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The tsunamis were captured by seafloor
pressu re gauge Courtesy: T. Furumura (U. Tokyo)

- : - : Seafloor cable tsunami

Big tsunami W B gauge off Kamaishi City
over 5m in , at 50 and 80km
height are i \

! heading toward

the coast

Relative Sea Height [m]

Estimated fault slip motion

K/“ 3 Maeda et al. (2011)
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Fault motion of
55m near Japan
Trench




The combination of deep and shallow plate slips generated the big tsunamis

Courtesy:
T. Furumura (U. Tokyo)

(a) Slip of deep plate O@dary only (b) Slip of deep and shallow plate boundary

Seafloor tsunami gauge
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Codesign of “Fugaku” S

3 Design Targets:

e 1. Extreme Power-Efficient System X—/ ~N
e Maximum performance under Power consumption of 30 - 40MW (for system) Cool (Low-power)
e 2. Effective performance of target applications technology is
o It is expected to exceed 100 times higher than the K computer’s performance .
in some applications important!!

J

e 3. Ease-of-use system for wide-range of users

Technologies and Architectural Parameters to be determined !l

e Basic Architecture Design (by Feasibility Studies)
e« Manycore approach, O3 cores, some parameters on chip configuration and SIMD

e Instruction Set Architecture and SIMD Instructions

¢ Fujitsu collaborated with Arm, contributing to the design of the SVE as a lead partner
6 O e Chip configuration
J .
’ @ e Memory technology The number of cores |.n a CMG
O v The number of CMGs in a chip

e DDRGGIBFTHMC --- v How to connect cores to shared L2 in a CMG
e Cache structure v" The number of ways, the size, and throughp
. uts of the L1
COdESIgn to meet these e Out of order (O3) resources " v and L2 caches
¢ Enhancement for Target Applications v" The topology of network-on-chip to connect
1 CMGs
3 dESlgn ta rgets e Interconnect between Nodes v The die size of the chip
P » SerDes, topologies “Tofu” or other network? | v The number of chips in a node
R"E.“ Advaneced-Course-in |V|aSSi'v'e|‘y' Paratlel-€ \..Ulllpuuus




Overview of “Fugaku”
and A64FX processor
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Supercomputer “Fugaku” and A64FX processor &

e Ultra-scale “general-purpose” manycore system: € Standard programing model is OpenMP-MPI hybrid
158,976 nodes (1 processor/node, total 7.6 M programming. running each MPI process on a NUMA
cores, theoretical peek 537PFLOPS (DP)) node (CMG).

e Arm-based manycore processor: Fujitsu A64FX @ 48 threads OpenMP is also supported.
(Armv8.2-A SVE 512bit SIMD, #core 48 + 2/4,
3TF@2.0GHz, boost to 2.2GHz) CMG(Core-Memory-Group): NUMA node

12+1 core
e 12 cores in a cluster of cores called CMG,
connected to L2 and HBM memory chips l PCle Tofu
] Controller Interface

e Advanced Memory technology: HBM2 32 GiB, @ Vv | @~ =& & ————___J|}___.

1024 GB/s bandwidth, packaged in CPU chip ! CEF \ Q—Q f oEg \

I cile)lef 1 ) 1

e Scalable Interconnect: ToFu-D interconnect ! g > %Bc'm - [Z:% N g :
L2 @) | N | PEEE =1

PR S HC Bttt Ste

TR T

| o) L)) (c I cllecllc (1" I

3l e oo M|

LS J(J(c)(e) J [c)(<)(<) (<] = )

Qo — b - Diagram of A64FX processor
®  Sep.2021
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Die Photograph of A64FX processor

e TSMC 7nm FINnFET
e 400 NMMm~2

e HBM2 chips are mounted on Si-

interposer connected by TSMC CoWoS
technology z
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i
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Comparison of Die-size Rees

e A64FX: 52 cores (48 cores), 400 mm2 die size (8.3 mmz2/core), 7nm FIinFET process
(TSMC)

e Xeon Skylake: 20 tiles (5x4), 18 cores, ~485 mm?2 die size (estimated) (26.9 mm=2/core),
14 nm process (Intel)

e A64FX core is more than 3 times smaller per core.

Xeon Skylake, High
Core Count:

4 x 5 tiles, 18 cores, 2
tiles used for memory
interface

485 mm? (22 x 22)

https://www.fujitsu.com/jp/solutions/business-technology/tc/  https://en.wikichip.org/wiki/intel/microarchitectures/skylake_(server)
catalog/ff2019-post-k-computer-development.pdf
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ARM v8 Scalable Vector Extension (SVE) om

R-CCS
e SVE is a complementary extension that does not replace NEON, and was developed specifically for
vectorization of HPC scientific workloads.
e The new features and the benefits of SVE comparing to NEON
o Scalable vector length (VL) : Increased parallelism while allowing implementation choice of VL

e VL agnostic (VLA) programming: Supports a programming paradigm of write-once, run-anywhere
scalable vector code

o Gather-load & Scatter-store: Enables vectorization of complex data structures with non-linear access
patterns

o Per-lane predication: Enables vectorization of complex, nested control code containing side effects and
avoidance of loop heads and tails (particularly for VLA)

e Predicate-driven loop control and management: Reduces vectorization overhead relative to scalar code

e Vector partitioning and SW managed speculation: Permits vectorization of uncounted loops with data-
dependent exits

o Extended integer and floating-point horizontal reductions: Allows vectorization of more types of reducible
loop-carried dependencies

e Scalarized intra-vector sub-loops: Supports vectorization of loops containing complex loop-carried
dependencies

' Eo Sep. 2021
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SVE example om

R-CCS
DAXPY (scalar) DAXPY (SVE)
S —— A ———
/7 subroutine daxpy (x,vy,a,n) /7 subroutine daxpy(x,y,a,n) :
/7 real*8 x(n),y(n) ,a !/ real*8 x(n),y(n),a Make predlcate
// do i =1,n // doi=1,n mask
!/ ¥y(i) = a*x(i) + y(1) // y(i) = a*x(i) + y(1i)
/7 enddo /7 enddo
S —— R ——
// x0 = &x[0], x1 = &y[0], x2 = &a, x3 = &n // %0 = &x[0], x1 = &y[0],
daxpy : daxpy :
ldrsw x3, [x3] // x3=*n ldrsw x3, [x3]
mov x4, #0 // xd4=i=0 mov x4, #0
ldr d0, [x2] // d0=*a whilelt p0.d, x4, x3 hile (i++<n)
b .lateh 1dlrd z0.d, p0/z, [x2] I/ :z0=becast (*a) SI“A[)
.loop: .loop:
ldr dl, [x0,x4,1s1 3] // dl=x[i] 1d1ld zl.d, p0/z, [x0,x4,1s1/3]1 // p0:zl=x[i] with
ldr d2, [xl,x4,1s1l 3] // d2=y[i] 1d1d z2.d, p0/=z, [x1,x4,1 31 // p0:z2=y[i]
fmadd d2, d1, d0, 42 // d2+=x[i]*a fmla z2.d, p0/m, zl.d, =z§.d // p0?z2+=x[i]*a mask
str d2, [xl1l,x4,1s1 3] [/ yl[il=d2 stld z2.d, p0, [x1,x4,151 3] // p0?y[i]==z2
add x4, x4, #1 /] i+=1 ined x4 [/ i+=(VL/64)
.latech: .latch:
cmp x4, x3 // 1< n whilelt p0.d, x4, x3 // pO=while (i++<n)
b.lt .loop // more to do? b.first .loop // more to do?
ret ret

e Compact code for SVE as scalar loop
e OpenMP SIMD directive is expected to help the SVE programming

' ;o Sep. 2021
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TofuD Interconnect

/IIIIIIIII 2 lanes x 10 ports \
TNR(Tofu Network Router) o
1 t t t 1 t 40.8 GB/s
SI=1=1=1=1r=1 (6-8GB/sx6)
Zllzllzllzl1l=z]]=
SllrlISllwll=]|o -
\ TNI: Tofu Network Interface (RDMA engineu ;

* 6 RDMA Engines
e Hardware barrier support
 Network operation offloading capability

8B Put latency 0.49-0.54
usec

1MiB Put throughput 6.35 GB/s

rf. Yuichiro Ajima, et al., “The Tofu Interconnect D,” IEEE Cluster 2018, 2018.
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TofuD: MPI_Send/Receive Latency and BW FUJITSU
® MPI PingPong W
5.00 e 7,000
4.50 W £ 000
4.00 '
23 3.50 5000
z 300 4,000 2
g 2.50 =
= 9200 Latency (K) 3,000 =
150 2,000 3
2)(5]8 Latency (Fugaku) 1.000 o
0.00 e—— 0
1.00.E+00 1.00.E+02 1.00.E+04 1.00.E+06
Message size (bytes)
P FUJITSU CONFIDENTIAL 18 Copyright 2019 FUJITSU LIMITED
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Fugaku prototype board and rack i

Shelf: 48 CPUs (24 CMU)
Rack: 8 shelves = 384 CPUs (8x48)

2 CPU/CMU

' ;o Sep. 2021
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Fugaku System Configuration G
e 158,976 node Storage System
Throughput Throughput
e Compute Node and Compute & I/O Node e 125 MB/s /node
connected by Fujitsu Tofu-D, 6D mesh/torus Storage e R T S BTy -

Interconnect
- i i nd Write 220 GB/s /volume
e 3-level hierarchical storage system 2 200 GB/s Jvolume
o 1t Layer Storage  Read 211 GB/s /volume
- One of 16 compute nodes, called e T e i
Compute & Storage I/0 Node, has SSD BT e e
b t 1 6 TB ComDUte& eee CompLIte XX ] eee [ XX ComDUte (XX | [] ., o au c uu i Login Nodes
about 1. BIO Node Node Node s e s e s o Coud Strage
i : . . . [ Gateway Nodes
. Services : : : . et i e N
0 ComPUte& XX ComPUte eee (XX} (XX ComPUte eee = T Lan{ o) (omm- - t:E:'hﬁT":d?g
- Cache for global file system S10 Node Node Node o T’| == = |
i 1°* Layer E E E E . 1/0 Network
- Temporary file systems S : S s : — e
a Local ﬂle SyStem for Comlete nOde Compute& cee Compute L Compute eed M[ZH.;S::M:TSMMS(Mnlas i\
- Shared file system for a job B0 Sode = o Bl i kSetx
[ 2nd Layer Compute& |, , o Compute | [ . .66 eee Compute - n“m _______ -j -‘ -i .‘
. _ SIO Node Node Node 1
. Fujitsu FEFS: Lustre-based global file - . . s . .
system, about 150 PB Storage : . . : :
e 37 Layer
. Cloud storage services 2™ [ayer
P Storage
@ Sep. 2021

RiKeR : Advanced Course in Massively Parallel Computing



@ ||
R-CCS

Performance of A64FX processor

W AGAFX mTX2 SKL

35

30
o
c 25
o
£
o 20
T
8
o 15
=
©
<10
o<

1 4 8 12 1 4 8 12 1 4 8 12
# threads / process
P # process
&
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Taken form UK benchmarks: S | ||

BenCh ma rk resu It Of CloverLeaf A hydrodynamics mini-app to solve the R-CCS

compressible Euler equations in 2D, using

e Comparison with two nodes of TX2 (dual) and Skylake (dual) an explicit, second-order method

e Good scalability by increasing the number of threads within CMG.
e The performance of one A64FX is comparable (better) to that of two nodes (4 sockets) of Skylake

WAGAFX W TX2 mSKL W AG4FX WTX2 mSKL
350 35
Execution time Relative performance
300 30 (to 1T/AG4FX)

= Y

S 250 = 25
= £
(] -

£ 200 5
+ (]

© 150 3 15
2 >
o =
o) +

w 100 < 10
o

0 II III ||| III I“ 1] II 0 [ e o mal I|I I Ll I IlI
1 4 8 12 1 4 8 12 1 4 8 12 1 4 8 12
1 2 4 1 2 4
# threads / process # threads / process
ﬁ Se # processes Advanced Course in|Massively Parallel Computing # process



Performance and Power-efficiency of HPC OSS Rees

e Several Open-source software were already ported and evaluated.
e Evaluation using one chip A64FX and dual chips of Xeon.

e The almost same performance to dual sockets of Xeon with half of power
consumption.

0 10 20 30 40 50 60 70 8 90 100 110
Performance and power

. OpenFOAM T o=
efficiency of open-source
applications FrontISTR | —
(results are shown in %, ABINIT
relative to Intel Xeon SALMON
: e
Platinum 8268
(Cascadelake, 2.90 GHz,  SPECFEM3D [ ——
24 cores/sockerlgigllie WRF e ——
sockets))
—

MPAS

M execution time M average power

ﬁ Advanced Course in Massively Parallel Computing



LULESH

e A64FX performance is less than Thx2 and Intel one

e We found low vectorization (SIMD (SVE) instructions ratio is a few %)

e We need more code tuning for more vectorization using SIMD

45000
40000
35000

— 30000

~ 25000

Z 20000

“- 15000
10000

5000
0

' ® Sep. 2021
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1

B A64FX mTX2 mSKL

# threads / process

rocesses
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SPEC CPU® 2017 integer Speed ‘Recs

e The performance of A64fX is about
performance of Xeon in single thread.

. . 600.perlbench C 1 1.20
e Fugaku uses normal mode (2.0GHz) with Fujitsu PEMBENEn_S 24
compiler tcsds-1.2.30a. For c and c++, clang mode 602.gcc_s 1 263 957
's used. 605.mcf_s C 1 3.42  11.2
e Xeon is Cisco UCS B200 M5 (Platinum 8168(Skylake),
2.7GHz, 24core x 2 chip, turbo on) with icc 18.0.2. 620.omnetpp_s Ct++ 1 1.26  7.31
https://www.spec.org/cpu2017/results/res2018q2/cpu2017-20180529-06367.txt 623.xalancbmk_s C++ 1 1.61 9.46
o Reference machine is UltraSPARC-IV+(2.1GHz, 625.x264_s C 1 2.06 116
2cores x 4 chip)
631.deepsjeng_s C++ 1 137 +5.17
I 641.leela_s C++ 1 1.26 4.36
e The reason for the low single thread 648 exchange? s F90 . 142
- - .e o
integer performance of A64FX is that e ——
. . i 657.xz_s C/OpenMP 48 8.52 .
o the SIMD rate is low in SPEC CPU/int and = /Op 23.5
SPECspeed®2017_int_base 198 9,07
o the frequency and the O3 resource are
limited for the throughput-oriented e T — — —
. = -Nclang -Ofast -mcpu=a X+sve -11]-no-Ip-relaxed -mj-eval-
architecture of A64FX. concurrent -fsave-optimizagtion-record -ﬁ‘)openmp -let:tJ-Koptpmsg:Z .
CXXOPTIMIZE = -Nclang -Ofast -mcpu=a64fx+sve -ff]-no-fp-relaxed -ffj-
eval-concurrent -fsave-optimization-record -fopenmp -NIst=t -Koptmsg=2
FOPTIMIZE = -Kfast,openmp -Nlst=t -Koptmsg=2

??. Advanced Course in Massively Parallel Computing



SPEC OMP® 2012 Res
e The performance of A64FX using 48 thread [ Ty

s about 65% performance of Xeon using 36 [omd _———F @ 965 5]
thread (28 cores).

351.bwaves F 48 15.5 11.2
e Fugaku uses normal mode (2.0GHz) with Fujitsu compiler 352.nab C 48 3.00
tcsds-1.2.30a. For ¢ and c++, clang mode is used. na } 2
. . 357.bt331 F 48 5.82 16.0
e Xeon is Cisco C240 M5 (Platinum 8280(Cascade Lake),
2.7GHz, 28core x 1chip, hyperthread on (56threads), turbo 358.botsalgn C 48 5.22 10.5
on) with icc 19.0.1. 359.botsspar C 48 3.07 6.83
https://www.spec.org/omp2012/results/res2019g2/omp2012-20190313-00172.txt 360.ilbdc F 48 7.69 a5E
e Reference machine is Sun Fire X4140 (AMD Opteron 2384,
2.7GHz 4core x 2chips) 362.fma3d F 4.28 11.3
363 swim F 53.1 8.38
] ] 367.imagick C 12.2 13.6
e For some programs (swim and mgrid), T T e P YT
A64FX brings extremely good performance 370merid331  F 48 326 7.6
due to HBM2. 371.applu33l F 8.88 14.4
e For 350.md, performance improvement has 372.smithwa ¢ 8 128 118
been confirmed by source code tuning, and 376.Kdtree C++ 48 3.22 9.24
we hope that it will be applied by improving SPECompG_base2012 7.77 12.0

the compiler.

ﬁ Advanced Course in Massively Parallel Computing
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Summary of A64FX performance characteristics

For core-to-core comparison in intspeed, integer performance is ¥4 of Xeon

O
R-CCS

For chip-to-chip comparison in SPEC OMP, 48 threads performance of one chip is
65% to one chip of recent high-end Xeon (Cascade Lake)

e NOTE: Performance of memory-intensive benchmarks is extremely good in A64FX

thanks to HBM.

For some scientific workload, the almost same performance to dual sockets of
Xeon with half of power consumption (UK benchmark and HPC OSS)

High SIMD rate is important to get performance
o Need to tune memory access pattern

o We found many benchmark programs are not well-vecterized.

Power efficiency of A64FX is very good (double efficiency than Xeon?)

Sep. 2021
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R-CCS
Fugaku Al (DL4Fugaku) Live Data Analytics
RIKEN: Chainer, PyTorch, TensorFlow, DNNL... Apache Flink. Kibana, ....
Math Libraries
Fujitsu: BLAS, LAPACK, ScalLAPACK, SSL Il Cloud Software Stack
RIKEN: EigenEXA, KMATH_FFT3D, Batched BLAS..., IO penStack, Kubernetis, NEWT:.
Compiler and Script Languages
Fortran, C/C++, OpenMP, Java, python, ... Batch Job and Management
(Multiple Compilers suppoted: Fujitsu, Arm, GNU, System ObjectStore
LLVMI/CLANG, PG, ...) S3 Compatible

Tuning and Debugging Tools
Fujitsu: Profiler, Debugger, GUI Red Hat Enterprise Linux 8 Libraries

High-level Prog. Lang. [Domain Spec. Lang. Ct}fﬂﬁg&“&ﬂ°” File 110 Virtualization & Container
XMP FDPS RIKEN MPI DTF KVM, Singularity
Process/Thread Low Level Communication File I/O for Hierarchical Storage
PIP uTofu, LLC Lustre/LLIO

Red Hat Enterprise Linux Kernel+ optional light-weight kernel (McKernel)

RIK=H



Fugaku System Software Stack ‘Rets

Fugaku Al (DL4Fugaku) Live Data Analytics ~ 3000 Apps
RIKEN: Chainer, PyTorch, TensorFlow, DNNL... Apache Flink. Kibana. ....

supported by Spack

Math Libraries
Fujitsu: BLAS, LAPACK, ScaLAPACK, SSL Il Cloud Software Stack

RIKEN: EigenEXA, KMATH_FFT3D, Batched BLAS, ,,, OpenStack, Kubernetis, NEWT... Open Source

Management Tool
Spack

Compiler and Script Languages
Fortran, C/C++, OpenMP, Java, python, ... Batch Job and Management

(Multiple Compilers supported: Fuijitsu, Arm, GNU System ObjectStore
LLVMICLANG, PG, ...) Hierarchical File System S3 Compatible

Tuning and Debugging Tools
Fujitsu: Profiler, Debugger, GUI Red Hat Enterprise Linux 8 Libraries Most applications may wor

. . - _ — _ k with simple recompile fro
High-level Prog. Lang. |Domain Spec. Lang. COFf{‘er{t'gS',&aFt,'IO“ File I/0 Virtualization & Container .
XMP FDPS RIKEN VP DTF KVM, Singularity m x86/RHEL environment.
Process/Thread Low Level Communication File 1/O for Hierarchical Storage LLNL Spack automates this.

PIP uTofu, LLC Lustre/LLIO

Red Hat Enterprise Linux Kernel+ optional light-weight kernel (McKernel)

' @ Sep. 2021
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System software and Programming models & languages «t&
for “Fugaku”

e Standard programming model is OpenMP (for NUMA node(CMG)) + MPI
Both OpenMPI (by Fujitsu) and MPICH (by Riken) are supported.
4 compilers (Fujitsu, gcc, LLVM/Arm, Cray), OpenMP 4.x is supported.
uTofu low-level comm. APIs for Tofu-D interconnect.
e Container and Virtual machine (KVM, Singularity, ...)
e DL4Fugaku: Al framework for A64FX and Fugaku, used in Chainer, PyTorch, TensorFlow
e Many Open-source software are already ported using Spack

e System software and Programming tools, Math-Libs developed by RIKEN

McKernel: Light-weight Kernel enabling jitter-less environment for large-scale parallel
program execution.

XcalableMP directive-based PGAS Language
FDPS: DLS for Framework for Developing Particle Simulators.
EigenExa: Eigen-value math library for large-scale parallel systems.

Sep. 2021 Advanced Course in Massively Parallel Computing



Performance Tuning for A64FX processor Recs

e HPC-oriented design

e Small core = Less O3 resources ReOrder Buffer

Reservation Station

o (Relatively) Long pipeline

Physical Vector Register

« 9 cycles for floating point operations ol BT

128 entries

40 entries
. Core has Only L1 cache Store Buffer 24 entries
° High-throughput, but IOng-Iatency AG4FX : https://github.com/fujitsu/A64FX

o Pipeline often stalls
for loops having complex body.

e Compiler optimization (Fujitsu compiler)
. SWP: software pipelining
- ~ 20% speedup in Livermore Kernels
« Automatic and Manual loop fissions

Performance improvement by SWP in
P Livermore Kernels by Fujitsu compiler
@

30000

25000

20000

15000

MFLOP / SEC

10000

5000

0

1 2 3 4 5 6 7 8 9 10

B Advanced Course in Massively Parallel Computing

11 12 13 14 15 16 17 18 19 20 21 22 23 24

| aeax | Skylake |

224 entries

60 (=10x2+20x2) entries 97 entries
128 (=32 + 96) entries 168 entries

72 entries

56 entries

Skylake : https://en.wikichip.org/wiki/intel/microarchitectures/skylake (server)

B unroll_swp

B unroll_noswp

Kernel #



Evaluation power mode: Boost mode (2.2GHz) & Eco mode (1 SIMD pipeline) il

e Power & Performance of STREAM using Eco e Power & Performance of DGEMM (in
mode Fujitsu Lib) using Boost mode
e The performance is almost the same as that in e Reach to 95% out of peak performance

normal mode (24 threads hits 80% of peak

i o
memory bandwidth e The performance is 10% better than that

iIn normal mode.

e The power increases upto 24 threads. « The power increases by 13.7%

0/,-)EO0 ' ' '
e 15%-25% reduction comparing to that in normal « The power-efficiency decreases by 3.3 %

mode.
Stream
200 1024 DGEMM
I B normal-PW mmboost-PW —e=normal-GF —e—=boost-GF
150 768 3
- = 200 3200
2 5
2100 512-§,D = 150 2400 o
2 £ & 100 1600 9
o L
50 B normal-PW I eco-PW 256% 5 50 800 U]
—e—normal-TP —e—eco-TP .
0 H ENE EN ENE EE EFNE EE EE B® O O O
4 8 12 16 20 24 28 32 36 40 44 48 4 8 16 32 48
# of threads # of threads

P’ Sep. 2021 Advanced Course in Massively Parallel Computing
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R-CCS

A=N-J0E1-9EE] S

432 racks
158,976 nodes

e TR 7 N Half exaflops in DP
r——————  — — — S 1 Exaflops in SP!

2019F 12 A S A Fta
2020558 (CHR AR T

6 HICRFY—TTHF—
202183 A S ARG

P https://www.r-ccs.riken.jp/fugaku/3d-models/
@ Sep. 2021
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RIDSIEEINDES

=R =1 Lt

J—BRDII7E 8 48
YEEFEM (nm) 45 7

7%= D DIEEE(GFLOPS) 16 64 (70) 4(4.4)

J —R¥47=DDitsE. (TFLOPS) 0.128 3.07 (3.37)| 24 (26.4)
J—RDAEV)(> RIE(GB/S) 64 1024

SYOIHIEODD ) —REX 96 384 4

Sw I DEEE(TFLOPS) 12.3| 1180 (1297) 95(105)
SATLRED.) — R 82,944 158,976

S AT LEEE (PFLOPS){EBE 10.6 488 (537)| 42.3 (52.2)

T E] 10.6 977 (1070) | 84.6 (104.4)

';o Sep. 2021
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TOP500, HPCG, HPL-AI, Graph500 RS

20206 AR5 a
- B — 5 %5
e | EVEER Bl o g o S B2 EDLEE
J— R#E (GH2) HIE(E E— %8 ZhE F;zé\@.:.] oo MR (f3R)
TOP500 (152,064 2.2 41553 PF| 513.85PF 80.9% 96% 148.60 PF 2.8
HPCG 138,240 2.2 13.36 PF| 467.14 PF 2.9% 87% 2.92 PF 4.6
HPL-AI 126,720 2.0 1.42 EP 1.55EP 91.3% 80% 0.55 EF 2.5
Graph500| 92,160 2.2, 70.98 Tteps 58% 23.75 Tteps 3.0
8% : e BN TFYINIET
e TOP500
o BATHUREUENT LRSI LUSSRE CRAES 37045 A (Linpack %A
e HPCG
o FRATHRELEY — R ATERZ IS A ESE (conjugate gradient) TKAFI 205 L %{FEH
e HPL-AI

o EITSIREE URASBEDNZLUDMENDORGEE (EHEEFENER(FP64). HIEEFE\E
BR(FP16))IC&H TR 2T 5 L\ % (EF

e Graph500
o JIJEXRRIEE
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[EEI2RICLINIFI-ITAMER (6ADBRLDLE) Rets
118

68 118
13.4 16.0 118 5 102,950
on 118 68 2.00
415.5 442.0 142 I 70 980
TOP500 HPCG HPL-AI GraphSOO
(B2{S : PFLOPS) (B2{S : PFLOPS) (B2{S : EFLOPS) (BA{S : GTEPS)
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BEETCOD7IVr—33> e
o IRTII SATL2METRICHTEZSD (capability)ZzBIEELTWE

o EETIE. RTEIIAT UM REIFICEIDTENTERD D EXRIRUET IV EEN
+HhoBBE AT ZRFICEID T ENTESDLSICRD. (capacity)

o EEDRIZEDIATLTIE. LWAVART—X%ZEH U THDEN KLY

EBlOER

S,= s S —P(uInHZ;UIHrdirM ;_giﬁ@ﬁg«i £
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for (i=0; i<n; i++)
1+ Amm*xm
<EE 4 ORF>
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o TA—JT—==2V1%, RTE. AIOEFREBOTVRSE. ZIEBO=1—-JI1Y b

V—D&EOIT1—IZ1—-3Nx*YyhI—% (DNN) ZRBWVWEFE

O
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e FH(training)¢(d. [SFYITRA (TvY) 1DEEERDDIIEHE ENE{ESEIE
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The HPC Hardware Landscape

Current Generation: Programming Models OpenMP 3, CUDA and OpenACC depending on machine
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Upcoming Generation: Programming Models OpenMP 5, CUDA, HIP and DPC++ depending on machine
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