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Necessity of large-scale computing
 Systems we want to study have many atoms.
 The computational cost increases N3, N6, or 

exponentially.(N is the number of atoms, electrons,…)
 Some physical quantities needs a huge computational 

cost in spite of a small system(high accuracy).
 There is scientific and/or industrial significance 

obtained by large-scale computing.
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It may not be clear how much computation is required before 
something can be called "large-scale." There is no strict 
standard, but in practice, it is often considered large-scale 
once the problem size exceeds the capacity of the computers 
available within your group.



Problems caused by large-scale 
computing(1)

 Because huge amounts of data must be handled, very large storage and fast 
I/O are required (~30 PB for the K computer, ~150 PB for Fugaku. How about 
your lab system? Do you know the specifications of the system you normally 
use?).

 Even at the level of shared PC clusters, problems can arise when increasing 
the number of atoms, the number of k-point samples, the cutoff energy, or 
other parameters.
 Data from wavefunctions in first-principles calculations can reach a few GB 

per job, and high-throughput calculations may require tens of TB or more.
 Data from atomic positions in MD simulations can be ~300 GB or more (e.g., 

for one million atoms over 10 million MD steps).
 You need to monitor the remaining capacity of your home directory or 

workspace—if the disk overflows, it will affect other users.
 You also need to be aware of the memory capacity of compute nodes. If your 

job uses swap space, calculation speed on a PC cluster can slow down 
drastically (10x or more). On most supercomputers, such jobs are 
automatically terminated. 4

When performing large-scale computations, issues 
arise that do not occur in small-scale runs.



Problems caused by large-scale 
computing(2)

 For atomic systems with over 1 million atoms, generating a 
single snapshot takes about 30 seconds. Producing 1,000 
snapshots requires more than 8 hours.

 In some cases, data analysis takes longer than the 
computation itself.

 Data transfer becomes a serious issue when handling 
massive datasets generated on supercomputers outside the 
lab.

 Using paid cloud services such as AWS can be extremely 
costly, as transferring more than a few terabytes of data 
incurs high charges.

 … 5

Issues in data analysis and visualization



When we perform large-scale 
computing,…
 It requires enormous computational time.
 In some cases, massive computational resources are 

needed (e.g., CPU or GPU memory, HDD, etc.).

 To address these problems, software codes must be 
improved to reduce both computational time and 
memory usage. (The system also needs sufficient HDD 
capacity.)

 Parallel computing is absolutely essential.
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Many of you may not be very familiar with computing systems. However, to fully 
utilize HPC systems such as supercomputers, it is important to understand as 
much as possible about the system.



Methods for large-scale computing
 Speed-up techniques

 Vectorization→SIMD(Single Instruction, Multiple Data)
 Parallelization
 Order-N method (reduce the cost from O(Nᵖ) → O(N), with p = 1)
 Use of specialized machines or accelerators (e.g. GPU)

 These methods are applied in codes depending on necessity.
 The easiest way to achieve speed-up is to use proper compile 

options (vectorization, automatic parallelization, optimization, 
etc.).

Since code cannot be automatically accelerated to its best 
performance, significant tuning is required..
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You may not be very familiar with the details of the 
software. However, to fully exploit its capabilities, you 
should also understand the software in depth.



Flynn’s taxonomy（フリンの分類）
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SIMD: A single instruction is applied to multiple data sets.
MIMD: Multiple instructions are applied to multiple data sets.



Vectorization
 A vector processor, or array processor, is a CPU that 

implements an instruction set containing operations 
on one-dimensional arrays of data called vectors (rows, 
columns, diagonals, etc.).

 Vectorization is the method of programming a code 
to construct regularly arrayed data and process it all at 
once using the vector CPU.

 Vectorization reduces CPU time.
 It is basically the same concept as SIMD.
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Vector processing

a(1) = c(1) ＋d(1)
b(1) = c(1) ×d(1)
a(2) = c(2) ＋d(2)
b(2) = c(2) ×d(2)
：
：
a(imax) = c(imax) ＋d(imax)
b(imax) = c(imax) ×d(imax)

do i=1,imax
a(i) = c(i) ＋d(i)
b(i) = c(i) ×d(i)

enddo

a(1) = c(1) ＋d(1)
a(2) = c(2) ＋d(2)
:
:
a(imax) = c(imax) ＋d(imax)
b(1) = c(1) ×d(1)
b(2) = c(2) ×d(2)
：
：
b(imax) = c(imax) ×d(imax)

Scalar 
processing

Vector processing

“a” array

“b” array
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one operation at a time

multiple operations at 
once (innermost loop 
is parallelized)



Order-N
 Realized by algorithm

→No approximation example: Screened-KKR
 Realized by approximation of Hamiltonian
→Approximation based on localization of interactions. These 
methods were actively studied in the 1990s.
 Roughly speaking, matrices are block-diagonalized or treated with 

similar methods.
 N×N→N×Nlocal(fixed). If N increases, Nlocal does not increase. 

(similar to a tight-binding approximation)
 The accuracy of the approximation can be adjusted depending on 

the required level of accuracy.
 One famous method is the Divide-and-Conquer approach （分割統
治法）. It is implemented in codes such as “OpenMX(Ozaki)”, 
“DC(Kobayashi and Nakai)”, CONQUEST(Bowler, Miyazaki, Gillan), 
…
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Parallelization
 This method reduces the elapsed time by distributing 

tasks across multiple CPUs, without changing the 
processing time of each individual task.

 It is also used to share large memory arrays.
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Concept of parallelization
WORK1 WORK1 WORK1 WORK1

rank0 rank1 rank2 rank3

WORK2-1 WORK2-2 WORK2-3 WOEK2-4

Redundant 
computation (all 
CPUs perform 
the same task)

Parallel 
computation 
(different CPUs 
perform 
different tasks)Global Communication

WORK3 WORK3 WORK3 WORK3
Redundant 
computation

Neighbor (adjacent) communication

El
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m
e

Key point: Increase the amount of parallelizable 
work and reduce communication time. 13



Problems in parallelization
 The ratio of the parallelizable portion of the 

elapsed time in a CPU sequential job is critical 
(Amdahl’s law).

 When a program is parallelized, data 
communication between nodes becomes necessary. 
As the number of nodes increases, the 
communication time can exceed the computation 
time. (In classical MD simulations, this becomes a 
crucial issue.)
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Amdahl’s Law

𝛼𝛼𝑃𝑃 ≡
𝑡𝑡1

𝑡𝑡𝑁𝑁cores

(𝛼𝛼𝑃𝑃)max =
1

(1 − 𝑃𝑃) + 𝑃𝑃
𝑁𝑁cores

Speed up ratio

Upper bound of speedup due to parallelization
Optimize the program so that P approaches 1.
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where 𝑡𝑡1 = elapsed time of a job on 1 core,
𝑡𝑡𝑁𝑁cores = elapsed time of a job on N cores.

where P = fraction of execution 
time that can be parallelized.



For examples, 

…

parallelizable（99 sec.）Non-parallelizable（1 sec.）

{100 processors

Execution time = 1 + 0.99 = 1.99 sec. (almost 50× speedup)

…{1000 processors

Execution time = 1 + 0.099 = 1.099 
sec. (almost 91× speedup)

Conclusion: The benefits of 
parallelization diminish as the 
number of processors increases.

Even with 100 processors, the speedup 
does not reach 100×.

Even with 1000 processors, the 
speedup does not reach 100×!!!

We must increase the parallelizable part
and minimize the non-parallelizable part
as much as possible.

We need to decrease the non-
parallelizable part as much as possible.
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Gustafson-Barsis’ law

snn )1( −+≤Speed-up ratio
n: the number of cores
s: the ratio of sequential computation(this part 
cannot parallelize.)

This law does not consider the 
communication time between nodes.
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Indices of parallelization efficiency
 Strong scaling－The overall problem size (e.g., number of 

atoms or electrons) is fixed, while the number of 
processors is increased (based on Amdahl’s law).

 Weak scaling－The problem size per processor is fixed, and 
the overall problem size increases with the number of 
processors (based on Gustafson’s law).
 The workload per processor remains unchanged.
 Ideally, the computation time should remain constant as the 

number of processors increases.
 If the computation time increases, it indicates the presence of 

non-parallelizable parts.
 If the communication time between processors increases, it 

suggests inefficiencies in the communication method.
Reference:
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https://www.r-ccs.riken.jp/outreach/schools/20240411-0725/ 
https://www.docswell.com/s/2300203199/K4QX1J-2024-04-16-133335 
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Strong scaling and Weak scaling 
measurement

Strong scaling

Weak scaling

1 node 2 nodes 16 nodes 

1 node 2 nodes 
16 nodes 

The number of node 
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Weak scaling

19

Changing only the degree of parallelization

Prepare one input dataset for each parallelization case.

Ideal case



Example of Amdahl’s law(1)

Ordinary calculations using PC cluster

Caution! The communication time is not included. 

20



Example of Amdahl’s law(2)

Calculations using high-end PC cluster or supercomputers

21

The maximum number of cores available in the supercomputer 
queue is about 1,000.



Example of Amdahl’s law(3)

Fugaku: :  7,630,848 cores Calculations using high-end supercomputers
22



Example of Amdahl’s law(4)
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Sunway TaihuLight: 10,649,600 cores
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Number of cores

Fugaku:  7,630,848 cores

Frontier:  
9,066,176 cores

Eagle:  2,073,600 cores

El Capitan:  
11,039,616 cores

Aurora:  
9,264,128 cores

HPC6:  
3,154,520 cores

Perfect parallel efficiency is extremely rare and too
costly to achieve. It is more practical to aim for
reasonable efficiency and focus on collecting data.



Differences in policy between K 
and the Fugaku
 With the K computer, software had to be tuned for a high 

degree of parallelism (this was also a requirement for use).
 Parameter parallelism was not allowed.

 In the Fugaku project, the use of parameter parallelism is 
encouraged, reflecting the growing importance of data 
science.

 Development costs for achieving very high parallelization 
efficiency are substantial and provide limited benefits; 
therefore, excessive pursuit is not recommended.
 When data communication time between nodes becomes too 

large, the benefits of increasing the number of parallel 
processes are lost.
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Even if you are just a user,
 You need to be aware of the parallelization efficiency 

of the software you use, since you must make effective 
use of machine time (machine points or usage fees).

 You need to understand the characteristics of the 
computer and make efforts to improve computational 
efficiency.

 You need to choose the best compile options to 
generate efficient executable files.

 You need to choose the best parameters to achieve the 
highest performance of the software and to obtain 
reliable scientific results.

e.g., in DFT calculations: cutoff energy, k-point sampling, model size,…
25

e.g., for Intel compiler: -xHost, -axCORE-AVX2, … 



Parallel programming models
 MPI(message passing interface)

 The most versatile method. 
 Supports both core-to-core and node-to-node communication.
 Programming can be complex.

 OpenMP
 Limited to communication within shared memory (core-to-

core).
 Programming is generally easier than MPI.

 OpenACC (primarily for NVIDIA GPUs, easier to use for non-
complex cases)

 CUDA (NVIDIA’s native GPU programming model)
 Kokkos (A C++ library designed to enable efficient and 

portable parallel programming across diverse hardware 
architectures, including CPUs, GPUs, and other accelerators.)

26

CPU

GPU

CPU/GPU

Ideally, users should be able to write parallel programs without 
considering hardware parallelism, but this remains a major challenge.



Message Passing Interface(MPI)
 A standardized and portable message-passing standard 

for parallel computing architectures.
 MPI enables communication between nodes and 

cores, making it applicable to both distributed and 
shared memory systems.

 Typical HPC programs are parallelized primarily using 
MPI.

 In practice, only about 10 types of functions are 
commonly used.

 Programs often need to be fundamentally rewritten to 
take advantage of MPI.

 The format, size, destination array, and other details of 
the data to be communicated must be explicitly specified.

27



MPI_Allreduce
0 1 2 3

0 1 2 3

MPI_Bcast
0

0 1 2 3

MPI_Reduce
0 1 2 3

0 1 2 3

0 1 2 3

MPI_Send

MPI_Recv

0 1 2 3

0 1 2 3

sum,
product,…

sendsendsend

MPI_Alltoall

Ex. FFT

0 1 2 3

0 1 2 3

MPI_Isend

MPI_Irecv

sum,
product,…

Blocking Non blocking

Rank: an identifier number of 
process in each MPI process

One-to-
one comm.

One-to-all 
comm.

Collective 
comm.

Collective 
comm.

One-to-all 
comm.

One-to-
one comm.

Data Behavior in typical MPI function

The difference between blocking and non-blocking communication lies 
in whether the operations are synchronized or not. 28



Example of parallelization with MPI
program main
include (mpif.h)

…
call MPI_INIT(IERR)
call MPI_COMM_SIZE(MPI_COMM_WORLD,NPROCS,IERR)
call MPI_COMM_RANK(MPI_COMM_WORLD,MYRANK,IERR)

…
call para_range(1, n, nprocs, myrank, ista, iend)
do i=ista, iend

… 
a(i)=a(i)+value

enddo
call MPI_ALLREDUCE(a,a1,n_element,

& MPI_DOUBLE_PRECISION,
& MPI_SUM, MPI_COMM_WORLD, IERR)

…
call MPI_FINALIZE(IERR)

…
end

ista, iend are the first array 
numbers allocated to each 
processor.

Sum up all elements of the array a() 
for all processors and distributed it 
for all processors (all processors have 
the same value of a()).

Each processor has only allocated elements of 
the array a() .

The program must be rewritten so each node calculates 
only its share and exchanges the necessary data.

Execution: mpirun (or mpiexec) –np 4(# of parallel) ./a.out

Compiler: mpif90, mpicc, mpicxx (or mpiifx, mpiicx, mpicpx (Intel), …) 

29



OpenMP
 An application programming interface (API) for 

shared-memory multiprocessing in Fortran, C, and 
C++.

 Since it can only be used for intra-node 
communication, it cannot be applied to massively 
parallel computing.

 As it works by inserting directives into the program, 
there is generally no need to rewrite the code.

 Compiler options such as -openmp (depending on the 
compiler) must be specified. Otherwise, the directives will 
be ignored.

30



program main
implicit none
integer omp_get_thread_num,I
double precision z(100), a, x(100), b

…

!$omp parallel do private(i)
do i= 1, 100

z(i) = a * x(i) + b
end do
!$omp end parallel do

…..

end program main

Directive of the start of parallel 
processing 

Directive of the end of parallel 
processing 

For simple parallelization, we only need to 
insert directives. If the code is compiled 
without parallelization options, the directives 
are ignored, and there is no need to modify the 
original code.

Execution: We do not use a special command. 
Set environmental value 
“OMP_NUM_THREADS=4” (# of parallel) . In 
the bash environment, 
$ export OMP_NUM_THREADS=4
$./a.out

Example of parallelization with 
OpenMP
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Even if more cores are available, good performance is typically achieved with 8 or 16 cores, but not more. 
Although Fugaku consists of 48 cores per node, using all 48 cores in OpenMP parallel computing often results 
in the worst performance.(See https://www.r-ccs.riken.jp/outreach/schools/tokurona-2021/ 5th lecture of Prof. 
Katagiri.) PyTorch scales well with OpenMP.

https://www.r-ccs.riken.jp/outreach/schools/tokurona-2021/
https://www.r-ccs.riken.jp/outreach/schools/tokurona-2021/
https://www.r-ccs.riken.jp/outreach/schools/tokurona-2021/
https://www.r-ccs.riken.jp/outreach/schools/tokurona-2021/
https://www.r-ccs.riken.jp/outreach/schools/tokurona-2021/


Differences between MPI and OpenMP 
and their relationship to GPUs

• OpenMP can be parallelized only across cores that share the 
same memory. Therefore, large-scale parallelization cannot be 
achieved using OpenMP alone.

• Typical large-scale software codes are primarily parallelized 
using MPI.

• The role of OpenMP is to accelerate the parts of the code that are 
parallelized with MPI.

• Even if you are not developing the software code yourself, you 
still need to understand its details in order to achieve maximum 
performance.

• OpenMP supports GPUs. In particular, Intel and AMD GPUs are 
recommended to use either their own proprietary methods or 
OpenMP

• While MPI itself does not directly support GPUs, technologies 
such as CUDA-Aware MPI and GPUDirect can be used in 
conjunction with GPUs for efficient parallel computing.
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The environment to develop parallel 
computing codes using (NVIDIA) GPU
 CUFFT, CUBLAS,…

 These are libraries used to accelerate specific parts of a program.
 Only the targeted routines are accelerated; the rest of the code is 

not.
 OpenACC

 A programming standard for parallel computing developed by Cray, 
CAPS, NVIDIA, and PGI, designed to simplify heterogeneous 
CPU/GPU programming.

 OpenACC is primarily supported on NVIDIA GPUs. Support for 
Intel and AMD GPUs is currently limited or almost non-existent.

 Very similar to OpenMP. In the near future, OpenMP and 
OpenACC may be merged.

 Supported programming languages: Fortran and C.
 CUDA

 A parallel computing platform and programming model created by 
NVIDIA.

 It allows direct programming of NVIDIA GPUs and provides fine-
grained control over GPU parallelism.

easy

hard

33



program picalc
implicit none
integer, parameter :: n=1000000
integer :: i
real(kind=8) :: t, pi
pi = 0.0

do i=0, n-1
t = (i+0.5)/n
pi = pi + 4.0/(1.0 + t*t)

end do

print *, 'pi=', pi/n
end program picalc

Best results can be achieved 
by following the compiler’s 
messages and feedback.!$acc parallel loop

!$acc end parallel loop

https://www.olcf.ornl.gov/wp-content/uploads/2012/08/OpenACC.pdf

Example of parallelization with 
OpenACC
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http://www.nvidia.co.jp/object/openacc-gpu-directives-jp.html
http://www.cms-initiative.jp/ja/events/2014-haishin (Given by Dr. A. Naruse.)
https://www.r-ccs.riken.jp/outreach/schools/20220407-1/ (Given by Dr. A. Naruse.)

http://www.nvidia.co.jp/object/openacc-gpu-directives-jp.html
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Hybrid parallelization
 Hybrid parallel execution can be performed with

 MPI + OpenMP (MPI (nodes), OpenMP (cores))
 MPI + OpenACC/CUDA (CPU and GPU hybrid)
 MPI + X (new architecture?)

 The parallelization of MPI only is called Flat (or Pure) MPI 
parallelization.

 Much of the well-known software is parallelized in such a 
scheme.

 Kokkos allows users to perform parallel programming 
without having to consider hardware parallelism 
details. The development cost is likely to be reduced.

 Using GPUs has become important, but not all software 
will be faster.
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Kokkos Overview

36

https://www.r-ccs.riken.jp/outreach/schools/20250410-0724/ 
(Dr. Nitadori, Introduction to Kokkos)

“Kokkos is designed not for peak, hand-tuned performance, but for performance 
portability: saving developer time while still achieving high efficiency across platforms.”

https://www.r-ccs.riken.jp/outreach/schools/20250410-0724/
https://www.r-ccs.riken.jp/outreach/schools/20250410-0724/
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https://www.r-ccs.riken.jp/outreach/schools/20250410-0724/
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The cutting-edge techniques
 Avoid memory wall problem(cache control)

 Computing power>data transfer from memory to 
computing unit(CPU)→reuse the data on caches

 Pipeline processing 
 Continuous access in do loop
 loop unrolling 
 Divide data into blocks
 Use the highly-optimized libraries
 …

Please see these sites;
(only Japanese)

We need to know details 
of hardware to make 
highly optimized software 
codes.

37https://www.r-ccs.riken.jp/outreach/schools/20240411-0725/ 
https://www.r-ccs.riken.jp/outreach/schools/20250410-0724/ 
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register

cache
Main memory

HDD

~ KB

O(10 ns)

O(100 ns)

O(10 ms)

O(ns)

10KB~10MB

10GB~1TB

1TB~100PB

High speed

Large 
capacity

• To perform a computation, data must 
be fetched from memory.

• However, the development of 
memory bandwidth has not kept pace 
with the growth of computing power 
— this is known as the memory wall 
problem.

• To mitigate this, memory is organized 
in a hierarchical structure. 

• Modern CPUs include multiple levels 
of cache, such as L1, L2, and L3 caches.

• The access speed of registers and 
caches is much faster than that of 
main memory, but their capacity is 
limited.

• For example, accessing data from the 
L1 cache takes on the order of 10 ns, 
whereas accessing data from main 
memory takes about 100 ns. This 
means that if cache usage is not 
considered, computations can be up 
to 10 times slower.

CAUTION!!!
•If memory exceeds physical capacity → 
system uses HDD swap → extremely slow!
•Common mistake for beginners

Hierarchical memory

38



Memory wall problem(1)
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Old computer

Memory

CPU
Early CPUs ran at 
~10 MHz (slow by 
today’s standards).

Memory access is 
delayed due to 
latency.

In the past, both memory-to-CPU 
transfer speed and computation 
speed were slow, so data transfer 
was not a bottleneck (data transfer 
speed ≈ computation speed).

Today’s computer

Memory

CPU
Computation speed: 
~a few GHz (today’s 
CPUs)

Memory access still 
involves a fixed latency, 
which has not 
improved significantly.

Data transfer from memory to the CPU is 
slow, while computation speed has become 
extremely fast. As a result, the CPU spends 
a long time idling (‘transfer speed << 
compute speed’), partly mitigated by cache.



Today’s computer

Memory

CPU

After data are loaded from 
memory to the CPU, programs aim 
to reuse them and minimize 
memory accesses. Registers and 
caches are fast, but limited in 
capacity.

register

cache

Main 
memory

HDD

~ KB

O(10 ns)

O(100 ns)

O(10 ms)

O(ns)

10KB~10MB

GB~100GB

100GB~TB

High speed

Large 
capacity

Accessing data from main memory 
takes about 100 times longer than 
accessing data from registers.
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Main memory

Without understanding CPU 
architecture, program performance 

cannot be optimized.
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Important!: Data transfer is the most expensive at all levels.

Memory wall problem(2)



High performance Python and Julia
 In place of Fortran and C/C++, which have long been used 

in scientific computing, HPC software development in the 
USA has advanced significantly by adopting Python.

 Python offers outstanding code readability compared to 
Fortran and C/C++, making maintenance easier and less 
dependent on domain experts.

 We do not need to write everything in Python. If another 
language performs better for certain parts, we can keep 
those parts in the original language. 

 By combining Python with other languages, we can improve 
performance while maintaining readability. (Python is often 
called a glue language because it connects programs written 
in different languages.)

 Julia is a high-level, general-purpose dynamic programming 
language. Its design makes it particularly suitable for 
numerical analysis and computational science. 41



Today’s supercomputers
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Classes of parallel computers
 Multicore computing 

 A processor that integrates multiple execution units (“cores”) 
on the same chip.

 Symmetric multiprocessing
 A computer system with multiple identical processors that 

share memory and are connected via a common bus.
 Distributed computing

 A distributed-memory computer system in which the 
processing elements are connected through a network. (e.g., 
cluster computing, massively parallel processing, grid 
computing)

 Specialized parallel computers
 Within parallel computing, there are specialized devices that 

serve niche applications. (e.g., GPGPUs, application-specific 
integrated circuits (ASICs), vector processors)

From http://en.wikipedia.org/wiki/Parallel_computing 43

In the past, ‘many-core’ and ‘multi-core’ were distinguished by the large difference 
in the number of cores, but now the distinction has almost disappeared.

OpenMPMPI

OpenMPMPI

MPI

OpenACC OpenMP CUDA



The latest top 500 supercomputer list 
(2025.6)(Latest)
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Japan

GPU

GPU

GPU

NVIDIA and AMD are fiercely 
competing.
Japanese supercomputers ranked 
10th or lower
15th ABCI 3.0 (AIST), 22nd CHIE-3 
(softbank)、24th CHIE-2（softbank）, 
27th ABCI-Q(AIST), 36th FPT AI 
Factory Japan(FPT AI Factory 
Japan), 37th Miyabi-G（JCAHPC（U 
Tokyo and U Tsukuba））,  46th

TSUBAME4.0（Science Tokyo）, 49th

SAKURAONE(SAKURA Internet), 
73rd Wisteria /BDEC-01(Odyssey, 
93rd AOBA-S（Tohoku U）, 96th TOKI-
SORA (JAXA)

USA

GPU

USA

https://www.top500.org/lists/top500/list/2025/6/ 

USA

USA

GPU

GPU

GPU

GPU

GPU

HPE Cray

HPE Cray

HPE Cray

HPE Cray

HPE Cray

HPE Cray

https://www.top500.org/lists/top500/list/2025/6/
https://www.top500.org/lists/top500/list/2025/6/
https://www.top500.org/lists/top500/list/2025/6/
https://www.top500.org/lists/top500/list/2025/6/
https://www.top500.org/lists/top500/list/2025/6/
https://www.top500.org/lists/top500/list/2025/6/


Highlights from the List (1)2025.6
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Highlights from the List (2)2025.6

The GDP ranking matches the TOP500 
ranking. However, Germany does not 
produce CPUs. As for Chinese-made CPUs, 
only the former No. 1 machine remains 
within the top 100, and machines with new 
CPUs are ranked below 200.



Highlights from the List (3)2025.6
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LINPACK
 A software library for performing numerical linear 

algebra on digital computers.
 It is used for the performance assessment of 

supercomputers. In practice, High-Performance 
Linpack(HPL) is used.

 It makes use of the BLAS libraries for performing basic 
vector and matrix operations.

 The benchmark used in the LINPACK Benchmark is to 
solve a dense system of linear equations.

This  benchmark shows nothing more than 
one side of  performance of supercomputers.

48

https://www.top500.org/project/linpack/ 
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LINPACK
 LINPACK is a software library for performing 

numerical linear algebra on digital computers.
 It is widely used to assess the performance of 

supercomputers. In practice, the High-Performance 
Linpack (HPL) benchmark is employed.

 HPL relies on the BLAS libraries to perform basic 
vector and matrix operations.

 The LINPACK benchmark measures performance by 
solving a dense system of linear equations.

Only one aspect of supercomputer performance

49

https://www.top500.org/project/linpack/ 
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HPCG Benchmark(From 2014)
The High Performance Conjugate Gradients (HPCG) Benchmark project is an effort to create 
a new metric for ranking HPC systems. HPCG is intended as a complement to the High 
Performance LINPACK (HPL) benchmark, currently used to rank the TOP500 computing 
systems. The computational and data access patterns of HPL are still representative of some 
important scalable applications, but not all. HPCG is designed to exercise computational and 
data access patterns that more closely match a different and broad set of important 
applications, and to give incentive to computer system designers to invest in capabilities that 
will have impact on the collective performance of these applications.

HPCG is a complete, stand-alone code that measures the performance of basic operations in 
a unified code:

•Sparse matrix-vector multiplication.
•Vector updates.
•Global dot products.
•Local symmetric Gauss-Seidel smoother.
•Sparse triangular solve (as part of the Gauss-Seidel smoother).
•Driven by multigrid preconditioned conjugate gradient algorithm that exercises the key kernels 
on a nested set of coarse grids.
•Reference implementation is written in C++ with MPI and OpenMP support.

https://www.top500.org/lists/hpcg/2017/11/
50

LINPACK: Dense matrices

https://www.top500.org/lists/hpcg/2017/11/
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Japan

USA

USA

USA

GPU

GPU

GPU

GPU

GPU

CPU

USA

https://www.top500.org/lists/hpcg/2025/6/ 

GPU

GPU

GPU

USA

GPU

HPE Cray

HPE Cray

HPE Cray

HPE Cray

HPE Cray

HPCG ranking(2025.6)Latest

HPE Cray

HPE Cray

https://www.top500.org/lists/hpcg/2025/6/
https://www.top500.org/lists/hpcg/2025/6/
https://www.top500.org/lists/hpcg/2025/6/
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Green500(省エネスパコンリスト)
 The purpose of the Green500 is to provide a ranking of the 

most energy-efficient supercomputers in the world. For 
decades, the notion of "performance" has been 
synonymous with "speed" (as measured in FLOPS). This 
particular focus has led to the emergence of 
supercomputers that consume egregious amounts of 
electrical power and produce so much heat that 
extravagant cooling facilities must be constructed to ensure 
proper operation. In addition, the emphasis on speed as the 
ultimate metric has caused other metrics such as reliability, 
availability, and usability to be largely ignored. As a result, 
there has been an extraordinary increase in the total cost of 
ownership (TCO) of a supercomputer.

https://www.top500.org/lists/green500/2013/06/
52

https://www.top500.org/lists/green500/2013/06/
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This list changes 
dramatically every 
time. The focus is 
on technological 
development.

USA

https://www.top500.org/lists/green500/2025/6/ 

v

v

Germany

Germany

v Germany

v

v
France

France

Green 500(2025.6)(Latest)

v France
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Graph 500(2025.6)(Latest)

54https://graph500.org/

Breadth-First Search（幅優先探索）
Single-Source Shortest Path（単一始点最短経路）

Japan

Japan

Explore the entire 
graph and determine 
the level (distance) 
of each vertex

•Purpose: Visit all vertices in the graph and record the order 
of visitation.
•Traversal method: Start from the source; visit all adjacent 
vertices at the same level before moving on to the next level.
•Output: Return each vertex’s visit level (distance from the 
source)—i.e., which vertices were visited and in what order.
•Time complexity: O(V+E)O(V + E)O(V+E), where VVV is 
the number of vertices and EEE is the number of edges.

•Purpose: Find the shortest path from the 
source to each vertex.
•Traversal method: Typically, algorithms such 
as Dijkstra’s algorithm or the Bellman–Ford 
algorithm are used to compute the shortest 
distance to each vertex.
•Output: Return the shortest distance and the 
actual shortest path from the source to each 
vertex.
•Time complexity: Depends on the algorithm. 
For example, Dijkstra’s algorithm runs in 
O(V2)O(V^2)O(V2), or O((V+E)logV)O((V + E) 
¥log V)O((V+E)logV) when using a heap.

Find the shortest 
distance from 
the starting point 
to each vertex.

https://graph500.org/ 

https://graph500.org/
https://graph500.org/
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HPL-MxP (HPL-AI)

https://www.riken.jp/pr/news/2023/20230522_3/index.html

This is a ranking to come, as there are not many 
machines participating yet.
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https://hpl-mxp.org/
https://hpl-mxp.org/results.md

HPL-MxP(2025.6)(Latest)

Japan

Japan

Japan

Japan

Japan
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https://hpl-mxp.org/
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Fugaku is working on 24h/365days
 K computer was operated 24hours/365 days for public use. 

Fugaku is also being done in the same way.
 Different from Fugaku, almost all the top-class machines of 

the top500 ranking are for closed users and are used for 
limited purposes.

 The several rankings showed that Fugaku is almighty. 
 Users could optimize their code for Fugaku easier than for 

the other ones(in the sense that it did not use a special 
architecture like GPU).

 However, as Post-Fugaku will be equipped with accelerators, 
applications must be GPU-enabled at minimum to make use 
of them.

57



Future direction of large-scale 
computing

58



From the above rankings
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 From now on, both performance and energy efficiency will be 
important.

 Energy efficiency = Lower-frequency CPUs → Compensated by 
parallelization techniques for effective use.

 The trend toward many-core (or multi-core) systems with relatively 
low-frequency CPUs continues.
 The number of cores per CPU is increasing, and the distinction between 

many-core and multi-core has largely disappeared.
 Following this trend, many supercomputers are adopting GPUs, and 

their number is growing.
 The computers we use on a daily basis will also likely be equipped with 

GPUs. → Who will rewrite programs for GPUs?
 Since GPUs are prominent in AI and machine learning, this 

architecture is likely to continue being adopted in the future.
 However, it is not clear whether GPU-based supercomputers are 

effective for all scientific fields.
 It is likely that many supercomputers specifically designed for data 

analysis and AI will appear in the future.



However,…
 The effective performance measured by LINPACK or HPCG does 

not necessarily reflect the performance of real scientific 
applications.

 In practice, researchers invest significant effort to achieve higher 
performance on supercomputers than on standard PC clusters.

 Fugaku was co-designed to deliver better performance for 
scientific applications, not just for benchmark programs.
(At the same time, winning first place in the Top500 may have 
been a national mission for taxpayers—and this was achieved.)

 Such performance optimization requires not only physicists, 
chemists, and biologists, but also collaboration with computer 
scientists and numerical mathematicians.

 Fugaku is a general-purpose system and can be less efficient than 
domain-specific machines (e.g., Anton for molecular dynamics, 
which is 100–1000× faster than general-purpose supercomputers).

 Should users really be required to perform so much tuning 
themselves? NVIDIA is actively optimizing GPU software, which 
clearly contributes to the growing number of GPU users. 60



Future direction1
 For the foreseeable future, architectures with computing accelerators 

such as GPUs will remain mainstream.
 It is difficult to fully utilize all cores, nor is that the goal anymore (unlike 

during the era of the K computer).
 What is important now is to develop highly efficient hybrid parallelism 

between CPUs and GPUs (which may yield at most a few-fold speedup).
 The next flagship supercomputer will undoubtedly be equipped with 

accelerators such as GPUs.
 Software developers themselves must make effective use of GPUs to 

accelerate their codes.
 This is not trivial: many well-known software packages overseas are tuned 

for GPUs by NVIDIA. Can other vendors achieve the same level of support?
 Consistent and systematic research is required to keep up with the latest 

architectures.
 To make systems more user-friendly, cloud services and GUI-based 

operations are being promoted (with hardware and software details 
increasingly concealed).
 While this is beneficial for users, training developers remains a different and 

equally critical challenge. 61



Future direction2
 The United States is rapidly advancing both architectures and 

programming frameworks, consolidating its position as a 
global leader. If we do not actively engage, we risk falling 
behind and losing influence in this critical field.

 It is unrealistic to expect physicists and chemists to fully cover 
computer science or numerical analysis on their own.
→ We need to establish systems that facilitate collaboration 
with computational scientists, computer scientists, and 
numerical analysis experts. This is currently underway, as 
exemplified by the establishment of the Computational 
Materials Science Forum (https://cms-forum.jp/).

 Even now, ensuring numerical precision remains insufficient. 
For example, there is no universal standard for data 
summation across cores (threads) in MPI or OpenMP. Such 
issues must be handled carefully; otherwise, the reliability of 
calculations may be compromised.
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Future direction3
 The expertise accumulated through the K computer and 

Fugaku can be utilized for the next decade.
 However, expertise in GPU programming and optimization has 

not yet been fully established.
 The development of supercomputers may reach its limits in 

the near future (Prof. Hiraki suggested around 2029), due to 
factors such as enormous power consumption and the end of 
Moore’s law.

 We must explore new ideas to achieve high performance in 
both software and hardware as soon as possible. A paradigm 
shift may occur in the near future.

 For the time being, data transfer will remain the most costly
factor at all levels.

 Research on quantum computers is also progressing and will 
become an important focus in the future.
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MateriApps  

This portal site provides the information of applications that are used in materials 
science. You can find your desired application. “MateriApps LIVE” gives you an 
environment to perform open-source software codes without any installation 
process. 
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Finally,
 We should promote the development of human resources 

to effectively use HPC machines, including 
supercomputers.

 The relationship between the Top500 rankings and the 
performance of the software we actually use is not 
necessarily clear.

 To maximize the performance of our codes, it is essential 
to understand the architecture of supercomputers and 
HPC systems.

 We should cultivate specialists capable of developing 
advanced software to drive cutting-edge research.

 We should also train users who can effectively utilize 
scientific software packages to advance their research 
(through CMD workshops, distance learning, etc.).
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• These books are for developers. 
• Integrates techniques for development on massively parallel computers 

such as supercomputers.
• Lecture videos and texts are available on the following site(Japanese only).

• The introductory lecture is given in edX.

Related texts

66https://www.edx.org/bio/Masaaki-Geshi
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CMDワークショッ
プの教科書。

阪大産研小口教授
による第一原理計算
の初歩的なテキスト

赤井阪大名誉教授代
表の特定領域研究の
成果をまとめたもの。

その他のいくつかの教科書。

笠井阪大名誉教授
による先端研究事
例の紹介

第一原理計算書籍

67



特におすすめ

68

CMDワークショップ

でやる内容そのまま
が載せてあり、同じ
数値が再現できる。
定価も2500円（＋
税）と400ページを超

えるのに専門書とし
ては格安。

10年以上前のプロ

ジェクトでやってい
たことが、今の標準
になっており、理論
の詳細は置いてお
けば、DFT計算を試

してみたい方の適用
例のガイドブックとし
ても最適。（4500円
＋税）（現在は丸善
から販売）
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