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Al 51| 5+ EPAX(PACS) DA FE D FE

s 19775 (ZEAEEIR (BEF-)IIE)
s 1978FIZE—SHEDTER
= 1996 ) CP-PACSIXTOP500% —{if

1980 1989 = _._1996 2006 2012~2013
1978 EOSMPAXS32 o HRE=REEMLS NURIBEIRYSRA GPUEEMEITRA
%1 EH#PACS-9 5 55 1#QCDPAX %GH#ECP PACS PACS-CS HA-PACS

AELEEE AT THFLOPS | EHERIZE +HEMTIFED LR

19804 PACS-32 500 KFLOPS [k BMEFHEEEER /T

19834 PAX-128 4 MFLOPS o _

1984% PAX-32] 3MFLoPs | ™ Application—driven’d B 5

1989%F QCDPAX 14 GFLOPS | = GG RBARICKOBRERDERE

19964 CP-PACS 614 GFLOPS

20064 PACS-CS 14.3 TFLOPS ZOH BRI ERE(CLD /N (T
2012~13% HA-PACS 1.166 PFLOPS K5524 FIRST

20144 COMA )éPACS— 1.001 PFLOPS
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CCSIZBEUWWTIHAEERARN2RS| DR/

= HA-PACS (PACS-VIII)
= GPU cluster, —ZBIZ 3 B RS DGPURIEEEE R YT —2(TCA)EEE
s PFLOPSHZSRAMGPUISRAIZ&Y accelerated computing [Z&AO—KEFEETOS
IS ER
s novice user &Y% professional user 3 —4yhELT=EEK~TL

= COMA (PACS-IX)
= Many Core cluster

s PFLOPS%ZS XM many core architecture 77 XZIZ&Y many core processor M4 &E
HEEEZEAEAL D DRMAD many core MITO—KEEFEETOAX VNSV EEE

s FURK-BRATHREFREL &AL BHPCE R HEL (JCAHPC)IIZHLIT20154
FEIZEAFTED many core VAT LDEITHEELEZIETANER

» FLAMFINER T, LEBREENI—FEERR
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« EHF7/Yt35L—4 (Blade-
GRAPE)EEH VSR~

o Hewlett Packardtt

o 20054F5ERK

o 2 ./—F%dual socket Xeon +
GRAPE-6 board (Blade-
GRAPE) THERLI=-~ATOS
&

s HTEFHYEFH

e 256 nodes/512 cores
+ 1024 GRAPE-6 chip

e Host: 3.1 TFLOPS
Blade-GRAPE: 33TFLOPS

i )
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HA-PACSEtiE

s £1%0O(ZAmIT)PC ClusterB! R /\aV(ZRH T AR RE

performance / space (footprint)
performance / power

programming

s 7OHESL—RZEDIR/NNAVEALTOSSLEREZHE

HA-PACS (Highly Accelerated Parallel Advanced system for Computational
Sciences)

HA-PACS Base Cluster: AT T4 TAIZ&5E5ZFE -S4 EEGPUI SR A
HA-PACS/TCA: TCAR 7 (2 1h) [ZE DR L accelerated PC cluster®
L A

CCS Symposium 2014

2014/10/21 Center for Computational Sciences, Univ. of Tsukuba



B

HA-PACS Base Cluster

= Appro International #t

» CCSELTHIHTGPUZE
AIBIRALI-O5R4A

= 268/—K (2 Xeon E5-
2670 +
4 Fermi M2090)

= Mellanox IniniBand
QDR x 2rail, Fat Tree

s File Server: DDN
500 TB (RAID6+Lustre)

= 802 TFLOPS
(HPL: 421 TFLOPS)

= TOP500 #41
(BN #5)
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HA-PACS Base Cluster

Front view

Side view
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‘ HA-PACS Base Cluster plACS

Front view of 3 blade
chassis

Rear view of Infiniband switch
and cables
(yellow=fibre, black=copper)

Rear view of one blade chassis
with 4 blades
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i
PACS

CPU (SandyBridge-EP) x 2
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. o
Computation node of Base Cluster P
4 Channels [ [Remmmmmms 4 Channels
1,600 MHz ARAEDREG R L T ) 1,600 MHz

51.2 GB/sec 51.2 GB/sec (16GB, 12.8GB/s)x8

=128GB, 102.4GB/s

AVX
(2.6GHz x 8flop/clock) g
Sandy Bridge Pa g :
20.8GFLOPSx16 (ntel ' A Q;S'lfis G228 BIOS
=332.8GFLOPS

Dual ‘

Total: 3TFLOPS ‘BN GhE m

665GFLOPSx4 (6GB, 177GB/s)x4

=2660GFLOPS =24GB, 708GB/s
4 x NVIDIA M2090
2xQDR IB Dual GbE
8GB/s
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HA-PACS Base Cluster + TCA s
(2013/113% @ EA1R)

Wy I
iy

ty ), g
| :nlm.. :3-,,
LRI i
(VR TV o
AR u~. -

g
= TH

Qc_ﬁ:,;‘;;gii

« HA-PACS/TCA = 5.69 TFlops x 64 node = 364 TFlops (Green500 #3)
 TOTAL: 1.166 PFlops

CCS Symposium 2014
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‘ Linpack$£gE (TOP500, Green500)

= TOP500 (HPL)
» 421.6 TFLOPS (HHZRZE414L. 20124F6A)
» GPUYSRAELTITHAE G
s STEMEGIE—IMEEE) - 54.2%

s Greenb00
= 1151.91 MFLOPS/W (HHF 52441, 201246 H)
s GPUOTZRALELTIFHAEIL

s KIFEGPUI TSRS (TOPS0LLAN) ELTIFHRE 1L
= SandyBridge-EP[Z &Y x80 lanes ) PCle gen2 H\FI| AR gE.

45 D M2090 Z/\> RigfE A LIZER:

CCS Symposium 2014
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HA-PACSD LRI HFETE D 4%

= Model DNA (CG)2
= HF/6-31G(d)
= 126 atom, 1,208 AO
m 14 SCF iterations

m HA-PACS 1node

= 16 CPU cores
= Intel SandyBridge—EY, 2.6GHz

= 4 GPU(NVIDIA M2090)

m Software
» OpenFMO

s GAMESS
= Version: 1 MAY 2013 (R1)
« GPU support (LIBCCHEM)

CCS Symposium 2014
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HA-PACSIZH [T 5H TR +A

s RAMRBRG—)L~ITIOHYRT— VO ATLDB HEEFHELTEEMREE
(Accelerating Devices: AD) ZZ#HAWN-BIF X T LEZETE
= AD: GPU, GRAPE-DR, MIC, FPGA, etc.
s BIFFADIREIZEITHAHPCOEIRE S
= ADREID#ES ADMEED R LIZHESBIERMLR VI DIETEL
» BREEE: RoNnf-AT)HAX
= ADERRRMCPUDE(S :/\URIE. AT EET L=t
n TOUSEVT  BERTEIZLDNGEAL>EERDIET
s ITOHYBE{D Strong Scaling ] &E
s A7 HEEYATRYBTEDME/NZEKY weak scaling [ZK{FLT=1E8EMR EAPEFIZ
s strong scaling TIZBELATUOVHAAREHIRIELL S

HA-PACSETEIDRE : [ THOH R4 — )Lt E NI K S R imF BTt BRI FH
BAEMADTEE (KK EFE=A. H23~H25)

= JST-CREST: [TRRARRAR 7 — LB [ 1T - BE MRS - R EWHEHRE
IRIEDMZEEFE | (XK A Z_$h. H24~H30) THAHKE

CCS Symposium 2014
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| EADL T TCA B

s TCA (Tightly Coupled Accelerators)

» PCle [C&HADRIERE@EE (/—FRN-/—FE) #3E1]

=« PEACH2FvJ (FPGAIZ&ATORAT)(ZKDAT )TV MNEPCle X
AyF+arka—7

» RARCPU- AE -FEEHIZIKTFELLEWVADMEREE

BE D /—FEGPUMEEE TCAIZ &S /—FREIGPUREE{E

CCS Symposium 2014
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‘ PEACH2 board

s PCI Express Gen2 x8 peripheral board
s Compatible with PCle Spec.

gl 1111

Side View Top View

CCS Symposium 2014
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B

PEACH2 board PACS
Main board FPGA ]
+ sub board (Altera Stratix IV Most part operates at 250 MHz
230GX) (PCle Gen2 logic runs at 250MHz)

.

Cemter for Computational Scilles
Uanlvenity of Toukuba.

¥ S
| Power supply

1 & ! PCI Express x8 card edge for various voltage
PCle x16 cable connecter

PCle x8 cable connecter
CCS Symposium 2014

2014/10/21 Center for Computational Sciences, Univ. of Tsukuba
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Ping—pong Latency

Minimum Latency
(nearest neighbor comm.)

= PIO: CPU to CPU: 0.8 us

= DMA:CPU to CPU: 1.8 us
GPU to GPU: 2.3 us

cf. MV2-GDR 2.0b: 6.5 us (w/ GDR),

17 us (w/o GDR)

CCS Symposium 2014
L 2014/10/21

|
O N 00 © O

Latency (usec)
EaN (3]

o r N W

B
PACS
MVAPICH2-GDR 2.0b
/]
A
| N
DMA //
(GPU)J/
/4
DMA
8 6I4 5i2 40I96 32768

Data Size (Bytes)

Center for Computational Sciences, Univ. of Tsukuba



Ping—pong Bandwidth pACS

= Max. 3.5 GByte/sec

= 95% of theoretical peak 3500 DW IVAPICH?
Converge to the same peak if = A
- s P 2000 (CPU) /] eorz0p

M
hop count increases g
~
)
Max Payload Size = 256byte ¥ 2500
Theoretical peak (detailed): o
4GB/sec X 256 / (256 + 24) = 3.66 GB/s Z 2000 DMA
5 (GPU) f
= 1500
s GPU - GPU DMA _E
performance is up to 2.6 € 1000
GByte/sec. e %

s better than MV2GDR under < 500

1MB MA/.
s Over QPI: limited to 360MB/'s 0 m-m--aii ™

= SB(SandyBridge): limited to 8 128 2048 32768 524288
880MB/s due to PCle sw perf. Data Size (Bytes)

CCS Symposium 2014
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QUDA QCD Library MO TCA[R] [T3E23

21

QUDA: The open source Lattice
QCD library

= NVIDIA GPUR][TDOLQCDSA4 T35
« ETHEEZENVIDIA GPUL TITS

MPIZEEZEDH T, ZTDFEFZETIXL

TCAZE FH TE74LY

= TCAIZRDMA Write CIB{EZ1TO

= RMAZHR—FF HKS(ZQUDAZYL
LR

= QUDADBIESAT T =BHEEL.
RMAB{ER—RX THET
= MPI-3 RMATQ) R
= TCATOELE
NVIDIA%L . Mike Clark& @ 1 B RFZE

CCS Symposium 2014

A
QUDA RMA
Interface

TCA
RMA AF API

BEHRIELAVY—IZE>THEHK
DEIEAPIZHR—RLTLVS

2014/10/21 Center for Computational Sciences, Univ. of Tsukuba




| QUDA Small Model (84)

1200 MPI-P2PIZ%fL
-t‘
avd
‘w800 /
5
s
£ 600 -
g
“E’ = Calc.
F 400 - m Allreduce
H Comm.
0_
8§ £ 3 & £ 3% £33 § /8 & 53 & £/385 5§28/ &§/58
ol R = = A R = R - - = - I - - I = -
=L =2 =z =2 =z =2 =2 =L
(2,1) (1,2) (4,1 (2,2) (1,4) (4,2) (2,4) (4,4)
2 Nodes 4 Nodes 8 Nodes 16 Nodes
(x,y) nodes BRITDAYE—DR =
2 X (24KB /& RITD/—FE)
CCS Symposium 2014
22 2014/10/21
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Allreduce D T &E

8 BytesMD AN 5—fEZAllreduced 51815 FFfE (50[E] D F15)
s MPIZREWVE=EEDF7(FEDRERETED
s TCADIEL AT ELEF-EAFIZELTINS

9

\

= N
o1 o

[N
o

Communication time [psec]
o o

mTCA = MPI

CCS Symposium 2014
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Allgather® 4 BE:

HA-PACS/TCAMD1H T HUZ R R (FxK16/—R) IZHITHBIEFEE
7 Ot X $phHitE z 5EMPI (MVAPICH 2 GDR 2.0b) EDMHREEAINELE B (TCATIE

BIERBOEENE S-0)

p=4 p=8
YTy 250 T} 250
@ Q
2 2
=200 =200
) )
E £
= 150 = 150
9 =}
8 100 8 100
c c
£ £
£ 50 £ 50
o o
o (3]
0 0
64 128 192 256 0O 64 128 192 256
Gathered data size [KB] Gathered data size [KB]

N
O
o

N
o
o

[N
a
o

100

Communication time [psec]
o1
o

o

p=16

—TCA

O 64 128 192 256
Gathered data size [KB]
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 CGiEDMRE

700 W N = 1,000BREEITOI-FD=E
600 ﬁﬂ%ﬁiﬁ

2 _ -~ = GPUIZ1/—FiY1GPU%E

§5OO _ - 1§}Eﬁ

q§; 400 I — m 7’EI-|2Z5.‘/700)W§R

§ s BR1TH|4: ndbk

2 300 e 5

3 s 1724 18,000

5 200 « EFEHRH 6,897,316

100 EERDEOREZD
Bl |
0 ]

s Univ. Florida Sparse Matrix

Serial TCAMPI  TCAMPI  TCAMPI  TCAMPI Collectiond Y
p=1 p=2 p=4 p=8 p=16 15

m Allgather = Allreduce mSpMV mDOT m AXPY = Others

CCS Symposium 2014 <@>

25 2014/10/21 Center for Computational Sciences, Univ. of Tsukuba




COMA (PACS-IX)

= Crayft CS300 "—X

= Intel Xeon Phi (KNC:
Knights Corner)Z& £ &
H

= 393/—F (2 Xeon E5-

2670v2 +
2 Xeon Phi 7110P)

= Mellanox IniniBand FDR,
Fat Tree

s 2014/04FF m TXeon Phiig
FHISAZELTHAARK

s File Server: DDN
1.5PB (RAID6+Lustre)

= 1.001 PFLOPS
(HPL: 746 TFLOPS)
June 14 TOP500 #51

s HPLZhEE 74.7%

CCS Symposium 2014 <@>

2014/10/21 Center for Computational Sciences, Univ. of Tsukuba
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‘ COMA (PACS-IX) £t /—FK (Cray 1U 1027GR)

TRILER Inel Xeon E5-2670v2 (IvyBridge core) SATA HDD
\\ (3.5inch 1TB x2)

.....................

.........
At

inside™

IB FDR

Mellanox

Connect-X3 Intel Xeon Phi 7110P
CCS Symposium 2014
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COMA (PACS-IX) overview

s T2K-Tsukuba®EERHE T R[ZE A
= H26F3ARX~4A %4
» VATLERK
» FE/—F:AACPU+A=—a7TOtyY
= /—FHERL
= CPU x 2: Intel Xeon E5—2670v2
= MIC x 2: Intel Xeon Phi 7110P

= Memory: CPU=64GB MIC=16GB
= Network: IB FDR Full-bisection b/w Fat Tree

s E—2MRE: CPU=157.2 TFlops MIC=843.8 TFlops
TOTAL: 1001 TFlops = 1.001 PFLOPS

s VATLARUHS—: Cray Inc.

CCS Symposium 2014
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What is COMA ?

m Cluster of Many—core Architecture processor

s COMA=IMHDITEE]
« KERBIGEERAFHD—D
s FRIAI=2NEFEY (=Many Core)
s SRIAIE =£RA D EZFELY (=Cluster)
s BIRFICPACSU)—XEIHRXD T ELDTI=80.
"PACS-IX"Da—K&%4FH

CCS Symposium 2014
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T2K-Tsukuba floor plan (76.5TF Linpack, 2008)
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COMA floor plan (746TF Linpack, 2014)

| ZAFTANR—X 20%, FRKEELinpack¥hZE501% |
. CCS Symposium 2014 @

2014/10/21 Center for Computational Sciences, Univ. of Tsukuba



3DDITARAZAMNE

7]

1]

Syste Linpackt$BE (TF) EHERN (kW)
T2K-Tsukuba 76.5 420
HA-PACS (GPU) 421
COMA (MIC)

250
746

215
(FIFHZE60%)

s Linpack (HPL) Bl E CIXCOMAIZT2K-Tsukuba® 10~ 154552
DEHZhE
s EF7T)5—300M

\

== 4=

EITERIL?

CCS Symposium 2014
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TINT—avRAF-TAOI IR

RIEKRFECCSIZRITHAERBAET I r—3ay
» RAFYEZR K FE HF(QCD)

» FHMPEF EHEFNRA. FHEREFE

= YIEHIEZF  TDDFT

« E@mEE:QM/MM, HF{T%], FMO

s HhEKIRES LES

s 5T E#FLI=F: GPU/MIC programming language (XMP)

ZNS5LTIZDLVTGPUIE . MICIEZHE E

CCS Symposium 2014
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FMOIZE T4 =—EFFFE R D GPUNE

30 B Intel E5 2.6GHz (CPU 1core)
- E NVIDIA M2ogo
@ NVIDIA K20 (wo atomicAdd)
wnn 20} B NVIDIA K20 (w atomicAdd)
o
= &
< |
)]
)]
0O 10}
V)]
0 o 0 o o 25 o o o o o
I > \fo 0 0 0»0 & d:o % 73
) N 7 “N % = ¥ - 20
T e Y R Y T T %

tBH. 7. 15, fr@ZKK
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GPU vs ManyCore (1)

m £ ftree code, JEE [T computation bound, well tuned for MIC with intrinsic
4 threads/core (240 threads) CTixm= T4 HE

w0 T ———o 180%
\IVIIC Speed-up to M2050 60
3.50 MIC Speed-up to K20 -
3[:[1!——_/._ . o 140% F
. ~—— o A &
$ s 120% g 2
< M2050 (NVIDIA GPU) oms| 2
$2.00 K20 (NVIDIA GPU) £ S
MIC 80%
1.50 =3
60% 8
1.00 a0 2
0.50 o 50%
" :g"___
0.00 * 0%
0.5 1 2 4 8 16

M particles

=iE. BE. F@FRK

CCS Symposium 2014 <@>
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T—ARE - FIBERRELT@HTEX

GPU vs ManyCore (2)

ARGOT (AstroPhysics): #8581 #i% + 1L R IS
= GPU - HA-PACS single node, SandyBridge, NVIDIA Fermi M2090
s MIC — COMA single node, IvyBridge, Xeon Phi 7110P (without intrinsic)

100

-==|B 20 cores
=SB 16 cores
e=MVIC x 1
—=GPU x 4

[
o

exec. time (sec)

BlLYintrinsicZzL D
16777216 OpenMP7=(TMDCEE1k TIX
MICTEBE(LH %Ly

[N

262144 2097152

0.1

# of mesh

CCS Symposium 2014 <@>
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T—ARE:RIR-ELt@EEX

GPU vs ManyCore (3)

= QCD
= GPU (Fermi M2090) - CUDA
x  MIC (Xeon Phi 7110P) —OpenMP, or with intrinsic tuned
= CPU - OpenMP
m single node performance
= GPU - HA-PACS single node, single GPU
s MIC — COMA single node, single MIC, 240 threads (60 cores)
s CPU - SandyBridge (HA-PACS) or IvyBridge (COMA), 16 threads (16 cores)

Perf. (Gfiops)

HA-PACS: CPU (DP) only 12.15 33.9
HA-PACS: 6.44 74.2 (SP GPU part)
CPU(DP)+GPU(SP)

COMA: MIC(DP) only 105.64 3.90
COMA: MIC(DP)+MIC(SP, 6.19 NA
intrinsic)

CCS Symposium 2014 <@>
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GPU vs ManyCore (4)

= MTDM: EREZRNDBHIRD2R T2 L—3Y ——
(JEE [Z computation bound &5 5HE) “ld‘ Rank&
1 GPUvs. 1 MIC ' \\
ldiv Rank 1
4 Ml N\
[ -----=1— Overlap
3.5 Lo

ldiv

ra
<

Speedup
N

3
2.5
1.5
:
0 - . . .

HA-PACS OMP COMA OMP NVIDIA M2090 Intel 7110P x1 Intel 7110P x1 NVIDIA K20 x1

(16 core) (16 core) x1 (with CilkPlus)  (with 512
SIMD)

Bl ey ,&'jc\

CCS Symposium 2014 <@>
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GPU vs ManyCore (5) ABEHCEREZHTORIA

SRITHERN AR DI IaL—i 3> (TH stencil)

300.0

standard + SIMD 276

M peeling boundary
+ il
250.0 M + tiling
233

standard
. register reuse in the z-direction 206
(7] + i -di i 200
2 2000 B + shared memory in the x-direction
(@) 184
|
T 169
o 163
3 150.0 142 142
S

124
116
g 112 110
o
S
5 1000
o
50.0
g9 332
14.5
0.0 , , . .
Intel(R) Xeon(R) CPU 5110P Tesla M2050 Tesla K20c Tesla K20X GeForce GTX Titan
E5- . :
L8 B MPEsium 2014

2014/10/21



£ HE( 2

MIC (KNC) D ZE3hT

s [FDOFEFE(OpenMPDH) ITITMHERET7 v IXELLLY
s KNCEHI-I-ETORRARLGETAT ST /Fa—=29
= SIMDZEH. $Zintrinsic CBATRMIT O S35 2175 LB REm £
HIGE ML
s data locality~DELE
» ALYFEERE
s 7I7)5—3 A MPUESNTWNT .. M D BRI EEREZEDO R
HdEE
s Symetric mode (CPUEMICZ[EFIZx86a7 DEESELTHIA) AV E A A gE
= f=fL. LEHFEENHL DT, T7RT I LIZIE
“#ifdef MIC” DXITT RN E

CCS Symposium 2014
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<120 many—core ~DEALF

s i FIHPCE % (JCAHPC: Joint Center for Advanced
HPC)
s FRKFEEERKENTKIRTROR/NAVHRE - K FEREITOMER
» RERKEFEHFYUNARAIZKE
« 2015 EXBLIZ, E—I4EE30PFLOPSH BHiLI-R/ N\ ZiE. EMA
= many core architecture [CE DT Oty Z=EE

s COMAIZZ D %#HELL T many—core base application DFFESN—X
ELTHDERENZR-T

CCS Symposium 2014
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Yae))

FIEKRCCSTIFAR—REEE-BENEEEDE R H 5., accelerated computing &
SEODEELGMET SV IA—LEEZ . HA-PACS, COMADE A Z1TLY, KiR
AR A E S ANR T E % HE A o
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