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Computer Memory Hierarchy
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and KAzUSHIGE GoTo™

The use of network analysis has increased in various fields. The large amounts
of computation required for dealing with large-scale networks is a major hurdle.
‘We propose an efficient multithreaded computation which considers computer
memory hierarchy on general computing environments to solve the shortest

paths and the centrality metrics. Our implementation, called NETAL (NET-
work Analysis Library), configures the processor core and local memory alloca-
tion (affinity), to avoid computational resource request conflicts by considering
the difference in distances between processor cores and the RAM within the
NUMA architecture of the AMD Opteron 6174. We demonstrated through
tests on real-world networks that NETAL is faster than previous implementa-
tions. NETAL succeeded in solving the exact shortest path distance table for the
USA-road-d.USA.gr (n =24M, m =58M) without preprocessing in 7.75 days.
Numerical results showed that our implementation performance was 432.4 times
that of the A-stepping algorithm and 228.9 times that of the 9th DIMACS ref-
erence solver. Furthermore, while it took GraphCT 21 days to compute the
exact betweenness of USA-road-d.LKS.gr, our implementation computed multi-
ple centrality metrics (closeness, graph, stress, and betweenness) simultaneously
within 1 hour. A performance increase of 2.4-3.7 times compared with R-MAT
graph was confirmed for SSCA#2.
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T 5 7 DI AN R E I (all-pairs shortest paths; APSP) & [FI%DOFHHREHR X
N5, betweenness (23X 230% M7 Brendes’s algorithm®19 12&W\Th | mEK 2 K
OLTHRPERLEOR L2y 7 EENTV3S,

RAEREEICN T 2 BEOFE L LTlE, 9th DIMACS'™ o %iEgzE MLBY 237
7Y XL DS AT S5ND. MLB Bl Tldd 2 ERETOATH 3. DS (3,
CRAY XMT % Eo#fF A YRL 2L v FAFIGHERE EToWFIRIESRWE ST
250D, —#tN7Z Intel ° AMD & E7REy ¥ ETORAL y FIiFNIRIIG L Tozw.
7o, PRI T 2 E0 I L LT, EkRER 25 7 @Y — )L GraphCT?), 7
I 7RRMRER v F=—2 Y 7 b7 27 SSCA#22Y 3%1F 541 %. GraphCT DOYEEE% 5]
ST DITIE DS & MR R 2 G BRI M B & 70 2. F 7 32bit MBI CHIEI N
TV, k9 2 EDTE LRI/ I V. —T5, SSCA#2 I, #idoE X € Y)
B 2 Ly FAFIFERICINZ T, OpenMP 12 & 32— 7axy 4 ETo AL v Fif:
Hi%e, AT VR Y 5 2 WHIFHERK ETo MPI MFHISHE L TWw 3 DD, RIZA
TIZAER L7279 7 DHRTH 52921,

Z 2 CHA, FEEh BRI N2y b= BNRE L, REE & PO BRI
T2 MR RO X € ) B E B8 L RN R ALy FIFEFRFEZREL,
NETAL (NETwork Analysis Library) & L C9# L 7?7, NETAL (%, 52 &6 7z[ED
AT (BADOHFE) L (REKE /2 TORBEOYIZE) G0 CHRTEC2EL 20 s
ZWHEE T 2. 2O, NUMA 7—% 77 F ¥ 2ERL T, FALy FE&E7TmEy L
O —ANVRAEVIINA V FT 3 affinity REZITVAL v FIHOEZRZ MR L T» 5.

Fxlx, MLB % DS TIIELEMMLIL L 42 2 USA-road-d.USA.gr IZWT 2 & 2R
£E% NETAL ZH\WwT 7.75 HTHE T2 Z LI L. %72, GraphCT ZH\wT 21
HM@3E L 7% % USA-road-d.LKS.gr 120§ % HuOMEREIIE, NETAL Tl 1 HTHRT T
5. £7:, NLIFRY B 7 =7 D betweenness sTHIZE VT, SSCA#2 L HRT, n-BFS T
3.8 %, n-Dijkstra C 2.4 f5DMEREZ MR L 72. GraphCT % SSCA#2 1377 7N
BAZFZRL B\ (BEAK L) betweenness DADEIHEICKH L, NETAL & 4 fHBH O HLME
closeness, graph, stress, betweenness % FIIRFICEIHE L T\ 5.
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2.1 RIEKEE
IR R RE IR N & AR DB B L T, BFS, SSSP, MSSP, APSP 7% S04 % 2
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EMTES. SSSP T, Al 77 G = (V,E) LIHARE le)e € E), hi s %
ANEL, s o7 7 7NOMDER v € V ~NORMEMKEZHNNT 5. wEKT, REKE
dg(s,v) ERFBRICE T 2EATHEA n(v) TREINS. b L, HAIREEGIHL1 KD
REWR I G ms(v) € VU{D} 121 singlepathSSSP &, TR CORMKE T 2545
ms(v) ={u eV : (u,v) € E,da(s,v) = da(s,u)+ £(u,v)} 1T multipathSSSP & W5 C
L2 5, 7, HEREAGEZHNT L 2 WAL, distanceSSSP EWERZ £I12F 5. BFS
T, A7 77 G=(V,E) LR s R AJ1E L, s 6 v € V O2RURAEH (Hop $0)
da(s,v) LBAH LOERRES m(v) 20T 5. BFS 3HR2EE L &\ SSSP I
RIE LT 5. SSSP 2l b G153 2 54, HECH 2R (multi-source shortest paths;
MSSP) ELCEEDTHK) LD TES. MSSP &, AR 77 G = (V,E) LIFAKE
le)(le € ), REIW 3 THIHRMER Vs = {s0,51,...,58-1} ZATIL, Hlim s € Vs
TED DA v e V NDDTRMK da(s,v), ms(v) ZHIIT 5. APSP &, BlRAs 7 7
G = (V,E) LIARE le)le e E) Z AL L, &2KMH (u,v),u,v € V ITHT 5 A
R do(u,v) &, &R u ZIRR L LRFEOERRES m.(v) ZHIIT 5. APSP i n
[fld BFS, n [0l SSSP, n/3 [Al> MSSP L% TdH 5. SSSP & [HEkIC, BFS & MSSP,
APSP IZBWTH, ZNZEN, singlepath, multipath, distance \Z3HHTE S (K 1).

=R 1 REEMEOHT (xx 11X, BFS, SSSP, MSSP, APSP 25A %)
Table 1 outputs of various shortest path problems (*x is BFS, SSSP, MSSP, or APSP)

distance  predecessor list

distance-xx  dg(s,v) —
singlepath-xx  dg(s,v) ms(v) € VU{0}
multipath-+x  dg(s,v) 7s(v) ={u €V :(u,v) € E,dg(s,v) =da(s,u) + €(u,v)}

BFS, SSSP, MSSP 129 2 7 L3 Xaldwend, FHve V ITHT 2 dv) = o
TEIML S 7 IR D & O—Ry 72 iR 7 <)L d(v) ZFEHTT 5 labeling algorithm TH 5.
Bzontmm s € V o RRZR L, SRETIHERI N m v LERL TV 2R w D
FEHE 7 ~OUIST 2 A d(w) > d(v) +£(v, w) DIRILL 72358 d(w) « d(v) +£(v,w) &
BEHT 5. CORBIMEREDG R 22 ETHRDIBEI NS, BBEMNKT T 5 &, Ry Z iR
7 )V d(s,v) [ FRFEESR da(s,v) & 7% 5. labeling algorithm I3 label setting algorithm
b L < X label correcting algorithm 12380 X 1% 23, MiFDEWIZFKIBICE T 5 HoE
R8T H 5. label setting algorithm T, H/ND d(v) ZFRFORMEE DR v PNERI N
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PHEE S "V ZEET 2. 2070, FRIFEL 1 ETOERI NG 7O ENBITRK TR
Hlnl & 72 203, —INIIESIMEIZ AR E TH 5. —J7, label correcting algorithm T,
HEZ SNV DS BIHIGER L 2\ 0700 & 2 s M DRI N 2 ATREEDS & % 23, rGEIR 2
A b DHEERAMIULPES TH 5. £, TR TER I N 2 2 TORFBK OISR
I BOH NI IR ETH 5.

2.2 FUMERRR

AL DI RMERRERIC O WTEIHT 2. £9, BRI 77 G = (V,E) D% 2 i
5,6t € VT LT, (s,t)-FEEEL da(s,t), (s,t)-RFHEEE 05, v D (s,t)-IHH
Bosw £95. 22C,s=t THIUL 05t =1, 05(v) =0, v € {5,t} L2 5. IxFK%EF]
H L ZeHiatE closeness (Cc), graph (Ca), stress (Cs), betweenness (Cp) 13E 2 D &9
WEHREIND. ANIDT 7 7 DEMICER L(e) € E D352 6554, EAM LML E
#T 5. RIS B LA ) 23, B LT b RRRICE#HITTE 219,

® 2 IRAHEE 2D
Table 2 Centrality metrics using shortest paths

1 1
closeness? Colv) = —————— graphlo) Calv) = —————
©) ZtGV dg(v,t) ) maxicy da (v, t)
stresst) Cs(v) = Z ost(v) betweenness'? Cp(v) = Z L(U)
sEVELEV s#Evgtev It

Brandes’s algorithm Brandes 12 & % betweenness Cp IZR 2 7L 3 Y R £15)16)
DFAZITH . ZOTNTY XLTIE, FRICHLT1ETD TR 7 =4 X, (217H) &
TR DR 7 = 4 X (3-74TH) BRI NS, BHEE 7 = 4 XTI MRD S AhD 2k
T 5 A EOERTHES 7o (v) & & ROBRFEOBEE 0. (v), REHROKE WIS
RIS 1T 5. FIhDMEER 7 24 XT3 s 7 sy EZFE T 5. DUTIC
ARETNTYALFEAKRL Cp T 25DT O(nm) DFREENGZ 51T 5. EA
f} Cp TlE, K7 =4 X% multipathSSSP & L, binary heap fJ Dijkstra’s algorithm
ZHWT O(nmlogn) DFIEENPERI LS. Bader 5%, ZOFHEEEZHINT 2754
P TN S PFERRELTREY, COFETREE 1 ETOOKE (11TH) 25 v %
MBI L 720 O 0D ROBHEL, 5N il E Cp(v) — (7 - Co(v), Y eV &
THILICE>T, BN Cy 252 LN TES.
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Input: directed graph G = (V, E)
Output: Cp(v),Vv € V (initialize to 0)
1: for s € V do

2 0,7s,S < multipathBFS(G, s)

3 while S # 0 do

4 pop w «— S

5: for v € ms(w) do dp(v) — 6p(v) + ZEU - (14 6p(w))
6 if w # s then CB(w)HCB(w)Jr&B(uY;)

7 end while

8: end for

EBHHROEISEDRFETE Brandes’s algorithm (X448 & 72 2 i K E & IS0 HEE
RERT 2. ZIETROIRFEKIIKENTLIHAHTE R W d, NETAL 3 oh 7
AL D> & @B O P OMERTE 2 FRHCEE LR A2 S0 Tw 5. BERIORS 77 75
13587 2 720, FARHCEEOFLEIROND 2 EE Ry P —7BITICB W TEHTS
%. GIREEDE D Brandes’s algorithm DLk %Z HWTC, Co, Cg, Cs, Cp ZFRHZHK S .

Input: directed graph G = (V, E)
Output: C¢(v), Cg(v), Cs(v), Cp(v), Yv € V (initialize to 0)
1: for s € V parallel do
2:  dg,0,ms,S < multipathBFS(G, s)
1 .

Cols) = Ztev dg(s,t)’ Cals) =
while S # 0 do

pop w «— S

for v € ms(w) do d5(v) — (1+35(w)); op(v) — p(v) + Z=U - (14 6p(w))

if w # s then Cg(w) «— Cg(w) + o(s,w) - dg(w); Cp(w) «— Cp(w) + dp(w)
end while
9: end for

b

1
maxicy dg(s,t)

3> e

3. RERHREICHNT SEIFMRE ZOMER

Fxy b7 =2 a2 RDEREREIC B W TR LRy 7 L R EICE T B 18
DRI S %, BE SN BB L W S N A PRSI H L CHI%§ 5. 9th DIMACS'®
% SNAP Project'®) TRABEN TV 2H Ry b7 —2DBEIZ, K 1 (b) 2978 T & 95 1T
Bon = [2'8,2°] TH 2. LW EIC 3T (1) Rl X 2 &L, (2) B
% APSP 12Xt d 2 WA, (3) AHEZ BFS £ SSSP ok 2 WHIFHE o
%. (1) 9th DIMACS TIZH# n = 24M, BB m = 58M DKy b7 — 7 &%t
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46 Graph500(Huge) & | 26 | m USA-road.-d.USA_gr ]
a4 | 4 soc-LiveJournall
pea Graph500(Large) & ] ws |
40 Graph500(Medium) & q
B ] 24 u

z 36 Graph500(Small) & 1 2 cit-Patents

E gézl r Graph500(Mini) - & large random instances | g 23| - USA-road-d.LKS.gr

I 30 Graph500(Toy) & g web-Berkgtan o

3 8¢ a R-MAT (SCALE24) » 22 web-Google Wiki-Talk
26 - all random ® e USA-road-d.USA.gr
24 L 1 o1 L
»[ instances my 'HJSA-mad-d.LKS.gr 4
20 - - - q
8L o USA-road-d.NY.gr ] 20 | USA-road-d.NY.gr
16 - L4
14 S S S S SR 19 L— L L . . . . . .
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SCALE(n) SCALE(n)

(a) real-world/random graph instance size (b) real-world instance size

M1 (a) B2y FT—I LTV PRI TORES, (b) Ehb Ry 87— DA S, BlllE s (A
log n, MEEIZEEL (W4L) log m.
Fig.1 (a) scale of real-world/random graph, (b) scale of real-world graph. The x-axis is the
number of nodes on a log scale n, and y-axis is the number of arcs on a log scale m.

RIC 2 HHRAEEEI R oEEM I > W OER LR T b 7. kb E#E % Transit Node
Routing &, SRR O RILEIC & 2 K52 T, KRR T H7 D 4.9 p B L IE
WICHBICEZ D LD TERY. L LAY OREBROAZ T 5 720, hl ki
~OMMIEEZ TIE v, £ BB 2 EoMBERZ B L % 57012,
WREDS T 7 7RIS B R 2T 5 L 3N DD KRy b7 — 7 DA OBEHESIERINT
BSTHREIEH S 2Tl (2) BRI 28I (n = [2'2,2'7], K 1 (a)) © APSP
12X LT, GPGPU % 7292897 £ MSSP 12/ 4 % Dijkstra’s algorithm % fiE
L 72 multi-source label-correcting algorithm (MSLC)® 72MEE SN T\v3. AN OHIEEZ
BE L 7ot 272> TR D, ME X D RELBBUCN L TE, X €Y EREDH KD
DIZET AR L % 5, VERBAIFRVSEGGIIR T § 5, Lo/ RUNTFEHEINS. 3) 15D
AR L CIRRE T E R VBB (n = [2°9,2%%], ) 1 (a)) 12X L T, BFS Mg 7L
Y RLTH 3 level-synchronized parallel BFS algorithm (LS-BFS)'™ | SSSP (2 /3 2 3
7N TY RLTH S A-stepping algorithm (DS)'® DMERI N T w2, Mgz T
7oL, FHEREREE I X )R 5 2 5 WHIEHEECHE X B Y ML AL v FEER
72 EDORPR GRS IR L 2 D REBDIKRESEREWNS OWREEL R 77 7 2 E LT
BY, NEoxy b —r i3z EHT 2 L IZN#HETH 5. F 72, Super Computing
2010 Tl¥ Graph500 List?® EWRZN 3 275 7 RRMEREIC X 2 A EEIERESHI DR E S N
7z. Kronecker product THR I 415 scale-free 4% £#> Kronecker graph x4 & L T,
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BFS O traversed edges per second (TEPS) fHIC LD 7 v F ¥ FISREI N 5.

£ 313, £ [0,1024] OELEEEID 24Tz 256 x 256 DIE RIS 7 Square.16.0.gr
(R n = 65536, B m = 261120, Ix AR C = 1024) I2%§ %, Xeon X5460 [ TD
TN ZALFOBRMEBICELDZDDTHS. PO Complexity Z&MEDH7-H D
FtHiE, CPU time 1& APSP 1259 2 F{TRE () 2/R L T\w»2%. APSP 27| L Cath
T B DB LT 2 BFS, SSSP, MSSP IZ/d 2 7L 2 X LI kD MEE DMk
T 570, BRERZT TR OEFIERDZER L2712 X LB RPIEFICEETH 5.
DIKF OfEFRRSCHRY 23R & 910, 269 L bFHEED o W S 2 D o N 5 & I3
52 Tc s, BEFEERIC X B FHlios b L e %
%= 3 Xeon X5460 ICEBI} % APSP (Square.16.0.gr) IZX3 24 7L 3 X LDBERXERE (CPU time (B))

Table 3 Sequential performance (CPU time in seconds) of APSP (Square.16.0.gr) computation
attained by each algorithm on Xeon X5460

implementation  algorithm complexity CPU time
BF'S (breadth-first search)

BFs!?) naive BFS O(m) 530.99
LS-BFS'?) level-synchronized parallel BFS O(m) 117.10
Label Setting Algorithm (Dijkstra’s algorithm) for SSSP

DIKQz) naive Dijkstra’s algorithm O(n2) 12610.28
DIKH?) k-heap (k = 4) O(mlog, n) 961.89
DIKB? Dial’s algorithm O(m + nC) 771.02
DIKBD?) double buckets A = [C/2'1] O(m + n(A + C/A)) 875.69
DIKF?) Fibonacci heaps O(m + nlogn) 2310.56
MLB?) multi-level buckets O(m + nlog C) 869.23
Label Correcting Algorithm for SSSP

BFM?2) naive Bellman-Ford-Moore algorithm O(nm) 3050.17
Ds'®) A-stepping algorithm O(dn) 1244.08
Label Correcting Algorithm for MSSP (3 = 128 sources)

MSLC®) multi-source label correcting algorithm — O(Bmlogn) 118.02

4. SIEROXTVHEEBEZERULILHMENLAL v RAFIHEFE

NETAL &, RAEH & PN T 2, ~RINEFIEEO X ) BEEEE 2 ER- L 7%
e ALy FIFIGFEZTS. b2 Dk APSP 1T % 3 FHOMM n-BFS,
n-Dijkstra, n/3-MSLC T, n-BFS & n-Dijkstra (355 n 253 E] L 72 multipathBFS
& multipathSSSP %, n/B-MSLC F n/8 fHIc2EI L 72 8 I5sD distanceMSSP %, %
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NFNNFEIFT 2. AT, n-BFS, n-Dijkstra # @l et ORI 2 329 % .
FIRHROBRICIZ, ok OSEATIIZE 2-HEAPY OBEICHZ, NUMA 7—% 7 7 F v 2 Z&
LT, HALy F2K 70y P eEa—A VAT Y ICHEET % affinity REZITWVAL ¥
FEO@EROMEEE X2 SROKE LT 7.

4.1 HERERERZEBULLEEL

2-HEAP 5P EIRER 2 558 L 72 @3 bk 217> % SSSP 12X 4 % binary heap
Dijkstra’s algorithm T& %. FHEMEEIRER OMEZ2IC & 2 HERIK T O H & % M RE ST I
T, EFIFEAT IR 2 B L 72 mBU b2 T o 7. EFEO 7 uk v Y0 X ) B 30
LS a7RIOEMIZ—ETIERwd, WIFTRO AL v FOBAIC & 2 EBET
ETH 5. 2-way Xeon X5460 (X 2) IZBWTH, £3 7D RAM F TOREMIE—E
TH20DD, 27 HIFEEEEIR E WIHIC “(same processor)
different L2 caches”, “(same processor) same L2 cache” & 7% 3 &EDELET %
(K 3). Xeon X5460 TIEAEYNAZILEL T 3780, BRI (sequential) &

Z, “different processors”,

shared L2 cache 4-cores Xeon/x5460

Sl 5
=1

different processors
P

Ssame processor,/—El I:l

processorZ]
coredy

RAM RAM

B 2 2-way Xeon X5460
Fig.2 2-way Xeon X5460

B 8 2-way Xeon X5460 O 2 27
Fig.3 two-core combination of 2-way Xeon X5460

| different processors 12 & % 2 WiFKficid 3 7 & RAM ORISR 2245 &
7% %. %7, different L2 caches (& different processors 12T 7' 1t v N T OHHS
ME 2SI L 7 5. X 51T same L2 cache &, different L2 caches IR THAF L
72 L2 cache @9 b5y DI, WL HHTE L. 2ok 5, 7ty O
MED EHE T 2EEEEROEFEIKRE & 5106, BIFEROMZEIC L ) MERRE T 23
FHINDG. DF FIHREEREROBRIC KL 2K T 285 T2 2 LIk > T, B
BEOR MLy VEF2REERIT) ZEBTES (£ 4). ZOTAETIESE2 7O

|:| |:| different L2 caChES\D E\ same processor,
L2 cache
[ ] [] = =™
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x4 GTEEEIRAIC K 2 X BV REMEICE T 2R P vy 7T
Table 4 Bottleneck analysis of the memory hierarchy by considering the rate of performance
reduction due to simultaneous execution

bottleneck different processors  different L2 caches same L2 cache
processor < RAM bandwidth down down down
processor inside bandwidth - down down
L2 cache sharing - - down

Arithmetic performance - - -

G L CTR—OBRFT I 0 T L& FIRICEST LIEREHIIZ1T 9 23, —FD 7 ak R
FoTHxryva FIKREINAT—5%2b 9 —HO7u ANHAMATL I LidRVWI L
ICHEEINL, #5103, F3THRLE7ZLITY X L0RBETHOMRETH D, Thix D
2-HEAP 133 (FATR D) oA (HIRERBG NS W) THhL I LE2RL
TWw3%. %72, bucket F7)L3Y X L1E, heap RT3 Y X L& R CEEBEERICNT
ZHRDEE L <, WA DBEMIHE VG EERER T ORI FEI NG, £ 6 1FEHEFY F7—
202092 2-HEAP DAL v PSR L2 L0 bDTH S, 2-HEAP 1, 4 WSl
RFI2iE “same L2 cache” # [0l L AN 2 BERIE LT THDOD, 8 WHIKFTIX “same L2
cache” IZ X Bt HEHEEROBEAIC L D IROE T MR I NS, ZU3FE 5 OFEHR & —5
L, ﬁ‘dﬁ%*ﬁﬂﬁk X DAHIPERERE D B D ST ECH L T LR LTV 5.

£ 5 2-way Xeon X5460 ® 2 a PRIETIC X 2 5HRBZRS AT (CPU time (8), HEREHE (%))
Table 5 Computational results (CPU time in seconds and performance ratio %) for simultaneous
tests using two processor cores on a 2-way Xeon X5460

sequential  different processors different L2 caches same L2 cache

2-HEAP?Y 5.34 (+ 0.00%) 5.44 (-1.93%) 5.62 (- 5.05%)  6.63 (-18.94%)
DIKH(k =4)  7.23 (+ 0.00%) 7.26 (-0.41%) 7.59 (- 4.74%)  8.79 (-17.75%)
DIKF 15.95 (£ 0.00%) 16.09 (-0.87%) 16.56 (- 3.68%)  18.17 (-12.22%)
DIKB 4.38 (4 0.00%) 4.54 (-3.52%) 5.01 (-12.58%)  6.38 (-31.35%)
DIKBD 4.65 (+ 0.00%) 4.88 (-4.71%) 5.25 (-11.43%)  6.64 (-29.97%)
MLB 5.69 (+ 0.00%) 5.85 (-2.74%) 6.17 (- 7.78%)  7.73 (-26.39%)
DS 11.74 (£ 0.00%) 12.06 (-2.66%) 12.55 (- 6.41%)  16.49 (-28.76%)

4.2 NUMA 7—F77FvZ2ERULLT-SEROYE
D7ty 7 —% 77 F viE, Xeon X5460 (¥ 2) D & 9 7% UMA (Uniform Mem-
ory Access) 75 NUMA (Non-Uniform Memory Access) %47 L T\w»%. NUMA 7 —
*¥7 79 v TdHs 12-core Opteron 6174 (X 4) Tl&, 37 T LT L2 cache 73,6 27
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£ 6 2-way Xeon X5460 I8} 2% SSSP 2 $ 230516 (CPU time (%), Mg B3 x € Hki)
Table 6 Parallel performance (CPU time in seconds, speedup ratio, and memory requirement) of
SSSP on a 2-way Xeon X5460
USA-road-d.NY.gr
(n = 264K, m = 734K)
CPU time (speedup) MB

USA-road-d.USA.gr
(n = 24M, m = 58M)
CPU time (speedup) GB

2 HEAP (sequential) 35.69 (x 1.00) 10.70 5300.8 (x 1.00) 0.90
2-HEAP (2 threads) 18.02 (x 1.98) 14.80 2734.4 (x 1.94) 1.27
2-HEAP (4 threads) 8.94 (x 3.99) 22.99 1451.3 (x 3.65) 2.00
2-HEAP (8 threads) 4.85 (x 7.36) 39.38 1031.7 (x 5.14) 3.46

MLB (sequential) 41.53 25.32 5873.0 2.17

TICHAD L3 cache BENZNMIEL T 5. 70ty FICEBEER I LT % RAM
(local memory) &, fiid 7’04 v 4 FIZEHE L TV % RAM (remote memory) D3MFE{ES %
720, K70y Y a7 s RAM OFMEIR% %, remote memory ~D 7 74 Al1x HT
(Hyper Transport) THEE I N7z 70k v $REHTH 5 720 THIC L 2R T 2P S
N3, ZOXITNUMA 7—FF27F ¥ TiE, a7 L XY OlfE» EZRR L 780 2% 3HE
FBEROHIRVPEETH 2 DD, BHED OS IZIFME L a7 DEI Y %217 ) gL 2  E
BHIMLE SN TWDS,. % 2T n-BFS, n-Dijkstra, n/8-MSLC TiZ, 2-HEAP DEURIC

processor core & L2 cache

—do:on Oo:00[ -
ravT||ODO:OO|| || OO O0||[rAM
— |l O0:00O OO0 f-
| |
—noo:oo oo:o0[
RAM |00 OO|| || o000 | = ram
—loo:oo o000 f-

shared L3 cache 12-cores Opteron 6174

4 NUMA 7—%77F ¥ 4-way Opteron 6174
Fig.4 NUMA architecture 4-way Opteron 6174

Mz T, @Y R&EA LYy FE7uky 3 RAM Z2[EET 2 affinity & Z {7\ o )k
ZfTo7. 22T, a7 s RAM 2B 2 affinity &% TISA Y RULEOTZEH < )X
AVRE ERTILICTE. ZORER, AV FNBICT 7778 (b L IFEE) 21
BL, AN Y FENta7hoSBT2L)ICHETS. K51348x1, X613 6x8D
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affinity EZRXL T35, a7 L ALY FORIEIZIE set_sched_affinity B Z 7.
#17,8,9 1%, USA-road-d.NY.gr (n = 264K, m = 734K) IZX7 % Affinity D APSP

GrapPData
oooo oooo=LE] c ogy
00:00||-||00:00||=~m~ ram = | I O
ooion oooolM 6 J—HO0;
| >< [
0000 oo;oO() CIC
rev—l|OO:OO||~||OD:0O Ram—f | IO
o000 ooiool miw)j

CPU/Memory‘/ affinity
6 4-way Opteron 6174 IZ B % 6 x 8
affinity #& (best)
Fig.6 6 x 8 affinity (best) on a 4-way
Opteron 6174

T
T
CPU/Memor\y affinity Graph Data

5 4-way Opteron 6174 IZEI172% 48 x 1
affinity B (worst)
Fig.5 48 x 1 affinity (worst) on a 4-way
Opteron 6174

DFEFTHHE (1 AL v R 5 OtkfgR ), TEPS f, i X € &%, n-BFS, n-Dijkstra,
n/B-MSLC(B=32) HHCE L Db DTHE. WTFNDFIITE W TH, local memory %
HEL/a72 4V FT% 6x8 D affinity SXED KD HHED . Opteron 6174 T
13 L3 cache ZHE L7 6 a7HICATY NADBEH L T30 THS. —J, remote
memory IZHEICT 7 & AT % affinity i (48 x 1) &, REZTDRVEAS & LR
PELLTLEI. 2Dk, #Y)7% affinity EIC X > TR AR EZ T T5L,
MolBEIC X DERBETICOERL 2T UER 54\, 6 x 8 D affinity REZ{To 7z 48
ALy FIFIGHRIZE VT, n-BFS 1% 46.21 %, n-Dijkstra % 43.6 {5, n/8-MSLC(8 = 32)
1 36.7 fF DEBEIRBE SN, Fio, FTIRHOSHE F L ORI 7LD, #Y) 7%
BT FATRR OB IR S 2 Z L DR S Nz, WY R iE (best) 1EHE THEITH
MIOLE L, o 7o E (worst) 1IMEHCEITRH O AN LE L %5 5.

4.3 MSLC &8I 2HABOBIEE S BEX 1 —IcAVWSEEE

n/B-MSLC 1F I IASE B DAL & B ¥ 2 — DEIE k(v)(v e V) 12k > THREDS
WHET 2. n/B-MSLC TIRIRREGD 8 DS NVHO T — Y P NE L %5 57,
FEPKEWHAEA T ERBICL > TREDHEREZH T I LN TELVAREIE Z 51
3. R E BT 2 — DBEEIC X B n/B-MSLC OM:REE £ L ® 723 10 1%, Fox DI
TITHEIEME 8 = 32 L/hE <, 64bit BHEHITIHEL TR0 X WBBEOKRER T 7 7~D
MIGDFRETH 2 T 2T L TV 5. —FF, AT ONNED FEEIL, WIEEDY 3 = 128 &
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&R 7 APSP (USA-road-d.NY.gr) (CXT % n-BFS Oilfi4thfE (CPU time (#), TEPS, * € xRkt (MB)) & 9 APSP (USA-road-d.NY.gr) %9 % n/B-MSLC(B = 32) Ol (CPU time (#), TEPS, X €
Table 7 Parallel performance (CPU time in seconds, TEPS ratio, and memory space in Mbytes) of Y k& (MB))
n-BFS for APSP (USA-road-d.NY.gr) on a 4-way Opteron 6714 Table 9 Parallel performance (CPU time in seconds, TEPS ratio, and memory space in Mbytes) of
affinity CPU time (speedup ratio) MTEPS MB n/B-MSLC(8 = 32) for APSP (USA-road-d.NY.gr) on a 4-way Opteron 6714
sequential default 9449.8 (x 1.0) 20.5 53.1 affinity ~ CPU time (speedup ratio) MTEPS MB
default 821.4 (x11.5) 236.2 292.2 sequential default 1584.4 (x 1.0) 122.4 109.8
12 threads 12 x1 810.4 (x11.7) 239.4 292.2 default 159.2 (x10.0) 1218.5 1036.6
{1,2} x 8 648.1 (x14.6) 299.3 398.8 12 threads 12 x 1 170.7 (x 9.2) 1136.6  1036.6
default 426.1 (x22.2) 387.8  553.0 {1,2} x 8 135.6 (x11.7) 1430.9 1143.2
24 threads 24 x 1 500.2 (x18.9) 387.8 553.0 default 80.2 (x19.8) 2418.6  2047.6
3x8 353.1 (x26.8) 549.4 659.6 24 threads 24 x1 94.1 (x16.8) 2060.8  2047.6
default 346.2 (x27.3) 560.3 1074.6 3 x8 73.6 (x21.5) 2634.0 2154.2
48 threads 48 x 1 343.1 (x27.5) 565.4  1074.6 default 51.1 (x31.0) 3799.9  4069.7
6x8 204.5 (x46.2) 948.6  1181.2 48 threads 48 x1 51.0 (x31.1) 3805.6  4069.7
6 %8 44.4 (x35.7) 4372.5 4176.3
= 8 APSP (USA-road-d.NY.gr) \ZX9 % n-Dijkstra OiFI1:AE (CPU time (#), TEPS, X €Y kit
(MB))
Table 8 Parallel performance (CPU time in seconds, TEPS ratio, and memory space in Mbytes) of 650
n-Dijkstra for APSP (USA-road-d.NY.gr) on a 4-way Opteron 6714 600 /\ /\
affinity CPU time (speedup ratio) MTEPS MB :zz P /.:\ >
sequential  default 17915.8 (x 1.0) 10.8 53.1 e T o e i
default 1804.7 (x 9.9) 107.5 2922 IS i i S S S S S
12 threads 12 x1 1613.8 (x11.1) 120.2 292.2 2 350
{1,2} x 8 1444.5 (x12.4) 134.3 3988 2 300 {%Yg@iﬁy}w@m =N =N |
default 875.1 (x20.5) 221.7 553.0 § 250
24 threads 24 x 1 910.6 (x19.7) 213.0 553.0 O 200 - R-E_E-N0N-N N BB -
3x8 776.7 (x23.1) 249.8 659.6 150
default 517.2 (x34.6) 375.0 553.0 100
48 threads 48 x 1 549.6 (x32.6) 353.0 1074.6 50 rErre -y ¥ Py
6% 8 411.2 (x43.6) 4717 1181.2 0T c " s 2 e p~
trials
n-BFS (best) —@— n-BFS —5— n-BFS (worst) —=—
n-SSSP (best) —o— n-SSSPp —e— n-SSSP (worst) —e—
KE A2 ) FREITHT 2 BRI L W 2 &, 32bit IFENECTEZ FRIT L TV 2 2 o ff rFMSSE (best MPMSSE e nPMSSP (worst) T

7 4-way Opteron 6174 ICE 7% APSP (USA-road-d.NY.gr) OFHITiRfH
Fig.7 CPU time for APSP (USA-road-d.NY.gr) on a 4-way Opteron 6174

ERRMEL TR H 5 2 L, R EVET o IEIER 7 7 LTORTPEETSH 3.
E 7, BOEF o — TV BB, JeATHIZE L FIRE, & v BT 20658 s € Vs T L DR

7~V d(s,v) D/AMEZERMNT 5 PQ-min k(v) = min {d(s,v)|s € Vs} 23D K>, 5. H{EEER

T4 D 3 FFEDESE: n-BFS, n-Dijkstra, n/3-MSLC % i\ >7z, APSP & dulEEI&IC
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% 10 4-way Opteron 6174 I8} % USA-road-d.NY.gr O APSP @ n/3-MSLC <L F AL v FiltHIcE
\F % BRI & 3 D TEIEAE
Table 10 Parallel performance (CPU time in seconds) of priority queue strategy for the n/3-MSLC
multithreaded computation of APSP (USA-road-d.NY.gr) and the appropriate value of the
source parameter 3 for a 4-way Opteron 6174

strategy priority queue key k(v) (v € V) B =16 B =32 B =48
PQ_min k(v) = min{d(s,v)|s € Vs} 534 s 44.4 s 44.6 s
PQ-max  k(v) = max {d(s,v)|d(s,v) # o0,s € Vg} 59.2 s 56.4 s 60.9 s
PQ.avg k(v) = ZSEVS,d(s,v);éoo d(s,v) 801.9s 1241.1s 1477.1s

M9 2 BRI & 2 PRI 21T . A DEEITVTNRY C ST 64bit BHI % H
WTHEELTw S, HEFERICHI L 72553 4-way Opteron 6174 2.2 GHz (12 cores
x 4), 256 GB ® RAM T, #4#k OS IF Fedora 15 64bit, C 3 ¥ /54 71 GCC 4.6.0
Th 5. APSP 1T 2 FEEGREE (£ 12) & POEFHRIC T 2 RS E (38 13) K8
32 * BPE LT =7 I3HEEMTH 5. FEBRICH W77 74 v A% A%, 9th DI-
MACS™ OXNRTH 238H %Y F 7—72, SNAP Project'® TABSN TV 24 a2y
k77—, SSCA#2 THEBREINB AT 2y b 7—222 TH 3. web-BerkStan, web-Google,
Wiki-Talk, cit-Patents \CW§ 2 B R ERE diam(G) = max dg(s,t) (BeRIZHEL 7
V) ZRDDLZEITRI L. BEEBTHH L AFEE2E 11 IcE 0 5.

5.1 £WLHREHE (APSP)

EREDSKE Ly b7 — 27 LIERIVNE RFER Y T — 71T 5 APSP DR
ERI12ICFLDD. WTNDA Y AY Y ARK LT, Fox OFEEIIPAEDOFE & R T
oM % R L C\»5. USA-road—-d.NY.gr Tl MLB & AT n-Dijkstra (& 32.3
fif, n/B-MSLC (8 = 32) Tl 298.7 f5DMREMSMEA I NS . DI T3 %y A
P OBEM O REREEZMNELE 5, &2KEKTY 7 — 27 TH % USA-road-d.USA.gr %
n/B-MSLC (8 = 16) \ZHIvT 7.75 H T, Live-Journal DY —> ¥ V% v b7 —7TH 5%
soc-LiveJournall % n/B-MSLC (8 = 32) ZHl\»T 2.78 HT, ZNZ 1% 2Nk
HEREZ RO L Z LI L.

5.2 FDMEER

# 13 1%, A DFEHE n-BFS & n-Dijkstra (BAMNFLME) % H v 2 B8
closeness, graph, stress, betweenness DalHIEBE L, MRHT 7 4 75 Y TH % GraphCT I

Vol.2011-ARC-197 No.21
Vol.2011-HPC-132 No.21
2011/11/29

R 11 SR L POPERHE IS S Sk

Table 11 Implementations for APSP and centrality computation

shortest paths

algorithm .
centrality

computation

NETAL (this paper)

n-BFS breadth-first search (BFS) multipathBFS xn parallel

o, n-Dijkstra Dijkstra with binary heap multipathSSSP xn parallel

g n/B-MSLC multi-source label correcting distanceMSSP xn/3 parallel

< other implementations
LS»BFS17) level-synchronized parallel BFS singlepathBFS Xn sequential
MLB3) Dijkstra with multi-level buckets singlepathSSSP xn sequential
DS]‘8> A-stepping algorithm distanceSSSP xn sequential
NETAL (this paper)

N n-BFS breadth-first search (BFS) Cec,Cq,Cs,CpR parallel

% n-Dijkstra Dijkstra with binary heap Cc,Cq,Cs,Cp parallel

be] (weighted)

5 other implementations

0 GraphCT23) Level-synchronized parallel BFS Cp sequential
SSCA#224) Level-synchronized parallel BFS Cp parallel

£ 12 4-way Opteron 6174 12} % APSP IS 2 HfHFEEE (CPU time, TEPS ff)
Table 12 Computational results (CPU time and TEPS ratio) of APSP on 4-way Opteron 6174
USA-road-d.NY.gr USA-road-d.LKS.gr USA-road-d.USA.gr

n = 264K n =276 M n = 24.0M
m = 734K m = 6.89M m = 58.3M
diam = 720 diam = 4127 diam = 8352
n-BFS 3.41 min 10.54 hours * 70 days
n-Dijkstra 6.85 min 15.45 hours * 99 days
n/B-MSLC (8 = 16) 0.89 min 1.69 hours 7.75 days
n/B-MSLC (8 = 32) 0.74 min 1.43 hours memory over
LS-BFS * 55 min * 126 hours * 557 days
MLB * 221 min * 430 hours * 1774 days
DS (A =0.1) * 365 min * 695 hours * 3351 days
web-BerkStan web-Google Wiki-Talk cit-Patents soc-LiveJournall
n = 685K n = 876 K n = 2.39M n = 3.78 M n = 4.85M
m = 7.60M m = 5.12M m = 5.02M m = 16.52M m = 68.99M
diam = 714 diam = 51 diam = 11 diam = 24 diam = 18%
n-BFS 23.10 min 77.35 min 53.74 min 93.38 min *7.51 days
n-Dijkstra 44.83 min 108.23 min 76.61 min 188.44 min * 9.63 days
n/B-MSLC (8 = 32) 9.69 min 33.63 min 37.88 min 121.65 min 2.78 days
LS-BFS * 621 min * 1998 min * 621 min * 569 min * 113.1 days
MLB * 1847 min * 1946 min * 1847 min * 1940 min * 103.4 days
DS (A = 10.0) * 957 min * 6904 min * 3573 min * 15096 min * 288.6 days

* estimated value

B2 betweenness DEtEMEREE £ £ 0 5. £ BB CIIEE 25T ERLE & TEPS %,
TEBCIXEFRF DR 7 =4 X (sp) EHFOMEEHT 7 =4 X (up) WD 2EEERL
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T3, Hx DFE n-BFS ® n-Dijkstra 13 GraphCT IZHARTWTFRDA Y A ¥ v AU
N LUTHEAEU LoMaEZ R L T b, b FETRHZ 03 E T % USA-road-d.LKS.gr
Tld, GraphCT % A\>T 20.6 HH2%> 251523, n-BFS % n-Dijkstra Ti3 1 H TR
BT T 3. ZDEE GraphCT 2R T n-BFS TliZ 25.5 %, n-Dijkstra Tld 21.6 %
DOUHEE D, EHIC £ 14 12 SSCA#2 Lot %E L 2. RAFHETOLBED O
I, SSCA#2 34§ % SCALE24 ® R-MAT 75 7 (n = 2594LE m = 8n) (AL,
SSCA#2 M7 ¥ %> 7)) v IR L7z 256 iz L 7. GraphCT (A L 7
7 — % B (32bit BH) OHFAEZEHZ TLEY, TF7—THRTLTLE>7%. AL vy Rl
BUTHE L 72 SSCA#2 & IR T4 DL, n-BFS Tl 3.8 £, n-Dijkstra Tl& 2.4 &
DIEREZT LT3,
% 13 4-way Opteron 6174 2B} % 9thDIMACS/SNAP 129 2 hLEE IO HE (CPU time, TEPS

fiti, #HB 7 = 4 X (sp) LEH7 24 X (up) DEE)

Table 13 Computational results (CPU time, TEPS ratio, and the ratio of the shortest-path phase(sp)
and update phase(up)) of centrality for 9thDIMACS/SNAP instances on 4-way Opteron

6174

instance n-BFS n-Dijkstra GraphCT
(Cc,Cq,Cs,Cp)  (weighted Co, Cq,Cs,CR) (CB)

USA-road-d.NY.gr 0.11 h (0.474 GTEPS) 0.17 h (0.312 GTEPS) *3.66 h

n = 264K, m = 734K sp: 49.50 %, up: 50.07 % sp: 67.66 %, up: 32.06 %

web-BerkStan 0.66 h (2.208 GTEPS) 1.05 h (1.381 GTEPS) *17.99 h

n = 685K, m = 7.60M sp: 60.33 %, up: 39.51 % sp: 71.83 %, up: 28.07 %

web-Google 2.15 h (0.578 GTEPS) 2.70 h (0.462 GTEPS) *52.97 h

n = 876K, m = 5.12M sp: 60.61 %, up: 39.34 % sp: 68.04 %, up: 31.92 %

Wiki-Talk 2.05 h (1.631 GTEPS) 2.57 h (1.297 GTEPS) *22.10h

n =2.39M,m = 5.02M sp: 42.15 %, up: 57.75 % sp: 51.93 %, up: 47.98 %

USA-road-d.LKS.gr 19.35 h (0.273 GTEPS) 22.84 h (0.231 GTEPS) *493.77 h

n =2.76M,m = 6.89M sp: 54.52 %, up: 45.46 % sp: 69.48 %, up: 30.50 %

cit-Patents 1.87 h (9.243 GTEPS) 2.52 h (6.865 GTEPS) *23.61h

n = 3.78M,m = 16.52M

sp: 27.11 %, up: 72.68 %

sp: 39.65 %, up: 60.20 %

(%), TEPS fif)

*

estimated value

& 14 R-MAT graph (SCALE24) Ic&1} % LRI (256 #i) @ Opteron 6714 W4I1ERE (CPU time

Table 14 Opteron 6714 parallel performance (CPU time in seconds and TEPS ratio) of centrality
computation (256-random-sampling) on R-MAT graph (SCALE24).

instance n-BFS n-Dijkstra GraphCT SSCA#2

(Cc,Cg,Cs,Cp)  (weighted C¢, C,Cs,CR) (CB) (CB)
R-MAT graph 163.0 seconds 260.5 seconds orror 620.0 seconds
n =224 m =227 210.8 MTEPS 131.9 MTEPS 48.5 MTEPS
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6. XLHLSERDRE

BEDOFTRMSIRETIE 2 7HOMRK E X B VHERRICK D, TNETEIIHKICR S R VHL
BOREZ TS T L WFRRIC R > T 5. S50 % 251K X € ) BEERGE D % RERE1t -
BRI PRI N CE D, B & FBROMmHITE ZZ58 L 72 WEsimo CHEETH S L HEXT
W3, 22T, RN RS LRE T H 2 R ITRE IR U T, — i 2 3 SRR
T#®H 5 4-way Opteron6174 L TOFRMERZ R LA TI AL v FIiFIZREL,
NETAL (NETwork Analysis Library) 74 77V & L THEEL 7z, A2 NETAL I, §i
PRI X G 2R E Lis\v, 2T oK% )19 % n-BFS, n-Dijkstra(EA %%
&), REMEEZFHRT S n/8-MSLC(EAZERE) TREINS. AL v FIiFlEHEORE,
NUMA 7—=%727F v D a7 & RAM OxHEE L 7z affinity EZITV, SHEEEIRE
ROMZE % AN L /2. USA-road-d.NY.gr (n = 264M,m = T83K) X9 % &N Rk
METE, REREL 44.4 ¥ (n/B8-MSLC), HiR%2ZIE L Wik %z 204.5 B (n-BFS),
HR%ZE L kil % 411.2 B (n-Dijkstra) & @Ik, 22 35.7 %, 46.2 5,
43.8 fEDEEINIEDFRE S 117z, n-Dijkstra & n/B-MSLC &, 9th DIMACS £ IR5%: & [k
NT 32.3 5 & 298.7 {5 DMERE, A-stepping & LERT 53.3 5 & 493.24 fEDOHREZ R L T
5. Fio, BATIHECIEBEERINEL L § 5 USA-road-d.USA.gr (n = 24.0M,m = 58.3M)
IR 2 e aRmEEEE 7.75 H (s H 72D 1167 7/ B) TR T2 2 LiglyL
7z, E 5T, USA-road-d.LKS.gr (n = 2.76M,m = 6.89M) X9 % b EiHRICE »
T, {709 GraphCT (21 HIH) I2HR n-BFS T 25.5 fif (19.4 Ifl#]), n-Dijkstra T
21.6 fif (22.8 R§fH) DML % MER L 2. F72 SSCA#2 12X L n-BFS T 3.8 fi%, n-Dijkstra
T 24 f5OMREMER L 7. 51 A DFELETIIEEDOHLIE closeness, graph, stress,
betweenness % FAIRFHIZI > T 5720, betweenness DA% GIH T % GraphCT ® SSCA#2
&Ll U GEA#EIBEDYA . B, 4-way Opteron6174 PAFD NUMA 7—% 77 Fx 7
Oty VE AT A EEERENICT L CHDEATRETH 2. 2 O, FED affinity SEIC
X RN CE 2. F o, REKE TR LR R D QSN U 7 FRTE % ]
BHHET 2 2 ENERIND, Kia 72 ) X2 LB TE 5. Fiot IZ8H
%79 7N F o3, KBS ER 2 & OZEFI 7 TS0 2 BRI R - SOlE
file 27 L OMEZHEL TS, 20X )RS AT LTS 3 FEHEICEFRTbNS
F—=Z IR L RIS 2 2 BRI NS 0, Hi BN E 55 EE LD,

B AT O—IBIS R AEAMHREERE (JST) OHISIADEITZEHEESRSRE TCREST, (<
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