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Al 51| 5T EHEPAX(PACS) DFHFE D FE R

s 1977 (CHAZEEIR (25 IE)
n  1978F(ZE—BHEMSTRK
= 1996 )CP-PACSIZXTOP500% —{if

1996

1980 1989 o v 2006 2012~2013
1;78 F2BWPAXS32  mosimocopax RS REERLT NURIBBEISRA GPUEEMES SR
%1 5#PACS9 =

-

- RESHCP-PACS PACS-CS HA-PACS

1978% PACS9 TKFLOPS | w FHERZEFHERIFEDOHRRH

19804 PACS-32 500 KFLOPS AL Loty e ey

19834 PAX-128 4 MFLOPS o .

198475 PAX-32) 3MFLops | ™ Avplication—driven’i 3t

19894 QCDPAX 14 GFLOPS | =m FiGMILTRARICLLIETEBRDEIE

19964 CP-PACS 614 GFLOPS

20064 PACS-CS 14.3 TFLOPS COh: R HEERR(ICKD/N1T )Y
2012~134 HA-PACS 1.166 PFLOPS K45 X4 FIRST

2014% cow} )é)PACS- 1.001 PFLOPS
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CCSIZEUWWTCIREERBRM2R 5D R/

= HA-PACS (PACS-VII)
= GPU cluster, —H I B OGPUREEEERVET —O(TCAERE
s PFLOPSOUSAMGPUYTRAIZLY accelerated computing [Z&Da—FRFETAS
IS ER
s novice user &Y% professional user 22—~ k&L= EMTI

= COMA (PACS-IX)

s Many Core cluster

s PFLOPSZZA®M many core architecture 27 AXAAFIZ&Y many core processor M REE
HEEZIBEL D DRHAD many core MITO—KREAFEETOAL IS EENE

s FURK-BRATHREFREL &AL RHPCEREEEL (JCAHPC)IIZHLIT20154
FEIZEAFTED many core VAT LDETHEERTETANER

» LAWFINIER T, LEEENA—TEENTR
- HE . MICIT—FEDEBENMRR[ENZTORE ATy Y
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HA-PACS Base Cluster %’

= Appro International %t

s CCSELTHIHTGPUE
AEEALI=VZR4A

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

= Mellanox IniniBand
QDR x Z2rall, Fat Tree

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

= 802 TFLOPS
(HPL: 421 TFLOPS)

= TOP500 #41
(BN #5)
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Computation node of Base Cluster P
4 Channels [mmmmmms [Ee=mmmas 4 Channels
1,600 MHz "eanRERRE BT 1,600 MHz

51.2 GB/sec mmme y == 51.2GB/sec (16GB, 12.8GB/s)x8

=128GB, 102.4GB/s
AVX

(2.6GHz x 8flop/clock)

Sandy Bridge Bridge Patsb ;
20.8GFLOPSx16 (intel) (inte> %‘-‘gﬁ S8 BIOS
=332.8GFLOPS

Total: 3STFLOPS

Ny
o

665GFLOPSx4 = (6GB, 177GB/s)x4
=2660GFLOPS - I I =24GB, 708GB/s
4 x NVIDIA M2090 l—l
2xQDR IB Dual GbE
8GB/s
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HA-PACS® R BB 45ll : HFET E D 1%
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= Model DNA (CG)2

= HF/6-31G(d) othe |
« 126 atom, 1,208 AO - S |
= 14 SCF iterations 600 {2 s |[&
= HA-PACS 1node ©» B S 5 |3
s 16 CPU cores v % <| 3 Tg
» Intel SandyBridge—E5, 2.6GHz § dpip o o E é -
= 4 GPU(NVIDIA M2090) — ffering T "o A2
O 4,00 ¥ o T
= Software 3 5 £
= OpenFMO I S |2
= GAMESS L . i
- Version: 1 MAY 2013 (R1) ——— A 4 |-
. GPU support (LIBCCHEM) 200 u i
= T :
o E E | |
Q "

3% % % 9% ey

¢ o % % QW

S S N
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7329+ baFEIEZEDGPUIE

A TILIUHHA3R /NI E (23,460[8F, 721755 A2N)

FMO-HF/6-31G(d) N o o
HA-PACS N—RX Y 5R% 64/—F ¢ RIOAVE1—%24,576 /—F
(3.1PFLOPS)T11%
01 1024 CPU core + 256 GPU : ~
847 —hY IL—T e 4 [E: HA-PACSR—R IS5 X464

—K 3 VAN
0 3MPISYY/0—hT IL—T /—F(386TFLOPS)C1207%

e
| HA3 BN P g "
#nodes (#GPU) 64 (256) - e L T B o
SCC [hr] 0.52 i |
Dimer SCF [hr] 0.90 o
R,
ES Dimer [ht] 0.45 e’
Total [hr] 1.97 i
SH®OEE o

EF BT ENOGPUIL (+TCA, FPGAIL B EF () T
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m TCA (Tightly Coupled Accelerators)
» PCle IZKHADEER@EE (/—FA-/—FE) Z#3XR
» PEACH2F YT (FPGAIZ&KBDTORIAT)IZ&KBDAU TP T MiPCleX
AyF+arko—5
» RARCPU- AT -#EEMIZIKTFLEZVADRIERRBE

B0/ —RRIGPURIEIS TCAIZ &%/ —RRIGPURTEIS
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PEACH2 board

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

Comten o0 Computationsl Scseices —
@‘] Univenty of Trdubs .« [ldda o)
.
. .

g v
2 -
o
i . -
111 X ~ L
¥ '

AARUFACTURE

L :
Side View Top View
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PEACH2 board %l

Main board FPGA ]
+ sub board (Altera Stratix IV Most part operates at 250 MHz
530GX) (PCle Gen2 logic runs at 250MHz)

...... s —ee

-----

S S i,
o DDR3 Power supply

SDRAM .
o PCI Express x8 card edge for various voltage
rPCIe x16 cable connecter
rPCIe X8 cable connecter
CCS Symposium 2015
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HA-PACS Base Cluster + TCA bk
(2013/113 % &5 18)

Iy
l. |I: ||||||

TcAl L wme
g - . ‘4'_’7////[4'1:,,

e HA-PACS Base Cluster = 2.99 TFlops x 268 node = 802 TFlops
e HA-PACS/TCA = 5.69 TFlops x 64 node = 364 TFlops (Green500 #3)
e TOTAL: 1.166 PFlops
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FFTEXR>FT—7 :alltoal 1@1{E

S @ TR KRDFFTE (6 step FFT)MDPCHSRAARETCAIZR IHSH R F
<—9

TCAIZ & Balltoalls@{EZDMA chainingE Rl —GPUR D T—4AaE—IZ$
cudaMemcpyAsync)TIEZE{PEACH2Z{FSZ L2 kY . GRURT—A28E1E KUY

=L

16 node (16 GPU) [Z$ (75 alltoall :B{EEHRE

1000 6

—¢=PEACH2 _
~@=MPI-IB 5,9

~ o _. . = (28]
ey E c 2
= 10 2 Sz
-1 £

1 . 0

64 1024 16384
Mesage size[Byte]
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FFTE®D 4

=HE (Small=214 Medium=21¢)

1.20E-03
1.00E-03 MPI/IB(:J:I:’*‘
1.621Z 5 1&E
8.00E-04 \ —
z \
g 6.00E-04 small CIEfEEM /NS -— \
= s - <
4.00E-04 TECRT—ILET B
2.00E-04 ] I B I = I -
0.00E+00 .
Q2 o < o < o < 2 o < o < o <<
¥ = R/ =E R = B P/ = R = Fr = F
n n
1node 4node 8nhode 16node 1node 4node 8node 16node
Small Medum
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SEDEEMRZRVAT LA

» MICIEBEERMIZEREINEZR THAOANERIIZIIx86 A
/ﬂu .7Dt‘J-|j-
2 AZ—OAF7 THANEZATIILERMIEATHY. FE/N S
SIMDER F D&t CE—IHReFx LITTLNVS
x BHfi7T0penMPT O 53V TIXERIEIFELLY (k)
s RAELTEEINRZOAMGILGPU
« NVIDIAZHIHELTGPUD EEREIE A LI TLNS
s BAFBRRIZENRSTULSHAFLOPS/WIE TAYUERITTLNS
s NEFTHI?
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SEDEHEIMRZIZIR AT L (FGE)

s [BEETOMBIZLBYNELGPUEZSEZREDISICEFIALTLK
yA\
s GPUBEL{K@sustained performanceld) Lt
» /—FREBEMHREZLYRLSEIVHELNDHSD
s NUMBEFTELATUOVDEIBNEE
= strong scalability
= TCA (Tightly Coupled Accelerators)A> T MEZDRREIZXT S
— DD
» SHBEEMERIZTNEEROEFE OB EEHTHREINIDONEEL
LY
= FRARCPUM S O A Al
o E[FWARRARDBENTELICGPUIXBIL TEAL
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FPGAZTFEBAIIZHF AL EENZERZ AT LA

» GPULIEF|IBERYET—ODHE
« TCA/PEACH2(FPGAE:
» HHIIASICEFEZET. EEDEHEDT-HFPGAZIXH
» KYTRBHIGEFPGAFI A~ = FPGA offloading
» /—FRAGEIZBUT..
o CEEMNICITXEMENGPUREIZENELGRAEIDNH D, DR S VE)
« ZRGEERE FOEBE,. F. 0
s /—FREBREICEZEBEEYT ST —43% on the fly TAIELI=LY

w € FEDGPU+HR YT —ITlEERE M L. strong scalingh 4+ !
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7TV r—aurPGAY 7O—T 4
(FEYVEMM+EESZRBKRFEDHF

e

3)

PEACH2(Z kA 70—T1> ) : FHYBZEOEHHEIZESL
T. LET(Locally Essential Tree)% on-the-fly C{ERK

s MEEEIERIZLDTree code on GPU ZFE%E
» BAI—F, FEO-FKYELER
» FEERIEORMAHSD
» RAXREFORNA
s GPU kR tree make
s IEERIFIERE +PH-key jump DEIHIRTE
s AESIRRIEESDLABNVE

s STERROEZFRAOTEGPUICEIY Y TARFHEZTELTLSA,
MPID E TR 21T Z 2 FE LB MELELMTFARLY
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LET (Locally Essential Tree) {Efk

mask[id]E25Z AT
masklid] == 0 [E5[<
mask[id] == LETIZ:E /0
EEREH 7

ZIERIDHEET—2D—F8E

EERIDZIVIZTIEREHIE

W

I I [

Reduced data

CCS Symposium 2015
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Update mask[id]
of child node

Processing data

Add LET

Processing data

ld=id+1




FPGA Gate Usage

PEACH2 LET generator & PEACH2

Used (%) Used (%)
Logic utilization 46 % 67 %
Combinational ALUTs 65665 74561 / 232960
(28 %) (32 %)
Dedicated logic registers 83690 122714 / 232960
(36 %) (53 %)
Total block memory bits 2964560 2744448 / 13934592
(21 %) (20 %)
DSP block elements 4 36/ 832
(<1 %) (4 %)

¢ PEACH2 has enough logic for LET generator.

CCS Symposium 2015 <@>

2015/10/19 Center for Computational Sciences, Univ. of Tsukuba

19



20

T 85E5T

EVa—)LE 7.2f512@
AT2.251C E 1t
=k
=R1E 400
_250
| 5200 -
=
] TF150 -
] Ht
\=100 -
- K
| 50 -
| : 0 -
0..‘ R 0’.‘ .
’ W_)ﬁ LET1’EE‘Z75\BGPU’)§
LETYE R ER 53 D = AT B ] EEFTORTHERE (BEE)

CCS Symposium 2015 <@>

2015/10/19 Center for Computational Sciences, Univ. of Tsukuba



FPGA offloading with communication

s FILLVEEILRBFRV AT LA
s GPU + FPGA + short latency network

s IHFE JST/CREST IZEULVTPEACH2EZEFHFPGALET
5 5

s PEACH2 (PEACH3) R ybJ—OEREF#IPELTHERL.,. CNITEE
oA 7O0—T 4T IZKBIMEED 1—ILEER. SR BER
H i cEE
s CDT7ATT7EHCCSIZHBITAF AT LT
PACS-X TEIR94HZEXBIET

> Gosmo Simulator

RERE

|-
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COMA (PACS-IX)

= Crayft CS300 R—X

= Intel Xeon Phi (KNC:
Knights CornenZz £
F

= 393/—Fk (2 Xeon E5-
2670v2 +
2 Xeon Phi 7110P)

= Mellanox IniniBand FDR,
Fat Tree

= 2015/108F = TXeon Phiig
FHISAAELTHARK

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

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

s HPLZhER 74.7%
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2015/10/19 Center for Computational Sciences, Univ. of Tsukuba

22



‘COMA (PACS-IX) & /—FK (Cray 1U 1027GR)

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

inside™

IB FDR

Mellanox
Connect-X3 Intel Xeon Phi 7110P
CCS Symposium 2015

23
2015/10/19 Center for Computational Sciences, Univ. of Tsukuba




COMA (PACS-IX) overview

s T2K-TsukubaDE#MI AT LELTEA
= H26F4 R BRI
» VAT LIER
» FHE/—FARACPU+A=—aT7 7Oty Y
» /N
= 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 /—F3: 393
s« E—21%8E: CPU=157.2 TFlops MIC=843.8 TFlops
TOTAL: 1001 TFlops = 1.001 PFLOPS

s VATLARUA—: Cray Inc.

CCS Symposium 2015
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What is COMA ?

m Cluster of Many—core Architecture processor

s COMA=IMHDITEE]
« KFRHLZEFFAD—D
» ERAI=Z2NEFEY (=Many Core)
s SRIAIE =ERAI D EFEY (=Cluster)
s [RIFFICPACSU) —XEIHIR DT b=,
"PACS-IX"Da—K&%46FH

CCS Symposium 2015
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MIC (KNC) MDEXITEgE(IL 7

[ZDFEFE (OpenMPD &) ITIXERET v T IdEEL LY
KNCEHNI-1- L TO¥ALETATSIVT /Fa—=29
» SIMDZFEH. $¥Cintrinsic CRARMI T OY S22 175 RIBIZICERER L9 5156
MNZLN
s data locality~DELE
- AEYNRRZENFRTHOHELLY
m Zl/‘ypﬁgjﬁ%%
> Ex K240 LYK (ARLYE x6037) ENFNNRRTIZAL
7V r—3 0 hBMPHEENTWWT . D EF O EEIZEDO RN HBHIEE
= Symetric mode (CPUEMICE[EFIIZx86F7 NESLELTHIA) AV A A EE
=27 T)r— 3 NDCOMALIZHITARIBEEIT
s QCD7 7)) —<,3> 0 Native Mode 1T
» YWEEFEHFEI—KD Symmetric Mode E1T
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ARTED: EF& h=Fa—F (EF¥YE +HPC) FERAY !
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ARTED - Ab-initio Real-Time Electron Dynamics simulator

Multi-scale simulator based on RTRSDFT (Real-Time Real-Space Density
Functional Theory) developed in CCS, U. Tsukuba to be used for Electron
Dynamics Simulation

= RSDFT : basic status of electron (no movement of electron)

m RTRSDFT : electron state under external force

In RTRSDFT, RSDFT is used for ground state

s RSDFT :large scale simulation with 1000~ 10000 atoms (ex. K-Computer)

s RTRSDFT : calculate a number of unit—cells with 10 ~ 100 atoms

AN

Solids v
/\ /// Atom
N N\ {/’ X o /
AV N &
Electric field \\\ ,
RSDFT : Real-Space Density Functional Theory
RTRSDFT : Real-Time RSDFT

2015/10/19

Center for Computational Sciences, Univ. of Tsukuba



Computation domain and amount

m Parameters for wave function expression

s k—points (NK), band—number (NB), 3-D lattice points (NL)

= valuables are in double precision complex with matrix of (NK, NB, NL)

s for stencil computation, size NL of calculation is performed NKxNB times
s Parameters used in this research (two models)

« SiO, : (43, 48, 36000 = (20, 36, 50)) —> not enough large

s Si - (243, 32, 4096 = (16, 16, 16)) —> larger parallelism on thread
m NK is parallelized by MPI, then NKxNB is parallelized in OpenMP

= domain of each process: (NK/NP, NB, NL)
(NP = number of processes)

s space domain is nhot decomposed to minimize MPI communication

CCS Symposium 2015 <@>
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hpsi

psi_tho RT

Allreduce
REALS, SIZE=NL

Hartree

Exc Cor

current

Allreduce
REALSB, SIZE=3

No

ws_ Iteration mod 10 =0

Yes

Total Energy

Allreduce
REALS, SIZE=1

Allreduce
REALS, SIZE=5

Ion Force

Allreduce
REALS, SIZE=3NI

Allreduce
REALS, SIZE=3NI

=P Logging

}

Time development part of ARTED

o in Apsi, size NL of 25—point stencil (3-D
with depth=4), 4 times / iteration
m parallelization: (NK / NP) x NB

s 20Byte/Flop on each dimension
— highly memory intensive

s cyclic boundary condition

o current computes stencil calc. in each
iteration

Allreduce is invoked 6 times at
maximum

s double precision value of NL size for Allreduce

s communication time is negligible
— no meaning to use Offload model



How to improve the performance on MIC

Compilation options

s Common on CPU and MIC
—ipo —fp—model fast=2 —complex—limited—-range
—no—vec—guard—write —qopt—ra—region—strategy=block

= on MIC
—gopt—threads—per—core=4 —qopt—gather—scatter—unroll=4
—gopt—assume—safe—padding —opt—streaming—cache—evict=0
—gopt—streaming—stores always

Array expression modified for good vectorization
Ref: Data reference pattern changed
SoA: AoS —> SoA

Ex: Loop unrolling on a specific dimension

CCS Symposium 2015
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ARTED

Faster

<

Computation time / Iteration [sec]

31

—KR2KDORT—SE )T+«

Time-Development Computation Time / Iteration

0.6
OCPU HBNative OSymmetric

0.5

32/—K®CPU-onlyEfT&LY16/—FD
0.4 i o

SymmetricE{TD A HIELD
04 e /R 2fEL E DR
0.2 N SEPL
0.1 -

0 7 T

16
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CCSIZHETDHRDARAR—/N—aVE1—435E
s EFtimtEFEHPCE BN | 8 o<
(JCAHPC. Joint Center for Advanced HPC) R CRINS VI
—_ S / 0o T &
s FURKFERRKEAT2KR TRORA/NIVHE =) o
Hh3E - HEEAEIT M \} b 2
s BRAREHFVYUONIANITEHRE 5 \ L
\ R
» 20165108 (HEE) ICERNZKRED R/ N\aV %5 e ﬁf’} WE &
E.ER D 5T % 4"6 :
= many core architecture [ZE DT ALy HEHEE @‘& o4 n{a 1 -3%?.1?5 |
s COMAILXZDE#FLL T many—core base b 3 e e
application DFFER—XELTDEENZERT-F BuE . F - ot
S o
AINCTLAN ATt O
7 S, Pl @
T o LS ?f';#
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JCAHPC

b

JCAHPCY R T LHEE (5

» iTE/—F
= many—core architecture processor Z;ER MNEzFEL TTILLC main CPU &
LTHIA

= single socket / node
s memory: fast=16GB slow=96GB Ll_Et

s AT —9
s Full Bisection B/W @) fat-tree ¥&hk
= 100Gbps 7%4./8< (InfiniBand EDR %)
» BT LA
« BE—JMRE25PFLOPSLL E
» 20PBULEDQHEEFEI7ZAIL- AT L(TTYMNEE)
s B—RH521—5ND T THRARIGER
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JCAHPC

Ll

JCAHPCY R T LM EfE - 38

FERTD2—IL(FE)
» RE.ERBEFE
o 2015/12EE  REEHR LA FTE
= 2016/2tE: A#L
= 2016/3tH: BAAL - 2259
» 2016/10::ERARIEF & GAERER)
HPCIZ (X201 7EEM DS
1E A A &t
» FUEK-BROBAXZOEAERNR) S —Z
» MAXFEOFHE-BREFRAIOIIL
n JY—RERDEERETF EIZ LA
s /—FRHEETHE|T LD TIELEL, /—FEFBED BRI THE
» KIREHA
= HPCI

« FAlGEXEEERHES (GBAFYL U UF)
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FERCCSTIEZAR—REEE-BHEBEDE R H 5. accelerated computing Z
SEOEELGMET SV I+—LERZ . HA-PACS, COMAD B AZITLY, KFF
1R A EE IR E
HA-PACS®) GPU accelerated code [&MEY AL TLVS
= routine 18 FHIZiT LY
COMATIEmany—core applicationDFIFEHEE RN N GYrEE>TF1—=
DT LIEWNETEBEAY HHAE 0N
= KNCTF1—=T%EDD
- £ 1% D many-core MDTEEE-HEEER] L IZHARF
CCSD Y RT LAt
s WMEVATLAGRERA) ELTIEEEINRZZ RTBE. FPGADEAZE O -1 iliE
HEA—TEHELEH-EBEtRetEBigd
s JCAHPCU AT L (FAERE) EL TIEHEE D OpenMP+MPI7 J'1) D it & 1 —H [ZfELY
SWARVRATLEB T

Qll
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