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Q-3 HPCG 72 F%{T on

RIMEN  « computer

o O—KIIAsIsTDEX

— JelELRAFINDIIHEL T—EBDEHDEELEE

— Geometry.hppH dDtypedefEnTL\SE ZintHblong longlCZEE
« MakeAix

— QUICKSTART.TXTIC®ESTETT
o TAMEE

— TI7A4ILRD104X104%X104=112R8i=/7O0R%EFH

— AERDOCGEYVRUBRIZILSE (%31 BE 5 THSO0E)
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Q-3 Y 4 =9 R — VAR -

RIMEN  « computer

100000
18 L BR(ZS0H
CGETREILSEICEE 15222GFLOPS (0.36%)
10000 | RAFITHHTL>—HMEBORELE o
9835GFLOPS (0.23%)
g 1000
R
o —— AU TRE
3 100 —=—JO7743
s e e Ideal
85132768 FID4096/T
H GFLOPSf&IZ
40541%F (R FHER) BIRZE (& ES
’ 404015 (FO7743) 98%
8 32 128 512 2048 8192 32768
2L v K/70%2 . SET
 8iltiF/M532768FNE T FI =z A E RYFHBETOT7A5ET.S
s XFHER HPCGa—FEHTHEEL/I(EHTS) GFLOPS(E |EEEDZENHD
« JO7745  TAT7A5EFALTEELUL GFLOPS(E J e
+ 32768UIE TOMEATAY—s Ry — )V thEIRYg [ SERREAOZEARO
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ﬂé; AE@O7A7 745 EDEVICOVWT

RIKEN  « computer

TA77A S TOZE NI =RRE

« AERETRETLIZFNEREREETO AV IR
- REFLIEROZHNBSREBEELLTHYL
HPCGTDZEN /NI R E

- HERNICLETEREDIS EERLDODHZEHADH
LTHEY, ERL TS HDHHD

-X=CG(A, b, %,, £ max) —X =SYMGS(A, b, X)D itk /L— 7
SPMVQ o for(i=0; i<fT#; i++){
WAXPBY () i e
DotProduct =vacihv>hd2L3kmo1 for(J=0; j<nz[i]; j++){
for(k=1; k<max && !conv; k++){ col = A.mtxIndL[i][]j]
MG novbs% sum -= val[j] * x[col];
DotProduct() [ }
WAXPBY () AR D sum += x[i] * Diag[i];
SPMVQ) sum = sum / Diag[i];
b HYURLEL
ks
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Q3. BEOHEE(L :

RIKEN  « computer

3.5%
Axdx4 ( 3 e gy

2.5% ~r< —
% BIE BB TI6RZE
1 2.0% ¢
L
R ok ——BEEEIE
® '2 950 ——Allreduce

XZX

1.0%

0.5%

KITEOTOEREIEEILGenerateGeometry T
00% | REUILIRTRARICEDEE | |

8 32 128 512 2048 8192
3t 51 ¥ (75 #4)

3B

o 7A7745TEHBIL/ZMPIOIR D, 3R MEEER
« BIEDIARMDEIGIF,S12HF L ETEY FoTETHY, G5 6NIEE
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Q3. HPCGIZ k #1F

RIMEN  « computer

B ComputeSYMGS_ref 54 - 103

B ComputeSPMV_ref 59 - 70

W ExchangeHalo 33 - 109
ExchangeHalo_ref 59-70 B ComputeDotProduct_ref 46 - 79
® ComputeWAXPBY_ref 53 - 55

28_58% 61 64‘7 B ComputeDotProduct_ref 61 - 63
. . 0 -
ComputeSPMV_ref 59-70 ComputesYMGs, ref 54-103 ComputeRestriction_ref 49 - 51
® ComputeDotProduct_ref 56 - 58
ComputeProlongation_ref 46 - 49
¥ ComputeMG_ref 39 - 63

m T Ot
819215 D H D (L H IFIFHE L)
o TA77ASTIHRRL/ZCCHTHEEAFHEZNDIARM
o F{I14DTI8WLL L% HHB(Allreduce, Isend, Irecv, WaitZ&15)
o Fa—ZUJI3ETEMAMEEDH L
ComputeSYMGS&EComputeSPMVASEERIC
L 0uEsREsENTA— 3L

Q-3 BEEEF 21—y

RIMEN  « computer

XEYRIERDESRL

X EUMEREEY — X TIDRITORRZRET DB
for(int i=0; i<nrow; ++i){ TEICnewsc N TWBDT, XEY L
matrixValues[i] new double[27];

mtxIndL[i] = new int[27]; | THRERRICE>TWS

XE ZEfHE AmtxindL[nrow-1] A.mtxIndL[0]

A.matrixValues[0] - - - .

A.matrixValues[nrow-1]

A.matrixValues[1]

A.mtxindL[1]
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R4

HiFtgEFa—=—>7

RIMEN  « computer

X REDERL
A EYREREY —A

double* tmpl
double* tmp2

new double[nrow * 27];
new int[nrow * 27];

AEUERZ—ELTITL, RITOD
BWIERT DX DICEE

for(int i=0; i<nrow; ++i){
matrixValues[i] = &(tmpl[i*27]);

mexIndL[i] = &(Etmp2[i*27]); VNSRS =3 RSV AN AN

— X T ZEfH

A.matrixValues[0] A.matrixValues[1] A.matrixValues[nrow-1]

A.mtxIndL[0] A.mtxIndL[1]

A.mtxindL[nrow-1]
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R4

HiFEgEFa—=—>7

RIMEN  k compuier
.--.SEMV XEURIL L2 RI)L—7 LID SAK (2 =K
T-x RAEE —Jvh D2 NI V= B S O 4(¢= B
(sec) (GB/sec) (GB/sec) #) )
As Is 7.429 25.99 25.72 9.99% 0.56%
Bk 3.137 48.28 55.88 4.88% 4.13%
SPMVEE 1T H R CGO)MoEEME(LNSBSPMVIZDINVT,

As s

EHL

A3F

Time [s]

8.0

87O0tX, 8AL v R/7OLXR
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XCGM SIFIEN D H D DR #MGLUT DSPMV,SYMGSE D &5t
16.26FLOPSTMV AL EMG
8.0 1.58% 350.0 2.3GFLOPS
70 -~ 300.0
60 1 250.0
=50 - —_
Sa0 4 39.16r10ps g 2000
£30 | 3.82% £ 1500
20 | 100.0
10 - 50.0
0.0 - 0.0
As Is E+RIA M As Is E+REAM
TOTAL * HPCGEEMAEL/RETEHT—ohoik#L
350.0 2'6GFL?PS =bD
3000 o SPMVOEECG()MMSMIEIEN D5 DA DEFE
250.0 o FIALIEMGIZSPMV,SYMGSE 2% & ¢ B
%200.0 —
£ 1500 - acno « 2EDEEAF1—= U EIFTI.2ED
1000 1 = EERENBONI
200 7 .« FTIHDAEVRE D=L
0.0 - . « SYMGSMBAKIL—FTDIIN—THEDRER
As Is E+RE A
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BEDVILFAL Y R{E

Rl s 1&=
mSERIAL ComputeSYMGS_ref 93 - 96

m0penMP ComputeSPMV_ref 67 - 68
mSERIAL ComputeSYMGS_ref 74 - 77

RINEH  « compuier

29.02 % = SERIAL ComputeSYNGS_ref 86 — 100
S S =SERIAL ComputeSYMGS_ref 67 - 80
mSERIAL ExchangeHalo 88 — 91
25.35 % =OpenMP ComputeSPHV_ref 61 - 70
Compug‘f_‘;’;ﬂGS_fEf mSERIAL ExchangeHalo 100 - 104
26.49 % OpenMP ComputeWAXPBY_ref 55 - 55
Compug;?ePg/l V_ref u0penMP ComputeDotProduct_ref 63 - 63
@ Z0Hh

o 7O77ASTHRMULEREFHZDIN—TRAADOIRMEE
« ComputeSYMGSDIIL—F (IR ILF AV YR EENTESTZERTHE

@

« ZZTIFComputeSYMGSD<ILFRLyR{LZEE
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RIMEN  « computer

SYMGS[FXMFRITIICDONWTHDR - HATIViEZERLIERIVF Iy
RALEZ1TD.
HIR - HFAFIik ax"" =~

i—1 n
(m+1) _ 2 (m)
a;x; ax;" + k ;
j=1 j=l+1

(m+1) DR EBZ=HIC(M+ 1) HEDOT=A1TIZEERLTWAH
L ZADFE).

(@AVIFIL (c)RED-BLACK2&AZ—UVYJ

- SRR
- StHIERF

(R1—TEF)
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ﬂéx 735_') yﬁ b

RIMEN  « computer

XYZ& R RDBEVEFDHZERFFICSIRT 52725
AT VNIEDT,8EBLE

for(int 1=0; i1<nrow; i1++){

=RIL—F
3 SYMGSD AL —F

HAS5—ZRBETHMIIL—TEMTIEL

for(int ic=0; i<8; ic++){

VALY ZADBIEWNDTT AL IT 47
BATIESIME
#pragma omp parallel for
for(int i=st; i<=ed ++){
=RIL—T

}

}

Spioy Aei

HBIEFZEELAS—BICAEBYTHLET
it FI{E A AT REIC
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RIMEN  « computer

HABIEFOZEEICHONAEY L TOBEEDHITVAEVT7 /R ZEE L

4= LN E
115 D1 fiE8 CT T T 110 27@dDdouble
HE= 11100 27{E Dint
X 2 T
{ THDEHR | 1ﬁ.'| 217 |3ﬁ | a7 | st7 | ef7 | 747 | 8%7 | of7 | 1077 | oo [N-277 ] NAT |
l, HZ—=UvT
XEY 2/
{ T DIER NfT
XEY ZEMH
[ Flors N - RN
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RIMEN  « computer

o ZCTHEALIBEANS—UV I IIHRE
DIFEEN Ay 2 EEZRIREL
TR 0BT B Fal—3
VTR TS,

A s FDEHHE—MRIENST VY
)(‘;:/J'.‘ﬁ“g) FEICER.
5 I—F o Ay amEBERFEHTIIIN-T%
Bd 5.
> &Y LECE . ZOUIN—TBITHS— T &£
1 2 3 4[5 6 7 8 NN RSNl k)b P
Ho—1 Hh>—-2 (IFAELLLN.
o TZZERALYRIESIZFIA.
: ' 13|14 | 15| 16

Hh>-3 Hh>—4
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RIl=H

K compuder

ComputeSPMV
87-88

28.54%

ComputeSYMGS

144-147

27.68%

ComputeSYMGS
114-117

B OpenMP ComputeSYMGS 144 147

B OpenMP ComputeSYMGS 114 117

H OpenMP ComputeSPMV 87 88

B OpenMP ComputeSYMGS 107 120

B OpenMP ComputeSYMGS 137 150
mOpenMP ComputeSPMV 81 90

m OpenMP ComputeWAXPBY 69 69

m OpenMP ComputeDotProduct 78 78

= OpenMP ComputeRestriction_ref 51 51
m OpenMP ComputeProlongation_ref 49 49
L Z0fth

X2 TOSPMVEZRL IR~

% F—H YA 10435113 1CEE

— S —fpic kb AR~ AT
D IL—F B TAFIEOK

SPMVIZEL /=B MGIZELT=H
20.0 700.0
18.0 1 \ 600.0 -
16.0 -
140 - \\ 500.0 -
212.0 1 \ — = 400.0 -
2 100 1 4.01% v
£ £
F a0 \ i£ 3000 -
6.0 1 200.0 -
40 -
20 - - 100'0 -
0.0 - T ) 0.0 -
Asls Tune Asls Tune
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50

b—%ILi%EERE

RIl=H

K compuder

Total;EEL R
800.0
700.0
600.0
__500.0
2,
“E’ 400.0
i RE—1)2% 8~829441i 5|
300.0 524288 Y
200.0 262144 s L
1000 131072
: 65536
-
0.0 32768 -
As s Tune 16384 -*
= 8192
£ 4096 d
4 +
S 2048
T * * 12 GFLOPS
© 1024
*
512
*
256
*
128
64
*
32
16 : : . . . .
8 32 128 512 2048 8192 32768
5% (log)
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R3. ISC’14

RIMEN  « computer

HPL
. HPL HPC6 HPc&6/
Site Computer Cores (ﬁfl;lgc;) Rank (Pflops) HPL
N Tianhe-2 NUDT, H P L
f/ﬁj 2 NSCC / Guangzhou | Xeon 12C 2.26Hz + Intel Xeon| 3,120,000, 33.9 1 .580 1.7%
PhiBZL s Custom
(=3 RIKEN Advanced | K computer Fujitsu SPARC64
A Inst for Comp Sci VIIIfx 8C + Custom AR Lz & A 4.1% H P < G
. Titan, Cray XK7 AMD 16C +
Titan Oak /0S| | Nvidia Kepler 6PU 14C + | 560,640 | 17.6 | 2 | 322 | 1.8%
9 Custom
. DOE/OS Mira BlueGene/Q, Power BQC #
Mira Argonne Nat Lab 16C 1.606Hz + Custom 766,432 | 8.59 5 -101 1.2%
. Piz Daint, Cray XC30, Xeon 8C|
Swiss CSCS « Nvidia Kepler 14C + Custom 115,984 | 6.27 6 .099 1.6%
Leibniz

* scaled to reflect the sam
Rechenzentrum SuperMUC, Intel 8C + IB 147,456 | 2.90 | 12 .0833 | 2.9% imber of cores

Curie tine nodes Bullx B510 # unoptimized implement:
Intel Xeon 8C 2.7 6Hz + IB

CEA/T6CC-GENCT 79,504 1.36 26 .0491 3.6%

Exploration and | 1oy 110l Xeon 10¢ 2.8 6Hz,

g;:x.l:?::n + Nvidia Kepler 14C + I8 62,640 3.00 | 11 .0489 | 1.6%
ooy I I oo 15 15| oo |27
Joms vweed | St 0ol 516 6 | o0ty | aarr | 7 | otor | .on
Meteo France Beaufi;zgugf;Bgl{g f”;.g gl 24,192 ¢ :66 79*) 79 .0110 | 2.4%
Meteo France | Prol Bule B710 TmielXeon | 2szeo | fo4. 60 | o098 | 2.4%

U of Toulouse | CALMIP Bulox DLC Intel Xeon | 15 240 | 255 | 184 .00725 |2.8%

Wilkes, Intel Xeon 6C 2.6 GHz
+ Nvidia Kepler 14C + IB

. TUSBAME-KFC Intel Xeon 6C
TiTech 2.1 GHz + IB 2720 .150 | 436 | .00370 |2.5%
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R3. ISC’14

RIMEN  « computer

* ISC'T4TIXEXDARYFIR—ITIFHE<SEDI=
YRARELTER

* RIICHDIZYRFT2uUzIER

o MIDXAAIE—SEEETRDSERRZE

* HPCGODEREZEIZT .35

« HPCG/HPL1%EELL: 4.1 %3 BFZ=1RVTINVD

* HPCGIZSC 14TIEEXDARY FI—H LIRS TE

Cambridge U 3584 .240 | 201 .00385 | 1.6%
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Graph500 - Green Graph500 9@

O Graph500 - Green Graph500 XY FV¥—2
« J\SX—% SCALE & edgefactor (=16) H'5. = n=2SCALE 1#
m=edgefactor - n £72% Kroncekr graph Z45X
o MRBSEEHRER (BFS) TO1#MAD DERFEREL TEPS (C&KD. Graph500 U 2 ~Z/ERK
- HEBESHHZODD TEPS (TEPS/W) [C&D. Green Graph500 U R ~Z1ERK

O ERGIBEFLERRDRESE BFS O Green Graph500 (June 2013)
o FTEHMREESIEHTINANLESRIL - ~ - e e
A BESTILL5 1 57EI (Bottom-up step) [

R () $
NQ EERAERM

al

WA BRw 'f—:-:-aum
=0

Top-down 3R

1l

B (K)

5 B L:Eli B[ = '“E]:H“E]‘

Bottom-up &R

| B~ OBEHLABFNET—ST S LRINS |

Graph500\>F < — 2 DE1TIE

[ Graph Generation
(B X b&EAERR)

1

Graph Construction
Kernel 1 (FRURX h%ZBFSTERZRT B 2bDT—4
(CSR or CSC)(CZ)

Kernel 2

Validation
(5 DD)L—ILTBFSY U — % #&3iF)

X CSR: Compressed Sparse Row, CSC: Compressed Sparse Column

18
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evel-synchronized parallel BFS (Top-down)

« Started from source vertex
and executes following two
phases for each level

Traversal ‘- finds unvisited
adjacency vertices from
current frontier O and
append to neighbor @V

Neighbor
oV

Frontier

QF

Level k+1

Level k

Swap ‘- swaps the
frontier QF and the
neighbor @V for next level

Algorithm 1: Level-synchronized Parallel BFS.

Input : G = (V, A) : unweighted directed graph.
S . source vertex.

Variables: Q% : frontier queue.
QY : neighbor queue.
visited : vertices already visited.

Output : 7(v) : predecessor map of BFS tree.

w(v) — -1, Vv eV

w(s) «— s

visited «— {s}

Q" — {s}

QY — 10

while Q¥ #£ ) do

for v € Q in parallel do

for w € A(v) do Traversal
if w & visited atomic then

o 0 N NN R W N -

—
[ S

m(w) «— v
visited «— visited U {w}
QY — QY U {uw}

F - N
I

Hybrid-BFS (Direction-optimizing BFS)

Chooses one from Top-down or Bottom-up for frontier size at each level

Top-down algorithm
« Efficient for small-frontier
« Uses out-going edges

Neighbors

Level k+1

Frontier
Level k

Input : Directed graph G = (V,A”), Queue QF
Data : Queue QV, visited, Tree n(v)

oV <0 | Current frontier

[for v € Q' in parallel do |
for w e AT (v) do

if w ¢ visited atomic then

Beamer2012

Bottom-up algorithm
- Efficient for large-frontier
« Uses in-coming edges

Candidates of
neighbors

Level k+1

Level k neighbors

a(w) <« v

visited — visited U () | rVisited

neighbors

OV < 0V U (w)

0f < 0"

Input : Directed graph G = (V, A®), Queue QF
Data : Queue QV, visited, Tree n(v) /
oY 0 Candidates of
[for w € V \ visited in parallel do fw=== neighbors
for v € A%(w) do il
if ve OF then
a(w) « v - | Current frontier ‘
visited « visited U {w}
oY « 0¥ u{w)
)
F N
Q" <0 s

N Kips unnecessary edge traversal |




Hybrid-BFS (Direction-optimizing BFS)

Chooses one from Top-down or Bottom-up Beamer2012

for a number of traversed edges at each level

Number of traversal edges of Kronecker graph with SCALE 26

| VI =226, |E| = 2% | Lopdown
Distance from source
Level Top-down Bottom-up Hybrid
2 2,103,840,895 2 @
66,206 1,766,587,029 66,206

Bottom-up
346,918,235 52,677,691 52,677,691

1,727,195,615 12,820,854 12,820,854
29,557,400 103,184 103,184
82,357 21,467 21,467

OOk~ wWODND—=O

(OJNo)
o)
o)
o)
-

Total 2,103,820,036 3,936,072,360 |65,689,631

Ratio 100.00% 187.09% 3.12%
= |El

op-down

6 221 21,240 227 %

Hybrid-BFS reduces
unnecessary edge traversals

r 1
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NUMA-optimized BFS

» Clearly separated to accessing for local and remote memory
— Edge traversal on Local RAM

— All-gather of local queues and bitmaps for Remote RAM

Traversal on local RAM Swap on Remote RAM
At each level, ! )
NUMA-optimized
No Top-down
Large frontier? N P;ggre_gates local
Yes | || NUMA-optimized rontier queves
Bottom-up
™ T N O @
* Searches local neighbors J e Q_o _Q_|:>0

from local copied frontier

QNz : -Q

NUMA-opt. requires two CSR graphs

« Out-going edges for Top-down
 In-coming edges for Bottom-up

L e
o2
(0]
I l
00

|

QR e 0o

Q
N
Q

~

% Not same for undirected graph

-

NUMA-opt. Column-wise Graph Partitioning
 divides G=(V,A) into partial G, =(V,, A,) and binds local RAM k.

— A, is a set of adjacency list that holds incoming edges to V,.

Column-wise graph partitioning Row-wise graph partitioning

Adjacency matrix \\
N
N

O(m) Local memory accesses only O(m) mostly non-local memory accesses

Neighbors Neighbors

Level k+1 Level k+1

Level k Level k

Frontier Frontier




NUMA-opt. parallel hybrid BFS (Graph500 1./ — k&%)

AEORFDZO—HIVIGAXEI 7V A LTET

LANILVRDETEDH
Frontier M5 XD L X)L D frontier Z ER

BFS O EHKEE
(O—AIBAEYFIER)

f R NUMAunit o] |
\

\

a R
NUMA unita
oF' Level ‘ﬂAll-gather
F
\ Q o QNn ) % Level )
Frontier QF
Unvisited vertices ﬁ 3‘5'1 Le;\/lelz ix
\. 1 Q 1 J T r
Q

p 4 D
AN\ p\ NUMA unit 2
AR g
p
: Level1 | ovel2
F

NUMA unit 3 )

Q", aN,
Level1 Level 2 > o
Frontier Q" Nelghbors()N GF, G
Y.Yasui et al. : NUMA-optimized Parallel Breadth-first Search on Multicore Single-node System
Local Edge Traversal
T 413 | ™, Oth NUMA node 3th NUMA node ;\ T T
R — — L L
v:7/"tf T2 S VO = [ (T | (= Y A=
L —| [oooo [ oooolUE .
T T £ I I 4 v+
Ny —_DDDDJ' OO0 1= N =
or visited, Q" A4 | [RAM - 1 RAM NoF visited, Q"3
T+ ] & —L 0000 LDQQD—— ~~~~~~~~~~~~
& i v .| /1stNUMAnode ™. 2nd NUMA node
|
o H !
O e
Tl o1y
Q" visited, O% k-th NUMA node holds

e Local copied frontier QF

* partial verticesV,

kn (k+ 1)n
Vk—{v]€V|] [5 T)}’

 partial edges (v, V) (v, eVand v, €V))

or visited, 0




CPU time (ms)

Intel Xeon v.s. SGI Altix UV1000
« Graph500 (SCALE29)

— 536.9 million vertices, 8.59 billion edges

Median TEPS: 21.81 GE/s Median TEPS: 31.81 GE/s
Intel Xeon (Sandybridge-EP arch.) SGI Altix UV1000 (Westmere-EX arch.)

Intel Xeon E5-4650 @ 2.70GHz Intel Xeon E7-8837 @ 2.67GHz
64-threads = 8-cores x 2-threads x 4-nodes 512-threads = 8-cores x 64-nodes

512 GBytes RAM 4.0 TBytes RAM

%00 o T | (local) %00 T I (local)
. raversal (local) =3 raversal (local) =3
64 threads Swap (all-gather) === 512 threads Swap (all-gather) ==
1.0 TBytes

250 4 400 GB 250 |

200 200

for Remote RAM g
o
150 1 /ﬂ BotforUp £ 150 1 for Remote RAM
o
(@]
100 {for Local RAM 100
%0 7 BotfomUp %0 7
0 T T ?h T T ““‘W 0 - HEEmUp
Init Lv.0 Lv.1 Lv.2 Lv.3 Lv4 Lv.5 Lv6 Lv.7

Init Lv.0 Lv.1 Lv.2 Lv.3 Lv4 Lv5 Lv6 Lv.7
Level

Level

Intel Xeon v.s. SGI Altix UV1000
’ Graph500 (SCALE3O) IB:sr':Ie(éfgf single-node

— 1.07 billion vertices, 17.18 billion edges on current list

Median TEPS: 37.70 GE/s

Intel Xeon (Sandybridge-EP arch.) SGI Altix UV1000 (Westmere-EX arch.)

Intel Xeon E7-8837 @ 2.67GHz
512-threads = 8-cores x 64-nodes

4.0 TBytes RAM

Intel Xeon E5-4650 @ 2.70GHz
64-threads = 8-cores x 2-threads x 4-nodes

512 GBytes RAM

300

Traversal (local) =3
512 threads Swap (all-gather) ===

250 4...2.0 TBytes

200 - for Remote RAM

150 ~

Out of memory for Local RAM

CPU time (ms)

100 ~

50 +

Init Lv.0 Lv.1 Lv.2 Lv.3 Lv4 Lv5 Lv6 Lv.7
Level




CPU time (ms)

600

500 o

400

300

200

100 +

Strong scaling on SGI Altix UV1000
« Graph500 (SCALE30) Rank.50

- , - Fastest of single-node
— 1.07 billion vertices, 17.18 billion edges on Cl?rrent list

As the number of threads increases,

— local traversal on Local memory : Improvement
— swap operation on Remote memory : Keep

LR =80%:20% L:R=67%:33% L:R=57%:43%

Traversal (local) ==
Swap (all-gather) ==

Tra versal (Iocal) [—]

37.70 GE/s
—
Loca| ~eeotor Local
ocal == 438 ms Local n Remote
733 ms 258 ms rﬁw 197 ms
Bottol fol Upg

Init Lv.0 Lv.1 Lv2 Lv.3 Lv4 Lv5 Lv6 Lv7
Level

T T
Init Lv.0 Lv.1 Lv2 Lv3 Lv4 Lv5 Lv6 Lv.7
Level

T T
Init Lv.0 Lv.1 Lv2 Lv3 Lv4 Lv5 Lv6 Lv.7
Level

128 threads 256 threads 512 threads (one-rack)
*Andy Yoo, et. all, A Scalable Distributed
%lé?-\'—; 4 SNz = Z N\ = | % Parallel Breadth-First Search Algorithm on
4t §1T 7}—'] @ 2 /AE ]] El:lElJ BlueGene/L. SCO5.
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Sparse vector Bitmap

» FrontierPREFEERHENNZW=TELEEINFL
Bitmap D A H\E 7]

» Frontier P REEFEEREND2W=TEEEHIEL
Sparse vector®D A EF|

33

ﬁm Frmot?—Q%ﬁ%ﬁE$%EE

y YT OURIRNNLATY Y I 7 =Xl Eb5Y. T8
SUREIT & > TBitmap & Sparse vectorH 5 R T —
5 R % R

Level5TlE. ZOY 7« 1E
ENETESD84.5%7% D T,

Graph500%7' 5 7 [T & | % BRI 75 / bottom-upMBRIEHY, KA
BFSHRRICH 37— FE0&iR / BOEREDIH2.4%750
T. Sparse vector CALIE L
. — N
Level Expand Fold Dirgction RESBNN
1 Sparse vector Sparse vector tpﬁ-down
2 Sparse vector Sparse vector _/top-down Level 5(c& TS
3 Sparse vector Bitmap & bottom-up BET—YE=EHER
4 Bitmap Bitmap bottom-up _
5 Bitmap Sparse vector  bottom-up
6 Sparse vector Sparse vector  top-down 32MB =) 45MB
7 Sparse vector Sparse vector top-down
8 Sparse vector Sparse vector top-down




Efficient Hybrid Search with 2D Partitioning

» Our approach is based on the
Top-down and bottom-up hybrid
search BFS. [Beamer2011, 2012]

Top-down

Expand
» We realized the hybrid search
oid  Without any increase of memory
- footprint.
Graph data is shared between two
search directions.
» Overlapped communication with
computation.

.: Graph data owned by a single processor Both top-down and bottom-up utilize
overlapping communication.

Bottom-up

Sharing the same graph data between
two direction search.
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The Graph500
K Computer and TSUBAME 2.0 & 2.5

Graph500 ranking history for BFS performance on
TSUBAMEZ2.0 and 2.5 TSUBAMEZ2.0 and 2.5
1400 1280
1200
November 2011 99.858 Top-down only 1000
November 2012 20 462.25 GPU
® 800
June 2014 12 1280 Efficient hybrid w
O 600
November 2014 ?? 1345 Efficient hybrid
400 -
*Every score is obtained using TSUBAMEZ2.0 1366 nodes or 200 -
TSUBAME 2.5 1024 nodes :
. c 0 ™ T T T
Graph500 ranklng hlstory for November June 2012 November June 2014
K Computer 2011 2012
November 2013 5524.12 Top-down only
June 2014 1 17977.05 Efficient hybrid
oe — 4 —
Graphsool\/?v_alﬁb (-J-é e Q"@
s :
L CRESTF—L DR
= Top1 15363 15363
16384 —A—  K-computer
4| & TSUBAME 2.5 (2.0) #4 #4
—©— FX-10 354 A A
4096 — | _e— sGI UV2000 5524 5524 5524 [ TSUBAME 2.5
|| —+— TSUBAME-KFC
—v— 4-way Xeon server—__| 093 1003 1280 )CPU only
< 1024 — ~ o o
"
8 -
a0
o 256 — :
£ \
~ 1 SGI UvV2000
a0
o 04 —
|_
5 ]
16 4
4 _|
1

1st 2nd 3rd 4th 5th 6th 7th 8th
Nov. 2010 June 2011 Nov. 2011 June 2012 Nov. 2012 June 2013 Nov. 2013 June 2014




RIKEN Advanced Institute for Computational
Science (AICS)'s K computer

is ranked

GR

Dowvidt A Bodan

on the Graph500 Ranking of Supercomputers with David A. Bader §
17977.1 GE/s on Scale 40 af— &

on the 8th Graph500 list published at the International e T 'ﬁf‘
Supercomputing Conference, June 22, 2014. e -

5 . ,/l‘,b,,/:; i

Congratulations from the Graph500 Executive Committee BT Murphy g
==~ F

Marc Snir

The Graph500 List in June 2014

http://www.graph500.org
« Measures performance using TEPS (# of Traversed edges

per second) in graph traversal such as BFS g )
Fastest of
Number :
. Ranic Machine Installation Site of Number mUItl nOde
ES of cores
nodes 3
RIKEN Advanced K computer
P K computer (Fujitsu -
Distributed Institute for —
TT Custo 65536 24288 40 17977.1 =
Memory superc"t.)mputer) Computational Science a e vt o G ’ﬁ
(AICS) o b
- e ~ == ‘
Global Scientific S———— e {
I TSUBAME 2.5 (HP -  Information and N
D:\SAtrlbUted 12 12 Cluster Platform Computing Center, 1024 12288 36 1280.43
emory :
SL390s G7) Tokyo Institute of
Technology
Shared ||, ,, ismuv2k2 (SGI-SGI The Institute of " G o Fastest of
Memory UV 2000) Statistical Mathematics i single-node
Distributed TSUBAME-KFC (NEC  Tokyo Institute of
Memory 46 46 - self-made) Technology 32 384 32 104.31
GraphCREST-
Sandybridge-EP-
Shared 2,758 (HPCTECH Fastest of
Memory 52 52 Corporation - Kyushu University 1 32 27 45.71 )
Intel(R) Xeon(R) CPU single-server
E5-4650 @ 2.70GHz
(4 sockets))




BFS f£&E BFS E1%EE
TI24=T1REHD GTEPS & MTEPS/W

4-way Intel Xeon E5-4640 2.4GHz Lt TOEZEER
 BFS T48E GTEPS & BFS |14 AE MTEPS/W I BT HHE
-~ BILALY REGSIE. VT Yy MUZZWVDIESHELY
- BCLY Ty MUESIE ALY REUZZWIESHABEL

: 2T = HTI7 DEFEAIK
Kronecker graph (SCALE27; 1.34 {E1B &, 21.48 {E4%) / B AR A B

30 - 60
- GTEPS
2 | BT (CTEES) ) = = w0
Ref GTEPS 6437 FEARIZIE.
o 20 Reference EMTEPS)/W) = ELBDEEY - 40z
& 15 | NUMA-opt. EGTEPS FERFOEHEE | 35 ¥
E NUMA-opt. (MTEPS/W % w
10 - ] - 20 s
5 4 - 10
0 M ‘ 0
1x1 4x1 4x2 |1x16 2x8 4x4 | 2x16| 4x8 4x16 w/o 4x16
(1) 4 (8 |(16) (16) (16) | (32) | (32) (64) (64) (64)
Degree-aware Ref. NUMA-opt.
¢ x t CPU Affinity (Number of threads)
HRAT VT IMNREEOT EEEBELEZ 505, 64 AL v K (4-socket x 16-threads) T
ZFnL LD TEPS MM EIZ&Y TEPS/W 1 HET S 29.0 GTEPS & 45.43 MTEPS/W %Z3ZHmK
] < sl I—Iﬂ
Android OS t TOHEREER
e Android NDK (Native Development Kit) @ F|F
— F—\ANYRDDIELY C/C++ TERIEETARE (Java [LREMIZTAE)
— GCC ZAR—RELVBR-OVIAZ DR
— OpenMP [Z&HALyRiIEFIETE &E1R% GCC HLERD 7 v IR
* Android Developer Tools [C&kBHAYT A2 - #51% 2AV—RTAY
SONY Xperia-A-SO-04E
N 0 = CPU : 4-core Snapdragon
Step2. N1+ DExE RAM - 2 GB

Step1. Android NDK [2& 3 adb push” 27K

~ORaAvNA )L
CC=arm-linux-androideabi-gcc

Step4. EITHREDEIF
Step3. Android Developer Tools “adb pull” ATUR

[2&5045 142, Shell [Z&Bi24E
“adb shell” A<k

Android Developers: http://developer.android.com.




MTEPS

Xperia-A-SO-04E T BFS & A4 HE

o =&

500

(SIEHE) BREHE

HEHRL

Android OS I K CHLHHEEDRIEETHR/Z S

Reference (4) —8—
Our BFS (4) —o—

()

16,777,216 (= 224) %

1,048,576 (= 220) =

( N\
400 -
300 -
100 L ED
200 - fReE
100 AN—=KT x>
SONY Xperia-A-SO-04E
CPU : 4-core Snapdragon
0 RAM: 2 GB
10 1 12 16 17 18 19 20 \. J
Number of vertices log,(n) (SCALE)
Implementation SCALE MTEPS watt MTEPS/W
Reference (p = 1) 20 3.25 3.15 1.03
Reference (p = 4) 20 4.58 3.22 1.42
. This stud =1 20 136.29 3.23 42.25
ERAL Y REE This study Ep - 23 20  248.08 2.99
ENHEOEEFHEIZEL : yopr = : :
= This study (p = 4) 20  477.63 3.12

The Green Graph500 List in June 2014

http://green.graph500.0rg
« Measures power-efficiency using TEPS/W ratio

Big Data category

G500

Rank MTEPS/W

Small Data category

Site

G500

Machine

rank

Scale GTEPS Nodes
rank
GraphCREST-
1 59.12 Kyushu University SandybridgeEP- 30 |28.48| 1
2.4GHz
GraphCREST-
2 | 48.29 Kyushu University Sandybridge-EP- 30 [31.95] 1
2.7GHz
3 | 3521 Tokyo Institute of GraphCREST-Custom 31 | 138 1
Technology #1
4 | 2888 | Towvelnstitle ol py, CRESTNode #2 30 | 798| 1
Technology
17.24 Kyushu University GraphCREST-Bulldozer 31 |13.63[ 1
¢ | 1405 | ToKyolnsitute of TSUBAME-KFC 32 10431 32
Technology
K 12.48 The Institute ofSt.cmst:caI ismuv2k2 20 13143
Mathematics

Scale GTEPS Nodes

2 | 235.15 | kyushu University G"’phCRESE]XFpeﬁ‘*ZI'SO' 20 [103] 1
3 | 230.41 | Kyushu Urlivers[ry GraphCREST-Xperia-A-5O-04F 20 | 0.74 1
4 | 20438 T°g§:::::;°’ EBD-GoldenBox-Prototype 21 [1.64| 1
5 | 180.76 | Kyushu University |GraphCREST-Xperia-A-SO-04E 21 | 0.59 1
6 | 17177 | kyushu University G"’phCRESB']XF"eﬁ‘*Z"SO' 21 [og1 | 1
7 | 15317 | Chuo University |GraphCREST-Xperia-A-SO-04F 143 | 20 |0.478| 1
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BOD

(BigData & OpenData in the Cloud)
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(Infrastructure-as-a-Service)
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