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World Leading HPC Research, active collaborations w/Universities, national labs, & Industry

New Materials & Electronic Devices e.g., Photonics, 
Neuromorphics, Quantum, Reconfigurable

Mutual Synergy

Foundational research on computing in high 
performance for K, Post-K, and beyond towards the 
“Post-Moore” era, including future high 
performance architectures, new computing and 
programming models, system software, large scale 
systems modeling, big data analytics, and scalable 
artificial intelligence / machine learning

Breakthrough Science & Technology using high 
performance computing capabilities of K, Post-K 
and beyond to address the issues of high public 
concern, in areas such as life sciences, climate & 
environment, disaster prediction & prevention, 
advanced manufacturing, applications of machine 
learning for Society 5.0.

�	
 ������-���
.� �	
 ������-���
.�

	8���������
0�,�0����0�:����1�
��0� �����
���0��0���1����8�:��2��-�����8�:��2��,���1������8�:��2

�	
 �������-���
.�

High Resolution, High 
Fidelity Analysis & 
Simulation

Novel Future High 
Performance Computing 
Architectures & Algorithms
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1. Heritage of the K-Computer, HP in simulation via extensive Co-Design
• High performance: up to x100 performance of K in real applications
• Multitudes of Scientific Breakthroughs via Post-K application programs
• Simultaneous high performance and ease-of-programming
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ARM: Massive ecosystem 
from embedded to HPC

Global leadership not just in 
the machine & apps, but as 

cutting edge IT

Technology not just limited to Post-K, but into societal IT infrastructures e.g. Clouds
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ARM for HPC - Co-design Opportunities, ISC 2018 BOF
June 25, 2018

Richard F. BARRETT, et.al. “On the 
Role of Co-design in High Performa
nce Computing”, Transition of HPC 
Towards Exascale Computing

Started in 2009 (before K)
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NICAM OPRT3D_divdamp区間 (1/3) 
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推定方法 
性能電力 
予測ツール 

ポスト京 
CPU 性能 
シミュレータ 

ポスト京 
CPU 性能 
シミュレータ 

ポスト京 
CPU 性能 
シミュレータ 

メモリ HBM HBM HBM HBM 

カーネル化、縮小 あり あり あり あり 

ソースコード版数 r4_asis r4_asis r4_tune01 r4_tune02 

浮動小数点数精度 単精度 単精度 単精度 単精度 

SIMD幅 16 8/16 16 16 

集計スレッド番号 3 3 3 3 

実行時間[秒] 2.09E+02 2.69E+02 3.20E+02 2.05E+02 

GFLOPS/プロセス 97.4 75.7 71.9 112.2 

メモリスループット(R+W) 
[GB/s/プロセス] 

108.5 84.4 85.6 134.6 

メモリスループット(R) 
[GB/s/プロセス] 

88.5 68.8 67.9 107.2 

メモリスループット(W) 
[GB/s/プロセス] 

20.1 15.6 17.8 27.4 

浮動小数点演算数 
/スレッド 

1.77E+12 1.77E+12 2.01E+12 2.01E+12 

実行命令数/スレッド 2.91E+11 4.63E+11 5.41E+11 4.84E+11 

ロード・ストア命令数 
/スレッド 

9.56E+10       

L1Dミス数/スレッド 1.39E+10 1.39E+10 1.44E+10 1.63E+10 

L2ミス数/スレッド 6.11E+09 6.11E+09 7.08E+09 7.16E+09 

� シミュレーション性能 
① r4_asis 

• 最内ループの配列アクセス次元が連続となっていないため、ストライドアクセスとなっている。 
• 上記の影響で一部ループのSIMD化が8となっている。単精度なので16SIMD化する必要がある。 

② r4_tune01 
• オプションによる16SIMD化を実施。 
• 命令コミットが大きく減少したが、キャッシュアクセス待ちは改善されていない。 

③ r4_tune02 
• ストライドアクセスの要因となっていた配列の次元移動と、stripingを実施。 
• ストライドアクセスから連続アクセスとなったことと、命令スケジューリングの改善により性能は改善。 

� 演算待ちの隠ぺいのためijループを評価予定。またプリフェッチの調整で更なる改善の可能性あり。 

① 
② 

③ 
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Note that these researches are not relevant to 
“post-K” architecture. 
l Y. Kodama, T. Oajima and M. Sato. “Preliminary 

Performance Evaluation of Application Kernels Using 
ARM SVE with Multiple Vector Lengths”, In Re-
Emergence of Vector Architectures Workshop (Rev-
A) in 2017 IEEE International Conference on Cluster 
Computing, pp. 677-684, Sep. 2017. 

l T. Odajima, Y. Kodama and M. Sato, “Power 
Performance Analysis of ARM Scalable Vector 
Extension”, In IEEE Symposium on Low-Power and 
High-Speed Chips and Systems (COOL Chips 21), Apr. 
2018
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A64FX: Summary
n Arm SVE, high performance and high efficiency

n DP performance   2.7+ TFLOPS,  >90%@DGEMM

n Memory BW      1024 GB/s,    >80%@STREAM Triad

12x compute cores
1x assistant core

A64FX
ISA (Base, extension) Armv8.2-A, SVE
Process technology 7 nm
Peak DP performance 2.7+ TFLOPS
SIMD width 512-bit
# of cores 48 + 4
Memory capacity 32 GiB (HBM2 x4)
Memory peak bandwidth 1024 GB/s
PCIe Gen3 16 lanes
High speed interconnect TofuD integrated

PCle
Controller

Tofu
Interface

C

C

C

C

N
O
C

HBM
2

HBM
2

HBM
2

HBM
2

CMG CMG

CMG CMG

CMG�Core Memory Group   NOC�Network on Chip

SCAsia2019, March 12



14 © 2019 FUJITSU

A64FX technologies: Core performance

n High calc. throughput of Fujitsu’s original CPU core w/ SVE

n 512-bit wide SIMD x 2 pipelines and new integer functions

A0 A1 A2 A3

B0 B1 B2 B3
X            X X X

8bit 8bit 8bit 8bit

C

32bit

INT8 partial dot product

SCAsia2019, March 12
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A64FX technologies: Scalable architecture
n Core Memory Group (CMG)

n 12 compute cores for computing and
an assistant core for OS daemon, I/O, etc.

n Shared L2 cache

n Dedicated memory controller

n Four CMGs maintain cache coherence w/ 
on-chip directory

n Threads binding within a CMG allows linear 
speed up of cores' performance

core core core core core core

core core core core core core

core

X-Bar connection

L2 cache 8MiB 16-way

Memory 
controller

Network 
on chip

CMG configuration

HBM2

Network
on
chip

CMG

CMG

CMG

CMG

HBM2

HBM2

HBM2

HBM2

A64FX chip configuration
Tofu 
controller

PCIe
controller

SCAsia2019, March 12
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n Extremely high bandwidth in caches and memory
• A64FX has out-of-order mechanisms in cores, caches and memory controllers. 

It maximizes the capability of each layer’s bandwidth

Performance
>2.7TFLOPS
L1 Cache
>11.0TB/s (BF ratio = 4)

High Bandwidth

CMG

L2 Cache
>3.6TB/s (BF ratio = 1.3)

L1D 64KiB, 4way

512-bit wide SIMD
2x FMAs

Core Core CoreCore

>230
GB/s

>115
GB/s

12x Computing Cores + 1x Assistant Core

Memory
1024GB/s (BF ratio =~0.37)

>115
GB/s

>57
GB/s

HBM2 8GiB

L2 Cache 8MiB, 16way

256
GB/s

13 All Rights Reserved. Copyright © FUJITSU LIMITED 2018
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A64FX: L1D cache uncompromised BW
n 128B/cycle sustained BW even for 

unaligned SIMD load

n “Combined Gather” doubles gather 
(indirect) load’s data throughput, 
when target elements are within a
“128-byte aligned block” for a pair of 
two regs, even & odd

L1D$
Read port0

Read port1

Read data0
64B/cycle

Read data1
64B/cycle

Mem.

128B

0 1 2 3 4 5 6 7

0 1 3 2 6 7 45

8B

Regs

flow-1

flow-2

flow-4 flow-3

Maximizes BW to 32 bytes/cyc.
SCAsia2019, March 12
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A64FX: Power monitor and analyzer
n Energy monitor (per chip)

n Node power via Power API*1 (~msec)
n Averaged power of a node, CMG (cores, 

L2 cache, memory) etc.

n Energy analyzer (per core)
n Power profiler via PAPI*2 (~nsec)
n Fine grained power analysis of a core, L2 

cache, and memory
*1: Sandia National Laboratory *2: Performance Application Programming Interface

A64FX
CMG#0
Core

Power calc.Core activity

L2 cache

Power calc.L2 cache activity

Memory

Power calc.Memory activity CMG
#1

CMG
#2

CMG
#3

Node 12 Cores L2 cache HBM2 Tofu PCIe

Energy 
Analyzer

Assistant coreEnergy 
Monitor CMG

Core

Memory

L2 Cache

Power calc. for PCIePower calc. for Tofu

SCAsia2019, March 12
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…

A64FX: Power Knobs to reduce power consumption

n “Power knob” limits units’ activity via user APIs

n Performance/W can be optimized by utilizing Power knobs, Energy monitor 

& analyzer

L1 I$

Branch
Predictor

Decode
& Issue

RSE0

RSA

RSE1

RSBR

PGPR
EXA
EXB

EAGA
EXC

EAGB
EXD

PFPR

Fetch
Port

Store 
Port L1D$

HBM2  Controller

Fetch Issue Dispatch Reg-read Execute Cache and Memory

CSE

Commit

PC

Control
Registers

L2$

HBM2

Write 
Buffer

Tofu controller

FLA

PPR

FLB

PRX

FLA pipeline only

HBM2 B/W adjust

(units of 10%)

Frequency reduction

Decode width: 4 to 2 

EXA pipeline only 

PCI Controller 52 cores

SCAsia2019, March 12
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Preliminary performance evaluation results
n Over 2.5x faster in HPC & AI benchmarks than SPARC64 XIfx

SCAsia2019, March 12
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Performance / CPU Machine Performance (HPC)

Peak TF 
(DFP)

Peak Mem. 
BW

Stream 
Triad

Theor
etical 
B/F

DGEMM 
Efficiency

Linpack 
Efficiency GF/W Network BW

Per Chip

Post-K A64fx
(A0 Eng. 
Sample)

2.764/
3.072 1024GB/s 840GB/s 0.37/

0.33 94 % 87.7 % >15
TOFU-D

40.8GB/s
(6.8x 6)

Intel KNL 3.0464 600GB/s 490GB/s 0.20 66% 54.4 % 4.9 12.5 GB/s

Intel Skylake 1.6128 127.8GB/s 97 GB/s 0.08 80 % 66.7 % 4.5 6.2GB/s

NVIDIA V100
(DGX-2) 7.8 900 GB/s 855GB/s 0.12 76 % 15.113 160GB/s

6.2GB/s
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NAS Parallel Benchmark of FX100
[Slide by Ikuo Miyoshi, Fujitsu, SSKen2015]

FX10(16BPDG) FX100(32BPDG) Haswell(32BPDG)†

† <MRJR7CPU���91.9GHz5
�04/�
6�&9'1

�"@RG: NAS Parallel Benchmarks Ver. 3.3.1 OpenMP!?MBC

FX1007-FX10���3.9�-Haswell���1.3�6IRG.28 %�&

MG SP FT LU IS BT CG EP

�*��� B=M�* +�3�� >;B

�(COJ KRN<�� A:EO�

��CRF LQD?�* CG�
�(COJ =RHO

,#$�	

LU EPISMG FT CGSP BT
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Note: Haswell: 
1 node = 2 chips 
32 threads&cores
FX100: 1 node = 
1 chip
32 threads&cores
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Fiber ( Post-K) MiniApp on FX100
[Slide by Ikuo Miyoshi, Fujitsu, SSKen2015]

FX100-%FX10��	3.3�%
Haswell��	1.4�, >I=

')/��

�) FFVC+-!��5H?2D% NTChem+
-!����D2@DE0��& QCD*-
:4;3B<7C��%
FFB*-PJNTOQJORKS,LJMS
�0
�

1AE� �#629  ��" 8F<=�$AG:8�
(�(.FX10%FX100%Haswell)

CCS QCD 32$32$32$32 BiCGStab 16t$2p 32t$1p 16t$2p
NICAM-DC-MINI gl05rl00z80pe10 Dynamics 3t$10p
FFB-MINI 1,048,576�� MAIN_LOOP 1t$32p 8t$4p 1t$32p
FFVC-MINI 256$256$256 Total 4t$8p 16t$2p
NTChem-MINI taxol RIMP2_Driver 1t$32p 16t$2p 2t$16p

Note: Haswell: 
1 node = 2 chips 
32 threads&cores
FX100: 1 node = 
1 chip
32 threads&cores
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Post-K performance evaluation
n Himeno Benchmark (Fortran90)

† “Performance evaluation of a vector supercomputer SX-aurora TSUBASA”,
SC18,  https://dl.acm.org/citation.cfm?id=3291728

SCAsia2019, March 12



FUJITSU CONFIDENTIAL

Post-K Chassis, PCB (w/DLC), and CPU Package

	��

	������3�0�

���	�2���66����2��
���
����8062�0�
����

���
��

���
��

 �����

 ���
��

CPU
A64fx
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CMU: CPU Memory Unit

n A64FX CPU x2 (Two independent nodes)

n QSFP28 x3 for Active Optical Cables

n Single-side blind mate connectors of signals & water

n ~100% direct water cooling

Water

Water

Electrical signals

AOC

QSFP28 (X)

QSFP28 (Y)

QSFP28 (Z)

AOC

AOC
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TOFU-D 6D Mesh/Torus Network

n Six coordinate axes: X, Y, Z, A, B, C
n X, Y, Z: the size varies according to the system configuration
n A, B, C: the size is fixed to 2�3�2

n Tofu stands for “torus fusion”: (X, Y, Z)�(A, B, C)

Copyright 2018 FUJITSU LIMITEDSeptember 11th, 2018, IEEE Cluster 2018

Z

X
C

A

B

X�Y�Z�2�3�2

Y
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A64FX: Tofu interconnect D

n Integrated w/ rich resources

n Increased TNIs achieves higher injection BW & flexible comm. patterns

n Increased barrier resources allow flexible collective comm. algorithms

n Memory bypassing achieves low latency

n Direct descriptor & cache injection

TofuD spec
Port bandwidth 6.8 GB/s

Injection bandwidth 40.8 GB/s

Measured
Put throughput 6.35 GB/s

Ping-pong latency 0.49~0.54 µs
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Put Latencies
n 8B Put transfer between nodes on the same board

n The low-latency features were used

n Tofu2 reduced the Put latency by 0.20 μs from that of Tofu1
n The cache injection feature contributed to this reduction

n TofuD reduced the Put latency by 0.22 μs from that of Tofu2

Copyright 2018 FUJITSU LIMITEDSeptember 11th, 2018, IEEE Cluster 2018

Communication settings Latency
Tofu1 Descriptor on main memory 1.15 µs

Direct Descriptor 0.91 µs
Tofu2 Cache injection OFF 0.87 µs

Cache injection ON 0.71 µs
TofuD To/From far CMGs 0.54 µs

To/From near CMGs 0.49 µs

0.20 µs

0.22 µs

29



Injection Rates per Node
n Simultaneous Put transfers to multiple nearest-neighbor nodes

n Tofu1 and Tofu2 used 4 TNIs, and TofuD used 6 TNIs

n The injection rate of TofuD was approximately 83% that of Tofu2
n The efficiencies of Tofu1 were lower than 90%

n Because of a bottleneck in the bus that connects CPU and ICC

n The efficiencies of Tofu2 and TofuD exceeded 90 %
n Integration into the processor chip removed the bottleneck

Copyright 2018 FUJITSU LIMITEDSeptember 11th, 2018, IEEE Cluster 2018

Injection rate Efficiency
Tofu1 (K) 15.0 GB/s 77 %
Tofu1 (FX10) 17.6 GB/s 88 %
Tofu2 45.8 GB/s 92 %
TofuD 38.1 GB/s 93 %

30



Packaging – Rack Structure of Post-K

n Rack
n 8 shelves
n 192 CMUs or 384 CPUs

n Shelf
n 24 CMUs or 48 CPUs
n X�Y�Z�A�B�C = 1�1�4�2�3�2

n Top or bottom half of rack
n 4 shelves
n X�Y�Z�A�B�C = 2�2�4�2�3�2

Copyright 2018 FUJITSU LIMITEDSeptember 11th, 2018, IEEE Cluster 2018

Rack

Shelves
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1 Peta FLOPS by K computer & Post-K

n K computer 

n 80x compute racks & 20x disk racks

n Post-K

n 1x rack w/ SSDs

2
.2

m

1.4
m0.8m

P
ro

to
ty

p
e

SCAsia2019, March 12

4m

32m

More applications as well 

as system software in 

collaboration with Open 

Source Community

K computer Post-K
Compute nodes 7,680(=96x80)

384

IO nodes 4,80(=6x80)

Footprint (m2) 128(=4x32) 1.1SPARC Linux Arm Linux
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Post-K system configuration
n Scalable design

Unit # of nodes Description

CPU 1 Single socket node with HBM2 & Tofu interconnect D

CMU 2 CPU Memory Unit: 2x CPU
BoB 16 Bunch of Blades: 8x CMU
Shelf 48 3x BoB
Rack 384 8x Shelf

System 150k+ As a Post-K system

CPU CMU BoB RackShelf System

SCAsia2019, March 12



Overview of Post-K System & Storage
l Compute Node, Compute + I/O Node 

connected by TOFU-D

l 3-level hierarchical storage

l 1st Layer: GFS Cache + Temp FS
l 2nd Layer: Lustre-based GFS

l 3rd Layer: Off-site Cloud Storage
l Full Machine Spec

l >150,000 nodes, ~8 million High Perf. 
Arm v8.2 Cores

l > 150PB/s memory BW

l > 400 racks

l ~40 MegaWatts Machine+IDC
PUE ~ 1.1 High Pressure DLC

l ~= 15~30 million state-of-the art 
competing CPU Cores for HPC 
workloads (both dense and sparse 
problems)

3420018/6/26



l Programing Languages and Compilers 
provided by Fujitsu
l Fortran2008 & Fortran2018 subset
l C11 & GNU and Clang extensions
l C++14 & C++17 subset and GNU and Clang 

extensions
l OpenMP 4.5 & OpenMP 5.0 subset
l Java

l Parallel Programming Language & Domain 
Specific Library provided by RIKEN
l XcalableMP
l FDPS (Framework for Developing Particle 

Simulator)
l Process/Thread Library provided by RIKEN

l PiP (Process in Process)

l Script Languages provided by Linux distributor
n E.g., Python+NumPy, SciPy

l Communication Libraries
n MPI 3.1 & MPI4.0 subset

• Open MPI base (Fujitsu), MPICH (RIKEN�

n Low-level Communication Libraries
• uTofu (Fujitsu), LLC(RIKEN�

l File I/O Libraries provided by RIKEN
n Lustre
n pnetCDF, DTF, FTAR

l Math Libraries
n BLAS, LAPACK, ScaLAPACK, SSL II �Fujitsu�
n EigenEXA, Batched BLAS �RIKEN�

l Programming Tools provided by Fujitsu
n Profiler, Debugger, GUI

l NEW: Containers (Singularity) and other Cloud APIs

l NEW: AI software stacks (w/ARM)

Post-K Programming Environment

GCC and LLVM will be also 
available

20018/6/26 35
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Post-K system software

n RIKEN and Fujitsu are developing a software stack for Post-K

Post-K system hardware

Linux OS / McKernel (Lightweight kernel)

Fujitsu Technical Computing Suite / RIKEN-developed system software

Post-K applications

Management software Programming environmentFile system

System management
for high availability & 

power saving operation

Job management for 
higher system 

utilization & power 
efficiency 

LLIO
NVM-based file I/O 

accelerator

OpenMP, COARRAY, Math. libs.

MPI (Open MPI, MPICH)

XcalableMPFEFS
Lustre-based 

distributed file system

Compilers (C, C++, Fortran)

Debugging and tuning tools

Post-K Under development w/ RIKEN

SCAsia2019, March 12
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OSS Application Porting @ Arm HPC Users Group

SCAsia2019, March 12

http://arm-hpc.gitlab.io/

(http://arm-hpc.gitlab.io/)
Application Lang. GCC LLVM Arm Fujitsu
LAMMPS C++ Modified Modified Modified Modified

GROMACS C Modified Modified Modified Modified

GAMESS* Fortran Modified Modified Modified Modified

OpenFOAM C++ Modified Modified Modified Modified

NAMD C++ Modified Modified Modified Modified

WRF Fortran Modified Modified Modified Modified

Quantum ESPRESSO Fortran Ok in as is Ok in as is Ok in as is Modified

NWChem Fortran Ok in as is Modified Modified Modified

ABINIT Fortran Modified Modified Modified Modified

CP2K Fortran Ok in as is Issues found Issues found Modified

NEST* C++ Ok in as is Modified Modified Modified

BLAST* C++ Ok in as is Modified Modified Modified
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OSS Application Porting @ Arm HPC Users Group

SCAsia2019, March 12

http://arm-hpc.gitlab.io/

Application Lang. GCC LLVM Arm Fujitsu
LAMMPS C++ Modified Modified Modified Modified

GROMACS C Modified Modified Modified Modified

GAMESS* Fortran Modified Modified Modified Modified

OpenFOAM C++ Modified Modified Modified Modified

NAMD C++ Modified Modified Modified Modified

WRF Fortran Modified Modified Modified Modified

Quantum ESPRESSO Fortran Ok in as is Ok in as is Ok in as is Modified

NWChem Fortran Ok in as is Modified Modified ongoing

ABINIT Fortran Modified Modified Modified Modified

CP2K Fortran Ok in as is Issues found Issues found ongoing

NEST* C++ Ok in as is Modified Modified Modified

BLAST* C++ Ok in as is Modified Modified Modified

Twelve primary OSS applications are listed and being tested in 
the Users Group for each compilers, collaboratively w/ Arm

(http://arm-hpc.gitlab.io/)
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Post-K Processor
�High perf FP16&Int8
�High mem BW for convolution
�Built-in scalable Tofu network

Unprecedened DL scalability

High Performance DNN Convolution
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High Performance and Ultra-Scalable Network
for massive scaling model & data parallelism
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C P U
For the

Post-K
supercomputer

C P U
For the

Post-K
supercomputer

C P U
For the

Post-K
supercomputer

C P U
For the

Post-K
supercomputer

TOFU Network w/high 
injection BW for fast 
reduction
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“Post-K” Naming

n Foreign submissions welcome

n Requirements for the post-K’s name are:

n The name should preferably express the idea that RIKEN is a world-class research institute 

operating a state-of-the–art supercomputer.

n The name should be attractive not only to Japanese speakers but to people around the world.

https://www.r-ccs.riken.jp/en/topics/naming.html

until April 8, 2019 5 pm JST
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