contributed articles

L)

Check for
updates

DOI1:10.1145/3538878
lack the competencies (skills and dis-

Employers seek recruits who can apply positions) expected in the workplace.

the knowledge, skill, and culture Most undergraduate computing-
. d degree programs want to produce job-

they acquire in college to solve problems ready graduates who are productive

on the first workday. They often seek
local advisory boards composed of in-
dustry, government, and business rep-
resentatives to help develop a func-
tional computing curriculum for their
students. Information technology and
computing disciplines are changing,

@
and new fields appear continuously.
Computing curricula and undergrad-
uate programs are challenged to keep

up with this rapid change. Employers

as soon as they enter the workforce.

BY JUAN CHEN, SHEIKH GHAFOOR,
AND JOHN IMPAGLIAZZO

are looking for competent graduates

who can apply the knowledge, skill,
and culture they acquire in college to
solve problems as soon as they enter

the workforce.

High-performance computing
(HPC) and parallel and distributed
computing (PDC) have become per-
vasive. People use them on various

platforms, from supercomputers and
server farms containing multicore

central- and graphical-processing
units to personal computers, laptops,
mobile phones, and embedded com-

puting devices. HPC systems have
broad use for solving large-scale sci-
entific computing problems in vari-
ous domains, such as atmosphere
and ocean studies, astrophysics, in-
dustrial design and manufacturing,
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and new energy materials. Specifi-
cally, HPC has also become a pow-
erful booster for today’s popular
computing areas, such as artificial
intelligence (Al), big data, and the
Internet of Things (IoT). Therefore,
understanding how parallelism and
distributed computing affect prob-
lem-solving is essential for every com-
puting and engineering professional.
However, due to the interdisciplinary
complexity of the HPC field, finding
competent graduates who meet em-
ployer needs is becoming difficult.

The notion of competency refers
to applying or using the set of relat-
ed knowledge, skills, and behaviors
required to perform “critical work
functions or tasks in a defined work
setting.”?* Most current computing
programs and curricula focus on im-
parting domain knowledge (topics)
to students. A small number of com-
puting programs and curricula have
also begun to emphasize teaching
students how to apply this knowledge
to solve problems in the real world.
The word “skills” captures such ap-
plications. However, other traits be-
sides domain knowledge and applica-
tion (skills) exist. People also require
passion for work, initiative, critical
thinking, problem solving, communi-
cation, decision making, adaptation,
modification, and extension to per-
form a job competently.

Teachers have always paid atten-
tion to knowledge and have recently
begun to attach importance to skills.
However, they are often not transpar-
ent or cannot understand the drivers
of human quality and internal driving
forces needed to understand and ap-
ply knowledge to complete a job. As a
result, employers often have to invest
in on-the-job training to help recruits
develop the competency required for
the jobs at hand. This practice is not
good for improving the computing
competency of HPC graduates.

Parallel computing is ubiquitous:
HPC has penetrated various indus-
tries and has become deeply inte-
grated with many computing fields.
Industry views HPC in a new light of
importance rather than as an ongoing
battle to build the fastest supercom-
puter. HPC has become an integral
necessity of scientific and engineer-
ing survival. It is the new frontier for

business, industry, and government
for anew generation of computing.

The main goal of HPC is to reduce
the execution times of applications,
programs, and operations. PDC, on
the other hand, represents how con-
currency, and the conceptual decom-
position of an application, may occur
in a parallel or distributed program.
It may not be easy to distinguish be-
tween HPC and PDC because mod-
ern-day HPC relies on PDC to achieve
HPC’s high-performance goals, which
is the purpose of HPC.?? Therefore,
this article assumes that PDC is a sub-
set of HPC for practical purposes.

Teaching a range of HPC knowl-
edge and skills at multiple levels in
computing curricula is necessary.
For example, since the early 1990s,
computing educators have realized
that parallel computation should
appear in undergraduate comput-
ing curricula.’ Later, many teaching
research works appeared covering
curricular experience with parallel
computational thinking,'®* parallel
programming course practices,'” and
HPC course development and prac-
tice.>*!7 A recent publication high-
lighted some critical changes in PDC
software and hardware platforms and
their effect on educators. It proposed
valuable strategies and practical ad-
vice for choosing these options and
PDC pedagogy.’

The changing computing land-
scape is also presenting challenges
in undergraduate computing pro-
grams. Employers seek competent
graduates who can fit into an indus-
try or business setting, who can apply
their knowledge and skills to solve
problems in rapidly changing envi-
ronments, and even those who can
create something new to meet future
challenges. Unfortunately, current
computing curricula and programs
focus primarily on knowledge, rarely
teach or assess skills, and pay little or
no attention to the human element,
called dispositions. As a result, em-
ployers must invest in job training for
recruits. Currently, no competency-
based HPC curriculum exists. The
closest HPC model is the NSF/IEEE
Technical Committee on Parallel Pro-
cessing (TCPP) curriculum, published
in November 2020.2° Therefore, this
work aims to present a rationale for
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competency-based learning in study-
ing all computing and, in particular,
high-performance computing.

Competency and

Computing Curricula

In recent years, computing educators
have witnessed a shift from knowledge-
based to competency-based learning.
Knowledge-based learning revolves
around the student’s knowledge and
understanding by doing work;'* it is an
accepted ontology for a specific do-
main. Knowledge-based learning usu-
ally includes an exhaustive list of topics
and an accompanying set of learning
outcomes associated with a particular
knowledge domain.

An essential link between academ-
ic preparation and industry needs is
competency. A dictionary definition
of competency is “possession of suf-
ficient knowledge or skill,” implying
a quality that expediates achievement
or accomplishment.® The Association
for Computing Machinery (ACM) al-
ready uses competency to describe
its respective curricular guidelines
for baccalaureate undergraduate
education. For example, the Infor-
mation Technology 1T2017 Report!!
shifted the focus from knowledge-
based learning (knowledge areas,
knowledge units, topics, and learn-
ing outcomes) to competency-based
education, particularly since most IT
graduates enter industry or govern-
ment workplaces upon graduation.
Also, IT2017 created the canonical
triad whereby:

Competency =[Knowledge +Skills +
Dispositions], in Context

This model used competency as the
centerpiece of learning. The IT2017
report indicates that competence re-
fers to the performance standards
and the assessing of some workplace
performance. The purposes of knowl-
edge, skills, and dispositions are valu-
able to better understand competen-
cy. Knowledge is the “know-what”
dimension of competency through
comprehending facts. An element of
knowledge designates a core concept
essential to competency. Skills ex-
press the application of knowldge
components and are the “know-how”
dimension of competency. Disposi-



tions describe the “know-why” di-
mension of competency and shape
the “know-what” and “know-how” of
competency. Dispositions encompass
socio-emotional attributes, behav-
iors, and attitudes. The set of disposi-
tions is an essential characteristic of a
well-structured competency.

Several years ago, ACM and IEEE
launched the CC2020 project, a
50-member task force representing 20
countries from six continents. In ad-
dition, a 15-member steering commit-
tee formed a subset of the task force,
and four members formed its edito-
rial committee. The project sought to
summarize the current state of cur-
ricular guidelines for undergraduate
academic programs in computing,
guide a transition from knowledge-
based to competency-based learn-
ing, and set pathways for the future
of computing education. The report!
contrasts knowledge-based learn-
ing with competency-based learning,
provides visualizations of these para-
digms, offers a global perspective on
undergraduate computing education,
and fosters worldwide integration of
computing programs. The report also
suggests an alternative interpretation
of competency, whereby competency
includes three components within a
task’s performance, represented as:

Competency =[Knowledge +Skills +
Dispositions], in Task

which is equivalent to the IT2017 in-
terpretation. Figure 1 illustrates two
equivalent illustrations of competen-
cy. Figure 1a shows the canonical tri-
ad of competency derived from the
1T2017 report, while Figure 1b illus-
trates competency derived from the
CC2020 report with knowledge and
skills viewed as a pair. Hence, compe-
tency emphasizes the overlapping or
intersection of knowledge, skills, and
dispositions in both cases.

The CC2020 project has already
achieved worldwide recognition.
Nine organizations have funded the
project, and 21 global computing so-
cieties have endorsed the CC2020 re-
port. Countries are already starting
to consider and implement some of
its attributes, and different comput-
ing disciplines have already begun to
adopt competency as the model for
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Figure 1. Competencies from the IT2017 report (a) and from the CC2020 report (b).
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Table 1. Baseline (professional knowledge) elements from €CC2020.

Baseline Elements

Analytical/critical thinking

Collaboration and teamwork

Ethical/intercultural perspectives

Mathematics and statistics

Multi-task prioritization and management

Oral communication and presentation

Problem-solving and troubleshooting

Project and task organization and planning

Quality assurance and control

Relationship management

Research and self-starter learner

Time management

Written communication

curricula development. In addition
to the IT2017 report, an information
systems committee has developed a
competency-based curricular model
in its 1S2020 report.'? Additionally,
ACM’s data science DS20217 report
reflects a competency-based recom-
mendation. High-performance com-
puting is beginning to build a compe-
tency-based model, and the literature
has already proposed this concept.??
Other areas of computing will likely
transform into a competency-based
approach to learning.

Table 1 shows 13 baseline ele-
ments (or professional knowledge)
presented in Table 4.2 of the CC2020
report. These elements represent fun-
damental components that all com-
petent professionals should possess.
For example, all computing profes-

sionals should know how to commu-
nicate, collaborate, and time-manage
their activities. However, the CC2020
report and this work do not enumer-
ate computing or HPC skills, for two
reasons. Firstly, a skill is an applica-
tion of knowledge at a particular level.
Secondly, the CC2020 report speci-
fied skills as skill levels applicable to
knowledge in the context of a task.
This article does not try to list any
HPC skills except through examples.
Table 2 describes six skill levels,
presented in Table 4.3 of the CC2020

Table 2. Levels of skills from CC2020.

Skill Levels
Remembering Understanding Applying
Analyzing Evaluating Creating
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report, which are commensurate with
modern taxonomies to define levels
of performance. Finally, Table 3 de-
scribes 11 dispositions presented in
Table 4.4 of the CC2020 report. Dispo-
sitions are essential characteristics of

well-structured competency. There-
fore, the vital elements for competen-
cy for all computing professionals are
baseline or professional knowledge
(Table 1), cognitive skill levels (Table
2), and dispositions (Table 3).

Table 3. Elements of disposition from CC2020.

Disposition Elements

Adaptable Collaborative Inventive Meticulous
Passionate Proactive Professional Purpose-driven
Responsible Responsive Self-directed

Table 4. Sample of computing machines and their performance measured in FLOPS.

Phrase FLOPS Machine Year Speed
FLOPS 1 ENIAC 1946 385 FLOPS
kiloFLOPS = KFLOPS 1thousand IBM 704 1954 12 KFLOPS
IBM 360 1964 1 MFLOPS
megaFLOPS = MFLOPS 1 million
CDC Cray-1 1976 160 MFLOPS
. - CDC Cray-2 1985 1.9 GFLOPS
gigaFLOPS = FLOPS 1billi n ” - -
~ Fujitsu Numerical Wind Tunnel 1993 124 GFLOPS
ASCI Red 1997 1.1TFLOPS
eraFLOPS =TFLOPS 1 trillion
t
Readhener 2008 33.8PQBPs
L
petaFLOPS = PFLOPS 1 quadrillion
IBM Summit 2018 1223 PFE_OPS
Eujitsu Eugalky 2020 442 PELQPS
exaFLOPS =EFLOPS 1 quintillion ORNL Frontier 2022 1.102 EFLOPS

Table 5. HPC computing elements of knowledge from the TCPP Initiative.

TCPP Elements

Knowledge Scope

Pervasive Concepts

Concurrency

Asynchrony

Locality

Performance

Parallel Architecture

Data parallelism

Control parallelism

Shared memory

Distributed memory

False sharing

Energy efficiency

Floating-point representation

Instructions per cycle

Memory and network bandwidth

Parallel Algorithms

Concurrency

Non-determinism

Costs of computation

Load balancing

Communication and
synchronization

Sorting

Searching

Parallel Programming

Shared-memory programming

Distributed-memory programming

Hybrid heterogeneous
programming

Parallel data

Synchronization

Critical regions

Load balancing

Scheduling

Mapping

Emerging Topics

Internet of Things

Edge computing

Mobile computing

Distributed security

Artificial intelligence

Machine learning
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High-Performance

Computing Curricula

How do we differentiate one comput-
ing domain (for example, high-perfor-
mance computing) from another (for
example, computer engineering)? For
HPC, computing knowledge and its el-
ements derive from the Center for Par-
allel and Distributed Computing Cur-
riculum Development and Educational
Resources (CDER) project and the
TCPP initiative.?° Furthermore, cogni-
tive skill levels are self-evident and do
not require justification. Therefore, it
is possible to address how professional
knowledge areas (Table 1) and disposi-
tions (Table 3) apply to HPC.

With the rapid development of sci-
ence and technology, the pursuit of
high-performance computer speed is
endless, and the quest for computing
power is unlimited. Computing pow-
er has increased tremendously since
one of the earliest computers, the
ENIAC, appeared in 1946. According
to the June 2022 issue of the TOP500
List, the Frontier is the first machine
to break the Exaflop ceiling.?® Jack J.
Dongarra, the 2021 ACM A.M. Turing
Award recipient, started compiling
the TOP500 List in 1993 with Erich
Strohmaier and Horst Simon. The
ENIAC could perform 385 floating-
point (fractional addition/multiplica-
tion) operations per second (FLOPS),
while the Frontier performs 1,102
quadrillion (million-billion) FLOPS.
Table 4 lists some supercomputers,
in their time, to show the increase in
computing power over the last seven
decades. Performance is measured in
FLOPS; each principal row is a thou-
sand times greater than the previous
row from the first row.

It is interesting to note two rep-
resentative supercomputers in the
world today. The Tianhe-2 (Figure 2a)
supercomputer, developed by China’s
National University of Defense Tech-
nology (NUDT), was rated the world’s
fastest supercomputer six times be-
tween June 2013 and November 2015.
The name was changed to Tianhe-2A
in 2018. Figure 2b shows today’s fast-
est supercomputer, the Frontier, de-
veloped by Oak Ridge National Labo-
ratory (ORNL).

Exascale computing (exaFLOPS)?
is 1,000 petaFLOPS. The Frontier
is the first exascale machine in the



TIANHE-2 SUPERCOMPUTER COURTESY OF THE NATIONAL SUPERCOMPUTER CENTER, GUANGZHOU, CHINA; THE FRONTIER SUPERCOMPUTER, COURTESY OF OAK RIDGE NATIONAL LABORATORY, U.S. DEPT. OF ENERGY,

TOP500 List with 1.102 exaFLOPS,
equalling 1,102 petaFLOPS. In about
10 years, the world expects to see
zettaFLOP machines that are 1,000
times faster than exaFLOP machines.
These achievements should motivate
students to become competent HPC
graduates in the future.

While computer performance ac-
celerates exponentially, its academic
relationship seems to suffer from a
lack of direction. Little or no HPC
educational activity has taken place
worldwide. Isolated pockets of such
activity exist at different universities,
where departments have formulated
some HPC courses or an internal HPC
curriculum. However, these activi-
ties are local and do not necessarily
expand globally. For example, Table
B.1 of Appendix B in Raj et al.?? lists
representative HPC courses globally.
Unlike other computing disciplines
with globally published -curricular
guidelines (for example, ACM/IEEE
CE2016 and CC2020 reports), little
has occurred with HPC.

In the U.S., some curricular activ-
ity has occurred in the HPC domain.
The U.S. National Science Foundation
(NSF) has supported grants to scien-
tists and engineers to integrate com-
putational and modeling skills into a
curriculum. HPC centers funded by
national and international agencies,
national laboratories, and universi-
ties have also provided training and
education programs. As modeling
and simulation have become an inte-
gral part of science and engineering
research, there has been a growing
need to educate students about the
concepts and tools required to create,
implement, and validate models.

Several projects have focused on
creating educational modules use-
ful in classrooms and workshops.”!®
Another project developed a set of ca-
pabilities for undergraduate students
in science and engineering,!’ parti-
tioned into seven major categories.
These include modeling and simula-
tion, programming and algorithms,
differential equations and discrete
dynamical systems, numerical meth-
ods, optimization, parallel comput-
ing, and scientific visualization. This
mix of mathematics, computing prin-
ciples, and domain science will guide
undergraduate curricular develop-
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Figure 2. The Tianhe-2 supercomputer (left) and the Frontier supercomputer (right).

ment. It is also crucial to introduce
parallel computational thinking for
non-computing majors in science,
technology, engineering, and math-
ematics (STEM). If students grasp
these basic concepts, they might bet-
ter understand HPC system operating
environments and underlying prin-
ciples of scientific computing.

The ACM/IEEE documents have
been updated in recent years. They
are beginning to recognize that com-
puter professionals must have skills
in designing and using large-scale
parallel and distributed computing
systems, multicore and many-core
systems-related programming, and
algorithmic requirements. For exam-
ple, the HPC-related abilities embed-
ded in the CS2013 computer science
curriculum document® include seven
related categories, including an intro-
duction to modeling and simulation
and multi-processing. Likewise, the
CE2016 computer engineering re-
port® provided 11 explicit HPC-related
activities, such as identifying concur-
rency, parallel algorithm structure,
parallelism on distributed systems,
and decomposition. These activities
computer engineering appeared ed
in three broad segments: algorithmic
analysis of parallel algorithms, paral-
lelism from an architectural perspec-
tive, and parallelism from a systems
perspective.

Competency for HPC

The TCPP Curriculum Initiative!7-?°
developed parallel and distributed
computing curriculum recommenda-
tions for undergraduate computing
curricula in 2012 and revised them in

=]
Heletdard

AMDA

Hewlett Packard
Enterpri e

AMDA

2020. The TCPP initiative recom-
mends topic-level elements for PDC
knowledge. The TCPP curriculum di-
vides these knowledge elements into
five categories: pervasive concepts,
architecture, algorithms, program-
ming, and emerging topics. The cur-
riculum suggests topics covered ap-
propriately in relevant undergraduate
classes under these categories. The
TCPP curriculum also recommends a
set of fundamental pervasive con-
cepts, meaning that all undergradu-
ate computing curricula should cover
these concepts in some depth. Table 5
provides a high-level summary of the
recommended TCPP curriculum. De-
tails of the knowledge elements of the
TCPP curriculum appear in Prasad et
a1'20,21
HPC competency would have the
same basecline (professional knowl-
edge) and dispositions as other com-
puting areas. The difference lies in
the specific technical elements and
related skills of HPC curricular rec-
ommendations. Specifically, CS2013,
CE2016, and TCPP curriculum rec-
ommendations provide elements that
describe an HPC technical knowl-for

oe/skill foundation.

In addition to the five TCPP cur-
ricular categories, HPC users can in-
volve three activities: system design,
application development, or system
administration. Furthermore, people
may have additional HPC knowledge,
skills, and dispositions across all
categories. For example, an HPC sys-
tem designer would require in-depth
knowledge and skill in computer sys-
tem design.* At the same time, an HPC
application developer would need

DECEMBER 2022 | VOL. 65 | NO.12 | COMMUNICATIONS OF THE AcMm 61



contributed articles

specific domain knowledge about the
application domain® but would also
require some HPC system knowledge.
Therefore, it is essential to strength-
en HPC competencies in students to
cultivate them into the above three
specialists.

HPC skills are skill levels based on
technical knowledge or application
in the HPC field. Examples of the six
skill levels related to Table 5 follow:

1. Remembering refers to recalling
pervasive HPC concepts, the primary/
critical concepts in parallel architec-
ture and algorithms.

2. Understanding refers to compre-
hending the differences and character-
istics of specific HPC concepts—for
example, several parallel architectures,
the consideration of data partitioning,
load balancing, and overhead in paral-
lel algorithm design.

3. Applying refers to using HPC
principles such as designing parallel
algorithms, solving specific prob-
lems, and writing and debugging par-
allel programs.

4. Analyzing refers to decomposing
HPC situations and problems, such
as exploring performance bottlenecks
of existing parallel programs, exploit-
ing performance or energy-efficiency
improvement opportunities on a spe-
cific parallel platform, or studying the
system requirements of a domain-ori-
ented program on the parallel com-
puting system.

5. Evaluating refers to integrating
HPC principles, such as determining
an application’s parallel efficiency
and scalability or the energy-efficien-
cy ratio of a parallel system.

6. Creating refers to HPC inventive-
ness, such as designing a new archi-
tecture to adapt to a specific emerg-
ing application, inventing a new
architecture suitable for Al applica-
tions, or developing various system-
level optimization algorithms.

Disposition, in addition to knowl-
edge and skills, is essential for all
students. Since problem-solving in
the HPC field is challenging and in-
novative, all HPC graduates must
display dispositional attributes, such
as being self-directed, passionate,
proactive, responsible, collaborative,
and adaptable. Such traits should be
the most critical abilities they need
to advance in follow-up and arduous

While computer
performance
accelerates
exponentially,

its academic
relationship seems
to suffer from alack
of direction. Little or
no HPC educational
activity has taken

place worldwide.
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research. Disposition is critical as stu-
dents gain more knowledge and skills
while progressing through a curricu-
lum and achieving more substantial
knowledge and skills.

For example, suppose students par-
tition into three achievement levels,
from L1 to L3, where L1 is the lowest
and L3 is the highest regarding stu-
dent knowledge and skills. Disposi-
tion could influence three types of
students differently. L1 students must
mainly improve their knowledge and
skills in this primary stage. Therefore,
the demand for disposition may not
be meaningful. Here, for L1 students,
HPC competency mainly reflects their
capacity in knowledge and skills.
When students’ knowledge and skills
improve to the moderate level, L2 stu-
dents might feel that the disposition
affects their knowledge and skills.
Student performance may increase be-
cause they are more collaborative, pro-
active, and responsible for performing
better. When the students rise to level
L3, elements such as being passionate
or adaptable may directly affect how
they can face setbacks, continue to im-
prove knowledge and skills, and even
continue to learn. Hence, disposition
ultimately could lie in a dominant po-
sition in HPC competency. This anec-
dotal observation could be the subject
of further research on how disposition
plays arole in HPC education.

Like other computing domains, be-
ing ‘collaborative’ is vital for HPC. A
collaborative disposition means that
learners can convey information to
their peers or others while receiving
information from their audience. The
following three examples illustrate
this understanding:

1. System designers and developers
must communicate with domain ex-
perts who have different needs, con-
cerns, and knowledge backgrounds.

2. Message-passing between pro-
cesses in an application is very com-
mon in HPC applications. However, in
designing a message-passing library,
what a system designer cares about
may differ from an application devel-
oper who uses the message-passing
system.

3. System designers would focus
more on efficiently sending a message
from the sending buffer to the receiving
buffer of the destination process. How-



ever, an application developer may not
care about system design and imple-
mentation details but would be more
concerned about application-level is-
sues, such as how sending/receiving
message size affects the application’s
communication latency and scalability.
Using various knowledge domains—
combined with purpose-driven, collab-
orative professional skills and other dis-
positions to optimize message passing
in distributed-memory systems—is an
example of competency.

Teamwork is equally essential for
HPC learners because HPC problem-
solving involves knowledge in multiple
fields. Moreover, the difficulty and
scale of HPC problems are usually mul-
tidisciplinary and complex. Therefore,
people from different domains partici-
pate: the team works together to com-
plete the problem definition, analysis,
solution, verification, and other ele-
ments associated with the problem. It
is crucial and necessary to engage in
teamwork to solve problems together.

Generating HPC competencies fol-
lows the same structure as mentioned
in the CC2020 report. In addition to
baseline elements, skill levels, and
dispositions, it is essential to have a
‘computing knowledge’ category that
is technical for a particular field (for
example, HPC) and distinguished
from baseline elements as described
in Figure 5.6 of the IT2017 report. Ta-
ble 5 shows the TCPP Initiative’s HPC
computing elements of knowledge.
For example, consider an implied
HPC competency statement, such as:

Collaborate with colleagues and re-
searchers to develop a scalable parallel
program that solves a problem that uti-
lizes a heterogeneous HPC architecture.

This competency statement re-
quires several technical knowledge
elements from different categories
in Table 5. The user then selects
meaningful professional knowledge
elements from Table 1. Next, using
the skills level from Table 2, the user
forms a coupled pair between each
knowledge element and a cogni-
tive skill level. Finally, based on the
competency-statement context, the
user selects at least one significant
disposition from Table 3 that aligns
with the statement. Table 6 shows
the completed cluster for the sample
competency statement.
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Table 6. HPC competency cluster from a sample competency statement.

Competency Title (Implied HPC Competency)

Competency Statement
Collaborate with colleagues and researchers to develop a scalable parallel program
that solves a problem that utilizes a heterogeneous HPC architecture.

Skills Level
[Table 2]
Understanding

Knowledge

Technical Elements [Table 5]

Concurrency

Hybrid heterogeneous programming Creating/Evaluating

Performance Analyzing/Evaluating

Analyzing/Applying
Analyzing/Applying

Communication and synchronization

Load balancing

Memory and network bandwidth Evaluating
Baseline Elements [Table 1] [Table 2]
Collaboration and teamwork Applying
Problem-solving and troubleshooting Analyzing
Analytical/critical thinking Analyzing

Dispositions [Table 3]

Collaborative Purpose-driven Professional Responsible

Table 7. Results (important or very important) for professional knowledge (U.S. and Non-U.S.).

Baseline (Professional Knowledge) U.S. Results Non-U.S. Results Weighted Average
Elements (%) (%) (%)
Analytical and critical thinking 100.00 95.65 96.41
Collaboration and teamwork 75.00 93.48 90.24
Ethical/intercultural perspectives 70.00 39.78 45.08
Mathematics and statistics 75.00 8791 85.65
Multi-task prioritization, Management 70.00 91.30 87.56
Oral communication, Presentation 75.00 75.00 75.00
Problem solving, Troubleshooting 100.00 95.65 96.41
Project/task organization, Planning 70.00 85.72 82.96
Quality assurance and control 60.00 85.87 81.33
Relationship management 25.00 51.09 46.51
Research and self-starter/learner 80.00 90.10 88.33
Time management 70.00 92.39 88.46
Written communication 80.00 73.62 74.74
Average 73.08 81.35 79.90

Table 8. Results (important or very important) for dispositions (U.S. and Non-U.S.).

U.S. Results Non-U.S. Results Weighted Average

Dispositions (%) (%) (%)

Adaptable 85.00 93.48 91.99
Collaborative 75.00 89.01 86.55
Inventive 75.00 91.31 88.45
Meticulous 70.00 91.31 87.57
Passionate 70.00 85.87 83.09
Proactive 78.95 96.73 93.61
Professional 75.00 95.65 92.03
Purpose-driven 70.00 96.74 92.05
Responsible 80.00 100.00 96.49
Responsive 75.00 64.13 66.04
Self-directed 95.00 95.66 95.54
Average 77.18 90.90 88.49
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Need for Competency within HPC
Though educators might feel comput-
ing and HPC students should have
baseline skills and proper attitudes,
the authors believed it was essential
to ask practicing professionals and
academics their opinions on this as-
sumption. In addition, more detail
and concrete evidence were necessary
to support these expectations reflect-
ing skills and dispositions and to un-
derstand possible differences in per-
ceptions of competencies across
countries.

To test the level of interest in com-
petency-based HPC education, the
authors surveyed a broad community
of approximately 600 HPC people,
including industry practitioners, re-
searchers, and academics, gathering
their views on the importance of base-
line/professional knowledge and dis-
positions in HPC education. For the
114 responses, Table 7 summarizes
the importance of baseline/profes-
sional knowledge (important or very
important), while Table 8 summarizes
the importance of dispositions. The
non-U.S. responses were about 4.72
times the U.S. responses; the authors
used this ratio to calculate the weight-
ed average for each table.

From Table 7, HPC respondents
showed an affinity for the elements
of professional knowledge with a
weighted average of 79.9% appeal.
Likewise, in Table 8, respondents pre-
ferred disposition elements with a
weighted average of 88.49% appeal.
These results suggest professional
knowledge and dispositions are valued
components of HPC competency.

Based on these survey results and
author experience, it seems clear that
HPC graduates should reflect compe-
tency in their education. This under-
standing has four fundamental rea-
sons: interdisciplinary, competitive,
innovative, and ultimate experience.
First, the HPC field is interdisciplin-
ary, where graduates learn knowledge
from domain experts in other areas,
which makes HPC competitive. Sec-
ond, HPC is competitive because fail-
ure in the field is an expectation, so
students should have the spirit of op-
timism and learn to never give up on
their challenges. Third, innovation
is key to HPC, where students learn
to complete tasks independently and

HPC is competitive
because failure

in thefield is an
expectation, so
students should
have the spirit of
optimism and learn
to never give up on

their challenges.

64 COMMUNICATIONS OF THE ACM | DECEMBER 2022 | VOL. 65 | NO. 12

cooperatively to achieve true innova-
tion. Lastly, HPC students can have
the ultimate experience because HPC
and supercomputing are among the
world’s highest-performance com-
puter achievements. People challenge
these unknown areas even when faced
with multiple failures.

Examples of supercomputer ap-
plications include astrophysics, me-
teorology, chemical analysis, and bio-
medical research. One recent example
was vaccine development to fight the
relatively unknown, constantly mutat-
ing COVID-19 virus during the pan-
demic. The world could not advance
the development process without the
help of supercomputers. Therefore,
competency in HPC is foundational in
this important computing field.

What’s Next?

As stated in the introduction, this ar-
ticle aims to present a rationale for
promoting competency-based learn-
ing in the study of computing. From
the HPC perspective, industry and ac-
ademia need to produce more-compe-
tent graduates with the basic HPC
knowledge and skills required for
modern-day computing environ-
ments. Of concern is that current
computing programs address knowl-
edge-based learning. Even then, most
programs do not cover HPC topics,
and hardly any program addresses
competency in practice. Furthermore,
enhancing competency learning
would be a multiyear effort involving
communities, universities, and indus-
try. Curriculum change requires the
broad participation of the communi-
ty. This article does not focus on how
to do it. Instead, this work aims to at-
tract the attention of educational
computing communities to consider
competency-based learning as an aug-
mented asset to their graduates so
they can attain more productive and
successful futures.

It would be good if faculty members
taught their students as whole peo-
ple rather than technocrats through
competency. It is relatively easy for
computing teachers to transfer tech-
nical knowledge to students because
knowledge is usually specific content.
However, learning skills, boosting
skill levels, and advancing disposi-
tions is more challenging. Skills are



closely related to knowledge and refer
to multiple levels of accomplishment.

Industry and government jobs very
often require competency (knowl-
edge, skills, and dispositions) to
evaluate employees. Yet, universities
often ignore this facet of education.
For example, computing teachers
rarely promote dispositions in com-
puting contexts, even though they are
critical aspects of being a whole per-
son. In addition, computing and HPC
computing faculty members rarely
assess student skills or dispositions
as a component of the course grade.
Educational competencies should
soon influence and modify computing
teaching paradigms.

For example, teachers would likely
develop more excellent student skills
with corresponding skill levels and
interpretations for specific comput-
ing fields. Teachers would also prob-
ably pay more attention to shaping
students’ dispositions and studying
how they affect learning and skills de-
velopment. Teachers would also begin
to incorporate skill and disposition el-
ements into the HPC and computing
curricula to form a unified teaching
design of the knowledge-skills-dis-
positions triad. Finally, transitioning
from knowledge-based learning to
comprehensive  competency-based
strategies that incorporate knowl-
edge, skills, and dispositions should
positively influence HPC, and all com-
puting, by developing graduates with
the competence to engage in further
research or enter the workplace.

The time has come to transform
knowledge-based HPC education into
a competency-based approach. Stu-
dents are humans, not robots. Pro-
moting the triad of knowledge, skills,
and dispositions—competency—
should be part of every HPC student’s
experience. It’s time to integrate com-
petency with HPC curricula. Even re-
cent curricular reports by ACM and
IEEE have taken a competency-based
approach to their recommendations.
Universities should not produce HPC
graduates solely on a knowledge-
based system. Instead, departments
should seek to develop HPC special-
ists as competent and whole beings
with the skills and dispositional for-
titude to become capable contribu-
tors or creators to the field. Essential

technical knowledge elements are
not enough for a student to become
a competent professional. Instead,
they should hone their skills and de-
velop dynamic, positive, collabora-
tive, and constructive behaviors and
dispositions toward solving complex
problems and creating more power-
ful computing systems. More impor-
tantly, the TCPP curricular guidelines
should augment its knowledge-based,
topic-oriented recommendations to
include the dimensions of skills and
dispositions.

Knowledge with skills and dispo-
sitions has arrived, not only for HPC
curricula but also for all computing
guidelines. HPC education can benefit
significantly from competency-based
learning. It should provide students
with powerful and natural experimen-
tal environments to immerse them-
selves and perform within practical
settings. The future is bright for HPC
competency-based education. Let us
embrace it today and not wait until to-
Mmorrow.
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