ïÄ�¡��
Ø��¤1.

�u�Æ�O¿¢y
JÑÄuGridêâ�©�out-of-coreãêâ?nXÚ,æ^�?©��ª,

ò�5�ãêâ©�¤grid�êâ�ª, ¿©|^S���¯ÛÜ5, Jpêâ�¯Ú?n�5U. Ä

uõ«`züÑ�p5U©Ùªã?nXÚGemini [13], æ^Äuchunk�ãêâ©��ª, ¦å�y

ãêâ�ÛÜ5, Buêâ��¯ÚO�. �Ä�NUMAe�e, �§S��¯m���¯K, éêâ

?1�g©��ØÓ�socketþ, 4��ü$
S��¯�ò´; Ó�æ^Ø XêÝ
��ªü$


>?n�S��¯I¦, éuÉ�e��ãO�, Cüc¦���O
ÄuFPGA\��ãO�X

ÚForeGraph [6]ÚFPGP [19]. ForeGraph'5
�FPGA�mS��Ï&¯K, FPGP'5
�þ]


XS����, òº:8�;3��¡SRAM¥, ò	�þ�>8©�±6ª?n. 3PIMS�O�

+�, ¦�JÑ
ÄuPIM �ãO�;^\�ìGraphH [14], ò�ã©��õ�d;��êâ(�¿

1O�, ¿��
éÐ�¢��J.

u¥�E�Æ�O
Äuêâ6�.�FPGA ã;^\�ì[47], ¦�JÑÏLêâ6��ªâ

».�?nì�Ç$e¯K, ¿�¬Uõ�ãO��O�5UÚ���Ç. Äuêâ6�ã?n��

�¯K´�c�¹�êâéõ, ¡þS�Ø
�;, u´¦^NÝL, 3¡þS�¥�o�'êâ, |

^��L§¥��mÛÜ5, JpS��¯�5U. �
�Ñãêâ¿1?nL§¥�êâÀâ¯K,

ïÄ<
JÑ
p��Àâ+n�{AccuGraph [48], �fº:ÏL\\ì��ª?1p¿1Ý��

#, póéþ�¡þS��©�Õá�Ü©±?nõ´�¯, 3�y�(5��¹eJ,¿1Ý. Ø


3FPGA\�ãO�þ�ÑgC��z, u¥�E�Æ�éGPUe�eÉÚãO�N´�)êâÀ

âÚ\£m��¯K,JÑ
GPUãO�XÚFrog [31],§¦^�«XÚ�.�NÝ�{5~�êâÀ

â, Ó�ù«�ª)û
�ãÃ{�\GPUS��¯K, ÄuXÚ�{�©���êâ8p��m�

ØÀâ, ´U
��p¿1Ý�Ì��Ï.

�®�Æ�ïÄ<
JÑãy©a��ãO�Ú�PAGE [49],ÏLéÅi��1L§¥�XÚG

�N�O�Ú��¿1üÑ, ¦�òãêây©��;3��worker�Ì�¥, ¦^#��E?nì

ÚÄ�¿u���.,±?nØäO\��/�E?nó�K1. �®�Æ�O�Seraph [50]´��|

±p����?¿1�ãO�XÚ,§æ^êâ�O��.©l��ªÚ����Å�`z¡�Ó�

ãêâ�õ�¿uO�?Ö,¿æ^ò�º��Æ�3ØÓ�mJ���°�¦)¤���S�ãº

�ü$N�m�. ù��.#Nõ�¿u����S�¥�ãêâ, z����I��o�þA½u

���ãêâ
Ø´�o¤I���Üêâ, ��!�
S�Ó^.

þ°�Ï�ÆJÑ
ÄuÓÚO�NÝÚÉÚêâDÑ�EÜO�Ú�PowerSwitch [44], ©Ùª

ãO�¥ÓÚ�ÉÚ�ª�kÐ?, ©ÙJÑ�«Ä��ÓÚÉÚ��üÑ, JpO��5U. 3ã

?nL§¥, ãêâ�©«�õ�!:, 3O�¥ÏLº:�E����S��¯Jø�/��. ·

Üãy©�{�O�Ú�PowerLyra [3]JÑ, é¤kº:?1Ú�?nN´ÚåK1Ø²ï!Ï&Ú

S��Ñ¤�p�¯K, PowerLyraU
Ä�/g·A/A^ØÓgêº:��«O�Ú©�üÑ,é

$gº:Úpgº:©O?1�©O�Úy©, ��O
êâÙÛ`z, ±JpÏ&L§¥ãO��

¯���Û�5, 3Ó����S�¥�±?n5����ã. ÄuNUMA e�ep5UãO�X

ÚPolymer [45]�Ñ, �Å½��©��ãêâÑòî­{Nêâ�ÛÜ5Ú¿15, ^S�!:mS

��¯(�§S��¯)äk'!:SÚ!:m�Å�¯p�õ��°, ÏL`zãêâÙÛÚ�¯ü
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Ñ5��z�ÅÚ�§S��¯, ¿�¦�¯�§3Ù�/S�!:¥©�S�, l
�Ø�§�¯.

�Äõã$1éuÑÖìS��°±9CPU �¿��¹, ïÄ<
�OÑÄu��S��¿uãO

�NÝ�YCongraph [46], Ì�'5�fö�¤��O\�¦^�õCPUSØ��^S��°�O\

�m��ï, ±���Ý/|^®kS��°.

8 Å��]Ô

ïÄó�ö�®²�O
éõp5U!$õÑ�ãO�XÚ,�JÑ
õ«S�+n�`züÑ.

�X#EâÚ#M��ØäZy,ãO��Î¡�éõ]Ô,uÐÅ��´ØN��.ÏLþãN�©

Û, ·��Ñ
ãO�XÚ�OL§¥3±eA��¡�]Ô�uÐÅ�.

• ãO�\�ìp�?§�¸��O: ïÄ<
éuÉ�\��ãO�XÚïÄ®²�~�\,�

´E,"�p��mu�¸. �,3GPUe�ekCUDA��?§µe, �´3PIM e�±9;^\

�ì�¡�?§é�§Ýþ�6u¦^M�£ã�ó�$??§. ùÒ�¦mu<
7L
).�M

�[!, ù¦�É�ãO�XÚ��Omu±Ï�~�. ã�{�O�, p??§�ó�M��O£

ã�m�k�=�N�E´¯K.Ï^p�gnÜEâ(HLS)Jø
�«�1�)û�Y,�vk¿©

�ÄãA�, $1�Ç$e. 3?1É�ãO�\�ì�O�, XJã§S��¿uÚ5U�Ø, §S


7L­ïÚ­#ë�M�>´,�d[B.Ïd�OÄuãO�A5�HLSXÚ,�éãO��?È

Eâ!�Ø�äó�±9{'´^�?§¥´\¯É�ãO�XÚ�Omu�­�å».

• #,M��Eâ3ãO�þ�A^: �XEâ�uÐ, #�M�Ñy��ãO��\��5Å

�Ú]Ô. c©J��HMC�ReRAM�#,�;M�^5?1ãO���;Ú\�, ¿35UÚU

þ�¡��
ûÐ��J. ,
ù
#M���¿©|^. ~X, GraphR [7]=¦^��ReRAM, �¯

¢´ReRAM ²~æU¦^. GPU �e��XïÄ<
�ãåØä��#��, ÙO�Uå��;5

U�3Øä��#�õ, ù
Ñ�ÄuGPUe��É�ãO�XÚmuJø
#��U. |^FPGA

?1p�$õÑ�ãO�\�ì�O´��ékcµ��K. NõFPGAøAûXæêÖ[60], zÝ[61],

CÕ[62]Jø
�FPGA mu�¸. �þ´L�]
Ú8¤muóä�ã?n\�ì�¯$muJø


Å¬. ù
#,�M��ãO��S�`zÚ5UJ,JÑ
#�]ÔÚ�U.

• ãÿÀ(�E,5�?n: �X#�ãA^Ñy, ØÓ�A^eéuã�£ãkØÓ��¦, ã

�º:Ú>�á5�´õ�z�. ã�ù
E,á5¬�ãO��S��¯ÚO��5
é��]

Ô[57], yk�ã?nEâ��Uk�/)ûùa¯K. y3�ó�Ì�´�é·��ãêâ?1ïÄ

Ú©Û, �9Ä�ãêâ�ïÄ�'��. Ä�ãêâ��mUC(�, éu�{��O9\�ì�

�OÑ�5�4��]Ô. Ä�ã?n´��9��ïÄ�K[55, 56]. �
ÄufãOþCz��{3

�5�Oþe®²��
�é�Ð��J[51],�´�5��6ªã�k�?nE,´��]
�û�

¯K. cÙ3É��¸e, éu6ªã�ïÄ�´¿÷
]Ô.

9 o(

3ù�©Ù¥, ·�Ì�'5ykãO�XÚ¥�S�+nEâ�`z�Y. ÄuØÓ�e�©

Ûo(
ãO�¥�S�Eâ`z,Ó��Ñ
ãO�\�3y�ã�]Ô±9#,Eâ�#,M�

�ãO�\��5�Å�.·�F"�©�±�Ï�õ�ïÄ<

)ãO��$��ª�S�XÚ

�`züÑ, l
�OmuÑ�\p5U�ãO�XÚ.
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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.

Keywords Graph Processing, Accelerator, Memory Management, Memory System Architecture , Memory Ac-

cess Optimization

Jing WANG was born in 1996. She

received her BS degree from Northwest-

ern Polytechnical University. She is

currently working toward the PhD de-

gree in Shanghai Jiao Tong Universi-

ty. Her research interests include graph

processing and programming model.

Chao LI was born in 1986. He re-

ceived his BS degree from Zhejiang U-

niversity and his PhD degree from the

University of Florida. He is current-

ly a Tenure-Track Assistant Professor

at the Department of Computer Science

and Engineering at Shanghai Jiao Tong

University. His research interests in-

clude high-performance computer archi-

tectures, datacenter power managemen-

t, and emerging technologies/applications. Chao has received

a Yahoo! Key Scientific Challenges Program Award in 2012,

a Facebook Fellowship in 2013, and a CCF-Intel Young Facul-

ty Researcher Program Award in 2016. He has also received

the Best Paper Award from IEEE HPCA in 2011 , IEEE Com-

puter Architecture Letters (CAL) in 2015 and IEEE ICCD in

2018. He is a member of ACM, IEEE, and the China Computer

Federation (CCF).

Haojin ZHU is currently a Professor

with Department of Computer Science

and Engineering, Shanghai Jiao Tong

University, China. He received his B.Sc.

degree (2002) from Wuhan University

(China), his M.Sc.(2005) degree from

Shanghai Jiao Tong University (China),

both in computer science and the Ph.D.

in Electrical and Computer Engineering

from the University of Waterloo (Cana-

da), in 2009. His current research interests include network se-

curity and data privacy. He serves as the Associate/Guest Ed-

itor of IEEE Internet of Things Journal, IEEE Wireless Com-

munications, IEEE Network, and Peer-to-Peer Networking and

Applications.

Minyi GUO received the BS and ME

degrees in computer science from the

Nanjing University, China, and the PhD

degree in information science from the

University of Tsukuba, Japan, in 1982,

1986, and 1998 respectively. From 1998

to 2000, he was a research associate

of NEC Soft, Ltd. Japan. He was a

visiting professor in the Department of

Computer Science, Georgia Institute of

Technology. In addition, he was a full professor with The U-

niversity of Aizu, Japan and is Head of the Department of

Computer Science and Engineering, Shanghai Jiao Tong Uni-

versity, China. He is a fellow of the IEEE and has published

more than 200 papers in well-known conferences and journals.

His main interests include automatic parallelization and data-

parallel languages, bioinformatics, compiler optimization and

high-performance computing.

19

Acc
ep

te
d

Downloaded to IP: 192.168.0.24 On: 2019-03-05 05:00:22 http://engine.scichina.com/doi/10.1360/N112018-00281


