DEIM Forum 2015 E5-3

oot ooobodgouon

oo oot oo oof

00 Oof oo 0 ft

10000000000 0180885 000000000 3-9-11
110000 0Os65-0871000000000 2-1

0000 Personalized PageRank (PPR) 000000000000 00O0O0OOOOOOO0OOOOOOOOOOOO
gbooooooboboooooboobooboboooooobobobooooooobOOobOooboooooooono
gbboobooooooooooooobooboobobobobooOoooooobOOobobOobOobOoboOoboOoDbo
gbocoooobooboboobooooboobobooooooboobobooooooboobobooooooono
oo0o000000ooooooooooooooooRCMOOOOOOOOOO PPROOC 2000000000

gbooooobooog

goooobO oboooboo,gboo,booo,0boo00b0,00b00000

1. 04000

WebOOOOOODOOOOOOOOOODOOOOOOD
Joo0o0oD0o0oD0o0oo0oooooOoooooooog
gOo0ooOooo0oOooo0o0obboOoUoboOooobooOooooo
000000000 0000000000000 Personalized
PageRank (PPR) [17/00000000000O0OOOOO
O0000O0oPPROODOOOOOOODOOD 170000
OO0 [20000000000 2700000 [Blo0oOooo [21)
gooooooooobooobboooboOoobooOooooo
goooooOOoobOOoO0ooooooooooooooooog
PPROOOCOOODOODOOOOOOODODODOOOOO
J000000World Wide WebOOOOOOOOOOOOO
goooOoooOooooOoobbo0oOoboOoobooOooooo
J0oo0o00oooOo00oO0o0DOD00oODoo0obOoO0ooDog
goooO0oobOoOoooOoOo0o0obOoOoUoDOoOoboooDoo
cpPUODOODODODOOODODODOOOOOOODOD
0 [15,19,22]0

Jo0oDo0dooooooooooooooooooood
0000000000O00o000O0 3JbooooUooUoo
goooobooooooooboboobbooobooooboog
jgodooOO0oOdobOO0oOooObOOoobDOoOooboobooooog
PPROOOOODOOOODOOCDOOOPPROOOOODO
nxnOO00 AODODOOOOOD 000000000000
O0xp41 = Az, 0 c 00000000DOOO0OOOOOOO
J0oo0Do00o0o0oooo0ooDoOooooOoooooooog
J00000Az, DOO0DODOOODODO (@arse matrix-vector
multiplication, SpMV) 0000000000000 0OO:

ziali) = Y Aflijlaxlj] for i€ [0,n) 1)
JEN()

0O00N@ODDIDOi000000000000000
O0D0O0ON(G)DO0O0D00000 10000 200000
0000000000000000 N(100) = {9,833,8534}

0000 29, 2x[833], xx[8534] 000000000000
gobooooooooooobooobooboooobooooooo
gbooboooboooooboooobooboobOoooboOoooo
goooooooobooooooo

00000000 SpMVIOOOOOOOO0OOOOOO Re-
verse Cuthill-McKee (RCM) [14)0000000000000
ooooooooo [9,12,16,18,2800 0000000000
gooooooobo+:0000ob0obo<«:00b0IbbooOo0OOg
ooooo Ibo0ooooO0oooO0oooooo0ooo0 IDO
gbooooooobooob110000 =, 000000000
000000000000000D00 N(100) = {99,101,102}
0000000000 2[99], 2[101], 2[102) 000000 O
gobooooboooooooobooobooboooooooooo
gobobooobooooboooooboooooooboooooooo
rRCMOOOOOOOOOOOOOOOOOODOOOOOO
goboooboooooooobooooocooooOooooo
googoooooboboobooooooooobooobooooo
Layered Label Propagation (LLP) [6]0 0000000000
gooboooooooooooboobooboobobobobo
ooooOLLPOOOOOOOOOODOODOOO0O0O0O0O000O0
gbooooooooboooooboooboobooOobooobod
oo0ooo0ooOoooOoOooOooO00ooOoOo0ooooooon ID
goooobooooooobooobooooboooboooooog
goooooooooboooo Ibobooobooooooobog
ooooooooo IbooooooooboOooooooon
goooooooooooooLLp0OOOOOO0ODOOO
gboboobooooooooooboobooooobooooDooo
0(L1,L2,L300)0000000000000000O0O0O
gboooobooboooobooboooooooboooooobooboooon
goobooooooooooobobobobobobobo
gboocoobooobooooboooooobooboobOoOoboOoooboo
goooooooboobo

gboooooobo200000000000000O0CO00
ooooooooooooUo20000000@G) 00000



00oo0o00D ooooUoooUooooooooo
gooooboooooooobboooboboooooooooag
goooooooooooobooobooobooooooo
goooooooooobooboooooboooooooooo
goooooboooooooobooobOoOooobooooooo
0000000000 WebODODOODOOODOO WebODODO
goooooooooooobobooobooboooobooooooo
gbooboocobodobooobooboooooboooooboooon
goooooooooooobbooobooooooooooo
0oo0oUo0oU0oooooOooUoUoUOooUOooDOoO [31)
gooooooooobooobbooobooobooooooo
gooooboooooooobooobOooooOooooooo
gooooooooooooooooo IDoooooo ID
goooobooooooooobooooooboooooog
goooooooooooIboooooboooooooon
gooooo Ibooooooooboooooo IboOoog
gooooboooooooobobooobooOooobooooooo
L1, L20000000000000000000DO0C00O00DOO
gboooobooooooboooooOooooboboooboooooboo
goooboooooooobooboobooobooboooDooo
goooobooooooooboooooobooooDooo
gooooooooboooooo

goooooboooooooooooboooobooooooo
gooooooooobooobbooboooobooooooo
gooooboooobooooobooobooobooboooooog
gooooooobooooooooobooOoonoo PPROCO
gooooboooooooobooobooboooobooooooo
OPPRODOOOOOOOOOOORCMOOO LLPOOODO
gooOo200000000000000000000000O0
LLPpOO0OO00O002r000000000000 1000080
goooogoob 1200000000000000D0O00O0OO
gooood

gobooooobooboobooo20000000000
o003000000000000000000000D040
gooooooboooooobooobbooooobobooosd
goboooobooobooooboboooobebOOoOoOOOO
goboooooooor7ooooobobooboobobobooo
gooooo

2. 0000

PPROOOODOOOOOONDDOOOOODDOOOOO
0000000000000000000000000000
000000000 [13,24,30]0000 Fujiwara 0 [13] 00
000000000 LUDDOO0OO0O00000000000
0oooooo

00000000000 PPROODOOOOOOOOOO
000000000000000000 PPROOOODOOO
PageRank 000 0000000000000PPROOOOD
0000000000000000000000000000
000D000000D000D0000000000000000

OoOfill-in0000O000O0O0OCO0O00O0DOCOOO00D0O0O0
0000000000 [1400Gropp 0 [16]0000000
gbooooboooooooooobooboooOoooboooooboo
ooOoooo SspMVOOOOOOOOOOOOOOOOOOO
000000000000 FrascaO (121000000000
000000000 Betweenness Centrality [7] 000000
goboooboooooooobooooooo 20000
oo

goobooOO0ooooobOooooobooboDbD eon0DbO0OOO
oo0o0o0oooo [oooooooooooUooooo
goo0b000o0oooobDbO0o0ooDbOOoO0o0DbDOO Reverse
Cuthill-McKee (140 0000000000000 OCOOOO
ooooooooooOoOOOO IDOOOOORCMOODO
goboooooobooooobOoobOoobOoobOooono
oooOooooOooooo RCMOOOOOODOOOOOOO
000000000000BoldiO VignaOODOOOOODODO
Layered Label Propagation (LLP) [6)0 000000000
goboooooooooooboooobooooooooooo
goooooOoOoLLpooOOOOODOOOOOOOO0OO
goboooooooooobooobooooobooooonooo
gobooooooooooobooooobocooobooooooo
pgoobobooobuooobboobbbooobbooobbo
ooooooOooo0oooooOoOooboO00oooooboOo IDO
o000 LLpOO0OD0ODOODODOODOODODOODOODOO
goboooobooooooooboooooboooooooooo
ooooooIIboooooooooooboOoOoooooon
oood

goboooooooboooobobooooooboooooboo
goooLLpOooOooDOOOOO0O0OOOOOOO0OODODOO
ooo0oooooLLp000O0ooOooooOooooooooon
gooooboooboooooobooooobooooboooooboo
gooooooooooao

3. 0000

goobOoboobooboboobobo pPROOOODODO
000000 Compressed Sparse Row (CSR) 2900000
goobooooooooooobobooboobobobobo
gooog

3.1 Personalized PageRank

PPR O PageRank 26) 0D 000000 OODOODOODO
gooooooooooooobooboobobobobobo
ooo0oOo0oO0ooooUoOoOoOoUoooooD G= (LE) (Vo
O00000EOODOOOOO)YOOOOOOO 0000
000000000000 g (g =1)0000000000
Personalized PageRank 0000 (PPV)sO00O0O0O00O0Os
go020000000000000D00DODODODOD

Sk+1 = (1 — C)WSk +cq (2)

000 WOoOoOoOo (,5) eEDDOD Wi, j]=1/dt(j) 00
0000000000000 dY(j)000 ;00000000



0 01 0.2 AA = {0.1, 0.2, 1.0, 2.0, 2.1}
A=|10 0 0 JA={ 1, 2, 0, 0, 1}
20 21 0 IA=4{ o, 2, 3, 5}

01 CSrROO

000000000 B« |V[?00000WOOO0OOO00O
00 cO000000O0 015000000 700D 0ODOD
000000000PPROODO 20 SpMV OO0 Ws, OO
Jodo0bOO0o0o0obOo0oO0o0oboObOoOobDbOoOoOoOooboooooo
pooobooooooooooo
3.2 Compressed Sparse Row
JooDoooOoooooOoOoooooDOoOoDnD CcSsROOOO
0000000CSRO 30000 AA,JA,TAQOOOOO
000000000000 1000 AO CSROOOOOoOO
AAODOD AODDOOOODOOOODOOOOODOODOOO
00 JAOAKDOOODO JAK]O AAK)0O0D000O0D000O0O
0oooooo'™0o0IAD AADJADOODOOOOOO
00000:;00000000 AA[IA[]...TA[i+1]—1]000
00000000 JA[IA[{]...IA[i+1]-1]000000000
00o00o0oo0oo0oo0ooooo0ooD |vVioDoooooo
00000 |E[00000000000AADJAOOOD |ED
IAODOO |V|+10000000AACOOODODOOOOJADO
goooo Iboooooo
3.3 U00O00O0OOOOOoooono
godooboooboooooboooboboooooboooon
000000 [31)(C0oo0oo0)0oobo0oooooOoo
000000000 [25)0000000000000O000OO
poobobooobooobbuoobbboobobooobo
Jod0DbOO0o0o0obOo0o0o0obDbOoOobDbOooOoobooooo
poobooobooobobooood
god020000000000000O0000O0DO0
podooboo bODoooobooobboobobooobo
JO0d0oOO0o00obOO0oOo0ooObOo0ooDbOoOoooooon
Jooboooboooooobooobo110b0boooo
ooooooooooa
0oo0oboOo0o ODOooobooobboooboooboo
goobobooobooobboobboooboooo
0odo0o0ooobOOoOooboobooOobobooooooono
gooobobooobobooobobooobbuooon
godoboOooooooooboboooobooo
godbobooobbooobooobbooobooon
000000 G=(V,E)0000
Jglgoobooboooooooo0ooobo pPODODODO
O020PO00000OO0OO0O0OODOO «O0DOOO
O030«.000000000000Db00bO00bOOooboooog
AQ(u,v) J0DDODDODODOO vO0000AQ(u,v)
gooooooooog:

00100000 CO000000 000000ooooO (zero-based)O

2m  (2m)? ®)

AQ(U, 'U) -9 <wu'u dudv >

0000w, 0000 (uw,v)DO0OmOO00O0O0OO
0000d.,d, 00000 «0000000000000
04000 AQ(u,v) D0D0O0OD0O w0 vO0DO0OO0OODO
ooboboo00000«0o000000000000
obobodbwOv0000000000000000
gooooo
05000 POOOOOOOODOOO (2)Q0OODO
gooooo0oOooooooooOD0O Gooboooooooon
goboooooooooobbooooboOooooooooo
gobooooooooooobobooooboooobooooooo
goooooooo

4. ODO0O0O0OO0OO0OO0ODOOO0OOOO0O

000000000000000000000000000
oooooooon

41 000000
000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
000000000000 CPUOODOOODOOO0OODOOD0
00000000000000000000000000000
00000D00000000000000000000000
0000000000000 000000000000000
000 SpMVOODOO00000D00000000000D0
000000000000000000000000000
0000000000000000000000000000
ooc,cf?,...cvooOooo0o000no000noono
0000.-00000C™000R+10000000000
oooooooooooooooc =ciitPuchtu...
00000000000000000000000000 10
000000000000 (V0000
000000000000000000000000000
000000000 IDO0000000000000IDOD
00000000 C™ 00000000 ID0000000o
ciitY, ¢V, ... 00000000 ID0O000000OO
0000000000000000000000000000
000000000000000000ID000D000D0
0000000000000000000000000000
00000000000

42 00000000D0O0DOOO
000000000000000000000000000
00000000000000000000000000
33000000 (400000000000000 2000
00100000000000000000 0000000
On+100020000000000CM =citucht
0000000000000000000000000000
000000000000000000000000 2000



9351 5252

HID 6 4 9 11 0 5 1315 2 3 8 1012 1 7 14
#ID 0 1 2 3 4 5 6 7 8 9 101112131415

02 0O000O0O0O0000O0O0ODOOO0O0OO0O0O000

gboooooocoodoboO0o leb00boOoOooobooobog
200000000DO0O00O0O0O0DOODODOODOOOODOOD
goboooobboooobocobo 2000000000000
goooooooooooobboooboooobooooooo
goooobooooooooboboooboooooOooooooo
gooogd
goooooooooooooOobDO0004200000 ID
gooooooooobooobbooobooooobooooooo
goooooooooooOooooOoo IboooobOO00oooon
gooooboooooooobbooobooooooooooag
oo00oooo2000000000000000001IDOO
gooooooooooo IbooooooobObODbO IDOOO
goooobooooOooooOooooooooooobooo IbboOg
goboooodooboooooooboooooooOobooOoooono

5. 0O 0

goboooooooooooooooooooDo

5.1 000000000

gobooooooo0ooobobbouoooD IDbO 6400
goooobooooooooboooboooooooooo
cCSROO000000000000000O0O0OO0OO0OOOoOOO
gooooooooooooooooOooooooobo IDO
0000 CSROOO JAOOOOOOODOOOOODOD
Ob00«000000000IDO0O0O0O0O0O0O0O0Ow0O v
goooIboobOe400000000O0DOOOOOOOO
goboooobooooooboooooboboe400OoDOOoOoOoo
poO000O0O0O0O0O0OO0OO0ODO CSROODO CSRO 2000
O00oO0oOooo csROooOogo csrROoooooooooIbO
00 p000000000000000O00O0ODODOODOODOO
gooooo CSRO IDOODO pO0OO00OOCOOOOCOCDOO
00o0o0oooo0o0ooOoO0 JAOD pO0OOO0OOOOOODO
goooo IbOodOdooooopgoe0OD0O0O0OO00O0O0O
000 JAOODODOOOOODOOOOOOOOOOOOOOO
0000000000000 O00O000O000ODO0O000
ooooooooODO0O0O0O0O0O00000000000 g=16
goooooo

gooopPROOOOOCOOO20WOOOOO0O0OOO
gobooobboooboooobooooobboOono 20000
gooooooooooog:

01 000oo0o0oooooooo

0ooo 0oo oooo 0o
berkstan [3] 685,230 7,600,595 Web 000
uk-2002 [2] | 18,520,486 298,113,762 Web 000
uk-2005 [2] | 39,459,925 936,364,282 Web 000
webbase [2] | 118,142,155 1,019,903,190 Web 000

ljournal [3] | 4,847,571 68,993,773 00000000000
orkut [3] | 3,072,441 117,185,083 0OODO0OOOOOO
patents [3] | 3,774,768 16,518,948 00O0DOO0OOODO

sx[J]
d*(j)

sl = (1-¢) 3

JEN(E)

+ cqli

for i € [0,|V]) (4)

00000 CSROODOO0DO0DOOOoOooOoo IboOood
OJ0D0O0OD0O0OO0AAOODOOJAODIAQOOOCOOQOOOOOO
gooboboooboooboboobbboobobooobo
godooOoooooOooobobo0oobobooooooo

5.2 O 0O0OAO0

0400000 SpMVOOOOOOOOOpenMP OOOO
000o00oo0oo00oo0ooOU0 20000 )Dooooooo
ooooUoOoooUoo0ooooU yooooooooo
0odo0o0oo0obOo0ooooDbOoOooDooOoOoooooooa
D00000000O0D0D000000 4,¢ 000 N(GE)NN(@')
Jodo0oOooobo0oOo0obObOoOobDbOoOooooboOooooba
gooooobo0ooooboooooboooobbooooog
SpMVOOO0000O000O000D0ODOO00O0OO00O000OD
gooo0oobbo0o0ooboboo0oobbooooooooog
gooooobOooboboooooboboDbOo ,2,...,t0
00ooooooog [mw,m), w1, m2),. .., [m—1,m) 0000
poobob mObOOO0Ob0bOOd:

7l'()=0

Bl - 375" ING)|
t—i

k
Ti+1 = arg min Z IN()I =
k :

J=m;
ooooooo1obo.—-1000000000000000
ooooooo<:0000000000000000000C0
oooooo0oo0oO0 Ej/t0o0b000o0o0ooooo
oooooooooo

6. 0O 0

goooooooobOOooooDoORCMODOO LLPOODO
oooooooooooo Cc++0000000000000
-0Ofast 00000 GCC4920 0000000000000
gooboooobooo1bo0oboboobooobooobog
goodoooObOoooooo IbDoDboooooooobooa
oooooo0ooooooOo [1oooopPPROOOOO 2
oooo |sk+1—sk|<10_8DDDDDDDDDDD6.2DD
0000ooooooooooo000 Performance Application
Programming Interface (PAPI) 8]0 00000000 OOO
0000 VTune Amplifier XE 2013 (1] 000000

00000000 2000 non-uniform memory access
(NUMA) O0OOOO0OUOOOODONUMAOODODDOOODO



02 0000

CPU Intel Xeon E5-2697v2 1200 x20000
L1ooooo 00:32KB/00, 000:32KB/00
L200000 | 256KB/00
L300000 | 30MB/OO0O0OO

ooo 256GB PC3-15000
0o0ooooo | 59.7GB/s
Intel QPI OO0 | 000 16GB/s0000 32GB/s

18 Naive ——
16 RCM ———= |

Proposed mmmmm |

Speed-up

%. % ‘I»@ /O(/, O/’.f(,/ 'OQ}

5, S %
T Y %, % %, %

2.
% ? %o

03 Naived 1000 24000000 PPROOOOCOOO

NUMA OOO (DDDD)DDDDDDDDDDDDDDD
godoDboooboooooboooboboooobooooo
poobobooobooobbuoobbboobbooobo
000000000 Intel QPIDODOODOOODOODOOODOO
Jo000000o0oo0ooooooog 1-120 NUMA OO
0100000000 120000000 NUMADOOOOO
000000000 13240 NUMAOOO 20000000
ONUMAOOOOOODOOOOOODODODOOOOOOOO
0200000

6.1 PPROODOOOOO

JooooooopooOoODb0O0 200000000 PPR
pooooooooood (l:l 3(&))[|“Naive”[||][||][||]
J0o0ooo0ooooooooooooooon“rReM”O “LLP’O
“Prop” (Proposed) 000000 RCMOLLPOOOOOOO
gOob0obOoooobobobogoos1booooboboooo
J00DO0O0000 NaiveO 10000000D0OODOODOO
000000 (03000000000 ooUoooDoUoo
000000000000 00NaivedDOODOO uk-200200
O017OODRCMO LLPOODOOOOODOO webbased 200
uk-20020 40000000000000DO00ODO0OOODOOO
JodoDbhoOoobOoOoobobOoobobooooobooooa
podoboooboooboboobboboobobooobo
000000000000 00000D0000000 berkstan
00600000000000 patents 0.08000 [3]000
00000 0o0o00ooooooooooooooooo

000 berkstan 0 webbase 000000000 1-24000
OPPROODOODODOODOOODOODDOOODOOIODODDO
O NaiveO 100000000D000CO400000000
00 “Prop-NC” (Proposed-No-Compression) 000000

70 90 T,
60 | Ry 80 = B
50 : or I 1
g g 0 2 i
.g 40 | ~ .g 50 | o i
& 30 r - S T T R SN
@ @30 ek xR
207 Ar 20 b X X ek X ]
10 i 1 1055 El
o 0 e
1 4 8 12 16 20 24 1 4 8 12 16 20 24
#threads #threads
Naive —+— Pro| & Naive —+— Pro &
RCM --->¢-- Prop-NC RCM --->¢-- Prop-NC
LLP % LLP %

(a) berkstan (b) webbase
04 1000000 Naived 1000 PPROOOOOCODODOO

1e+10 1e+12

1e+09 le+11

#cachemiss
#cachemiss

1e+08 1e+10

1e+07 1e+09

L1 L2 L3

Naive —— Prop Naive —— Prop
RCM ==== Prop-NC ——= RCM === Prop-NC ——3
LLP mezzz LLP ez

(a) berkstan (b) webbase
05 OD0OO0OOoooOO0OoO0o0ooooooooooooo

GB/s
GB/s

1 12 24

#threads #threads
Naive ———1 Prop Naive C———1 Prop
RCM =—=—== Prop-NC —2 RCM &==—== Prop-NC —3
LLP e LLP ez

(a) berkstan (b) webbase
06 1,12,24000000000000000000

OO0OO0OO0OORCMOLLPOPropO00000CO0O0DOCOOODOO
goboooooooooobobooooboooooooooo
0000O0O0O0000000000 berkstan 0000 Prop O
ooooOoOoO0O0OO0O0000000000000berkstan O
webbase 0000000 Prop-NCOO PropO0OO00OOOO
goboooooooooooboooooooobooooooo
000000000000 0DooUODoDOO0OO webbase OO
b0 400000000000D00DOC0O0DOOCOOO
Ubbooooooobooboobobobo0oU0Owebbase OO0
LLpOOOOOO 12000000 140000000000
pooooooO0O0O0000 140 NUMADODO 20000
goooooooooboooooooooooboooooboooon
6.2 0OO0O0OO0OOOOOOOOODOOOO
odl10b0000o0ooooboboooooooooooooo



03 0000

(a) 240000 PPROOODO [0] | (b) 000000000 0OD (D0D0O0O0O0OOOO0) | (¢)000D0O0DOOO [O] | (d) no
0000 | Naive RCM LLP Proposed RCM LLP Proposed RCM LLP  Proposed | Proposed

berkstan | 0.36  0.13  0.15 0.07 36.2% (64.8%) 53.3% (89.6%) 58.2% (96.7%) | 0.4 13.4 1.1 4
uk-2002 | 67.73 7.73 16.73 3.88 33.7% (56.0%) 48.8% (77.4%) 62.8% (97.2%) | 18.1 1942.9 71.8 2
uk-2005 | 235.55 29.45 31.94 18.24 38.0% (58.4%) 57.3% (85.3%) 59.5% (88.3%) | 52.2 6360.9 240.0 2
webbase | 272.84 46.36 58.69 21.47 21.0% (46.4%) 50.5% (90.0%) 54.5% (96.0%) | 109.3 9248.8 735.7 3
ljournal | 9.21  3.61  4.22 2.94 5.4% (17.0%) 27.2% (48.2%) 32.5% (55.8%) | 4.4  220.2 18.5 3
orkut | 19.70 9.29  8.76 8.01 6.8% (11.0%) 20.1% (28.9%) 29.0% (40.9%) | 7.1  729.9 26.9 3
patents | 0.44  0.26  0.41 0.19 -10.4% (13.4%) 8.1% (43.8%) 19.4% (62.3%) | 2.0 170.1 12.7 51

0000000000 500000000000000000
goodbOoUooOo0ooooboUoboUobOooobbogoooog
JO0O0DOO0000bOO00b0ODOOoO0oOOo0ODOO0O 20000000
goodoo0oboo0obDoOboO0oOooOoboooboooOoooo
gooooobooooobooobbooboooboooooo
gooo0o0Oo0O0O0oO0oOobD0oOoDbDUOoOobDOooDOooDoo
gooooooOooobooobboooboooobooOooooo
go0ooO0oooOoO00ooOoO00oDoO0O0oooOoOooodProp
O Prop-NCOOUOOOODDOOOOOOOOCOOOOOO RCM
OLLp0000000O0O0O0O0OODOOOODOOOOO LLPO
RCMOOUOOOOOODOOOOODOOOUOODODOOOODOOOO
030000 LLPODOODOO RCMOOOOOOOODOO
go0ooOooOo0ooobo0oOobbOoOoboOoobooUooooo
goooooooooooooooooooo

00 berkstan 0 webbase 00000 101202400000
JodoOoOOo0oobOoOoooOoOoOobOoOoOoOobo eoonooOoOO
berkstan 00 0002400000000 PropdO0OODOODO
gooboo00120000000000 24000000 Prop
000000oooono 200 NUMAOOOOOOOOOO
gooooooooooboboOoooooooboobobooooog
00 Prop-NCOOOODOOOODOODOODOODOODOO
00000000000 webbase 0 00ODOODOO QO berkstan
jo0ooo00o0o00oo0o0oDoOooooOoooooooog
go0ooOoOoOoOoOoOoOo0oOobDboOoOobDoOooboogooooo
000000000000000 75%000 44.8GB/s000
U000 40000 12000000 NaiveO Prop-NCO OO
24000000 Naive, Prop, Prop-NCOOOOOOOOOO
000o0o0oo0oooOooo 4 (b)DOO0O0DOOUDOOUDOO
goooooooooo RCMO LLPOOOCOOODOOO
go0oo0oooO0Oooo0oUobOboOoUobDoOoooogooog
gooo0o00oDOoO0oOo0oboOoObOOlead0OOODOOO
gooo0oooOooooOoooooooooo

6.3 O00OOOOOO

51000000000000000003(Mb)000000
gooooo csROODOooooooooooooogon 5.1
000000 CSROOODOOO 30000000 AAODODO
00000000 JAODIADOOOUOODOOOOOODOO
000000000000000000 6280000000
gobooO00oboO0oO0o30o0opbooUooboouoooo
000000 0000o0oooooooooooooooooa

0000000000000000000000000000
IDOD000000000000000000000

6.4 0000000000000
0000000000000000000000 3 ()00
0000000 uk-200500 4001000000 webbase O
00 1200000000000000000LLPOODOOO
0 uk-2002000000000000270000000
000000000000000000000000000
0000000000000000000000000000
00000000000000000 (03 (c))0 100 PPR
0000 (03 (x)0000000000000000000
00000000 tg,0Prop000000000 trel Naive
000000000 tyeD0000000000000000
0000000 n0000000000000000000
0000000000000000000000000:

notng > tr + ngtrg

000000000 neO003(d)00000ne000000
000 uk-20050 uk-20050000 200000000000
00 patents 0 51 00000000000 PPROOOOOO
0000000000000000000000000000
00000000000000000000000000

7. O g

gooooooooooobooobooooooobooooboog
ooooooceuO0OoOoDOOOOOOOO0O0OOODOOOD
gobobooooooooooboboooooOooobooooooo
goboooobooooooooboooboboooooooooo
000 ()0oo0oo0oooOo0ooOD Woooooo
gobooooooooooboboooooboooobooooooo
goboooooooooooboooboocoooboOooooo
000 pPPROOOOOOO RCMOODODO 200LLPOODO
40000000000C000O0O0OO0DOCOOOOOO
gooobo11000obo0booboobo 120000000
00o0o0o0ooooLLp0O0O0OOOOOODODODODO

000 ()Uoo0ooooU0ooOooooooo0ooOoo
0000000 @) PPROODOODOO0OOOOODOOOOOO
00o0o0o0o0o0oooO00 @)oooooooooo
gobobooooooooooboooobooboooooooooo
gooooooooooo



[1]
2]
(3]

[4]

[5]

[6]

[7]

(8]

[9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

g O

Intel® VTune™ Amplifier XE. https://software.intel.
com/en-us/intel-vtune-amplifier-x.

Laboratory for Web Algorithmics. http://law.di.unimi.
it/datasets.php.

Stanford Large Network Dataset Collection. http://snap.
stanford.edu/data/index.html.

Using Intel® VTuneT™ Amplifier XE to Tune Soft-
Intel® Xeon® Processor E5/E7  v2
https://software.intel.com/en-us/articles/

ware on the
Family.

using-intel-vtune-amplifier-xe-to-tune-software-on-the

-intel-xeon-processor-e5e7-v2-family.

E. Agirre and A. Soroa. Personalizing PageRank for Word
Sense Disambiguation. In Proceedings of the 12th Confer-
ence of the European Chapter of the Association for Com-
putational Linguistics, EACL ’09, pp. 33—41, Stroudsburg,
PA, USA, 2009. Association for Computational Linguistics.
P. Boldi, M. Rosa, M. Santini, and S. Vigna. Layered label
propagation: A MultiResolution Coordinate-Free Ordering
for Compressing Social Networks. In Proceedings of the 20th
international conference on World wide web - WWW 11,
p- 587, New York, New York, USA, Mar. 2011. ACM Press.
U. Brandes. A faster algorithm for betweenness central-
ity. The Journal of Mathematical Sociology, 25(2):163-177,
2001.

S. Browne, J. Dongarra, N. Garner, G. Ho, and P. Mucci.
A Portable Programming Interface for Performance Evalua-
tion on Modern Processors. Int. J. High Perform. Comput.
Appl., 14(3):189-204, 2000.

A. Bulug, S. Williams, L. Oliker, and J. Demmel. Reduced-
Bandwidth Multithreaded Algorithms for Sparse Matrix-
Vector Multiplication. In Parallel Distributed Processing
Symposium (IPDPS), 2011 IEEE International, pp. 721—
733, 2011.

E. Cuthill and J. McKee. Reducing the Bandwidth of Sparse
Symmetric Matrices. In Proceedings of the 1969 24th Na-
tional Conference, ACM ’69, pp. 157-172, New York, NY,
USA, 1969. ACM.

P. Desikan, N. Pathak, J. Srivastava, and V. Kumar. In-
cremental page rank computation on evolving graphs. In
Special interest tracks and posters of the 14th international
conference on World Wide Web - WWW °05, p. 1094, New
York, New York, USA, May 2005. ACM Press.

M. Frasca, K. Madduri, and P. Raghavan. NUMA-aware
graph mining techniques for performance and energy ef-
ficiency. In Proceedings of the International Conference
on High Performance Computing, Networking, Storage and
Analysis, SC 12, pp. 95:1—95:11, Los Alamitos, CA, USA,
2012. IEEE Computer Society Press.

Y. Fujiwara, M. Nakatsuji, T. Yamamuro, H. Shiokawa, and
M. Onizuka. Efficient personalized pagerank with accuracy
assurance. In Proceedings of the 18th ACM SIGKDD inter-
national conference on Knowledge discovery and data min-
ing - KDD ’12, p. 15, New York, New York, USA, Aug.
2012. ACM Press.

J. A. George. Computer Implementation of the Finite Ele-
ment Method. PhD thesis, Stanford, CA, USA, 1971.

D. F. Gleich, L. Zhukov, and P. Berkhin. Fast Parallel
PageRank: A Linear System Approach. Technical report,
Yahoo! Research Labs, 2004.

W. D. Gropp, D. K. Kaushik, D. E. Keyes, and B. Smith.
Performance Modeling and Tuning of an Unstructured Mesh
CFD Application. In Proceedings of the 2000 ACM/IEEE
Conference on Supercomputing, SC 00, Washington, DC,
USA, 2000. IEEE Computer Society.

G. Jeh and J. Widom. Scaling personalized web search.
In Proceedings of the twelfth international conference on

(18]

(19]

20]

21]

(22]

23]

24]

(25]

[26]

27)

(28]

29]

(30]

(31]

World Wide Web - WWW ’03, p. 271, New York, New
York, USA, May 2003. ACM Press.

A. D. K. Kaushik, B. D. E. Keyes, and B. F. S. D. Toward
realistic performance bounds for implicit CFD codes. Pro-
ceedings of Parallel CFD’ 99, pp. 233-240. Elsevier, 1999.
A. Kyrola, G. Blelloch, and C. Guestrin. GraphChi: Large-
scale Graph Computation on Just a PC. In Proceedings of
the 10th USENIX Conference on Operating Systems De-
sign and Implementation, OSDI’12, pp. 31-46, Berkeley,
CA, USA, 2012. USENIX Association.

Q. Liu, E. Chen, H. Xiong, and C. H. Ding. Exploiting
user interests for collaborative filtering. In Proceedings of
the 19th ACM international conference on Information and
knowledge management - CIKM ’10, p. 1697, New York,
New York, USA, Oct. 2010. ACM Press.

Y. Liu, X. Wang, J. Zhang, and H. Xu. Personalized PageR-
ank Based Multi-document Summarization. In Proceedings
of the IEEE International Workshop on Semantic Comput-
ing and Systems, WSCS 08, pp. 169—173, Washington, DC,
USA, 2008. IEEE Computer Society.

Y. Low, J. Gonzalez, A. Kyrola, D. Bickson, C. Guestrin,
and J. M. Hellerstein. GraphLab: A New Framework for
Parallel Machine Learning. The 26th Conference on Uncer-
tainty in Artificial Intelligence (UAI 2010), 2010.

A. Lumsdaine, D. Gregor, B. Hendrickson, and J. Berry.
Challenges in Parallel Graph Processing. Parallel Process-
ing Letters, 17(01):5-20, 2007.

T. Maehara, T. Akiba, Y. Iwata, and K.-i. Kawarabayashi.
Computing personalized pagerank quickly by exploiting
graph structures. Proceedings of the VLDB Endowment,
7(12), 2014.

M. E. J. Newman and M. Girvan.
ing community structure in networks. Physical Review E,
69(2):026113, Feb. 2004.

L. Page, S. Brin, R. Motwani, and T. Winograd. The
PageRank citation ranking: Bringing order to the web.
1999.

J.-Y. Pan, H.-J. Yang, C. Faloutsos, and P. Duygulu.
Automatic Multimedia Cross-modal Correlation Discovery.
In Proceedings of the Tenth ACM SIGKDD International
Conference on Knowledge Discovery and Data Mining,
KDD ’04, pp. 653-658, New York, NY, USA, 2004. ACM.
J. C. Pichel, D. E. Singh, and J. Carretero. Reordering Al-
gorithms for Increasing Locality on Multicore Processors.
In 2008 10th IEEE International Conference on High Per-
formance Computing and Communications, pp. 123—-130.
IEEE, Sept. 2008.

Y. Saad. Iterative Methods for Sparse Linear Systems. So-
ciety for Industrial and Applied Mathematics, May 2003.
H. Tong, C. Faloutsos, and J.-Y. Pan. Fast Random Walk
with Restart and Its Applications. In Proceedings of the
Sixth International Conference on Data Mining, ICDM 06,
pp. 613-622, Washington, DC, USA, 2006. IEEE Computer
Society.
oo,00,00.00000000000000D00D0ODO
00000000. In Proceedings of the 4th Forum on Data
Engineering and Information Managemen, 2012.

Finding and evaluat-



