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ABSTRACT

High-Performance  Computing (HPC) artifacts provide
opportunities for students to improve their understanding of
parallel computing, which is important for students who study
computer science. In line with that, many computing departments
are integrating HPC systems into their curricula. However, there
is a need to investigate HPC artifacts that have been used as
learning interventions. This study has employed a systematic
literature review to investigate published papers on HPC
education from 1988 to 2018. The findings of our investigation of
a stratified sample of 211 papers reveal the state of the practice of
application of HPC artifacts in computing education in terms of
the contexts, themes, nature and topics of the publications. The
study revealed that a majority of publications reported the usage
of Beowulf and other clusters as the pedagogical tools.
Furthermore, the study discovered gaps in research on the
application of HPC artifacts in ability and aptitude, teaching and
learning, teaching and learning techniques, curriculum, parallel
programming, and parallel processing. This study contributes to
our understanding of what HPC artifacts are used in computer
science education.
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1 Introduction

The increased usage of multi-core systems and computing clusters
has created a demand for parallel computing skills, economies
demand a workforce with parallel computing knowledge and
skills, and a prior survey study has shown the use of HPC in
government and industry [26]. As a result, supercomputers, cloud
computing systems, and High-Performance Computing (HPC)
systems have been integrated to support academic curricula [1],
scientific computing [75] and business [25], and a survey study of
cloud computing systems and education has shown
improvements in classroom teaching [40]. Other HPC systems
that have been developed and integrated in academic institutions
to improve students’ HPC skills and access to affordable HPC
include virtual clusters [51][58], a bootable cluster CD [64], multi-
platform for distributed computing [76], exascale systems
[21][53][62], embedded and mobile system-on-chips [52]; and a
portable computational cluster [13].

The rapid implementation of HPC systems has been facilitated by
the construction of the first Beowulf Linux commodity cluster at
NASA’s Goddard Space Flight Center in 1994 [33]. Empirical
research projects that use Beowulf cluster for learning and
teaching [1][27]; programming[4]; exascale computing[16];
education[28]; massive parallel computing[30]; and education in
HPC[71] have demonstrated evidence that since then, Beowulf
clusters have been widely used to support computer science
teaching and research [48]. Beowulf clusters have been used in the
areas of large-scale visualization, simulation of complex neural
network models, and evolutionary computation [30] [28]. The
support provided by HPC systems can be classified in order to
gain an understanding of how different implementations of
clusters support computer science curricula.
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In this study, publications were investigated to establish evidence
of the usage of HPC artifacts using a systematic literature review
method under the design science paradigm. In investigating the
HPC education publications, we adopted Simon’s classification
[67][5] as an ontological classification, which classifies papers
within the domain of computer science education into four broad
dimensions, and the topics, context, nature, and scope of each are
then subsequently broken down into categories. Moreover, the
study [5] demonstrated that the context identifies the generic
thrust of the published paper, the topics list the themes the paper
addresses, the scope is the involvement of actors in the research,
and nature shows the distinction between research and practice
papers.

This study aims to investigate whether HPC artifacts have been
used as learning interventions to improve parallel computing
knowledge and skills in the context of computer science education
over time. The investigation helps gain a more in-depth insight
into the trends of using HPC artifacts in education and how HPC
artifacts have been used as learning intervention tools.

This paper is organized to answer five research questions
commencing with the description of the protocol that is used,
followed by a synthesis of the findings which address the research
questions, and a summary concludes.

2 Methodology

We use the Systematic Literature Review (SLR) methodology
under the paradigm of Design Science Research [2][41][37] [66]
to guide the investigation of HPC artifacts that have been used as
learning intervention and reported in online scientific publication
depositories. According to Kitchenham [10], SLR, as the critical
step in conducting scientific research, is the method that analyses
all relevant primary research publications by identifying,
mapping, evaluating, aggregating, and interpreting based on a
particular research question, phenomenon of interest or topic
area. SLR also is used to identify gaps in particular topics to be
filled. This is in line with the aim of SLR, which is to construct a
broader view of the research question by summarizing the
literature with minimum bias [3]. Hence this section describes an
overview of the research methodology that has been followed in
this study, explains the protocol used, articulates the research
questions pursued in the study, describes the search strategy, and
articulates the exclusion and inclusion criteria used.

2.1 Protocol for SLR

In an SLR, the protocol that guides the study to identify
publications should be described and justified to guarantee the
reproducibility of the work [14] and minimize subjectivity, during
data collection, by the researchers. The protocol used in this SLR
study details the planning method on how the research was
conducted. In this study, we reviewed existing protocols that
guide how to perform SRL[9]; SRL in software engineering[11]; a
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guideline for performing SRL in software engineering [69]; SRL
for mobile cloud computing [20]; guidelines on how to perform
SRL[17][44]; and procedures on how to perform SRL[10] and
agreed to follow the modified SLR protocol [17] that includes the
following steps:

e Research questions and conceptual framework;

e  Selection of work team;

e  Research Strategy;

e Search, eligibility and coding;

. Quality assessment;

e Synthesis of results; and

e  Study presentation.

The SLR protocol that we adopted follows the steps that are
described in the following sections.

211 Research Questions. The research questions for this study
aimed to investigate primary studies that are related to
interventions of HPC artifacts in the context of computer science
education, which is useful for gaining a broader view of the HPC
education field. In categorizing HPC education, we have
considered publications on HPC if they did refer explicitly to any
form of HPC artifacts in the education context. The decision to
focus on the labeling of HPC artifacts guaranteed the appropriate
level of focus needed in the SLR, though such a decision may have
led to the exclusion of publications that indirectly referred to HPC
without using education [61]. The retrieved studies relevant to
our research questions were diverse, heterogeneous, and difficult
to classify. To elucidate the process of classification, we drew on
Simon's classification [67] to sort 211 studies in categories. Using
Simon's classification, the investigation categorized the
interventions into topics, nature, scope, and contexts. For the sake
of this study, we have included parallel computing artifacts as a
separate category. The purpose of this category is to identify the
types of HPC artifacts that have been used as learning
intervention tools in computer science education. The
investigation provides answers to the following research
questions.

RQ1: What are the reported topic areas in computer science
education publications where HPC artifacts have been used as
learning interventions?

RQ2: What are the contexts in which computer science education
uses HPC artifacts?

RQ3: What is the scope in the usage of HPC artifacts as learning
interventions supporting different curricula?

RQ4: What is the nature of the publications that have used HPC
artifacts as learning interventions supporting different curricula?
RQ5: What parallel computing artifacts have been used as
learning interventions in computer science education?

We extracted initial keywords from research questions [9], as
indicated in Table 1. Based on the research questions, the HPC
education publications were used in this study. To be specific, we
avoided restricting our review study, and we decided to cover any
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type of HPC system used as an intervention in computer science
education, learning, teaching, or training. The intervention is any
use of an HPC system as an educational tool that addresses an
educational issue in computer science and has been implemented
at one or more academic institutions. The academic environment
is the context that is reviewed in the published HPC studies, and
the HPC system artifacts must be implemented or used within
such an academic environment.

Based on that, initial keywords were used to derive compound
keywords that were used to search for a variety of HPC

publications relevant to the research questions of this study.

Table 1. Research Questions and Keywords

Research Question Keywords

RQ1 Computer, Science, Education,
HPC, Artifacts, Learning,
Interventions

RQ2 Computer, Science, Education,
HPC, Artifacts.

RQ3 HPC, Artifacts, Learning,
Intervention, Curricula.

RQ4 HPC, Artifacts, Learning,
Intervention, Curricula.

RQ5 Parallel, Computing, Computer,
Science,  Education,  Artifacts,
Learning, Interventions.

In order to answer the research questions, relevant publications
from online scientific publications depositories were reviewed.

212 Selection of Work Team. We created a work team that
was led by the first author, who did almost all the processes of this
SLR, although it is rare for a single individual to have all necessary
methodological and technical skills and knowledge to conduct an
SLR. The other reason for the creation of the team is the inherent
time taken for a single person to conduct an SLR study. Having a
team for an SLR increases the quality of the review when
eligibility and search of the publications and the coding of results
are independently performed by two members of the team[42].

Based on the review questions, the technical knowledge of HPC
and methodological knowledge were applied in order to conduct
the SLR. In order to increase the quality of the review, the
processes of searching sources and criteria, coding, eligibility of
publications, and the synthesis process were performed
independently by each member of the team.

213 Research Strategy. We used the SLR method to
investigate the state of HPC artifacts used as interventions in
computing education and training [46]. The investigation began
in July 2016 and continued until December 2018. The methods
used to retrieve publications were searching from scientific
publication depositories and chaining from known publications.
We reviewed studies to find the database repositories that are
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useful for our study [47][36][49][57][46] and identified Scopus,
SciFinder, Web of Science, ACM, Google Scholar, and IEEE as
suiting our research questions. The study reviewed HPC
publications from 1988 to 2018, which related to education. The
investigation used three online scientific publication repositories
as the data sources (ACM Digital Library, IEEE Xplore, and Google
Scholar). The pilot search showed they were sufficient to retrieve
education-related publications HPC.

We used the online scientific publications repositories to search
for keywords in order to conduct the SLR. In order to do extensive
searches, the repositories were searched using full text, abstract,
and title of desired study types that were relevant to answering
the questions posed in the context of this study. The review
process included publications that were published from 1988 to
2018, where 1988 was the years of publication of the three papers
which commenced the corpus that was available for review
[63][42][10]. The publications reported usage of a supercomputer
in the contexts of research, learning, and training, to enhance the
management and delivery of innovative education models
[59][34]. The first publication focused on the integration of
supercomputers to support research in Boeing, and the lessons
learned [63], and the thrust of the second one was the study of the
watershed phenomenon in economics that measured the demand
and supply of supercomputers in research institutions [70]. The
third one reported on the supercomputing programme [21],
whose aim was to create adaptable consumers of supercomputing
technology and to bridge a gap between computer science
education and computer-specific training [22]. The use of Simon's
classification lets us discover the trends in the use of HPC artifacts
as pedagogical tools in computer science and other disciplines that
use HPC artifacts.

When there was any potential ambiguity about the inclusion of a
paper or challenges associated with suppositions and assumptions
raised during the review, the paper was included if all members of
the team agreed by consensus.

2.14  Search, Eligibility and Coding. The process of searching
papers in online scientific publication depositories requires search
strings to enable retrieval of relevant publications. The search
strings have been derived from the research questions in this
paper. We composed the initial search strings from the search
terms and main keywords identified in these research questions
and the relevant synonyms. To reduce the likelihood of bias, we
calibrated our search strings in a pilot search in a single scientific
publication repository.

The research questions concern education topics where HPC
artifacts have been used as educational tools, hence the keywords
for RQ1 are computer, science, education, HPC, artifacts, learning,
and interventions. We used keywords derived from Table 1 to
construct search strings for this study [9]. Similar terms and
synonyms for HPC artifacts that were used to create search
strings in this research are parallel distributed systems, high-
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performance computing, parallel computing, Beowulf cluster,
supercomputing, parallel computing system, and high-performance
computing system. Based on what was mentioned earlier, the
synonyms for education used in this research are training,
learning, and teaching. The combination of these was used to
formulate search strings. Therefore the keywords derived from
RQ1 were used with the synonyms and related terms to create
search strings to retrieve relevant data to answer RQ2, RQ3, RQ4,
RQ5, and RQ6.

As a consequence of this, the keywords which were used to cover
a variety of HPC publications in this study were:
e  high-performance computing education;
e  parallel computing education;
e  Beowulf cluster education;
e  supercomputing education;
e teaching parallel distributed computing;
e  parallel computing systems education;
e  high-performance computing system education;
e  parallel distributed computing training;
e high-performance computing training;
e parallel computing training;
e  Beowulf cluster training;
e  Beowulf cluster teaching;
e  supercomputing training;
e  parallel computing systems training;
e Beowulf cluster learning;
e learning parallel distributed computing;
e high-performance computing learning;
e  learning supercomputing;
e  high-performance computing system training.

To improve the study's validity, we assessed the risk of bias in the
included publications [3][43]. In doing so, we involved two
evaluators who independently performed SLR and ensured the
process involved searching multiple publication databases to
minimize publication, extraction, selection, and inclusion bias.

2.15 Quality Assessment. In an SLR, the confidence in the
study's conclusion and usefulness to the consumers of the study
depends on relevance and quality of the primary studies and the
process of review [6] [72]. We included 211 studies for further
quantitative synthesis after passing assessment criteria from the
modified dimensions of quality and relevance of the publications
[6]. So the assessment criteria we used to ascertain the quality and
relevance of the publications are the following.

1. Quality of the study performance: The artifact used in the
publication meets the required standard for HPC artifact
used in education. The required standard is an HPC
artifact used as an intervention to support teaching,
learning, and research.
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2. Relevance to the research question: The publication
addresses exactly the target subject of the research
question of the SLR;

3. Relevance to the review focus: The study covered in the
publication is in a similar education context to the one
defined in the SLR.

In this sense, all 211 studies passed quality and relevance criteria
and proceeded to further quantitative analysis using aggregative
synthesis.

2.16 Description and Analysis of the Studies

2.1.6.1  Criteria of Exclusion and Inclusion Criteria. The search
used the stipulated keywords, terms, and synonyms, as listed in
the previous section, and the entire text of each publication within
each repository was searched in order to retrieve relevant
publications.

The search used the entire publication texts, and the scope of the

applied searches was restricted to the following inclusion criteria:
i. Publications that have been written in English;

ii. The year of publication was from 1988 to 2018

(inclusive); as this SLR was conducted in 2018 no

future publications have been included in the

study;
iii. Conference and journal publications;
iv. Title, keywords and abstract based on the search

string and keywords, and the content of the
research question matches the content of the

abstract;

V. Introduction and conclusion contain content that
deals with HPC education;

vi. The full content of the publication deals with HPC

education and usage of the HPC artifact in the
education context;

vii. The focus of the publication is teaching, learning,
training, and research in education.

The exclusion criteria are:

I Publications that do not include relevant
keywords;
il. Publications that are not in the area of teaching,

learning, training, and research in education.

2.1.6.2  Analysis of the Studies. It was observed that many
publications in the ACM Digital Library could also be searched
and found in Google Scholar. Hence we considered IEEE Xplore
and Google Scholar for further review. The keywords, terms,
synonyms, and phrases were used to create query strings. The
created query strings were combined using the OR search
operator among related terms. The OR operator has been used in
order to retrieve any publication with any of these search terms.
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The combined search strings that were joined by the OR operator

to retrieved publications were:

A = "High-Performance Computing education” OR "Parallel
computing education” OR "Beowulf cluster education” OR
"Supercomputing education."

B = ‘"Parallel computing systems education" OR "Parallel
distributed computing education" OR "High-Performance
Computing System education” OR "High-Performance
Computing training"

C = “Parallel computing training” OR “Beowulf cluster
training” OR “Supercomputing training” OR “Parallel
computing systems training”

D = 'Parallel distributed computing training” OR "High-

Performance Computing System training” OR "Teaching
Beowulf Cluster" OR "Teaching High-Performance
Computing"
E = "Teaching Parallel distributed computing" OR "Teaching
High Performance Computing Cluster" OR "Teaching
Supercomputing” OR  "Teaching High-Performance
Computing System"

F = "High-performance computing learning" OR "Beowulf cluster
learning" OR "learning parallel distributed computing” OR
"learning supercomputing.”

The number of hits for each final combined search strings and the
total number of papers identified was 831, as shown in Table 2.

Table 2. Final Keyword Search Results with OR Operator

No. Keywords | IEEE Xplore, | Google Scholar,
Hits Hits
1 A 69 409
2 B 72 43
3 C 147 57
4 D 24 104
5 E 36 22
. F 59 42
TOTAL 401 430

The publications were further reviewed and evaluated for
inclusion by scrutinizing the titles, abstracts, and full text in a
reliable and robust manner. The filtering process used the search
strings based on the relevance of the contents of the research
questions. After scrutinizing the search results from three online
scientific publications depositories for duplicates, we restricted
our detailed search to 641 publications. The manual process of
searching potentially relevant publications using titles of
publications was conducted. It yielded 216 results because the
duplicate, non-educational, non-English language, and non-
conference or journal publications were removed, as shown in
Figure 1, representing the PRISMA diagram that systematic
reviewers typically use to represent the flow of studies through
the SLR [50].
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Total number of publications

found in Google Scholar by

searching full text using OR
logic operator= 641

Not HPC =0

Excluded
publications
=425

Not within 1988
10 2018=0

Not education = 299

NotHPC =0
Excluded

papers = 5

Potential includes

Unobtainable

=216 publications

=0

Manual
abstract
screened =

216

Not conference or

journal paper =0

Not in English =0

Not within 1988 1o
2018=0
Not education =0

Included and
keyworded

papers for map = 211

Included in narrower inclusion
criteria for data-extraction and

synthesis of results = 211

Figure 1: Inclusion and Exclusion Results (adapted from [35])

Furthermore, we manually read the abstracts of each publication,
yielding 211 potentially relevant publications. Thus, consistent
with the methods used in [7][20][44] and the suggestion of
including all [6] as applicable for quantitative synthesis in SLR.
Then the inclusion and exclusion criteria enabled the retrieval of
211 eligible publications.

3 Results

A total of 211 HPC education publications written in the English
language were identified using the search strategy. The analysis
of the publications that cover the period from 1988 to 2018 has
shown that the focus in the period from 1988 to 1993 has been the
usage of shared memory multiprocessors (supercomputing)
systems that support training and research.

From 1994 the usage of distributed memory supercomputing
systems (HPC clusters) in education started. This trend coincides
with the introduction of affordable Beowulf clusters in the family
of HPC devices in 1994, as indicated in [33]. The number of HPC
publications increased steadily from 1992 - 2006 to a total of 102
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publications. From 2007 — 2012, the number decreased to 46 HPC
publications, as shown in Figure 2.
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Figure 2: The Number of HPC Education Papers from Range of
Years of Publications

The chosen starting point of the reviewed HPC education
publications was from 1988 to 2018. In the years 2004-2006, the
focus of the publications was in virtual clusters, Beowulf clusters,
grid computing, high throughput computing systems, cloud HPC,
and multiprocessor systems, which constitute the largest number
of publications in this study. The family of Beowulf clusters forms
the dominating systems that have been used in HPC education
from 1994 to 2018.

As good abstracts enable the classification of the publications
[67]1[5], we used the abstracts of the 211 publications to categorize
them in terms of topics, contexts, nature, and scope (using Simon's
classification). The systematic descriptive mapping has been
employed to study the publications that will answer the research
questions. We consider the research questions in turn, and for
each question, the data analysis we have performed suggests
specific topics that are under-researched.

RQ1: What are the reported topic areas in computer science
education publications where HPC artifacts have been used as
learning interventions?

The numbers of HPC artifacts categorized by topic were 7 in
Ability/aptitude, 10 in Teaching/learning, 6 in Teaching/learning
techniques, 72 in Teaching/learning tools, 103 in About research,
and 13 in the curriculum. The major use of HPC artifacts is in
research, closely followed by teaching as a pedagogical tool.

RQ2: What are the contexts in which computer science education
uses HPC artifacts?

The numbers of HPC artifacts categorized by the context of
publication are 59 in Parallel Hardware/architecture, 115 in
Parallel Computing, 29 in Parallel Programming, and 8 in Parallel
Processing. According to [67][5], the context dimension
represents the thrust or sort of subject the publication is focusing
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on. In [5], the subject has been defined as the unit of teaching
where a student can achieve a formal result. In line with the rest
of this study, we added the subject of parallel computing to the
list of subjects of context dimension instead of using only the
category of hardware/architecture in Simon's list. We found that
the major use of HPC artifacts is in the context of parallel
computing, which is followed by parallel architectures and then
parallel programming.

RQ3: What is the scope in the usage of HPC artifacts as learning
interventions supporting different curricula?

The numbers of HPC artifacts categorized by scope have been
reported as follows: 1 in programme or department, 191 in
Institution, 16 in Many institutions (and 3 in Not applicable). Most
publications indicate that the greater usage of HPC artifacts is
within a single institution (90.5%).

RQ4: What is the nature of the publications that have used HPC
artifacts as learning interventions supporting different curricula?
The numbers of HPC artifacts categorized by nature of publication
are 5 in position, 163 in the report, 33 in analysis, and 10 in the
experiment.

Most of the publications (77.3%) indicate that the major usage of
HPC artifacts has been presented as a pedagogical report, but very
few publications report experimental results relating to the
usefulness of HPC artifacts as pedagogical tools in computer
science curricula.

RQ5: What parallel computing artifacts have been used as learning
interventions in computer science education?

The analysis 211 publications have shown that 130 publications
mention the usage of Beowulf clusters and other families of the
cluster as teaching/learning tools in computer science and
interventions to support research, compared to other types of
HPC systems. However, we discovered from the literature that the
others reported types of HPC that have received little attention
include: cloud computing systems, cyberinfrastructure, grid
computing, high throughput computing systems, massively
parallel computers, multi-core systems, multiprocessor systems, a
parallel computing system, supercomputing systems, web servers,
and servlets.

We also found that from 1988 to 2018, there were 110 reviewed
publications that focused on using specifically Beowulf clusters,
32 on using generic HPC artifacts and 22 using specifically HPC
clusters. The other types of HPC artifacts formed a minority of
those reported.

4 Discussion

The findings from this study show that HPC artifacts have been
used as learning interventions to improve parallel computing
knowledge and skills in the context of computer science education,
as learning/teaching tools, and to support research [65] in the
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context of computer science education. In addition, the findings
show those families of HPC clusters [55][31][32] have been
mentioned to be used extensively as learning interventions to
improve parallel computing knowledge and skills.

The topic dimension classifies the papers in terms of
ability/aptitude, teaching/learning, teaching/learning techniques,
teaching/learning tools, about research, and the curriculum [67].
The significant proportions of publications in the dimension of
topics have shown major wusage of HPC artifacts as
teaching/learning tools [45] and in supporting research. We also
observed the usage of HPC artifacts to support teaching/learning
parallelism techniques for freshmen [18] and the support of the
development of a parallel computing curriculum framework [27].

The context dimension represents the generic thrust [67] of the
published  publications, which  focuses on  parallel
hardware/architecture, parallel computing, parallel programming,
and parallel processing categories. The literature analysis has
shown that majority usage of the HPC artifacts has been reported
in parallel hardware/architecture and parallel computing papers.
We observed the usage of HPC artifacts for training students in
parallel programming [73][19][23]. However, less has been
reported on the usage of HPC artifacts for parallel processing in
an education context, although Beowulf clusters have been
predominantly used in the parallel hardware/architecture, parallel
computing, and parallel programming categories. We have
discovered that cloud computing systems [12][54] that use an
HPC system have been reported to be used in the categories of
hardware/architecture and parallel programming. Data also
suggested that there should be further research on:

e paralle] programming using different programming

languages using HPC artifacts;
e parallel algorithms and processing using HPC artifacts.

The scope dimension represents the focus of the papers in terms
of engagement with programme or department, and single or
multiple institutions [67]. The literature has reported that a
majority of the usage of HPC artifacts has been in the scope of
single or multiple institutions, where it is reported that the
predominant use of HPC artifacts is in experiments, analyses, and
report publications. However, only one publication has been
reported in the category of programme or department in the scope
dimension. In addition, data suggested that there should be further
research in order to:
e  promote inter-institution engagement in HPC education
research;
e  encourage departments to engage in using HPC artifacts
in programmes.

The nature dimension represents the distinction between practice
and research paper [67] and focuses on position, analysis, report,
and experiment papers [67]. The majority of the literature has
been in reports and analysis papers. However, little has been
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reported on the usage of HPC machines in reports and experiment
papers. On top of that, data suggested further research in:
e  designing position paper proposals that address ideas
about the implementation of HPC artifacts in education;
e addressing research questions by analyzing data
collected from researches that use HPC artifacts in
education;
e conducting experiments and surveys about HPC
artifacts in education that are used as tools to address
research questions.

However, the analysis of the usefulness of HPC artifacts from the
211 publications based on topics has shown that ability/aptitude,
teaching/learning, teaching/learning techniques, and curriculum
categories have lower numbers of publications than those that
have reported the usage of HPC artifacts. According to
MacDonald and Atwood, the usefulness of a system can be defined
as “the extent to which a system’s functions allow users to complete
a set of tasks and fulfill specific goals in a particular context of use”
[15]. Based on that definition, the tasks are training processes,
and the goal is to impart HPC knowledge and skills. We
discovered that a majority of publications that have been
categorized using Simon's classification reported the usage of
Beowulf clusters [56] and other families of clusters as the
pedagogical tools that support computer science education and
research. We also observed some publications reporting usage of
cloud [8] and virtual HPC clusters [60][24] as learning tools in the
research and teaching/learning tool categories. The extensive use
of Beowulf clusters as parallel computing artifacts in the context
of HPC education research in parallel programming has been
reported by Gardner [74]. Furthermore, Beowulf clusters have
been used to support research experiments on job scheduling
experiments [29]. We have also observed the usage of affordable
and portable micro clusters to address the challenge of teaching
in the context of parallel and distributed computing education [39].
Micro clusters have also been used in education to support low
power and data-intensive applications [68][38].

As with regards to the usefulness of HPC artifacts in the 211
publications, the data suggests that there should be further
research on:
e  creating novel teaching or learning techniques using
HPC artifacts;
e  designing HPC courses that will increase the ability of
students and the abilities that define what makes an
HPC student good;
e the processes involved in teaching and learning HPC;
e HPC course contents and integration of HPC into
curricula.
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5 Conclusion

In this study, the usage of HPC artifacts as learning interventions
to improve parallel computing knowledge and skills in the context
of computer science education was investigated. We used SLR
methodology to review 211 computer science publications in
order to understand the trends of usage of HPC artifacts stratified
in terms of types, topics, contexts, nature, and scope of Simon's
classifications.

From the publications reviewed regarding whether HPC artifacts
were used as the learning interventions, we observed that HPC
artifacts were viable computing solutions used in the context of
computer science education. The viability of the artifact was
supported by the use of a large number of different names of types
of HPC artifacts in the reviewed publications: Beowulf cluster,
cloud computing system, cluster computing system,
cyberinfrastructure, grid computing, HPC cluster, HPC system,
HPC visualization cluster, Hadoop cluster, a high-throughput
computing system, Linux cluster, massively parallel computer,
multi-core system, multiprocessor system, parallel computers,
parallel cluster, a parallel computing system, parallel machines,
supercomputing system, virtual cluster and web servers with
servlets.

However, we gained insights on the inadequacy of research in
some categories of dimensions of topics, contexts, nature, and
scope of Simon's classification. We discovered little attention to
the application of HPC artifacts in ability/aptitude,
teaching/learning, teaching/learning techniques, curriculum,
parallel programming, parallel processing, programme or
department, report, and experiment categories.

Our SLR consulted publications databases that indexed HPC
education publications from the known journal and conference,
but the limitations of this approach are that it did not include non-
academic and non-peer-reviewed journal. We used different
search strings in order to retrieve relevant publications that
explicitly address HPC education; however, it is possible that
other relevant publications could be retrieved using other search
strings. In addition, we searched only English publication sources
that limit our study from including non-English publications.

Further education research needs to be pursued to report on the
usage of cloud, and virtual HPC artifacts as these two artifacts are
both easy to deploy and affordable.

In the future, we are going to evaluate the deployment of
affordable HPC clusters and evaluate their effectiveness in
supporting the curriculum.
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