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Abstract

This article provides an in-depth review and analysis of the current state of High-
Performance Computing (HPC) education worldwide. The escalating significance of
computational power across diverse scientific, engineering, and data-driven disciplines has
elevated the necessity for robust HPC skills in educational settings. This study undertakes an
in-depth examination of HPC education in various countries, assessing the breadth and depth
of curricular offerings and the accessibility of resources. Drawing upon a wide-ranging survey
of educational institutions globally, a spectrum of approaches to HPC education was uncovered,
encompassing dedicated programs and interdisciplinary courses. The emphasis was placed on
observing the availability and use of supercomputers at universities. In the final analysis, the
article presents the results of parallel computations performed on the ParamBilim
supercomputer, located at L. N. Gumilyov Eurasian National University. By consolidating all
this information, we aim to provide a comprehensive overview of the state of HPC education
worldwide, identify opportunities for enhancement, and offer insights that can aid in fostering
a more cohesive and effective landscape for the education of High-Performance Computing.
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1 Introduction

In today's era, revolutionary findings and innovations rely heavily on technology, data,
and advanced computing, resulting in rapidly growing demands for computational resources.
In this connection, High-Performance Computing (HPC) has been widely adopted in various
research and practical applications. HPC methods have the potential to aid scientists, engineers,
and other experts in tackling exceptionally complex issues in fields such as linear algebra,
physics, chemistry, biology, and aerospace. Utilising high-performance computing involves
combining modelling, algorithms, software creation, and computational simulation, which has
evolved into an essential foundation for advanced research in the field of cutting-edge
fundamental science [1].

This matter is directly impacted by education in High-Performance Computing (HPC). Due
to its complexity, this domain critically needs good courses in the university program
curriculum.

2 Methodology

To find out the current state of high-performance computing education, the curriculums
within the scope of "High-performance computing" of the following universities, which are
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among the high-rated universities according to QS's 2023 ranking and Kazakhstani leading
universities reviewed [2].

Table 1. University ranking in QS World University Rankings 2023

University llijrlllllzmlgll 28283 World University
Massachusetts Institute of Technology 1

Harvard University 4

Stanford University 5

University of California, Berkeley 10

Al-Farabi Kazakh National University 230

L. N. Gumilyov Eurasian National University 355

Satbayev University 481

Source: Authors

Ranked #1 in the world’s QS 2023 ranking, MIT (Massachusetts Institute of Technology)
in Cambridge, the USA, covers a wide range of courses in the field of high-performance
computing, including parallel programming, algorithm optimisation, supercomputer
architecture, and parallel processing technologies [3]. MIT students can choose different
programs and courses on HPC, such as “High-Performance Computing Architecture”, “Parallel
Programming for Multicore Machines with OpenMP and MPI”, “Parallel Computing”, etc.
These courses include theoretical lectures, practical exercises, and project work that allow
students to acquire the necessary skills in the field of high-performance computing. [4].

The Parallel Computing course introduces the application of parallel computing on modern
supercomputers. It has a practical focus on understanding computational problems on the
world's fastest machines. Topics include dense and sparse linear algebra, N-body problems,
multigrid methods, fast multipole methods, wavelets, and Fourier transforms. Geometrical
topics include partitioning and mesh generation. Other issues include application-oriented
architecture, understanding parallel programming paradigms, MPI, data-parallel systems, Star-
P for parallel Python and parallel MATLAB, graphics processors, virtualization, caches, and
vector processors.

A special feature of this course is VHLLs, or Very High-Level Languages, for parallel
computing. This includes the Julia programming language. Julia is a high-level, high-
performance dynamic language for technical computing with a syntax familiar to users of other
computing environments. It provides a sophisticated compiler, distributed parallel execution,
numerical precision, and an extensive library of mathematical functions [5].

At Stanford University, students use Open HPC, Intel Parallel Studio, Environment
Modules, and cloud-based architectures as part of the “Introduction to High-Performance
Computing” course. In addition, HPC clustering with remote physical hardware installation,
high-speed network configuration and optimisation, and familiarisation with parallel
programming and high-performance Python programs. To get the most out of the course, you
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must be familiar with Bash and Python. Group work and projects are allowed and encouraged.
All laboratory work and student projects are practised in a specially designed high-performance
computing centre called "HPCC" (High-Performance Computing Center) [6].

Additionally, Stanford University offers supercomputing resources that can be utilized to
teach high-performance computing. These resources allow students and researchers to gain
hands-on experience using supercomputers in real-world projects [7].

Harvard University's High-Performance Computing for Science and Engineering
curriculum comprises 21 lectures, 6 labs, and individual or group projects, beginning with an
introduction to parallel computing and concluding with CUDA technology. Covered topics:
Open MP, UMA/NUMA memory architectures, MPI, CUDA, etc. Programming language —
C/C++ or Fortran. The course project aims to create a real program using the techniques learned
in class to gain hands-on experience writing parallel code. The final report is written as a
proposal to request computing hours from the HPC centre to test the project on a supercomputer.
Faculty members evaluate student proposals in the role of the HPC admissions committee.
Programs that meet the criteria will be tested on supercomputers [8].

The University of California, Berkeley offers courses such as “GPU Programming for
High-Performance Computing”, “High-Performance Computing for Science and Engineering”,
and “Applications of Parallel Computers”. The “Applications of Parallel Computers”
curriculum includes the basics of parallel computer architecture and programming languages,
and also emphasises models commonly used in all applications requiring high-performance
computing. This course aims to write programs that run fast while minimising programming
effort. Topics covered:

e Shared memory (OpenMP on your multicore laptop)

e Distributed memory (MPI and UPC on a supercomputer)
e GPUs (CUDA and OpenCL)

e (Cloud computing (MapReduce, Hadoop, and Spark) [9].

Additionally, in recognition of the growing importance of research computing across
various disciplines, UC Berkeley has established the BRC High-Performance Computing
service to foster and sustain high-performance computing capabilities for the university.

All the courses mentioned above include theoretical lectures, practical exercises, and
project work that enable students to acquire the necessary skills in high-performance
computing.

As for Kazakhstan universities, Al-Farabi Kazakh National University, ranked 1st in the
country and 150th in the world QS rating, offers subjects like “Parallel computing system
architecture”, “Design and Analysis of Parallel Algorithms”, “High-performance programming
with multi-core and GPUs” and “High-Performance Computing Models” to provide students
with theoretical and practical training in the field of high-performance computing. The courses
cover the basics of parallel computing system classification: Flynn's taxonomy, single-threaded
instruction, multi-threaded data (SIMD), multi-threaded command, multi-threaded data
(MIMD); high-performance processors, VLIW processors; NUMA architecture; working with
OpenMP and creating parallel programs using the MPI library [10].

L. N. Gumilyov Eurasian National University offers courses such as “Methods of Teaching
High-Performance Computing” for bachelor's degrees and “Parallel Computing Cluster” for
master’s degrees. These courses cover parallel computing fundamentals, introducing students
to techniques for writing efficient code that can harness the power of parallel processing
architectures. High-Performance Computing (HPC) Curriculum focused on HPC delves into
the principles, architectures, and tools used in high-performance computing systems. This
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includes understanding hardware and software interactions,
algorithms, and effectively utilizing parallel computing paradigms.
OpenMP, MPI, parallel algorithms, GPU architecture, CUDA threads, introduction to quantum
computing, and many other topics are covered.

The university also has a supercomputer, “Param-Bilim,” which enables students to apply
theoretical knowledge to real-world scenarios, thereby gaining practical skills [11].

The course “Parallel Programming” of Satbayev University, the purpose of which is to
study the basics of parallel programming, the development of thinking associated with high-
performance computing, focuses on fundamental knowledge of the subject area - methods of
parallel programming on systems with distributed memory and systems with shared memory
and methods for constructing parallel programs for solving SLAE (system of linear algebraic
equations) problems and problems solved by grid methods. The course provides an opportunity
to become acquainted with parallel programming methods that utilize shared variables,
synchronization of processes through access to shared resources, and parallel programming
systems such as MPI and OpenMP. It also enables the creation of parallel programs for solving
systems of linear equations using the Gauss method, among other topics [12].

optimizing performance

Table 2. Information on disciplines and technologies used at universities

Ne University Discipline name Used technologies Programming
° language
“High-Performance — OpenMP
Computing Architecture”, P
Massachusetts ) . — MPI
. Parallel Programming for — Python
Institute of — Matlab
1 Technolo Multicore Machines with — Julia
gy OpenMP and MPI”, — MapReduce
“Parallel Computing”,
— Open HPC
— Intel Parallel
Stanford “Introduction to High- Etud'lo ¢ — Bash
2 University Performance Computing” — chvironmen — Python
Modules
— OpenMP
— MPI
— CUDA
113 : - OpenMP
Harvard ngh—Performance — UMA/NUM /Ot
3 L Computing for Science and
University Eneincering” A memory — Fortran
& & architectures
— MPI
“GPU Programming for High- — OpenMP
. . Performance Computing”, — MPI
University of vy
California ngh—Performance — UPC and ot
4 Berkele ’ Computing for Science and UPC++
y Engineering”, “Applications — CUDA/Open
of Parallel Computers” CL
“Parallel computing system
Al-Farabi Kazakh architecture”, “Design and — OvenMP
5 | National Analysis of Parallel MI;I — C++
University Algorithms”, “High- o
performance programming
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with multi-core and GPUs”
and “High-Performance
Computing Models”

L.N.Gumilyov “Parallel programming”, — OpenMP
6 | Eurasian National “Methods of teaching High- — MPI — C++

University Performance Computing” — Matlab

Satbayev « - — OpenMP
7 | Universi ty Parallel programming — MPL °

Source: Authors

We also conducted calculations on the Param-Bilim supercomputer at Eurasian University
to evaluate the effectiveness of high-performance computing.

Below is one example: parallel multiplication of two two-dimensional arrays using
OpenMP technology.

Figure 1. The parallel program code in C++

Source:

@ root@parambilim:/

Authors

yrivate(i,j, k) shared(a,B,C)
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Figure 2. Sequential program code in C++

;7\sequenﬁal—rEﬂ0KH07

Qann [lpaska ®opmat Bua Cnpaska
#include <iostream>
#include <chrono>

#define N 10000
using namespace std;

int A[N][N];
int B[N][N];
int C[N][N];

int main() {
int i, j, k;
std::chrono::time_point<std::chrono::system clock> start, end;
double elapsed;

std::cout<<"Matrix size = "<<N<<std::endl;
for (i = 8; i < N; i++)
for (j = 8; j < N; j++) {
A[i][3] = 2;
BLiI[]] = 2;

b

start = std::chrono::system_clock::now();

for (i = @; i ¢ N; ++i) {
for (j = 8; j < N; ++3) {
for (k = 8; k < N; ++k) {
Cli1[3] += A[i][k] * B[KI[]1;
}

}

end = std::chrono::system_clock: :now();
elapsed = std::chrono::duration_cast<std::chrono::duration<double>>(end - start).count();
std::cout << "elapsed time = " << elapsed << " seconds." << std::endl;

/% for (i =8; 1 < N; i++) {
for (3 =85 3 <Nj 3++) {
std::cout << C[i][j] << "\t";
b
std::cout << std::endl;
Y

Table 3. Results of computing

Computer Matrix size Threads Execution time
16 core Param-Bilim 1000 4 0.647 sec
5000 4 62.234 sec
10000 4 490.593 sec
Quad-core(4) Lenovo 1000 4 1.674 sec
Ideapad 81y3 5000 4 335.068 sec
10000 4 8378.485 sec
1000 Sequential 3.236 sec
5000 Sequential 557.934 sec
10000 Sequential 4910.5 sec

Source: Authors
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3 Conclusion

Teaching high-performance computing in universities is an essential aspect of modern
education. Due to the rapid development of information technology, high-performance
computing is becoming an integral part of scientific and engineering research, as well as
industrial processes.

Teaching high-performance computing enables students to learn modern methods and
technologies for working with large amounts of data, efficient algorithms, and clustered
computing. These graduates work in science, industry, finance, medicine, and other fields,
ensuring they become competitive, qualified specialists in the labour market, ready to solve
complex problems in various fields.

As a result of analyzing the situation in teaching high-performance computing, it was
determined that universities utilize various software, equipment, and technologies in education.
OpenMP and MPI technologies, along with the C++ programming language, are often used for
algorithm calculations. All analysed foreign and Kazakhstani universities are equipped with
supercomputers used for research and teaching of high-performance computing. However, it
can be observed that in the educational programs of Republican higher education institutions,
more attention is not paid to the experiences and projects that enable students to acquire
knowledge and skills more effectively and in-depth than in foreign higher education
institutions. It is hoped that within the coming years, we can address this issue and enhance
educational programs, equipping learners with the skills needed to solve the complex challenges
of the digital era.
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