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Preface

In this book, I tried to theorize what I have learned from my experience of devel-
oping special- and general-purpose processors for scientific computing. I started
my research career as a graduate student in astrophysics, studying the dynamical
evolution of globular clusters. The research tool was the N-body simulation, and
it was (and still is) important to make simulations faster so that we can handle
larger number of stars. I used vector supercomputers such as Hitac S-810, Fujitsu
VP-400, NEC SX-2, Cray X-MP, Cyber 205, and ETA-10, and also tried parallel
computers such as TMC CM-2 and PAX. Around the end of my Ph.D. course,
my supervisor, Daiichiro Sugimoto, started the GRAPE project to develop special-
purpose computers for astrophysical N-body simulations, and I was deeply involved
in the development of numerical algorithms, hardware, and software. The GRAPE
project is a great success, with hardware achieving 10—100 times better price- and
watt-performance compared to general-purpose computers at the same time and
used by many researchers. However, as semiconductor technology advanced into
deep-submicron range, the initial cost of development of ASICs had become too
high for special-purpose processors. In fact, it has become too high for most general-
purpose processors, and that was clearly the reason why first the development of
parallel computers with custom processors and then the development of almost all
RISC processors were terminated. Only x86 processors from Intel and AMD had
survived. (Right now, we might be seeing the shift from x86 to Arm, though) The
x86 processors in the 2000s were not quite efficient in the use of transistors or
electricity. Nowadays, we have processors with very different architectures such as
GPGPUs and Google TPU, which are certainly more efficient compared to general-
purpose x86 or Arm processors, at least for a limited range of applications. I also
was involved in the development of a programmable SIMD processor, GRAPE-DR,
in 2000s, and more recently a processor for deep learning, MN-Core, which was
ranked #1 in the June 2020 and June 2021 Green500 lists.

In this book, I discuss how we can make efficient processors for high-
performance computing. I realized that we did not have a widely accepted definition
of the efficiency of a general-purpose computer architecture. Therefore, in the first
three chapters of this book, I tried to give one possible definition, the ratio between
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the minimum possible energy consumption and the actual energy consumption for a
given application using a given semiconductor technology. In Chapter 4, I overview
general-purpose processors in the past and present from this viewpoint. In Chapter
5, I discuss how we can actually design processors with near-optimal efficiencies,
and in Chapter 6 how we can program such processors. I hope this book will give a
new perspective to the field of high-performance processor design.

This book is the outcome of collaborations with many people in many projects
throughout my research career. The following is an incomplete list of collabo-
rators: Daiichiro Sugimoto, Toshikazu Ebisuzaki, Yoshiharu Chikada, Tomoyoshi
Ito, Sachiko Okumura, Shigeru Ida, Toshiyuki Fukushige, Yoko Funato, Hiroshi
Daisaka, and many others (GRAPE, GRAPE-DR, and related activities); Piet
Hut, Steve McMillan, Simon Portegies Zwart, and many others (stellar dynamics
and numerical methods); Kei Hiraki (GRAPE-DR and MN-Core); Ken Namura
(GRAPE-6, GRAPE-DR, and MN-Core); Masaki Iwasawa, Ataru Tanikawa, Keigo
Nitadori, Natsuki Hosono, Daisuke Namekata, and Kentaro Nomura (FDPS and
related activities); Yutaka Ishikawa, Mitsuhisa Sato, Hirofumi Tomita, and many
others (Fugaku development); Michiko Fujii, Takayuki Saito, Junko Kominami,
and many others (stellar dynamics, galaxy formation, and planetary formation
simulation on large-scale HPC platforms); Takayuki Muranushi and Youhei Ishihara
(Formura DSL); many people from PFN (MN-Core); many people from PEZY
Computing; and ExaScaler (PEZY-SC). I would like to thank all the people above. In
addition, I’d like to thank Miyuki Tsubouchi, Yuko Wakamatsu, Yoshie Yamaguchi,
Naoko Nakanishi, Yukiko Kimura, and Rika Ogawa for managing the projects I
was involved. I would also like to thank the folks at Springer for making this book
a reality. Finally, I thank my family, and in particular my partner, Yoko, for her
continuous support.

Kobe, Japan Junichiro Makino
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Acronyms

ASIC
B/F
BB
BM
CISC
CG
CNN
CPE
DCTL
DEM
DDM
DDR
DMA
DSL
EFGM
FEM
FLOPS
FMA
FMM
FPGA
FPU
GaAs
GPGPU
HBM
HPC
HPL
ISA
MIMD
MPE
MPS
NUMA

Application-specific integrated circuit

Bytes per flop

Broadcast block

Broadcast memory

Complex instruction-set computer

Conjugate gradient (method)

Convolutional neural network

Computing processing element of sunway SW26010
Direct coupled transistor logic

Distinct (or discrete) element method

Domain decomposition method

Double data rate (DRAM)

Direct memory access

Domain-specific language

Element-free Galerkin method

Finite element method

Floating-point operations per second
Floating-point multiply and add

Fast multipole method

Field-programmable gate array

Floating-point arithmetic unit

Gallium arsenide

General-purpose computing on graphics processing units
High-bandwidth memory

High-performance computing

High-performance Linpack benchmark
Instruction-set architecture

Multiple instruction streams, multiple data streams
Management processing element of sunway SW26010
Moving particle simulation

Non-uniform memory access
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000
PCI
PCle

PE

RISC
SERDES
SIMD
SMT
SPH
SVE

Acronyms

Out-of-order (execution)

Peripheral component interconnect

PCI express

Processing element

Reduced instruction-set computer
Serializer/deserializer

Single instruction stream, multiple data dreams
Simultaneous multithreading

Smoothed particle hydrodynamics

Scalable vector extensions
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