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9 RFEA/NAVEVF—EFEAGTE (Feb. 2017) JCAHPC

Hokkaido HITACHI SR16000/M1 (172TF, 22TB)
Cloud System BS2000 (44TF, 14TB) >{ 3.2 PF (UCC * CFL/M) 0.96MW 30 PF (UCC i >
Data Science Clou(ci(/)_?'t:(’)rf%ZPS)ASOOO/WOS7000 >‘ 0.3 PF (Cloud) 0.36MW > CFL-M) 2MW
Tohoku NEC SX- SX-ACE(707TF,160TB, 655TB/s) ~30PF, ~30PB/s Mem BW (CFL-D/CFL-M)
A LX406e(31TF), Storage(4PB), 3D Vis, 2MW ~3MW
Tsukuba gy . HA-PACS (1166 TF) ) | PACS-X 10PF (TPF) 2MW >
J COMA (PACS-IX) (1001 TF) D
Oakforest-PACS 25 PF 4.2 MW 100+ PF 4.5MW >
Tokyo i (UCC + TPF)
ﬂug}ésiﬂnixlgnm i TRll . Reedbush 1.8~19 PF0.7 MW ) 50+ PE (FAC) 3.5MW 200+ PF >
Hitachi SR16K/M1 (54.9 TF, 10.9 TiB, 26.7 TBJs) ( ) ' (FAC) 6.5MW
Tokyo Tech. TSUBAME 2.5 (5.7 PF, TSUBAME 2.5 (3~4 PF, extend§>d)
11018, 1160 TBe) TSUBAME 4.0 (100+ PF
TAMW TSUBAME 3.0 12 PF, UCC/TPF 2.0MW T AT >
Nagoya FX10(90TF) | Fujitsu FX100 (2.9PF, 81 TiB) ) 100+ PF
mo 1 | Fujitsu CX400 (774TF, 71TiB) SOHRRIFACUCC s CRE-M) (FAC/UCC+CFL-
SGI UV2000 (24TF, 20TiB) _ 2MW in tof up to 4MW /myp to 4MW
Kyoto Cray: XE6 + GB8K + )
!!!—d iy 5 PF(FAC/TPF) 50-100+ PF >
W [co xcao saeTR) Y 1.5 MW (FAC/TPF + UCC) 1.8-2.4 MW
Osaka - i NEC SX-ACE NEC Express5800 | 3.2PB/s, 5-10Pfloprs, 1.0-1.5MW (CFL-M) >$806p?fé7s?°5
o (423TF)  (22.4TF) 0.7-1PF (UCC) ) 2.0MW
HAB000 (712TF, 242 TB)
Kyushu ﬂ SR16000 (8.2TF, 6TB 6.9PF+3.0PF 7MW > 100-150 PF
" m FX10 (272.4TF, 36 TBf EX40 (FAC/TPF + UCC/TPF3MW
CX400 (966.2 TF, 183TB) Vi .
K Computer (10PF, 13MW) 22972 Post-K Computer (??. ??)
4 Power consumption indicates maximum of power supply (includes cooling facility)

2017/12/15 PCCO RO L2017@FEIR



Oakforest-PACS (OFP)
«» 2016128188 EF%

= 8,208 Intel Xeon/Phi (KNL),

» ELHBEHIEE

» TOP 50008 6 (E

N

J1{3L)

HPCG 3{i (E

N

JCAHPC

E— 2 4£8E25PFLOPS

J2{31)

» RFcimIERIHPC B8 (JCAHPC: Joint Center for

Advanced High Performance Computing)

= RRAFIRHRER

» FURKEFETERIFH
» RRAFZEF P VI RORRKE

FinD KRS
= http://jcahpc.jp
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JCAHPC
TOP500 list on Nov. 2017 (#50)

MPP (Sunway, China

1 TaihuLight, NSCW g0 93,014.6 125,435.9 6051.3
2 zl)??vhsecé (MilkyWay- gg‘jtfrl((l':é’)m' China 33,862.7  54,902.4 1901.5
3  Piz Daint, CSCS z':l': icé‘;‘,‘{j) Switzerland 19,590.0 25,326.3 10398.0
MPP
4 Gyoukou, JAMSTEC (Exascaler, Japan 19,125.8 28,192.0 14167.3
PEZY-SC2)
5 Titan, ORNL z':l': icé?,‘{j) g:a'::: 17,590.0 27,112.5 2142.8
6 Sequoia, LLNL 'l;"l':IZG(Zﬁ':;Q) g&'::g 17,173.2  20,132.7 2176.6
Trinity, NNSA/ MPP (Cray, United
7 LABNL/SNL KNL, Xeon)  States 14'137' X '6 eters
- AT
8 Cori, NERSC-LBNL r:ll_:)(Cray, g&'::g 14,014 FL I 3556.7
Oakforest-PACS, Cluster
9 CAHPC (Fusiteu, KNL) J2Pan 13,554.6  25,004.9 4985.1
10 KI%‘;mp“ter' RIKEN MPP (Fujitsu) J3PaN 10,510.0  11,280.4 830.2

FRF FRE=(FIun.20170 6D 7y T L—F

PCC R L2017@FNER 6
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O JCAHPC
Oakforest-PACS (OFP)

« E—21#E25 PFLOPS

« 8208 KNL CPUs

« OmniPathlZ & %FBB
Fat-Tree

743 « HPL 13.55 PFLOPS
@ﬁ 2016/11:
S ERE1L

O R E6

— 2{iL. 911 (2017/11)
« HPCG 0.385PFLOSP
(2.8% of HPL)
2016/11: HHFEE 3
= 61
* Green500
2016/11: 64
= 224
« 10500
2017/11: 14z

PCCOURI ™ L2017@FREIR
2017/12/15



) | JCAHPC
sT8/ —kE&EYv—Y

Chassis with 8 nodes, 2U size
(Fujitsu PRIMERGY CX600 M1)

Computation node (Fujitsu PRIMERGY CX1640 M1)
with single chip Intel Xeon Phi (Knights Landing, 3+TFLOPS)
and Intel Omni-Path Architecture card (100Gbps)

PCCOURI ™ L2017@FREIR
2017/12/15



JCAHPC
KBINA T UPIRILEHL OPA,

ExaComm'17@ISC2017, Frankfurt
9  2017/06/22




JCAHPC
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JCAHPC

Oakforest-PACSD ¥ 2 5 LfH#k

Total peak performance 25 PFLOPS
Total number of compute nodes 8,208

Compute Product Fujitsu Next-generation PRIMERGY server for HPC
node (PRIMERGY CX1640 M1)
Processor Intel® Xeon Phi™

(Code name: Knights Landing), 68 cores
Memory MCDRAM 16 GB, > 400 GB/sec (effective rate)
DDR4 96 GB, 115.2 GB/sec (DDR4-2400 x 6¢ch, peak rate)

Inter- Product Intel® Omni-Path Architecture
connect | ink speed 100 Gbps
Topology Fat-tree with (completely) full-bisection bandwidth
Login Product Fujitsu PRIMERGY RX2530 M2 server
node # of servers 20
Processor Intel Xeon E5-2690v4 (2.6 GHz 14 core x 2 socket)
Memory 256 GB, 153 GB/sec (DDR4-2400 x 4ch x 2 socket)

11 2017/12/15  PCCOURT D L2017@FRER



JCAHPC

Alld

Oakforest-PACSMD1/01:

Parallel File Type
System Total Capacity
Meta Product
data
# of MDS
MDT
Object  Product
Storagé % of 0SS
(Nodes)
Aggregate BW
Fast File Type
Cache
System

Total capacity

Product
# of servers (Nodes)
Aggregate BW

PCCOURYO ™ L2017@FEIR

12 2017/12/15

Lustre File System
26.2 PB

DataDirect Networks MDS server +
SFA7700X

4 servers x 3 set

7.7 TB (SAS SSD) x 3 set
DataDirect Networks ES14K
10 (20)

500 GB/sec

Burst Buffer, Infinite Memory Engine (by
DDN)

940 TB (NVMe SSD, including parity data by
erasure coding)

DataDirect Networks IME14K
25 (50)
1,560 GB/sec



JCAHPC

Intel® Omni-Path ArchitecturelCc &3
2)LI\1to>a )\ RigDEE=EHE

‘ /768 port Director Switch
] : (Source by Intel)

T3 S -

AHE WEE Q08 ARe

Compute
72 Nodes

Login Nodes 20
Parallel FS 64
IME 200
Mgmt, etc. 8

=
0
13 2017/12/15 PCCLURI ™ L2017@FNER
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14

E=pa)

S5BERT A

Compute Nodes: 25 PFlops

- jFujitsu PRIMERGY CX1640 M1
)7 x 8 node inside CX600 M1 (2U) |

CPU: Intel Xeon Phi 7250
(KNL 68 core, 1.4 GHz)
Mem: 16 GB (MCDRAM, X 8,208
490 GB/sec, effective)
+ 96 GB (DDR4-2400, 115.2 GB/sec)

Omni-Path Architecture (100 Gbps), Full-bisection BW Fat-tree

1560 s II

DDN IME14K x25 /"~ Login Node x20™\
File Cache System m /" U.Tokyo
94018 W|| node users
Lustre Filesystem SOOE/S — -
DDN SFA14KE x10 Login U. Tsukuba
Parallel File System ~ node | users

26.2 PB \_ ) :

PCCLURI ™ L2017@FEER

2017/12/15
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JCAHPC
Oakforest-PACS D45

s ExICimDHPCE)(F X Z—2377CPUDF]
s BOTSWVLSNYE (/—KA, /—K@E) ZFDOHPCZ U T =Y 3 VUHhEE
Y —4"w  (3TFLOPS)
s SELF1—VHC KD MEEE KIG(CE L TTAL
« PHIT7 00 S LBIEODESZ S (OpenMP+MPI)
» ECIRD S EiE S full-bisection/ Y K8 T&im
= 100GbpsDJ v O RE
s IITRTIV2—-3ICLD/ —REEEDBHEMNSL)
« J—RAEBICHIDDSITETDI 71 ILESRICT D RTOJEE
« BN FPTUT— 3V %B5ICEITOIRE
s SEELINDID 7PAIVIVRTLAEIN—RKN/I\Y D 7
« Lustrelc K25 - SMEE7 2 2R (500GB/s)
» J7MIFrvyvya \=RARN\Y D7) [CXDITB/sSEZDBEZR7 IR

PCCI R L20170FNER
15 2017/12/15



JPY (=Watt)/GFLOPS Lt

Oakleaf/Oakbridge-FX (Fujitsu)

(Fujitsu PRIMEHPC FX10) 125

Reedbush-U (SGl) 5 0 _
(Intel BDW) . %
Reedbush-H (SGl) &
(Intel BDW+NVIDIA P100) 17.1
Oakforest-PACS (Fujitsu)

(Intel Xeon Phi/Knights Landing) 16.5

PCCOURI ™ L2017@FREIR
2017/12/15
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188

» 2016/12~2017/3 FERE
» JVRATLAZREBRETFI VD

n 2017/4~ NFhER
= HPCI,

18

Ko

u %Lﬁ\g y 'l‘él:l_ G)ﬁﬁmu
(4FR) KIEHPCF+ L VY : GBP

-
=]

» SEERLEHAI—YICL>TET
» ARERATEBZR/ALIIN-TEFIVYVYTRY—~

(RRLF. KDEF)

=)
I=]

SRZOERNERTOU S A

CCFa1—VIR

JCAHPC

» ARDXAYTFYRBICKBREHPCF v LYY & UTH4FBDERS
BHA

= FREMRS

s EBEER (XVTFVR,
« FIFAER : 45~55%F2F (&)
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JCAHPC

2 - KNLOXEUE—K

s XEUE—F
= Cache:Flat = 50:50 (4096+4096 nodes)
» BRFZE THRZZZIDIFELHNRIRTEH/INISVRLTWDS

» BPIXEVUE—KRZESRE
» ATV Y RTCache:FlatDLERZEBPHCEINEE T D EZETEF
s J—RDOUT =D FRIOBFEHIHIDDIORFE

» KIBIRY 3T (7K2048./ —R) HEEFIAOIAE
s XBEUE—RDBERBHDD. VY —RERHELL
» Fa2—AVTDBBEICHIPR (fair sharezE1TL TLVELY)
» FIAXRDINFIRERBZDTE ? = S (CHENT - AEBHNDE

PCCI R L20170FNER
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JCAHPC

Oakforest-PACS DYV O D1/’

= OS: Red Hat Enterprise Linux (071 Y./ —K),
CentOS K McKernel (518 — K. Y& 0JaE
= McKernel: ZBHFAICSTREPD X Z—377[@)(F0S
« LinuXICEERERE, 1—FTOT S AICEZDFERL
« MARRIVE21—FICHEEEHINDIFE,
« V)15 : GCC, Intel Compiler, XcalableMP
= XcalableMP: IBFRAICSE FUR K CHEREF QI TOI SV IS8
=« CWFortran CEieihsNc I — R ICHERXZNZA D Z & T HEEDSWLIES
PIVT—2 a3V aBEICREITDIENTE S,
s DAY - PTUVT—=3y 0 A=TIV-RYVYDIKDI7
= ppOpen-HPC, OpenFOAM, ABINIT-MP, PHASE system, FrontFlow/blue ,
LAPACK, ScalAPACK, PETSc, METIS, SuperLU etc.

PCCOURYO ™ L2017@FEIR
2017/12/15



JCAHPC
McKernel on OFP

s McKernel on OFPDREFEIR

« ENEDEEELTEDEZERICEIT TERP,

= Linux only modeh* 5 McKernel modelC#1T9 BRICEFRBIDH\ D BDIFEDH
HODNYFIITIRFTLABITYITZKILTUERSH., ZDWERAE
DD >7=D TEDHNKRZNE L/7?_ EEDEEZHEDP,
= MCDRAM_ LT U — VBB atER I 2D ICREZET D
= MCDRAMZ% Hot-Pluggable Memory& 93 C & TERRYT 2 BIAH

« AR, mcexech' REESZRECITIZFENHD. FAEDP,

» FENBATARRTO? TYURTEFERB LR, —RIERICH
(TTUDH—@U@J%?‘T’B%EO

= McKernel on OFPD 2%
« OFPLTO7Z U — 3 VitEEE L
« MAKN TR, [CEIFTDMcKernelFgF (GBHFAICS with 5BK)
» 1—H(CMcKernellCBNTHS SRR TR)

PCCI R L20170FNER
21 2017/12/15



(slide courtesy

McKernel5%dh : GeoFEM (University of Tokyo) by Y. Ishikawa)

= ICCG with Additive Schwartz Domain Decomposition - weak scaling

- Up to 18% improvement Acknowledgement: Kengo Nakajima, University of
Tokyo, for providing GeoFEM. This result is on

Oakforest-PACS supercomputer, 25 PF in peak, at
JCAHPC organized by U. of Tsukuba and U. of Tokyo

16 M Linux ™ |HK/McKernel

Figure of merit (solved problem size
normalized to execution time)

1024 2048 4096 8192 16k 32k 64k 128k
Number of physical cores

20017/04/05 22



(slide courtesy

McKernels¥ii : CCS-QCD (University of Tsukuba) """

= Lattice quantum chromodynamics code - weak scaling

= Upto 389% improvement Acknowledgement: Ken'ichi Ishikawa, Hiroshima
University, providing CCS-QCD. This result is on

Oakforest-PACS supercomputer, 25 PF in peak, at
JCAHPC organized by U. of Tsukuba and U. of Tokyo

10000 ®Linux ™ IHK/McKernel
9000

8000
7000 - .
6000 -
5000
4000 -
3000 - Results using the same binary .
2000 -
1000 -

O I I I I I I I |
1024 2048 4096 8192 16k 32k 64k 128k

Number of physical cores

MFlop/sec/node

20017/04/05 23



(slide courtesy
by Y. Ishikawa)

McKernel5¥dh : miniFE (CORAL benchmark suite)

= Conjugate gradient - strong scaling
= Up to 3.5X improvement (Linux falls over.. )

12000000

M Linux ™ IHK/McKernel 3.5X

Results using the same binary

10000000

8000000

6000000

4000000

Total CG MFlops

2000000

O -

1024 2048 4096 8192 16k 32k 64k

Number of physical cores
Oakforest-PACS supercomputer, 25 PF in
peak, at JCAHPC organized by U. of
Tsukuba and U. of Tokyo

24 20017/04/05



XcalableMP (XMP)

= XMP on OFP

25

= IEBHRAICSE FURKDHERFR TREEK -
= OFPD ./ — ~EIMPL&(E &/ — FAMPI+OpenMP T D4
» QCDIZFPFUTOMAESHE (by P

ml

/

S ik

ZE&/LK)

« RN TRy, ESEBHAZE T Y (Fibre) D—D
s ARTTRFLEORTFTVVIETE., EZEEERKES

s RITIEESR(SE & Allreducei®(E

» CITER2ZRITTOCRESNCARTIEFENY Y EVD

« OFPOTREK256/—R%Z=FA (ALY K/ /J—R)

PCCL R L2017@MER
2017/12/15

L=

i

Bea-

~

JCAHPC



\ e — (slide courtesy
SENECH D TE F= LA HL by M. Nakao)

Quark_t V[NT][NZ][NY][NX];
#pragma xmp template {{NT][NZ]
#pragma xmp nodes p[PT][PZ]
#pragma xmp distribute t[block][block] onto p | 4RIFTDEHNT—H2E2RTIOVI DT B
#pragma xmp align V[i][jI[*1[*] with t[i][j]
#pragma xmp shadow v[1][1][0][0] 81 D% 2B ZEMT S

node p[0][1]

node p[0][0] -

1
1
Qs 1
- 1

- ’

node p[0][PZ-1]

’

#pragma xmp reflect(v) width(/periodic/1,/periodit/1,0,0) orthogonal
WD(..., V); /| AT ILETE

node p[0][1]

- . node p[0][PZ-1]
R

node p[0][0

=
$

-~
-



(slide courtesy

fOl’)l/_jojC@ﬁj\E;Eu by M. Nakao)

#pragma xmp reflect(v) width(/periodic/1,/periodic/1,0,0) orthogonal
WD(..., v); Il ATV ILETE

void WD(..., Quark_t v)

{
#pragma xmp loop (it,iz) on t[it][iz] XMPH5R X TE T Ot RIZHEILF=for XITH LT,
#pragma omp parallel for collapse(4) &5 |Z0penMPIE R X TAL YRS ENE1TS.

for(it = 0; it < NT; it++){
for(iz = 0; iz < NZ; iz++){
for(iy = 0; iy < NY; iy++){
for(ix = 0; ix < NX; ix++)¥{




M EEETE M (B1E /—FNIX64X L YR)

REEH 1 X [£32x32x32x32

Performance (GFlops)

900
800
700
600
500
400
300
200
100

0

4 8 16 32 64
Number of Processes

1 MPI proc./node, 64 thread/proc

128

256

(slide courtesy
by M. Nakao)
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O JCAHPC
Oakforest-PACS : {\FRWN P TV T -3y

» SALMON/ARTED
ETEHNT ; ?
= Lattice QCD -
BFEFEHS "

2 0 2 4 2 .
Delay (fs) Delay (fs)

= NICAM-COCO

» EHIKKR - BFERK
= GHYDRA

» ZRJTHEREED (FEM) e (S
= Seism3D/OpenSWPC

» = RITLEGRENGHR (FDM)

COCO (ocean)
Tripolar grid system

— Buiding
Basement-|
(engineering
classification)
s |

Sediment ;

¥

Sedimentary Rock>" 7~ i
= i FEM-mesh
Bedrock )Q( Sediment ( )

>\ WY BasemSm-
< y  — W\° (seismologica
- = ge\® classification)
AR
B g

Earthquake
Source

z Basem nt-1 4
e Coubler

Sej
smig'
wa
ve

Sedimentary Rock
(FDM-mesh)




JCAHPC
P T —3 3 VBN

= GT5D (PI: #PNZHRE@RHH)

« RS RHYOYIAL—Y3Y

. SRITEHEDOBILS - BAREYI2L—Y3Y

« Ry DVE21—AYETDERS

. BICIOFPFIEARLES,) (CBFDHPREDRED SRR
= ARTED (PI: RIE—/5@I;KRK)

s EEFOLODEFINFEYZ2L—Y 3V

. BBIFIREZER - IRIEELEREF YIS 2L —Y3 Y

» Ry DVE21—%, GPUOSRYEZETDEIE

PCCI R L20170FNER
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(slide courtesy

Many core optimization of GT5D kernel by Y. Idomura)

32

Many core optimization of finite difference kernel [Asahi, SC15, IEEE-TPDS2017]
= CPU: reuse stencil data on large shared cache loaded by other threads
= MIC: optimized 2D thread mappingfor distributed small L2 caches
= GPU: physics based loop design to reuse registers and avoid warp divergence

Multi-GPU/MIC optimization of Krylov (GCR) solver [Mmatsumoto, AESI2016]
= Direct communication dramaticallyimproves parallel performance

= Costofthe remainingcommunicationisrelativelylarge

Ivy Bridge
CPU comm.

Tesla K20X
CPU comm.

Tesla K20X
GPU Direct

Xeon Phi KNL
Omni Path

msec / iteration

m AllReduce

15

20

Parallel performance with 16MPI processes
(GCR solver for 4D grids 128x128x32x128)

HA-PACS@ Tsukuba Univ.
IvyBridge(224GFlops) x 2 / node
K20X(~1.3TFlops) x 4 [/ node
InfinibandQDR (8GB/s)

Oakforest-PACS@ JCA
KNL(~3TFlops) x 1 /node
Intel Omni Path (12.5GB/s)



(slide courtesy

by Y. Idomura)
Performance of GCR/CA-GMRES on ICEX/FX100/KNL

[ldomura et al., ScalA@SC17]
Krylov solvers@2 nodes (GTS5D: 160x160x32x96, m,/m_=1836)

" ICEX FX100 KNL
“ Otherl WDAXPY2 ¥ DAXPYL WSpMV1 Flop Gflops Roofline Gflops Roofline |ICEX Gflops |[Roofline ICEX
Kernel . . . . .
% /Byte /node ratio /node ratio ratio /node | ratio ratio
Other2 WDGEMV ¥ DSYRK N sSpMmv2
a0 2 35 SpMV1 1.03 81.1 @ 0.76 162.7 0.68 2.01 153.2 | 0.35 1.89
.35x
g » DAXPY1 0.08 84 « 088 229 093 272 381 | 0.95 4.53
3.15x 1.74x
2 [ = 2.03x DAXPY2 0.21 214 | 0.90 57.2 097 |2.68 954 | 0.97 4.47
» I . . I . ‘SpMV2 1.29 90.0 069 1780 0.63 198 157.7 0.30 1.75
P e ccn ccn cacmmrs cacmmrs cacmmes | DSYRK 3.00 264.2  1.03 303.1 0.63 115 547.7 0.55 207
ICEX FX100 LL N [[=2 FX100
DGEMV 0.23 238 089 436 066 1.83 76.7 0.69 3.22

= Performance comparison between ICEX and FX100/KNL
= GCR(SpMV,DAXPY) x2.35/x3.15
= CA-GMRES(SpMV,DSYRK,DGEMV)  x1.74/x2.03

—->Memory intensive kernels get larger performance gain

m Performance comparison between GCRand CA-GMRES
» CA-GMRESis x2.34/x1.74/x1.51 fasterthan GCR on ICEX/FX100/KNL

—>Computeintensive CA-Krylov methods are suitable for low-B/F machines

33 -



Strong scaling of GT5D on Oakforest-PACS

12000 Other Collision " Field
® Nonlinear ¥ Krylov(Calc) ¥ Krylov(Wait)
10000 ¥ Krylov(Halo) ¥ Krylov(Reduce)
8000
\
% o N167x_ B

1.61x
4000 N «1.61x N N

[ \

N, 1.55x

2000

o

GCR/KNL GCR/KNL GCR/KNL CA-GMRES/KNL CA-GMRES/KNL CA-GMRES/KNL
4x4x20=320 4x8x20=640 8xBx20=1280 4x4x20=320 4x8x20=640 8x8x20=1280

» Goodstrongscalingupto 1280 nodes (87k cores)

(slide courtesy
by Y. Idomura)

[ldomura et al., Scal A@SC17]
Strong scaling from 320-1280 nodes (GT5D: 320x320x32x96x20, m,/m_=1836)

4000

0

8x8x20=1280

N\
\

\
N 1.23x

-93%
~

~
~

CA-GMRES/KNL
8x8x20=1280

= Communicationoverlap hides almost all halo communication cost
s CostofAll Reduceisreduced from 12.5%(GCR) to 1.0%(CA-GMRES)

—>Promising feature for Exa-scale computing

34
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Xeon Phi tuning on ARTED (with v. Hirokawa under
collaboration with Prof. K. Yabana, CCS) == SALMON now

35

ARTED - Ab-initio Real-Time Electron Dynamics simulator SALMON

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)

= RTRSDFT : electron state under external force

In RTRSDFT, RSDFT is used for ground state
= RSDFT : large scale simulation with 1000~10000 atoms (ex. K-Computer)
= RTRSDFT : calculate a number of unit-cells with 10 ~ 100 atoms

Macroscopic grids Microscopic grids
N
Vacuum | Solids

’,
.
’
’
’
’
/\ /\ A/, =~

VT e 2

Electric field s

~
\\

RSDFT : Real-Space Density Functional Theory
RTRSDFT : Real-Time RSDFT
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Stencil code (original)

integer, intent(in) :: IDX(-4:4,NL),IDY(-4:4,NL),IDZ(-4:4,NL)

I NL = NLX*NLy*NLz

do i=0,NL-1
I x-computation
v(1)=Cx(1)*(E(IDX(1,1i))+E(IDX(-1,i))) ...
w(1l)=Dx(1)*(E(IDX(1,i))-E(IDX(-1,1))) ...

I y-computation
v(2)=Cy(1)*(E(IDY(1,1i))+E(IDY(-1,i))) ...
w(2)=Dy(1)*(E(IDY(1,i))-E(IDY(-1,1))) ...

I z-computation
v(3)=Cz(1)*(E(IDZ(1,1i))+E(IDZ(-1,1i))) ...
w(3)=Dz(1)*(E(IDZ(1,i))-E(IDZ(-1,1i))) ...

I update

F(i) = B(i)*E(i) + A*E(i) - 0.5do*(v(1)+v(2)+v(3)) - zI*(w(1)+w(2)+w(3))
end do

Original code just compiled on KNC with “-O3" option — less than 5% of peak!
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Stencil code (original)

integer, intent(in) :: IDX(-4:4,NL),IDY(-4:4,NL),IDZ(-4:4,NL)

| NL = NLX*NLy*NLz indirect index array:
do i=0,NL-1 keeping nearest neighbor index

v(1)=Cx(1)*(E(IDX(1,i))+E(IDX(-1,1))) ...
w(1)=Dx(1)*(E(IDX(1,1i))-E(IDX(-1,1i))) ...

I y-computation
v(2)=Cy(1)*(E(IDY(1,1i))+E(IDY(-1,i))) ...
w(2)=Dy(1)*(E(IDY(1,i))-E(IDY(-1,1))) ...

I z-computation
v(3)=Cz(1)*(E(IDZ(1,1i))+E(IDZ(-1,1i))) ...

w(3)=Dz(1)*(E(IDZ(1,1))-E(IDZ(-1,1i)))

N i Sk Sl Syt nf kAL St B pu A j write-only in the loop

-1

| "update :
| F(i) = B(i)*E(i) + A*E(i) - ©.5do*(v(1)+v(2)+v(3)) - zI*(w(1)+w(2)+w(3))J
T / . . . . . : . . g . : . . !

[ vector length=4, for DP-complex vector calculation-> 512-bit AVX fittable
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For automatic vectorization

__________________________ n
real(8), intent(in) :: B(@:NLz-1,0:NLy-1,0:NLx-1),

complex(8),intent(in) :: E(O:NLz-1,0:NLy-1,0:NLx-1)) [ convet to 3D array }
complex(8),intent(out) :: F(®:NLz-1,0:NLy-1,0:NLx-1)|

#define IDX(dt) iz,iy,iand(ix+(dt)+NLx,NLx-1)

#define IDY(dt) iz,iand(iy+(dt)+NLy,NLy-1),ix direct index calculation
#define IDZ(dt) iand(iz+(dt)+NLz,NLz-1),1iy,ix

do ix=0,NLx-1
do iy=@,NLy-1  __ __ .
| !dir$ vector nontemporal(F) | [ non-temporal write without cache }
d61z=@,NLZ-1 — " T T T

v=0; w=0

Vev+Cz(1)* (E(IDZ(1) J+E(IDZ(-1))) ... |

wewsDz(1)*(E(IDZ(1))-E(IDZ(-1))) ... | reordering according to
1
|
1

I y-computation
| x-computation Memaory access sequence

F(iz,1iy,ix) = B(iz,1iy,ix)*E(iz,1iy,1ix) &

& + A *E(iz,iy,ix) &
& - 0.5do*v - zI*w

end do

end do

end do
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Hand vectorization — unit-stride memory access optimization
(how to utilize AVX-512 SIMD load and operation)

(1) reading nearest neighboring points from 3-D domain
array E by 512-bit vector load to store in v0O, vl and v2

vO = 15 14 13 12 vl = 3 2 1 (%] v2=| 7 6 5 4
() [FB [ F2 ] ] o FI3 | Fi2 | FiL | Flo (2) generate 4x4 squre matrix from =4 of nearest
11117111 1111111 neighboring points
2 1 (%} 15 4 3 2 1 +1
1 0 15 | 14 5 4 3 2 +2 Computation
m = , P = Direction
@ | 15 | 14 | 13 6 | 5| 4| 3 +3
15 14 13 12 7 6 5 4 +4
< |

Memory direction
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Stencil computation (3D) performance

Si case Si02 case

758.4
800.0
= 690.3

700.0
i:’_ 600.0 P =440

9, 500.0

g 400.0 ' '

Z 300.0

= 200.0 157 6 -

o
o

542.9593'8

442.0

336.4
230 6
148 3

® Original ® Compiler vec. ® Original ® Compiler vec.
™ Explicit vec. (w/o SWP) ™ Explicit vec. (w SWP) ™ Explicit vec. (w/o SWP) ™ Explicit vec. (w SWP)

o O
o O

o
o

= N W D U1 O N
o o
o o

o
o

9 100.0

PERFORMANCE [GFLOPS]

[ >2x faster than KNC (at maximum) -> up to 25% of theoretical peak of KNL ]
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Weak scaling on OFP full system

4 PFLOPS

Hamiltonian performance

g 350 e S |
E 01024
S 300 O
< T
T 250 = o1
© =—9—— e 0
e 200 g 256 2
= = S
8 150 @ = =)
£ s S 128 =
© o
< 100 s 8
(@] . 64
S0 —e—Graphite =@=Silicon —o—Graphite =@=Silicon
0 32
128 512 2048 8192 128 512 2048 8192
# of compute node # of compute node
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JCAHPC
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JCAHPC
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JCAHPC
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