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Executive Summary

This white paper presents a comprehensive investigation into the current state and fu-
ture directions of High-Performance Computing (HPC) education, addressing the
critical gap between industry demand for HPC-skilled professionals and the inade-
quate educational offerings. Through expert consultation, literature review, overviews
on the existing programs at Italian and European level, and survey methodology, this
study delivers three key contributions to advance HPC education globally.

The research reveals persistent and widespread skill gaps across all stakeholder
groupsinthe HPC ecosystem. Foundational deficienciesinclude the absence of core
parallel programming concepts such as concurrency, parallel programming patterns,
performance optimization skills, and understanding of HPC system architectures in
most undergraduate curricula. Technical gaps encompass insufficient training in soft-
ware optimization tools, data-intensive computing workflows, and emerging technol-
ogies like heterogeneous computing and containerization. The analysis identifies dis-
tinct training needs where Computer Science studentslackintegration of HPC funda-
mentals in core curricula, systematic optimization training, and exposure to real-world
data workflows, while domain scientists and researchers suffer from low computa-
tional literacy, overreliance on domain-specific tools without understanding underly-
ing principles, and late exposure to computational problem solving. Academic institu-
tions face curricular fragmentation, limited educator expertise, underemphasis on re-
producibility practices, and inadequate access to HPC infrastructure for hands-on
learning. Industry professionals encounter barriers including absence of HPC founda-
tions in formal education, misaligned training formats, lack of standardized certifica-
tion, and insufficient knowledge transfer mechanisms within organizations. Cross-
cutting gaps affect all profiles through underrepresentation of emerging technolo-
gies like AI-HPC integration and quantum computing, inadequate data management
and governance training, limited focus on sustainability and societal impact, poorin-
terdisciplinary communication skills, and pedagogical methods that fail to engage di-
verse learners effectively.

Drawing from educational frameworks in science and computer science, this study
proposes ten fundamental "Big Ideas" of HPC that should guide curriculum design
and instructional approaches. These include understanding that computation has
physicallimits and we can pushthem, recognizing that parallelismis akeyto speedand
scale, understanding that performance comes from matching problem, algorithm,
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and architecture, knowing that decomposition is fundamental, realizing that commu-
nication can be more expensive than computation, recognizing that HPC requires col-
laboration between software and hardware, understanding that scientific discovery
and engineering innovation depend on HPC, knowing that not all problems scale and
some never will, appreciating that reproducibility and precision matter at scale, and
understanding that HPC skills are transferable and evolving. These Big Ideas provide a
stable conceptual framework that transcends rapidly changing technologies, ena-
bling educators to design coherent curricula and helping learners understand HPC as
anintegrated discipline rather than a collection of disconnected tools.

In the final section, the study presents comprehensive recommendations for trans-
forming HPC education and training programs. Universities should embed HPC fun-
damentals across relevant degree programs rather than treating it as a specialized
elective, ensuring early exposure to parallel thinking and computational literacy while
adopting the "Big Ideas" approach to create structured, coherent curricula that em-
phasize enduring principles over transient technologies. Building capacity through
HPC education communities of practice, faculty training workshops, and shared
teaching resources addresses the critical shortage of qualified instructors, while en-
suring access to hands-on HPC environments through cloud platforms, educational
clusters, or partnerships with HPC centers provides essential experiential learning for
understanding scalability, performance optimization, and system management. The
recommendations emphasize tailoring training to different learner profiles while en-
couraging cross-disciplinary collaboration, recognizing that computer scientists
need domain exposure while domain scientists need computational foundations.
Strengthening connections through internships, joint projects, and industry expert in-
volvement ensures curricula remainrelevant to evolving workplace needs and emerg-
ingtechnologies. The approachintegrates datamanagement, Algovernance, sustain-
ability considerations, and emerging technology trends such as quantum computing
and digital twins to prepare professionals for the converging computational land-
scape, while supporting diversity initiatives, providing multiple entry points forlearners
with varying backgrounds, and ensuring equitable access to training resources and
opportunities.

This research establishes a foundation for systematic transformation of HPC educa-
tion,moving fromad-hoc, fragmented approaches toward coherent, principle-based
training that can scale to meet growing workforce demands while adapting to techno-
logical evolution. The framework provides educators, policymakers, and industry
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leaders with actionable guidance for developing effective HPC education programs
that bridge the current skills gap and prepare professionals for the computational
challenges of the future.

Authors

Eleonora Barelli, Head of Education and Foresight, IFAB Foundation

Michael Lodi, Junior Assistant Professor at the Department of Computer Science and
Engineering, University of Bologna

Funding Statement

Eleonora Barelli's work has been supported by Spoke O, “Supercomputing Cloud In-
frastructure”, of the Italian Research Center on High-Performance Computing, Big
Data and Quantum Computing (ICSC), funded under MUR Missione 4 Componente 2
Investimento 1.4: Strengthening research infrastructures and creating “national R&D
champions” (M4C2-19) - Next Generation EU (NGEU).

Michael Lodi’'s work has been supported by Spoke 1, “FutureHPC & BigData”, of the
ltalian Research Center on High-Performance Computing, Big Data and Quantum
Computing (ICSC), funded under MUR Missione 4 Componente 2 Investimento 1.4:
Strengthening research infrastructures and creating “national R&D champions”
(M4C2-19) - Next Generation EU (NGEU).

Barelli, E., & Lodi, M. (2025). The Big Ideas for HPC Education: From Existing Needs in High-
Performance Computing Training to Recommendations for Instructional Design.
Doi:10.5281/zen0do.17097602




The Bigldeas for HPC Education
From Existing Needs in High-Performance

Computing Training to Recommendations
for Instructional Design

Acknowledgements

We would like to express our sincere gratitude to all the participants who contributed
to thisresearch.

Thanks to all the experts we interviewed for more than one year to explore the founda-
tion of HPC in the light of educational reconstruction. Thanks in particular to Marco Al-
dinucci(University of Torino), Moreno Marzolla (University of Bologna), and Eric Pascolo
(Cineca) who shared with us theirinsights with extraordinary intellectual generosity.

Thanks to all questionnaire respondents, both anonymous and non-anonymous.
Thanks in particular to: Ludovic Capelli (CSIRO), Mary Chessey (Barcelona Supercom-
puting Center), Maksym Deliyergiyev (High-Performance Computing Center of
Stuttgart), lvan Gentile (IFAB Foundation), Miriam Leeser (Northeastern University).

Special thanks are extended to the participants of PIPSQUEAK, both authors and au-
dience members, as well as to the teams of CASTIEL and EUROCC for theirinvaluable
support and collaboration. Thanks in particular to Aline Melinette (Barcelona Super-
computing Center) who promoted ourresearch to the networks’ members.

We acknowledge the support and guidance of the ICSC Observatory Advisory Board
that allowed ourresearch questions and methods to be constantly aligned with the re-
search and innovation directions of the ICSC National Center on Supercomputing.
Specifically, we thank Marco Aldinucci (Universita di Torino), Renzo Giovanni Avesani
(UnipolSai), Stefano Baroni (Scuola Internazionale Superiore di Studi Avanzati), Sanzio
Bassini(Cineca), Andrea Cavalli(Universita diBologna & Italian Institute of Technology),
Carlo Cavazzoni(Leonardo), Paolo Cremonesi (Politecnico diMilano), Alessia D’Orazio
(Fondazione ICSC),Giovanni Foresti (Intesa Sanpaolo), Serena Fumagalli (Intesa San-
paolo), Silvio Gualdi (Centro Euro-Mediterraneo sui Cambiamenti Climatici), Giovanni
Ginocchini(Fondazione Innovazione Urbana), Michael Lodi (Universita diBologna), Ric-
cardo Malpica Grassi(Sapienza Universita diRoma), Vito Morreale (Engineering), Marco
Pistore (Fondazione Bruno Kessler), Antonino Rotolo (Universita di Bologna), Davide
Salomoni (Fondazione ICSC), Fabio Sciarrino (Sapienza Universita di Roma), Luigi Ter-
racciano (Humanitas), Matteo Zanaroli (Fondazione ICSC).

Thereview inthe Framework sectionis heavily based on the work of M. Lodi with Marco
Sbaraglia and Simone Martini, published in Sbaraglia's PhD thesis (Sbaraglia, 2023,
chapter4).



The Bigldeas for HPC Education
From Existing Needs in High-Performance

Computing Training to Recommendations
forInstructional Design

Table of Contents
EXECULIVE SUMIMIAIY ...t 2
ACKNOWIEAGEMENTS ... 5
The state of the art of HPC education............cccooiiiiiiiiiic 8
Core competencies and curricular guidelinesS ...........ccccvviiiiiii 8
HPC Educationin K=12 SChOOIS .........oooiiiiiiiic e 11
HPC Educationin Higher EQUCatioN ... 13
HPC Education and Training for Professionals ...........ccccccviiiiiiiie 16
Existing initiatives in Italy and Europe on HPC education............c..cccceeeiiiiiiiiiiinnnn, 20
The ICSC Observatory initiatives on HPC education: Pipsqueak..........ccccccvveeeenn 25
Framework: the BigIA@as......ccoiiiiiiiiiii e 28
Bigldeasin Science EAUCAtION...........ooiiiiiiiiiii e 28
Theimportance Of BigIA@as ........oiuviiiiiiiii e 29
HOW tO diStil BIg IA@AS .....eeiiiiiiiiiiii e 31
Bigldeas Of CS ... e 32
TRE RESEAICH L. 34
RESEArCh QUESTIONS ...ttt 34
METNOAOIOGY ...ttt 34
LIteratUre REVIEW ......cooii e 34
EXPert CONSUILAtION ..o 34
Iterative Drafting of Educational Needs and Bigldeas............cccovieeiiiiiiiiiiinnnn, 35
QuEeStIONNAIre-Based SUIVEY ...t 35
QUESHIONNAITE DESIGN ....viiiiiiiie et 35
Questionnaire iMpPlemMeENtation ...........oooiiiiiiii e 37
SUNVEY diSSEMINGTION ..ot 37
RESUITS e 4]
Emerging Needs and Training Gaps in HPC Education .............ccccceeiiiiiiiiiiincene, 41



The Bigldeas for HPC Education
From Existing Needs in High-Performance

Computing Training to Recommendations
forInstructional Design

Training Gaps for Computer Science (CS) Students and Graduates................... 43
Training Gaps for Domain Students and Researchers (Non-CS) ............ccccvvvee. 44
Training Gapsin Academia (Educators, Students, Researchers).............ccccvvvee. 45
Training Gaps for Industry Professionals and Practitioners ..............cccoceeeiinnn.. 46
Cross-Cutting Gaps (Affecting AllProfiles)........cooiiiiiiii e 48
The Bigldeas Of HPC ... e 51
From Results to Recommendations for Instructional Design ..........ccccccviviiieiiiiinennn 62
CONCIUSION. ... 68
RETEIENCES ... 69
Annex - Questionnaires’ analysisand results ...........cccoociiii 73



The Bigldeas for HPC Education
From Existing Needs in High-Performance

Computing Training to Recommendations
forInstructional Design

The state of the art of HPC education

High-Performance Computing (HPC)' refers to systems that are orders of magnitude
more powerful than standard systems such as desktops or mobile devices (Raj et al.,
2020). These platforms can solve problemsin minutes or days that would take months
or years on conventional computers, enabling breakthroughs in climate modelling,
genomics, physics, engineering, and artificial intelligence. While HPC can in principle
include paradigms such as quantum computing, in this report we focus mainly on HPC
realized primarily through parallel and distributed computing (PDC), which underpins
nearly all current large-scale systems (Rajet al., 2020).

Core competencies and curricular guidelines

A crucial stepinshaping HPC educationis defining the core concepts and competen-
cies that students and professionals should acquire. Two major curriculum initiatives
serve as global benchmarks.

The NSF/IEEE-TCPP Curriculum Initiative

The NSF/IEEE-TCPP Curriculum Initiative on Parallel and Distributed Computingis a
long-standing global effort toembed paralleland distributed thinking into undergrad-
uate computer science and engineering education. Its first version (2011-2012) laid
out a systematic framework for introducing concurrency and parallelism across the
undergraduate curriculum (Prasad et al., 20T1).

In 2020, the initiative released a major revision (Prasad et al., 2020), reflecting the
rapid evolution of computing hardware and applications. The updated guidelines em-
phasize that all computing graduates should acquire a baseline competence in PDC
concepts, as these permeate both explicit system design and everyday applications
that rely on distributed services. The revised curriculum organizes content into four
complementary layers:

e Pervasive concepts cutting across the curriculum, including concurrency,
asynchrony, locality, and performance. These are introduced early—often

' Although they are sometimes used as synonyms, we will tend to talk about HPC more gener-
ally, of which supercomputing is a subset: https://www.ichec.ie/news/press-corner/about-
high-performance-computing-hpc.
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even in CS1or CS2—and reinforced throughout systems, architecture, and al-
gorithms courses.

o Coreareasof Architecture, Programming, and Algorithms, updatedtoreflect
modern platforms. For example, architectural coverage now extends beyond
memory hierarchies to include underlying mechanisms such as caching, ato-
micity, and coherence; programming guidelines include not only shared- and
distributed-memory models but also hybrid approaches and accelerator pro-
gramming; algorithms topics emphasize scalability, data-intensive computa-
tion, and trade-offs between computation and communication.

o Cross-cutting updates that bring in emerging priorities such as Big Data, En-
ergy efficiency,andDistributed computing. Forinstance, datamovementand
locality are framed as central bottlenecks in both algorithm and system design;
energy is treated as a first-order performance metric at both the device and
system level; and distributed computing concepts are introduced earlier, re-
flecting the ubiquity of cloud and collaborative applications.

e Emerging topics, reserved primarily for advanced or elective courses, which
highlight evolving areas such as GPU/TPU architectures, cloud and edge com-
puting, and large-scale data analytics.

Adistinctive feature of the TCPPinitiative isitsintegration-first philosophy: instead of
relegating parallelism to a standalone elective, it advocates sprinkling PDC topics
throughout the curriculum. This includes teaching concurrency in introductory pro-
gramming, discussing cache coherence in systems courses, and exploring parallelism
in algorithms alongside their sequential counterparts.

The ACM 2023 Recommendations on PDC

The ACM Computing Curricula 2023 (CC2023) report built on the TCPP initiative,
making Parallel and Distributed Computing a cross-cutting knowledge area across
computing programs (ACM, 2023). Its framework identifies competencies in several
domains:

e Fundamentals: concurrency, decomposition of tasks, parallel execution, and
scalability.

e Programming models: threads, OpenMP, MPI, GPU programming, and distrib-
uted frameworks such as MapReduce or Spark.
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e Systems and architecture: multicore/manycore processors, interconnection
networks, clusterand cloud systems.

e Design and analysis: parallel algorithms, performance models, and trade-offs
between computation and communication.

o Softwareengineering: debugging, profiling, performance analysis, and repro-
ducibility in HPC.

e Applicationsandethics: HPCforAl, datascience, and scientific discovery, with
attention to sustainability and responsible computing.

Compared to the TCPP guidelines, CC2023 places stronger emphasis on heteroge-
neous and accelerator-based computing, as well as links to emerging areas like Aland
data analytics. It also explicitly encourages competency-based, modular curricula
and micro-credentials.

10
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HPC Educationin K-12 Schools

Integrating HPC concepts at the K-12 levelisinits infancy. Traditionally, supercompu-
ting and parallel programming were considered too advanced for primary/secondary
curricula. However, with the ubiquity of multi-core devices and the rising importance
of CS in our society, educators are experimenting with ways to introduce founda-
tional HPC and parallel computing ideas to younger students. A key question has
beenwhethersecondary school students can grasp parallel programming fundamen-
tals and find them engaging. Encouragingly, initial research indicates that they can: a
study in Croatian high schools, for example, found that students were able to under-
stand conceptslike race conditions and evaluate parallel programs, rating the content
as equally interesting and useful (if slightly more challenging) compared to otherinfor-
matics topics (Brodanac et al., 2022). This suggests that, when taught appropriately,
even complex HPC concepts can be demystified for teens.

K-12HPC education often takes the form of extracurricularworkshops, project-based
learning, orintegrated STEM activities rather than formal courses. One successful ap-
proach is “learning by doing”, giving students hands-on experience with simplified
HPC setups. Forinstance, the Universidad de Buenos Aires reported running science
workshops where secondary students built and experimented with a miniHPC cluster,
fostering interest through active problem-solving and collaboration (Slezak et al.,
2009). Inthe United States, some high school programs and summer camps have lev-
eraged small-scale clusters to teach parallel computing basics. The availability of af-
fordable, portable cluster hardware has been a game-changer. Notably, educators
have deployed Raspberry Pi-based mini-clusters as accessible “supercomputers” for
the classroom. The University of Nebraska’s Holland Computing Center developed
“Legion,” a Raspberry Pi cluster, specifically for K-12 outreach; this portable mini-su-
percomputer enabled interactive demos and training sessions that introduced stu-
dents to HPC principles in a tangible way (Bohn & Brown, 2020). Likewise, the
longstanding LittleFe project provided a 6-node portable cluster (weighing approxi-
mately 22 kg and assembled for just a few thousand dollars) as an “educational appli-
ance” for teaching parallel computing anywhere (Ludin et al., 2013). More recently, re-
searchers in Austria designed the Cluster Coffer, a 16-node ARM-based mini-cluster,
to lower the entry barrier for HPC education; it is inexpensive, easy to transport, and
has been used in both classroom settings and public outreach events (Gschwandtner
etal., 2021). These small-scale clusters allow students to experiment with running jobs

1
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in parallel, see real-time speedups, and even participate in simplified versions of su-
percomputing challenges.

Another avenue for early HPC educationis incorporating parallel thinking into exist-
ing computing or science curriculawithout requiring actual supercomputer access.
PDC “unplugged” (Matthews, 2020) activities -which teach parallel concepts through
analogies orgames. Forexample, teachers mightillustrate parallel processing by hav-
ing groups of students simulate processors working on subtasks of a larger problem.
Such conceptual exercises can plant the seeds of parallel thinking even when hard-
ware is not available.

Block-based parallel programming tools have been explored to convey parallel pro-
gramming abstractions, including producer-consumer, master-worker, and MapRe-
duce (Fengetal., 2015).

Contests and events also motivate students: the annual Student Cluster Competition
at major HPC conferences now occasionally features teams of high schoolers com-
peting alongside university teams to build and optimize a small cluster systemina 48-
hour challenge?. Such experiences not only build technical skills but also excitement
and awareness about HPC careers.

Despite these promising efforts, scaling HPC education in primary and secondary
schools faces challenges. One issue is the already crowded K-12 curriculum - finding
room for HPC topics (which are not part of standard testing regimes) often relies on
passionate teachers or external programs. Teacher preparation is another hurdle:
most K-12 instructors have little or no background in parallel computing. Initiatives to
train the teachers themselves (through professional development workshops) are
therefore critical (Saule et al.,2021). There is also the matter of appropriate curriculum
design: identifying which HPC concepts are age-appropriate and how to contextual-
ize them. The Croatian study’s success was partly due to careful scaffolding - con-
necting parallel programming to familiar concepts (network programming and prob-
lems students had seen before) and limiting the scope to fundamental principles
within a short course unit. This kind of pedagogical strategy needs to be generalized
andshared. Efforts like the NSF/IEEE-TCPP working group’s curriculum also recognize
the importance of early exposure: while their primary focus is undergraduate, the spirit

2https://tacc.utexas.edu/research/tacc-research/student-cluster/

12
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of theirrecommendations - that parallelism is now a core competency - supports in-
troducing key ideas even before college.

HPC Education in Higher Education

Universities have been the traditional home of HPC education, whether through spe-
cialized coursesin computer science programs or training within domain science cur-
ricula. Overthe past decade, there hasbeenaconcerted pushtointegrate paralleland
distributed computing topics into the core undergraduate curriculum, reflecting a
paradigm shift in computing hardware (the end of frequency scaling and the rise of
multi-core and GPU-based systems). Thanks to the curricularinitiatives we mentioned
earlier, more and more universities globally now introduce basics of parallelism (e.g.
threads, multicore programming, GPU computing or message-passing paradigms)in
eitherintroductory courses or as dedicated electives before students graduate.

Implementing HPC/PDC at the undergraduate level takes various forms. Some pro-
grams embed parallel topics into existing courses (for example, modifying a Data
Structures or Operating Systems course to include multi-threading assignments),
while others create new courses focused on parallel algorithms, distributed systems,
or high-performance computing. A number of interdisciplinary programs have also
emerged: for instance, a project at a liberal arts college described a three-semester
sequence where students from diverse majors collaboratively learned parallel pro-
gramming applied to different domains (Morris & Frinkle, 2014). The literature suggests
that active learning and project-based approaches are especially effective in HPC
education. Students benefit from “learning by doing” - working on projects that re-
quire writing and optimizing code on actual parallel hardware. A systematic review
(Mwasaga & Joy, 2020b) of 21THPC education papers (1988-2018) found that the ma-
jority of educational interventions leveraged Beowulf clusters and similar multi-node
systems as pedagogical tools, underscoring the importance of hands-on access to
parallel computing resources. Many universities maintain a campus HPC cluster orlev-
erage national supercomputing allocations for classroom use, giving students the in-
valuable experience of running and scaling their programs on real HPC environments.
Where dedicated hardware is not available, instructors have turned to cloud compu-
ting or simulators to approximate HPC conditions (for example, using cloud VMs to
create a virtual cluster for a course). The use of portable mini-clusters (like LittleFe or
Raspberry Piclusters mentioned earlier) is also common inundergraduate labs or cap-
stone projects, bringing the feel of a supercomputerinto the classroom. One recent

13
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approach, inline with “maker” trends, is to have students build a small cluster as part of
a course, which not only teaches HPC architecture concepts but also instils practical
systems skills (Vargas-Pérez, 2022).

To supportinstructors, the HPC education community has been actively sharing cur-
ricular materials and strategies. Workshops such as EduPar (Education in Parallel and
Distributed Computing, co-located with IEEE IPDPS) and EduHPC (held with
ACM/IEEE Supercomputing conferences) serve as forums for educators to present
experience reports, new tools, and pedagogical research. Model assignments and
pedagogic patterns - forinstance, the “Peachy Parallel Assignments” which are peer-
reviewed, adoptable parallel programming exercises - have been curated to ease
adoptionby faculty (Buckeretal.,2023). These community efforts address akey chal-
lenge: many computer science instructors themselves did not receive formal train-
ing in HPC or parallel programming, and thus may feel ill-prepared to teach it. By
providing ready-to-use modules and instructor training workshops, initiatives like the
NSF/TCPP early adopter program and the Center for Parallel Computing Education
(CDER) have lowered barriers. Still, scaling up instructor expertise remains an issue; a
position paper by Saule et al. argues that without a broader community “strike force”
to develop and disseminate courseware, PDC adoption in curricula will continue
slowerthanneeded (Saule et al., 2021).

Beyond core undergraduate education, HPC forms a significant component of grad-
uate and professional degrees. Many universities offer specialized master’s programs
or concentrations in HPC, Computational Science, or Parallel Software Engineering.
These programs typically dive deeper into supercomputing architecture, parallel al-
gorithms, performance optimization, and HPC applications in science and engineer-
ing. Today, dozens of universities worldwide have formal HPC tracks. In Europe, a par-
ticularly notable initiative is the EUMaster4dHPC, that we will describe in the next sec-
tion. The success of such programs points to a model for cultivating HPC expertise
through immersive, multi-institutional education - something that could be repli-
catedin otherregions or globally.

Universities are adapting by updating multiple courses - not only those titled “HPC” -
to reflect parallelism. For instance, a databases course might touch on distributed
data processing, or an algorithms course might analyze parallel algorithm complexity.
The overarching goalis to ensure graduates have the conceptual background to thrive
in a world where computing is inherently parallel and distributed. HPC-specific

14
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courses then build on that foundation for students who pursue computing-intensive
careers.

University-level HPC education faces its own set of challenges. One perennial issue is
keeping curricula up-to-date with rapid technological changes. HPC hardware and
software ecosystems evolve quickly (consider the rise of general-purpose GPU com-
putinginthelast decade, orthe current emergence of accelerator-rich and heteroge-
neous architectures). Educators feel the need to constantly refresh course content -
adding topics like CUDA or SYCL programming for GPUs, using modern parallel librar-
ies, or addressing HPC for data analytics and Al workloads - which can strain faculty
time and expertise. The need for accessible hardware is another challenge: not every
institution has a local supercomputer for student use, and even when they do, scaling
assignments to multiple dozens of students can be tricky. Cloud-based solutions and
shared educational allocations on national systems are mitigating this, granting stu-
dents accounts on HPC systems for coursework. On the positive side, there is in-
creasing support for open educational resources. Materials like the HPC Carpentry
lessons (described in the next section) and repositories of parallel programming as-
signments help reduce development effort forinstructors. Another trend is the use of
interdisciplinary projects to teach HPC - students from computer science partnered
with students from physics or bioinformatics to optimize a real simulation code, for ex-
ample. This not only mirrors real-world HPC team scenarios but also attracts students
from application domains to learn HPC skills relevant to their fields. The expansion of
data science programs has also had an effect: some HPC education is now delivered
under the banner of “bigdata” or “ Alinfrastructure” courses, reflectinganintersec-
tion of HPC, high-performance data analytics (HPDA), and machine learning.

15
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HPC Education and Training for Professionals

HPC education does not end with formal schooling - in fact, given the pace of innova-
tion, continuous professional developmentis essential forresearchers, engineers, and
IT professionals to effectively utilize advanced computing resources. This category of
HPC education spans on-the-job training, short courses, certificate programs, and
workshops aimed at current practitioners (from academia, industry, or government)
who seek to upskill or reskill in high-performance computing techniques. There is also
a critical workforce development aspect: governments and industries investing in
HPC infrastructure want to ensure a pipeline of skilled personnel who can leverage
those systems for scientific and economic benefit.

Many national HPC centers and laboratories host regular training events. For example,
the U.S. Department of Energy’s labs organize tutorials and summer schools open to
the community - a flagship offering is the Argonne Training Program on Extreme-Scale
Computing (ATPESC), an intensive two-week residential program that each year
brings around 70 early-career researchers together to learn cutting-edge HPC tools
and methods (covering everything from MPI/OpenMP programming to performance
tuning on next-generation architectures)®. Attendees are typically required to already
have some parallel programming experience, and the curriculum is designed to take
them to the next level of expertise. Programs like ATPESC exemplify how professional
training can fill the gaps between what formal education provides and the skills
needed to exploit leadership-class machines. Similarly, in Europe, the Partnership for
Advanced Computing in Europe (PRACE) has historically run seasonal schools and
workshops across its member supercomputing centers, free of charge for partici-
pants, to disseminate HPC best practices. These range from introductory courses
(e.g. “HPC forbeginners” covering how to access andrunjobs on a cluster) to special-
ized workshops on topics like GPU programming, code optimization, or HPC for spe-
cific scientific domains. During the 2020-22 period Europe’s network of national
HPC competence centers collectively organized on the order of a hundred training
events(despite the pandemic), coveringkey skills forbothnew and advanced HPC us-
ers. This demonstrates a significant scaling-up of training opportunities targeting re-
searchers and professionals.

3https://extremecomputingtraining.anl.gov/
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A notable trend in professional HPC training is the adoption of interactive, learner-
centric approaches akin to those used in software carpentry workshops. One promi-
nent example is HPC Carpentry (Reid et al., 2025), a community-driven training pro-
gram that adapts the principles of The Carpentries” (an organization known for its ef-
fective workshops in basic programming and data science) to the HPC context. HPC
Carpentry workshops typically span 1-2 days and are designed for novices who have
neverused asupercomputer. Instructors andlearners work togetherinlive coding ses-
sions, typing commands into the terminal to practice tasks like navigating a Linux envi-
ronment, managing job schedulers, and running simple parallel jobs. The pedagogy
emphasizes building “muscle memory” and demystifying errors - instructors inten-
tionally demonstrate common mistakes and how to fix them, which helps reduce par-
ticipants’ intimidation with HPC systems. The content is modular, open-source, and
continuously refined by a global community, ensuring that workshops stay up-to-date
and effective. By providing a standardized, scalable curriculum, HPC Carpentry aims
to “democratize HPC access” - enabling researchers from non-traditional HPC fields
or smallerinstitutions to acquire the skills to utilize modern clusters (Reid et al., 2024).
This is crucial as HPC becomes relevant not just to computational scientists, but also
to disciplineslike biology, medicine, finance, and the arts, where practitioners may not
have had formal HPC training.

Therise of online education has significantlyimpacted HPC training. Many HPC centers
now offerwebinars, virtual lecture series, and recorded tutorials that professionals can
access on-demand. Forinstance, during 2020-2021, numerous in-person HPC train-
ing events pivoted to virtual formats, which in some cases increased theirreach (geo-
graphicandattendance). HPFC MOOCs (Massive Open Online Courses) have alsobeen
developed. One early example was the “HPC Parallel Programming” MOOC by the Uni-
versity of Edinburgh (through PRACE and FutureLearn), whichintroduced thousands of
learners to the basics of supercomputing and parallel computing. Another, “HPC for
Computational Scientists” onedX, provided domainresearchers with HPC skills. While
MOOCs face the typical challenge of retention, they serve as valuable introductory
funnels and references. Additionally, university extension programs and technical in-
stitutes are starting to offer certificate programs in HPC or parallel programming, of-
ten delivered online to working professionals. These typically involve a series of
courses culminating in a certificate that signals HPC proficiency. An Italian example is
the International Professional programme in "HPC and quantum computing”, a 60

4https://carpentries.org/
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ECTS program from the University of Bologna, joint effort between Departments of
Physics and Computer Science and Engineering.

Arecentdevelopmentinthe HPC professionallandscapeis the movement toward for-
malizing HPC competencies and certification. The HPC Certification Forum, an inter-
national community of HPC trainers and experts, has been working to define a com-
prehensive skill tree for HPC practitioners®. Their goalis to categorize and standardize
the knowledge areas (from shell usage and job scheduling to performance engineer-
ing and math libraries) into fine-grained competencies, and to develop examinations
leadingto a globally acknowledged HPC certification (Kunkel et al., 2020). By 2023,
this effort had progressed with beta certification exams being tested, aiming to pro-
vide employers and organizations away to assess HPC skill levels and to guide learners
on what proficiencies they should acquire. If widely adopted, such a certification
could become akin to how Cisco certifications function in networking - creating a
common understanding of what it means to be an “HPC certified” professional. This
competency-based approach is also useful for designing curricula and training
roadmaps: for example, EuroHPC’s new EVITA (European Virtual Training Academy)
project explicitly seeks to establish a Europe-wide framework of HPC competences
and qualifications®. EVITA plans to deliver reference course materials and modular
learning units mapped to specific skills, thereby supporting consistent training stand-
ards for students, professionals, and educators across Europe. Such frameworks en-
sure that a professional taking an HPC course in one country learns content that aligns
with what is taught elsewhere, facilitating skill recognition and mobility.

HPC has penetrated industry sectors (manufacturing, pharma, finance, etc.), meaning
companies increasingly seek to train their workforce in HPC and advanced analytics.
HPC education for industry often emphasizes practical application and ROI: for in-
stance, EuroCC Italy in 2025 offered a course titled “ High-Performance Computing
for Digital Transformation” specifically for corporate decision-makers and R&D
staff’. The focus was on understanding how HPC can accelerate business innovation,
with real case studies on integrating HPC, Al, and simulation into industrial processes.
By tailoring content to non-academic audiences (less theory, more strategy and ap-
plied examples), such courses help demystify HPC for executives and managers,

5https://www.hpc-certification.org/
$https://www.eurohpc-ju.europa.eu/research-innovation/our-projects/evita_en

7 https://euroccitaly.it/en/news/high-performance-computing-for-digital-transformation-
a-new-training-course-by-eurocc-italy/
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fostering broader adoption in small and medium enterprises. Another form of on-
the-job HPC trainingis through vendor-led courses; manufacturers of supercomput-
ers orsoftware (like NVIDIA for GPU computing or MPllibrary developers) often provide
training to their users. Additionally, mentorship programs and “twinning” between ex-
perienced HPC centers and organizations new to HPC have proven effective. The
CASTIEL project in Europe, for example, facilitated mentoring and twinning between
countries to share HPC expertise, effectively pairing less experienced teams with vet-
eran centers for knowledge transfer®. This not only trains individuals but also builds in-
stitutional capacity.

One persistent challenge is keeping training content current with the state- of-the-
art. HPC professionals need to learn new programming models, tools, and paradigms
as they emerge (for example, the recent rise of containerization and cloud-HPC con-
vergence, or the need to learn accelerators like Al chips). Training programs must reg-
ularly update their syllabi, which requires close collaboration between training provid-
ers and cutting-edge HPC projects. Another challenge is assessing impact - unlike
formal education, professional training outcomes can be harder to measure. Organi-
zations often rely on feedback surveys or track whether trainees go on to effectively
use HPC resources in their work (e.g. increased software performance or successful
project completions) as indicators of training success. The diversity of the audience is
also a factor: professional HPC learners range from domain scientists with little CS
background to IT specialists needing optimization skills. Designing training that can
cater to varying prerequisites is non-trivial. Modular, competency-based content as
proposed by EVITA and the HPC Certification Forum can help by allowing tailored
learning pathways.

Conferences like SC and ISC now regularly feature “Best Practices in HPC Training”
workshops and Birds-of-a-Feather sessions where instructors discuss what works
(and what doesn’t) in adult HPC education’. The consensus is that interactive, hands-
on learning - whether through Carpentry-style workshops, hackathons, or guided
problem-solving sessions - is far more effective than traditional lecture-only formats
for skilluptake.

Shttps://www.hlrs.de/news/detail/eurocc-national-competence-centers-hold-first-all-
hands-conference
? https://sighpceducation.acm.org/events/bphte25cfp/
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Existing initiatives in Italy and Europe on HPC
education

In recent years, Europe has launched a comprehensive, multi-tiered effort to
strengthen HPC education and training as part of its broader supercomputing strat-
egy. Recognizing that world-class HPC infrastructure must be matched with a skilled
workforce to harness it, the European Union and national governments have invested
in programs that span academia, industry training, and network-building among HPC
centers. Here we highlight several key European initiatives - including those involving
Italy - thatillustrate a coordinated approach to HPC skill development. These include
the EuroHPC Joint Undertaking’s education projects, the network of EuroCC National
Competence Centres and its coordination arm CASTIEL, the pioneering pan-Euro-
pean Master’s program (EUMaster4dHPC), and new projects aimed at unifying training
materials across the continent. Together, these efforts make Europe a case study in
how policy-driven support can elevate HPC education at scale.

Europe’s HPC ecosystem has long invested in training and workforce development.
The Partnership for Advanced Computing in Europe (PRACE) operated a network of
14 PRACE Training Centres, offering a state-of-the-art curriculum of short courses and
workshopsin HPC and computational science across the EU'. These include modules
on MPI/OpenMP programming, GPU programming, code optimization, and domain-
specific HPC techniques, delivered to thousands of researchers and students.

Launched in 2020 under the EU’s EuroHPC Joint Undertaking, EuroCC established
HPC Competence Centresin 33 countries (EU members and partners) to serve as na-
tional hubs for HPC expertise". Each National Competence Centre (NCC) was tasked
with assessing local HPC skills and resources, identifying gaps, and acting as a focal
point for training, industry outreach, and support within its country. In parallel, the
CASTIEL project (Coordination and Support Action) was funded to promote interac-
tion and exchange among these NCCs at the European level?. CASTIEL emphasized
areas like training, industrial engagement, and best-practice sharing - essentially en-
suring that no country’s centre operates inisolation. Through CASTIEL’'s coordination,
the NCC network has implemented common standards and collaborative activities,

0 https://prace-ri.eu/prace-association/
Thttps://www.eurohpc-ju.europa.eu/research-innovation/our-projects/eurocc_en
2 https://www.eurohpc-ju.europa.eu/research-innovation/our-projects/castiel_en
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raising the overall quality of HPC education and services across Europe®. By the end
of the first phase (2020-22), theimpact was significant: as already mentioned, despite
challenges like the pandemic, the NCCs collectively organized at least 95 training
courses and 60 workshops on priority HPC topics, reaching diverse communities of
users. CASTIEL also built a Europe-wide HPC competence map and the EuroCC Ac-
cess web portal (hnow HPC portal), where anyone (from academia, industry, or public
sector) can find information on HPC training offers and expertise available in each
country™,

Italy has been an active participant in EuroCC and CASTIEL. The Italian National Com-
petence Centre (EuroCC ltaly) is coordinated by CINECA (Italy’s largest supercompu-
ting consortium) along with IFAB Foundation, BI-REX, Dompé, and Leonardo Com-
pany. It provides training courses free-of-charge in HPC, High-Performance Data An-
alytics (HPDA), and Al, targeting both academic researchers andindustry users'™. Are-
cent example, as mentioned, is the course on HPC for Digital Transformation aimed at
companies, reflectingltaly’s strategy to extend HPC know-how intoits industrial base.
Moreover, CINECA was directly involved in CASTIEL’s consortium, meaning Italian ex-
perts have contributed to the Europe-wide exchange of training methodologies. Ital-
ian institutions have also engaged in twinning projects under CASTIEL to mentor or
learn from other countries in specific competency areas, fostering a two-way
knowledge transfer.

Building on the initial success, EuroCC 2 and CASTIEL 2 started in 2023 as a second
phase with fresh funding from the EU’s Digital Europe Programme'. These projects
continue the mission for another three years, expanding training offerings and deep-
ening cooperation. CASTIEL 2 places particular focus on advanced training collabora-
tions (such as jointly developed courses), certifications, and integrating emerging
topics like quantum and edge computing into the competence network (though
quantum education remains distinct, HPC and quantum are sometimes addressed
side-by-side under EuroHPC). With a budget of around €3 million, CASTIEL 2 is set to
further harmonize HPC training across Europe. It also continues to encourage

B(https://www.hpcwire.com/off-the-wire/eurocc-and-castiel-begin-2nd-funding-phase
“https://hpc-portal.eu/

S https://euroccitaly.it/en/
Yhttps://www.eurohpc-ju.europa.eu/eurocc-2-and-castiel-2-promoting-hpc-boost-digi-
tal-skills-jobs-and-industrial-competitiveness-europe-2023-02-03_en
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“twinning” and mentorships - by mid-2023, task forces had formed under CASTIEL 2
to share expertise on specific domains and coordinate new content development.

Europe’s effort to bolster HPC skills has also targeted formal education. The flagship
academic initiative was EUMaster4dHPC, the first pan-European Master’s program in
HPC launchedinlate 2022. Coordinated by the University of Luxembourg and funded
by EuroHPC JU, EUMaster4dHPC convened a consortium of leading universities (includ-
ing Politecnico di Milano, Sorbonne Universite, Universitat Politecnica de Catalunya,
and others), research institutions, and industry partners"”. A primary goal is to design a
common reference curriculum for HPC that can be adopted across Europe (Bouvry et
al., 2025). The program was designed with a “mobility and excellence” philosophy:
students would study in two countries (earning degrees from two institutions) and fol-
low a jointly developed curriculum that reflects the needs of future HPC systems and
applications™. Over two years (120 ECTS credits), the curriculum covered advanced
HPC architecture, parallel programming models, algorithms, mathematics for HPC,
and use-case-driven electives (like HPC for life sciences or climate modeling). Cru-
cially, EUMaster4HPC had strong practical components - each cohort attended Euro-
pean HPC summer schools, participated in international competitions (e.g., the
ISC/SC student cluster competitions or hackathons), and undertook a thesis intern-
ship atasupercomputing centerorindustrial R&D lab. This blend of academicrigorand
real-world experience aimed to produce “T-shaped” professionals: deep HPC tech-
nical expertise combined with broader soft skills and domain exposure. The program
also provided generous scholarships and fee waivers, supported by EU funding, to at-
tract talent fromall over Europe and beyond. Italy’s Politecnico diMilano was akey ac-
ademic node in this program, offering an HPC Engineering track as part of EU-
MasterdHPC and hosting students for their first year before they moved to a partner
university in year two. Polimi established double-degree agreements for this purpose
and contributed its strong engineering perspective to the curriculum. The project is
concludingin 2025, butis aimed to integrating the pan-European HPC curriculuminto
existinguniversity offerings, continuing the cross-border collaboration under a differ-
ent funding scheme or as a network of master’s programs.

The success of EUMasterdHPC has already inspired offshoots. For instance, the idea
of European micro-credentialsin HPC is being floated, where students enrolled in any

7 https://eumasterdhpc.uni.lu/
¥ https://eumaster4hpc.eu/
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university could take a certiied HPC module (perhaps online) thatisrecognized across
institutions - a concept aligned with the EU’s push for flexible learning pathways.
Moreover, elements of the EUMaster4HPC curriculum are feeding into the aforemen-
tioned EVITA project (EuroHPC Virtual Academy). With EVITA”, Europe is essentially
creating arepository of high-quality HPC teaching modules, which can be assembled
into courses or full programs by any university or training provider. This includes defin-
ing qualification standards so that, for example, alearner earning an “HPC Fundamen-
tals Certificate” in one country has demonstrably the same skills as one in another
country. EVITA also explicitly targets multiple audiences - from undergraduates and
graduate students to industry professionals and even trainers themselves. Such align-
ment ensures that professional training (through NCCs) and academic education
(through universities) are not siloed but complementary and mutually reinforcing.

Inltaly, the National Interuniversity Consortium for Informatics (CINI) has established
an HPC key technologies lab. Among its many activities, it organizes an annual HPC
Summer School that brings together students, young researchers, and professionals.
Forexample, the 3rd CINIInternational Summer School on High-Performance Compu-
ting (June 2025, Naples) offered an intensive program covering the entire hardware
and software stack of HPC, from innovative architectures to the latest parallel pro-
gramming models and tools for heterogeneous platforms?°. Such schools not only
teach state-of-the-art HPC technologies but also promote mentoring, networking,
and the formation of an HPC community among academia and industry.

Italy, as part of the EuroHPC ecosystem, has seen a boost in HPC educational activi-
ties. Besides Politecnico di Milano’s involvement in EUMaster4HPC, other Italian uni-
versities have strong HPC groups (for example, the International School for Advanced
Studies in Trieste offers HPC and data science specialization. Italy’s national HPC fa-
cility, CINECA, regularly conducts training workshops on using their Tier-O/Tier-1 sys-
tems (like the Leonardo supercomputer) - covering topics fromintroductory Linuxand
programming, to advanced code optimization and Al integration. Through EuroCC It-
aly, these training sessions have been made more accessible to industry and smaller
research institutes that might not have participated before. Furthermore, Italian HPC
experts are contributing to European training content development (for instance,
CINECA staff co-authored lessons in the HPC Carpentry project and contribute to

Y https://www.evitahpc.eu/
20 https://www.hpcsummerschool.it/

23


https://www.evitahpc.eu/
https://www.hpcsummerschool.it/

The Bigldeas for HPC Education
From Existing Needs in High-Performance

Computing Training to Recommendations
for Instructional Design

PRACE training material development). The Italian government’s investmentin HPC (as
evidenced by hosting a pre-exascale computer Leonardo and upcoming quantum
computers)is coupled with investments in human capital, such as funding HPC and Al
doctoral programs.

Startingin 2025, the HPC Training ecosystem has been gathered around the European
Al Factories. Al Factories are dynamic ecosystems that foster innovation, collabora-
tion,and developmentin the field of artificialintelligence. They bring together compu-
ting power, data, and talent to create cutting-edge Al models and applications. They
foster collaboration across Europe, linking HPC centres, universities, small and me-
dium sized enterprises (SMEs), industry, and financial actors. Al Factories serve as hubs
driving advancements in Al applications across various sectors such as health, manu-
facturing, climate, finance, space, and more.

Italy is hosting one of the major Al Factories, under the name IT4LIAZ. In this strategic
initiative, designed to transform the national and European Al landscape through cut-
ting-edge HPC infrastructure and a comprehensive suite of services, trainingis an es-
sential part. Training services offer tailored learning pathways designed to equip users
with the skills needed to effectively develop and deploy Al solutions on HPC infra-
structure. The training offer includes both foundational and advanced modules, and
canbe customizedto matchthe specific needs of eachuse case, covering topics such
as data management, Al model development, regulatory compliance, and domain-
specific applications.

Responding to the recognized talent shortage (indeed, ~70% of EU companies cite
lack of digital and HPC skills as a barrier to investment??, Europe's multiple fronts HPC
education initiatives from coordinating national centers (EuroCC) and fostering ex-
change (CASTIEL), to innovating academic curricula (EUMaster4dHPC) and building
common training frameworks (EVITA, competency maps), to Al Factories, represent
one of the most structured approaches globally. Challenges remain (e.g., sustaining
funding for educational programs, ensuring programs like EUMaster4dHPC become
permanent, and continuously updating content), but the European case provides val-
uable lessons. Otherregions, such as the US and Asia, are observing this model; forin-
stance, analogous efforts to coordinate HPC training across institutions are being dis-
cussedinthe US underthe banner of NSF’s Advanced Cyberinfrastructure programs.

A https://itdlia-aifactory.eu/
22 https://ea.consulting/5-reasons-europe-urgently-needs-cloud-hpc-education/
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The ICSC Observatory initiatives on HPC education: Pip-
squeak

During the PDP 2025 Conference? - the 33rd Euromicro International Conference on
Parellel, Distributed, and Network-Based Processing - the Authors of thisreport orga-
nized and chaired a special session on HPC Education?*. Organized within the activi-
ties of ICSC Observatory on trends and applications of Supercomputing, the PIP-
SQUEAK (Papers In Parallel/distributed computing, Supercomputing, and QUan-
tum computing Education for Advancing students, professionals and citizens
Knowledge) special session? invited contributions that explore educational strate-
gies, professional training programs, and outreach initiatives aimed at broadening ac-
cess to HPC and quantum computing knowledge.

This special session was organized to provide educators, researchers, and practi-
tioners with a platform to discuss the challenges and innovations in teaching HPC
and quantum computing. The call was particularly open to contributions that focused
on interdisciplinary approaches, integrating HPC and quantum computing into exist-
ing curricula, and developing resources for lifelong learning. Additionally, the session
explored how professional training for scientists and professionals without specific
technical expertise can be enhanced to include foundational knowledge of HPC and
quantum computing, enabling them to apply these technologies effectively in their
fields.

Topics of interest were:

e Curriculum development and pedagogical strategies for HPC and quantum
computing education;

e Professional training programs aimed at non-specialists, including scientists,
engineers, and industry professionals;

e Integration of HPC and quantum computing conceptsinto K-12 and highered-
ucation;

e Educational tools, resources, and infrastructures for teaching HPC, quantum
computing, andrelated fields;

2 https://pdp2025.0org/
2 https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=10974788
25 https://www.pipsqueak.it/
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o Strategies for addressing diversity and inclusion in HPC and quantum compu-
ting education;

e Outreach initiatives to increase public awareness and understanding of HPC
and quantum computing;

o Case studies and best practices in teaching and training in HPC and quantum
computing.

The special sessionreceived 11 submissions and 4 papers were accepted to be part of
the conference, showcasing a variety of innovative approaches to teaching high-per-
formance and parallel computing.

Moreno Marzolla (2025) introduced the concept of Parallel Etudes, a collection of
small, self-contained programming assignments designed as accessible teaching
tools for undergraduate students. These mini-applications are drawn from domains
such as 3D rendering, image processing, and simple simulations, allowing students
without advanced mathematical backgrounds to engage with shared-memory, dis-
tributed-memory, and GPU programming. This paper received the "PIPSQUEAK Spe-
cial Session Best Paper Award".

Giorgio Delzanno, Giovanna Guerrini, and Daniele Traversaro (2025) presented an in-
terdisciplinary approach that employs Sonic Pi, a music programming language, to in-
troduce concurrency concepts. Their teaching experiments explore student miscon-
ceptions about concurrency through code comprehension and composition tasks,
highlighting parallels with difficulties encountered in more traditional programming
languages.

Giuliano Laccetti, Marco Lapegna, and llaria Merciai (2025) described the design and
implementation of a Massive Open Online Course (MOOC) on parallel and high-per-
formance computing, developed for the Federica Web Learning platform at the Uni-
versity of Naples Federico Il. This initiative aims to make cutting-edge HPC content
more broadly accessible to diverse audiences through flexible online learning.

Finally, Marco Danelutto (2025) discussed how to design industry-aligned HPC mas-
ter's programs—leveraging Pisa’s shift from “Computer Science and Networking” to
“High Performance Computing and Infrastructures” and lessons from EU-
MasterdHPC—to fuse computing with advanced networking, expand hands-on labs,
internships, and co-supervised theses, and train profiles spanning system architec-
ture, software tools, and operations.
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The papers presented in this session highlighted a common effort to broaden access
to HPC education across different levels and contexts. They stress the importance of
designing teaching materials and methodologies that are both engaging and inclu-
sive, whether through simplified mini-applications, interdisciplinary tools like music-
based programming, large-scale online courses, or advanced master’s programs.
Overall, the special session provided a valuable overview of the Italian initiatives in
university-level HPC education, offering insights into how different institutions are
working to strengthen the training of future generations in parallel and high-perfor-
mance computing.
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Framework: the Bigldeas

Bigldeasin Science Education

According to Harlen and colleagues (2015), Big Ideas are

“the key ideas that students should encounterin their science ed-
ucation to enable them to understand, enjoy and marvel at the nat-
ural world”.

There are at least two major frameworks for Big Ideas in science education.

The one by Chalmers and colleagues (2017) is situated within the context of STEM ed-
ucation and aims to address the interdisciplinary challenges that STEM integration
presents. Inresponse to the struggle to produce in-depth learning (found in the litera-
ture), they propose using a framework to scaffold teachers’ development of inte-
grated STEM curriculum units. The framework is based on three types of Big Ideas:

“within-discipline Big Ideas that have application in other STEM
disciplines, cross-discipline Big Ideas, and encompassing Big
Ideas” (Chalmers et al., 2017).

The other framework arises in science education in response to the widespread per-
ception among students that science curricula, often overcrowded and fragmented,
are little more than a series of disconnected facts with minimal relevance to theirlives.
According to Harlen and colleagues (2010), a group of expertsin science education,

“[plart of the solution to this problem was to conceive the goals of
science education, notin terms of the knowledge of a body of facts
and theories, but as a progression towards understanding key ideas
- ‘Bigldeas’ - of relevance to students’ lives”.
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The importance of Big ldeas
Harlen and colleagues (2015, p. 1) explain that

[t]o prosperin this modern age of innovation requires the ca-
pacity to grasp the essentials of diverse problems, to recognize
meaningful patterns, to retrieve and apply relevant knowledge. [. . . ]
Science education][...]needs to take account of changesin the work
place that require ability to link science with engineering, technology
and mathematics (STEM), the urgent need for attention to major
global issues such as the adverse impacts of climate change, the
positive and negative influences of student assessment and the
growing contribution of neurosciences to the understanding of
learning. All of these add to the reasons for the development of Big
Ideas to provide a framework for decisions about science education.

The authors highlight several compelling reasons why establishing aframework forde-
veloping the Big Ideas of science is particularly timely. First, such a framework can
help counter students’ tendency to view science as a disconnected collection of
factsandtheorieswithlittle personalrelevance. It also offers a structure for design-
ing school activities that encourage students to make sense of phenomena they
find meaningful. Additionally, it serves as a practical tool for navigating the vast
range of possible curricular content by guiding the selection of what toinclude. The
framework supports the organization of science curricula around the gradual devel-
opment of overarching concepts, promoting coherent learning progressions. It aligns
well with the growing emphasis on inquiry-based teaching approachesin science ed-
ucation.

Furthermore, it encourages recognition of the ways STEM subjects relate to diverse
real-world contexts, enhancing their perceived value. Ultimately, it facilitates the con-
struction of interconnected systems of knowledge, allowing students to gain a
deeperunderstanding and more nuanced interpretation of theirexperiences. This ap-
proachis also supported by recent findings in neuroscience, which indicate that ideas
learned in a connected way are more easily transferable to new situations.

Even more relevant for this report, the Authors recognize the importance of Bigldeas
forteacher training. Teachers must consider how individual lessons’ objectives fitinto
a larger framework of broader and stronger ideas that can help students make sense
of awiderange of related phenomena and events. This general development direction
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is necessary for selecting content and constructing learning pathways. It also clarifies
what teachers need to observe and look for in students’ actions, informs their deci-
sions about feedback, and helps them adjust formative assessments. This is particu-
larly challenging for teachers who teach science subjects without having the oppor-
tunity to study themin depth. Often, the scientific education teachersreceived did not
allowthemto develop Bigldeas. Instead, teachers should also have the opportunity to
help students understand the Big Ideas.

The core concepts, carefully derived from scientific knowledge for their broad rele-
vance and explanatory power, enable learners to grasp the fundamental aspects of
phenomena without needing to know and understand exhaustive details. Engaging
with such ideas can foster a sense of coherence in understanding the world, identify-
ing patterns across different contexts, and recognizing how various phenomena are
interconnected. This process also clarifies the aims of scientific inquiry and its signifi-
cance in everyday life, potentially increasing learners' motivation both within and be-
yond the classroom.

Moreover, a deeper understanding of science supports informed decision-making,
especially in areas related to health, the environment, and career paths, thus reinforc-
ing the individual's role as an active and responsible citizen. These personal decisions,
however, extend into the collective domain, as they cumulatively influence environ-
mental and societal well-being over time. Recognizing both the positive and negative
consequences of applying scientific knowledge is key to appreciating the role of sci-
ence, cultivating a sense of responsibility and agency in confronting global chal-
lenges, and promoting social equity.
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How to distil Bigldeas

Scholars have listed the characteristics of Big Ideas. They should:

o '"have explanatory power in relation to a large number of objects, events and
phenomena that are encountered by studentsintheirlives duringand aftertheir
schoolyears" (Harlenetal., 2015, p. 14)

e "provide a basis for understanding issues, such as the use of energy, involved
in making decisions that affect learners’ own and others’ health and wellbeing
andthe environment" (Harlenetal., 2015, p. 14)

o ‘"leadtoenjoyment and satisfaction in being able to answer or find answers to
the kinds of questions that people ask about themselves and the natural world"
(Harlenetal., 2015, p. 14)

e "have cultural significance - forinstance in affecting views of the human con-
dition - reflecting achievements in the history of science, inspiration from the
study of nature and the impacts of human activity on the environment" (Harlen
etal., 2015,p. 14)

e be stable over time and general enough (broad applicability) to observe its
manifestations in multiple phenomena of reality (Harlen et al., 2015; Schwill,
1994; Bellet al., 2018)

« makesense - at different levels of detail/abstraction - to students at various
levels and throughout their careers (Schwill, 1994; Bell et al., 2018)

To distill the "Big Ideas of CS for K-12 education”, of which we will tell more in the fol-
lowing subsection, Bell and colleagues (2018) used a collaborative process that in-
volved CS education experts, curriculum designers, and computer scientists world-
wide.

They developed the first list of candidate Big Ideas by having in-depth discussions
with several (university and K-12) CS education researchers. Other early versions were
created by showing other fellow researchers the Big ldeas of science and asking them
what an analogous list for informatics should include. The suggestions received and
their initial list were reviewed for repetitions and synthesized into a single list. The list
was shared with teachersreasonably new to the subject to ensure that those Big Ideas
were clear and meaningful to educators and curriculum designers. The Big Ideas they
proposeresult from severaliterations of the process. Thelist should not be considered
definitive and is open to feedback and input from the entire research and education
community.
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Bigldeas of CS

The tendency found among teachers to focus on the details while losing sight of the
bigger picture when teaching CS prompted Bell and colleagues (2018) to formulate
the "Big Ideas of CS for K-12 education”.

The technological side of CS is running, giving the impression that new content must
always be chased. In this scenario, the tendency to focus on marginal and technolog-
ical aspectsis exacerbated by the lack of specific preparation of a large proportion of
teachers asked to teach informatics without having studied it.

Explicitly referring to Harlem's framework, Bell and colleagues underline that

Computer science is full of paradoxes and surprises that provide
opportunities for students to understand, enjoy and marvel at the
digital world, and we are particularly interested in ensuring these
are captured so that the ideas are in line with the intention of the
“Bigldeas of science education”. (Bell et al., 2018, sect. 1)

The Big Ideas of CS are not intended as general principles, disciplinary areas, or even
curriculum topics but as powerful and general ideas that capture the essence of CS.
The Big Ideas are what young students should retain, regardless of whether they will
specialize in CS or apply its core knowledge to exercise their right to citizenship; the
focus is on concepts that are fundamental in CS but not immediately apparent to the
layperson.

The Big Ideas of CS are formulated so that teachers can use them with students to
connectthevarious topics within the broader context of along- standingdiscipline.
To do so, they do not focus on specific technologies, allowing them to remain the
same despite technological advances. The following is an example that Bell himself
provides regarding the fundamental concept of programming versus its technologi-
cal aspects, specifically programming languages.

Some might argue that students should use alanguage used inindustry, such as

Java or C#, but if we focus on the Big Ideas in programming, writing
programs is about getting a computational device to follow the
steps in an algorithm, and we know that any algorithm can be pro-
grammed using just six key elements: input, output, storage, se-
quenced instructions, iteration (loops) and conditionals (if and case
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statements). These six elements make a computing system Turing
Complete [...]fully capable of computing anything that a conven-
tional computercould compute][...]. If studentslearn about all six of
these elements and how to combine them to achieve a desired re-
sult, then they have been exposed to the full power of computation
[...].(Belland Duncan, 2018, sect.10.7)

Knowing and understanding the significant landmarks of CS can help to seeits big-
ger picture. In particular, the Big Ideas aim to inform curriculum design and, more im-
portantly, to enable (particularly non-specialist) teachers to understand CS in its fun-
damentals.

Indeed, without a general perspective, teachers may perceive CS as animposition on
their limited classroom time; non-specialist teachers may feel overwhelmed by a se-
ries of extraneous and complicated topics.

Additionally, teachers can use Big Ideas to distinguish core knowledge from skills.

“For example, programming is just one of our ten Big Ideas, but in
many curricula considerable time is spent on this, partly because it is
a skill that can require some time to acquire. Conversely, there will be
other topics around learning to use or configure computers that ap-
pearin curricula but not the Big Ideas because students need tolearn
todo these things, eventhough they aren’t necessarily afundamental
concept from computerscience” (Belletal., 2018, sect. ).

Skills, like programming, are acquired over time, while core knowledge enables stu-
dents to gain a broad understanding of CS that is useful to support learning the pro-
posed topics.

As for curriculum design, the Big Ideas are intended to help curriculum designers fo-
cus on core knowledge and topics, enabling teachers to recognize the long-term
value of CS in these curricula. Referring to stable, non-technology-dependent Big
Ideas helps build curricula composed of relevant topics that willnot soonbecome ob-
solete, rather than curricula that must be updated every time a new technology is de-
veloped. Also, abig picture helps ensure that curricula are not built around not-so-rel-
evant topics chosen simply because their teaching resources are available in text-
books oronline.
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The Research

Research Questions

This study is guided by two overarching questions.

1. What conceptual needs are perceived at the academic and industrial level
when addressing High-Performance Computing (HPC)?

2. What are the “Big Ideas” of HPC — the fundamental principles that should in-
form educational design and training?

Methodology

To address these questions, we adopted a mixed qualitative methodology inspired by
previous work on Big Ideas frameworks in science and computer science education
(Bell et al., 2018; Harlen et al., 2015). The research was designed as an iterative, com-
munity-engaged process combining literature reviews, expert consultation, and sur-
vey-based data collection.

Literature Review

We began with an extensive review of existing literature on HPC education, focusing
on both curricular needs in academia and skill requirements in industry.
In parallel, we reviewed the body of work on “Big |ldeas” in science and computer sci-
ence education to establish a conceptual framework adaptable to HPC.

Expert Consultation

Individualinterviews and focus groups with educators, researchers, and business pro-
fessionals were held throughout the process, ensuring iterative feedback on emerg-
ing candidate needs and ideas. Early findings were shared and debated during the
PIPSQUEAK special session at the PDP 2025 conference, fostering interdisciplinary
exchange and validation.
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Iterative Drafting of Educational Needs and Big Ideas

Preliminary educational needs and candidate concepts to formulate Big Ideas were
drafted through aforementioned expert consultations and the analysis of textbooks,
course syllabi,and curriculain HPC at undergraduate and graduate levels. These drafts
were refined through brainstorming sessions with experts and continuous discussion
within the ICSC Observatory board.

The processwasindeedintentionallyiterative and open-ended. The list of educational
needs and HPC Big |deas presented in this report should not be seen as definitive, but
ratherasafirst step towards a shared framework, subject to furthervalidation by ed-
ucators, policymakers, and the broader HPC community. Future iterations will expand
the survey base and incorporate structured feedback loops to refine and consolidate
the framework.

Questionnaire-Based Survey

After conducting a few initial exploratory interviews with experts to investigate ourre-
search question, we decided to opt for a questionnaire-based survey methodology.
This approach was selected for several reasons. First, the questionnaire enabled us to
systematically collect insights from a diverse group of HPC professionals, including
researchers, educators, managers, data scientists, and technical specialists. Moreo-
ver, the structured nature of the questionnaire ensured consistency in how questions
were presented to all participants, reducing variability that might otherwise arise from
differing interview styles or phrasing. The digital format of the questionnaire also al-
lowed us to reach a geographically dispersed community of HPC experts, thereby
maximizing the diversity of responses and ensuring representation from different sec-
tors and levels of experience within the field.

The analysis of the collected responses is available in Annex 1- Questionnaires’ analy-
sisandresults.

Questionnaire Design

The questionnaire designwas grounded in educational theoryregarding "Bigldeas" as
proposed in computer science education literature and presented in the sections
above. The whole questionnaire is still available for filling-in at https://forms.of-
fice.com/e/sej2Zpy8ma.
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The questionnaire began with an extensive explanation of what constitutes a "Big
Idea," including positive and negative examples from computer science. This framing
was essential to ensure participants understood the level of abstraction and general-
ity required. In particular, we stated that Big Ideas should be "key, powerful, funda-
mental, but non-obvious messages or concepts for a layperson" that serve multiple
pedagogical functions: i) Guide instructors in designing curricula without losing con-
ceptual direction; ii) Enable learners to perceive the discipline as coherent rather than
fragmented; iii) Provide enduring knowledge that transcends rapidly changing tech-
nological details; iv) Fosterimagination about applications even without technical ex-
pertise.

The questionnaire was structuredinto four main sections. Questions moved from con-
crete (demographic information) to abstract (Big Ideas identification) to applied (ed-
ucational implications), allowing participants to build context before addressing the
core question. Specifically, the four sections were:

1. Demographic and professional background (Questions 1-7). These questions
established participant credibility and context, including: professional role in
HPC; years of experience; teaching experience; application sectors; fre-
quently used technologies and tools. This information was crucial for under-
standing the perspective from which participants would identify Big Ideas and
for potential subgroup analysis.

2. Core Big Ideas identification (Questions 8-9). The central questions directly
addressed the research question. Question 8 asked for a single, well-formu-
lated Big Idea. Question 9 solicited additional Big Ideas. These open-ended
questions were deliberately positioned after the demographic questions to
ensure participants had considered their expertise and context before re-
sponding. By including both primary (Question 8) and supplementary (Ques-
tion 9) Big Ideas questions, we acknowledged that experts might identify mul-
tiple fundamental concepts and provided flexibility inresponse depth.

3. Educational implications (Questions 10-11). These questions explored how
identified Big Ideas should influence HPC educationin academic versus indus-
trial contexts, providing practical validation of the concepts'importance.

4. Future directions (Questions 12-14)- The final questions addressed the broader
educationalimplications, including pre-university education and opportunities
for follow-up interviews.
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Questionnaire implementation

The questionnaire was implemented using Microsoft Forms, providing a user-friendly
interface while ensuring data security and GDPR compliance. The questionnaire in-
cluded comprehensive informed consent procedures with separate agreements for
data processing for research purposes and participation in the study. Both consent
forms referenced detailed privacy policies, ensuring ethical compliance withresearch
standards.

Survey dissemination

The survey dissemination strategy was designed to systematically reach expert prac-
titioners and researchers within the High Performance Computing community across
multiple professional networks and venues. The primary objective was to collect in-
formed perspectives from individuals with substantial expertise in HPC research,
education, and industry applications rather than seeking broad general participa-
tion.

The questionnaire was strategically introduced through several key channels that pro-
vided direct access to HPC experts. The survey was presented at all advisory board
meetings of the ICSC (Italian Research Center on High Performance Computing, Big
Data and Quantum Computing) observatory?¢, ensuring participation from senior re-
searchers and institutional leaders who provide strategic guidance for national HPC
initiatives. These advisory board presentations allowed for direct engagement with
participants who could provide contextual feedback and ensure the questionnaire's
relevance to current HPC research and educational priorities.

The research conferences were one of the most crucial contexts in which the survey
was disseminated. The first was the SIF (Italian Physics Society) conference heldin Bo-
lognain2024%. During the Symposium on Supercomputing “Emerging dataand com-
puting technologies for frontier physics”, the authors of the white paper participated
with a talk on the Big Ideas for HPC education, presenting the survey and asking the
symposium’s participants to fillit in. During the PDP (Parallel, Distributed and network-
based Processing) conference held in Turin in 20252, the survey was actively

26 https://osservatorio.supercomputing-icsc.it/chi-siamo/
7 https://www.sif.it/attivita/congresso/110
28 https://pdp2025.0org/
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disseminated through the PIPSQUEAK dedicated special session organized specifi-
cally forthisresearchinitiative.

The questionnaire was also presented during working group sessions of the EuroCC
Training Division, reaching professionals specifically focused on HPC education and
training initiatives across European national competence centers. These working
groups included educators, training coordinators, and curriculum developers who
possessed both technical HPC knowledge and practical experience in educational
program design and implementation.

Additionally, the survey was introduced through CASTIEL working groups?, providing
access to experts involved in computational science and engineering applications of
HPC. This channel ensured representation from professionals who bridge the gap be-
tween HPC technology development and domain-specific scientific applications.

The CINI (National Interuniversity Consortium for Informatics) newsletter served as a
broader dissemination channel, reaching the Italian academic computing community
and providing opportunities for participation from researchers and educators who
might not have been reached through the more specialized venues described above.
Also the mailing list of the ACM SIGHPC Education Chapter was used to disseminate
the survey, ensuring a broad range of international scholars and professionals inter-
ested in HPC Education.

This multi-channelapproach ensured that the survey reached experts across different
aspects of the HPC ecosystem, including research, education, industry applications,
and policy development, while maintaining focus on individuals with substantial pro-
fessional expertise rather than seeking broad public participation.

The dissemination efforts resulted in 13 completed responses from HPC experts.
While this number may appear modest relative to the extensive dissemination activi-
ties undertaken, it reflects the inherently specialized nature of the HPC professional
community and the demanding nature of expert participationin research studies. The
HPC field represents a relatively small, highly specialized professional domain where
practitioners with the depth of expertise required for this study constitute a limited
population. Furthermore, the qualitative nature of this research prioritizes the depth
and quality of expert insights over statistical representativeness. The responses ob-
tained demonstrate high confidence levels, as participants possessed substantial

2% https://www.eurohpc-ju.europa.eu/research-innovation/our-projects/castiel_en
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professional experience and provided thoughtful, detailed contributions that reflect
deep understanding of HPC principles and educational challenges. This study should
be understood as a qualitative investigation employing grounded theory methodol-
ogy (Glaser & Strauss, 1967) to capture and analyze expert perspectives, aimedat gen-
erating theoretical insights about HPC education rather than producing statistically
generalizable findings across broader populations.
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Results

Emerging Needs and Training Gaps in HPC Education

High-Performance Computingis central to tackling major scientific and societal chal-
lenges, but current educational offerings reveal persistent skilland conceptual gaps.

Foundational HPC skills missingin curricula

A central gap in HPC education is the absence of core skills in many undergraduate
programs. Parallel programming with MPl or OpenMP, concurrency, performance op-
timization, and the principles of HPC system architecture are often treated as ad-
vanced or elective topics rather than fundamentals. As a result, computer science
graduates frequently complete their studies without exposure to scalable parallel al-
gorithms or the practical realities of working with multi-core and distributed systems.
In parallel, students from science and engineering disciplines may rely on HPC-driven
applications without developing the computational literacy to understand scalability,
memory hierarchies, or communication costs. This leaves both groups ill-prepared to
design, implement, or critically evaluate HPC solutions.

Software optimization gaps

Another significant weakness lies in software optimization training. Students and pro-
fessionals are typically proficient in high-level tools such as MATLAB, R, or Python,
which remain the lingua franca of research and industry but are rarely optimized for
HPC environments. By contrast, fewer are comfortable with performance-critical lan-
guageslike Cand C++, orwith low-level GPU programming through CUDA or HIP. Even
when these languages are taught, systematic exposure to profiling, debugging, and
performance tuning tools is uncommon. Without these skills, learners may be able to
run applications onasupercomputerbut struggle toidentify bottlenecks, adapt code
for heterogeneous architectures, or exploit the full capacity of the hardware. This gap
perpetuates a culture of inefficient HPC usage where significant compute resources
are consumed without proportional scientific orindustrial return.

Data-intensive computing deficits

ModernHPCisincreasingly dominated by data-intensive workflows, yet education of-
tenlags behindin teaching how to manage and process large-scale data. Few curric-
ula cover parallel1/O, data locality strategies, or storage hierarchies in depth. Similarly,
workflow orchestration, reproducibility, and verification practices are rarely
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introduced systematically, despite being central to credible computational science.
Students may learn how to execute simulations but not how to handle terabytes of re-
sulting data, document their processes, or ensure reproducibility across systems and
teams. This training gap undermines the reliability of HPC-enabled research and limits
the ability of graduates to participate in emerging data-driven domains where the in-
tegration of computing and data governance is paramount.

Conceptual misunderstanding of HPC environments

A recurring issue for new HPC users, particularly those from non-computing back-
grounds, is a fundamental misunderstanding of what HPC systems are and how they
operate. Many perceive a cluster as simply a “bigger laptop,” approaching it with ex-
pectations shaped by personal computing environments. Without training in com-
mand-line interfaces, resource schedulers such as Slurm or PBS, distributed memory
concepts, or the modular software environments typical of HPC, users often experi-
ence frustration and inefficiency. This conceptual gap creates barriers to effective
adoption, as learners may be able to execute simple tasks but lack the orientation to
use HPC systems productively, responsibly, and at scale.

Integration of Al and data analytics

The convergence of HPC with artificial intelligence and big data analytics (often
grouped under High-Performance Data Analytics, or HPDA) is reshaping the skill set
required of practitioners, yet training programs have only partially caught up. Few cur-
ricula explicitly address distributed model training, the use of large-scale GPU re-
sources for Al workloads, or the design of hybrid HPC/Al workflows where simulation,
data analysis, and machine learning interact seamlessly. This leaves graduates with
fragmented expertise—computer scientists who understand simulation but not Al at
scale, or data scientists proficient in machine learning but unfamiliar with HPC infra-
structures. Bridging this gap is critical as HPC increasingly underpins Al research and
industrial adoption, demanding professionals fluent in both paradigms.

Emerging technologies underrepresented

Finally, educational programs often neglect the rapidly evolving ecosystem of emerg-
ing HPC technologies. Training on heterogeneous computing—programming for
GPUs, FPGAs, and other accelerators—remains inconsistent, despite their ubiquity in
modern HPC systems. Likewise, cloud-based HPC and containerization technologies
(such as Docker, Singularity, or Podman), which are now central to reproducibility and
portability, are rarely embedded in standard curricula. Even more forward-looking ar-
eas, like theintegration of quantumaccelerators with classicalHPC, are largely absent.

42



The Bigldeas for HPC Education
From Existing Needs in High-Performance

Computing Training to Recommendations
for Instructional Design

This lack of exposure means graduates may be competent in traditional HPC para-
digms but unprepared for the heterogeneous, hybrid, and cross-technology infra-
structures that define the next generation of high-performance computing.

Training Gaps for Computer Science (CS) Students and
Graduates

Lack of core HPC integration: A first gap for computer science students and gradu-
atesliesinthelimitedintegration of HPC fundamentalsinto the core curriculum. Paral-
leland distributed computing concepts such as MPI, OpenMP, and GPU programming
are frequently offered only as advanced electives or confined to specialized tracks.
This leaves many students completing a computer science degree without a system-
aticunderstanding of parallelism, concurrency, or scalability. As aresult, they graduate
with strong sequential programming skills but lack the ability to design algorithms and
software that can efficiently exploit modern multicore and distributed architectures.

Insufficient optimization skills: Another critical weakness concerns optimization
skills. Even when students learn to write parallel code, they are rarely trained to analyze
performance, profile applications, or systematically tune software to exploit large-
scale systems. The ability to scale a program from a desktop to hundreds or thousands
of cores requires not just coding but also performance engineering practices—using
tools to identify bottlenecks, understanding memory hierarchies, and applying algo-
rithmic optimizations. The absence of such training means graduates often know the
syntax of parallel programming but not the methodology for achieving efficiency on
HPC infrastructures.

Weak exposureto dataworkflows: Afurthergap relates to the handling of data work-
flows. HPC today is not limited to computation but increasingly involves complex data
pipelines, from parallel I/O to workflow orchestration and reproducibility practices.
Yet these aspects are seldom emphasized in computer science education. Students
may be introduced to algorithms and systems but receive little guidance on how to
manage large volumes of simulation data, design portable workflows, orensure repro-
ducibility across heterogeneous environments. This omissionis problematic, since ro-
bust data practices are now as central to scientific computing as code correctness.

Narrow focus: Finally, computer science training often maintains a narrow focus on
theoretical knowledge at the expense of practical exposure. Courses tend to empha-
size algorithmic complexity, architecture concepts, or formal models without

43



The Bigldeas for HPC Education
From Existing Needs in High-Performance

Computing Training to Recommendations
for Instructional Design

sufficiently embedding opportunities to interact with real HPC environments or ap-
plied scientific problems. As a consequence, graduates may be theoretically well-
prepared butinexperienced in deploying and testing applications onactual HPC plat-
forms. This creates a disconnect between academic preparation and the demands of
research centers or industry, where proficiency in navigating HPC environments and
applying HPC to real-world challenges is indispensable.

Training Gaps for Domain Students and Researchers (Non-
CS)

Low computationalliteracy: Acentraltraining gap fordomain students andresearch-
ersislow computational literacy. Many learnersin disciplines such as physics, biology,
or engineering lack foundational skills in programming, Unix environments, or the use
of job schedulers and parallel computing models. When these students encounter
HPC resources, they often approach them with the mindset of desktop computing,
without understanding the principles of concurrency, distributed memory, orresource
allocation. This creates significant barriers to entry and prevents them from using HPC
systems effectively, even when such resources are essential to theirresearch.

Overreliance on domain tools: Another weakness stems from an overreliance on do-
main-specific software packages. Researchers frequently learn to operate special-
ized tools such as GROMACS in chemistry or Abaqus in engineering, but they do so as
endusersratherthan developers. While these packages allow them to run simulations
on HPC systems, they do not equip them with the skills to adapt, extend, or optimize
software for new problems or larger scales. This dependence limits their autonomy
and makes them reliant on a small pool of computational experts, slowing innovation
and reducing flexibility in applying HPC to emerging research challenges.

Bridging gap: A persistent bridging gap also affects this group. Many STEM curricula
assume that computing expertise lies outside their disciplinary scope, leaving stu-
dents without basic training in programming, data structures, or scalability concepts.
The absence of introductory computing courses tailored for non-CS audiences
means that domain students must acquire essential skills informally, often during doc-
toral studies or when they first encounter HPC in practice. This late start makes the
learning curve steeper and reduces the potential for interdisciplinary innovation that
could emerge if CS fundamentals thinking were embedded earlierin their education.
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Contextual training missing: Domain learners also face a lack of contextualized train-
ing opportunities. Evenwhen HPC concepts are introduced, they are often presented
in abstract or technical terms rather than in relation to the student’s field of study. For
example, engineers benefit most from seeing HPC applied to digital twin simulations
of industrial processes, while biologists engage more effectively when training in-
cludes genomics pipelines or molecular dynamics. Without such contextual rele-
vance, HPC education remains disconnected from the problems domain students
care about, reducing motivation and hindering knowledge transfer.

Awareness gap: Finally, there is a pronounced awareness gap regarding the conver-
gence of HPC with Al, big data, and emerging technologies such as quantum compu-
ting. Many domain researchers are unfamiliar with how large-scale data analytics or
machine learning workflows canbe accelerated and scaled on HPC systems. Similarly,
they lack exposure to forward-looking paradigms like quantum-HPC integration,
which are likely to influence their fields in the coming decades. Without structured
traininginthese areas, domain students andresearchersrisk being excluded from cut-
ting-edge developments, perpetuating a divide between disciplinary expertise and
computationalinnovation.

Training Gaps in Academia (Educators, Students, Re-
searchers)

Curricularfragmentation: Apersistentgapinacademiais the fragmentation of curric-
ula. HPC topics are not systematically included across disciplines and remain incon-
sistently integrated between institutions. While some universities offer dedicated
modules in parallel computing, many others treat HPC as a niche subject, relegated to
electives or specialized graduate programs. This lack of consistency means that stu-
dents’ exposure to HPC depends heavily on where they study, leading to unequal
preparation across the academic landscape.

Educator preparation gap: Another major challengeis the limited preparation of edu-
cators. Only a small proportion of faculty possess deep expertise in parallel and dis-
tributed computing, and even fewer have formal training in pedagogy specific toHPC.
Many courses are taught by researchers or technical staff who are experts in their field
but unfamiliar with effective teaching strategies for such complex and abstract mate-
rial. This shortage of qualified and well-prepared instructors reduces the quality and
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scalability of HPC education, leaving institutions dependent on a small pool of spe-
cialists.

Reproducibility underemphasized: Reproducibility and open science practices are
alsounderemphasizedin academic HPC training. Although reproducibility is central to
scientific credibility, students are rarely taught to document workflows, manage com-
putational environments, or verify results across heterogeneous platforms. Without
explicitinstructioninthese practices, future researchersrisk perpetuating non-repro-
ducible work, undermining the scientific value of HPC-drivenresearch. The use of pro-
prietary software exacerbates the problem. Embedding reproducibility into curricula
is essential to align HPC education with broader movements toward transparency and
openscience.

Late exposure: HPC conceptsalsotendtobeintroducedtoolateinthe academic tra-
jectory. Concurrency, scalability, and parallel thinking are often reserved for Master’s
or doctoral studies, by which time students may have already developed habits of se-
quential programming that are difficult to unlearn. Introducing these concepts earlier
inundergraduate education would normalize parallel thinking and ensure that students
approach computing with scalability in mind from the outset. The current late expo-
sure represents a missed opportunity to cultivate computational literacy as a founda-
tional skill.

Infrastructure access limits: Finally, many students suffer from limited access to HPC
infrastructure during their studies. While theoretical instruction is available, hands-on
experience with real clusters or supercomputers is frequently absent. In some institu-
tions, students may only experiment with small-scale simulations on personal laptops,
without learning to interact with schedulers, queues, orlarge distributed systems. This
lack of practical exposure creates a disconnect between academic training and the
environments graduates will encounterinresearch centers orindustry, where familiar-
ity with real HPC systems is a baseline requirement.

Training Gaps for Industry Professionals and Practitioners

Missed foundation: A fundamental gap for industry professionals is the absence of
HPC foundations in their formal education. Many engineers, analysts, and technical
staff never encountered HPC concepts during university studies, which means they
arrive in the workplace with strong domain expertise but no understanding of parallel
programming, distributed computing, or performance scaling. This creates a steep
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entry barrier: professionals must learn the basics of HPC while simultaneously applying
it to real-world problems, a process that slows adoption and reduces efficiency inin-
dustrial contexts.

Open standards adoption: Another pressing issue is the limited adoption of open
standards. Companies often rely on proprietary tools and vendor-specific solutions
that solve immediate needs but restrict long-term flexibility. Training on open-source
libraries andinteroperability standards such as MPI, OpenMP, OpenACC, and contain-
erization practices is essential to build software and workflows that are portable
across platforms and avoid costly vendor lock-in. Without such training, organizations
risk siloing their HPC capabilities and losing competitiveness as technologies evolve.

Training formats misalignment: The alignment of training opportunities with actual
professionalneedsis also problematic. Many available workshops are eithertoo basic,
repeating concepts that participants already know, or too advanced, requiring prior
knowledge that many lack. Intermediate-level modules that focus on bridging gaps
are scarce. Professionals also require short, flexible learning formats—micro-courses,
modular workshops, or online training—that can be integrated into demanding work
schedules. The current mismatch reduces the accessibility and impact of training for
industry staff.

Continuous upskilling need: Continuous upskilling represents another critical chal-
lenge. The HPC landscape evolves rapidly, with new GPU architectures, specialized
accelerators, and hybrid workflows combining HPC, Al, and cloud technologies. Pro-
fessionals in industry must continually retrain to keep pace with these changes, but
structured opportunities forongoing education are limited. Without systematic path-
ways forupskilling, companies struggle to maintain teams capable of exploiting state-
of-the-art HPC resources.

Certification gap: Certificationis another area of unmet need. Both professionals and
employers value recognized credentials to benchmark HPC skills and to validate that
training outcomes translate into workplace competence. Yet standardized certifica-
tion frameworks are stillemerging, and many current training efforts provide no formal
recognition. The absence of widely accepted certifications reduces the incentive for
individuals to pursue training and limits employers’ ability to assess workforce readi-
ness.

Knowledge transfer weakness: Knowledge transfer within companies is also weak.
ExpertiseinHPCis often concentratedinahandful of specialists who carry much of the
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organizational know-how. This creates bottlenecks andrisks: if those experts leave or
change roles, critical competencies are lost. Broader team-level training, mentoring,
and structured documentation practices are rarely in place, meaning that HPC
knowledge does not disseminate effectively across engineering or R&D teams.

Access challenges: Finally, access to infrastructure poses a significant barrier, espe-
cially for small and medium-sized enterprises (SMEs). Unlike large corporations or re-
search centers, SMEs typically lack dedicated HPC resources. While national and Eu-
ropean HPC centers, as well as cloud providers, offer opportunities to access HPC
power, many companies lack the training needed to navigate these systems, prepare
applications, or manage data securely at scale. This lack of capacity building means
that SMEs, despite their potential to benefit from HPC, remain underrepresentedinits
adoption.

Cross-Cutting Gaps (Affecting All Profiles)

Emerging technologies underrepresented: One of the most prominent cross-cut-
ting gaps in HPC education is the limited attention given to emerging technologies.
Training programs rarely incorporate content on digital twins, large-scale AI-HPC in-
tegration, or the principles of quantum computing. As these fields increasingly shape
the future of computational science and industrial innovation, the absence of struc-
tured training leaves students and professionals underprepared to work with the hy-
brid, heterogeneous systems that are already becoming standard. Without exposure
to these trends, learners risk graduating with skills that are quickly outdated.

Data management and governance: Data management and governance represent
another major deficit. While computationis at the heart of HPC, the ability to manage
data efficiently at scale is equally critical. Yet few curricula provide systematic cover-
age of parallel 1/0, storage hierarchies, or strategies for data locality. Even less em-
phasis is placed on ensuring reproducibility, documenting workflows, or integrating
responsible Al and data practices into HPC pipelines. The lack of such training not only
undermines scientific rigor but also prevents professionals from meeting industry
standards for compliance, auditability, and trustworthy data use.

Sustainability and societal impact: A further gap concerns sustainability and societal
impact. HPC is energy-intensive, but training programs seldom address the environ-
mental costs of large-scale computation or strategies for mitigating them. Similarly,
little space is given to the broader ethical and societal implications of HPC, such as its
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role in climate modelling, healthcare, or national security. Embedding sustainability
and ethics into HPC education is essential to prepare professionals who can balance
performance goals with social responsibility.

Interdisciplinary communication: Anotherissue shared across all profilesis the lack of
trainingininterdisciplinary communication. HPC projects nearly always require collab-
oration between domain scientists, computer scientists, and engineers, yet educa-
tion continues to train these groups inisolation. Few courses provide opportunities to
develop teamwork skills, cross-disciplinary dialogue, or joint problem-solving. This
perpetuates silos that slow down innovation and limit the effectiveness of HPC in ad-
dressing complex, real-world challenges.

Pedagogical methods: Finally, pedagogical methods themselves contribute to the
gap. Although students and professionals consistently express a preference for
hands-on, project-based learning, many HPC courses remain lecture-heavy, overly
theoretical, and inaccessible to beginners. Entry-level learners in particular often find
HPC daunting when itis introduced through abstract models rather than practical ex-
ercises. More engaging and inclusive pedagogical approaches—such as interactive
labs, collaborative projects, and scaffolded exercises—are urgently needed to lower
the barrier of entry and ensure long-term retention of HPC skills.
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The Bigldeas of HPC

Computation Has Physical Limits — and HPC
Helps Push Them

Computers are physical devices. Their speed and capability
depend onreal-world constraints: energy, space, heat, and
time. HPC exists because we want to solve problems that ex-
ceedthe capabilities of ordinary systems. From weather pre-
diction to protein folding, HPC helps us push the boundaries
of what computation can achieve.

Digging deeper:

e Physicallimits (e.g., heat, power, transistor density) ended the era of automatic
performance gains via faster clock speeds.

e HPCscalesoutinstead: using many processing units working together.

e Thisallowsusto perform simulations, analyses, and experiments that are infea-
sible on conventional computers.

e These constraintsremind us that computing always comes with trade-offs: en-
ergy, money, and time.

e New technologies, such as quantum computing, aim to overcome current
physical limits; however, HPC remains the dominant paradigm for solving the
most significant and complex problems today.

o Energy efficiency has become a first-class design goal in HPC systems. The
push toward exascale computing has made metrics like FLOPS per watt asim-
portant as raw speed. This focus on energy aligns with the broader goals of
green computing, reflecting a societal need to reduce the environmental im-
pact of large-scale computational infrastructure.
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Parallelism Unlocks Speed and Scale

The key to modern computational power is parallelism: do-
ing many things at once. Instead of solving a problem step by
step, we divide it into parts that can run simultaneously. Par-
allelismis not just a technical trick — it's a fundamental prin-
ciple that lets us think bigger, solve faster, and go further.

Digging deeper:
e Parallelism appears at all levels: within processors (SIMD), across cores (MIMD),
and across systems (distributed memory).

e Touse parallelism, a problem must be decomposed into independent or semi-
independent tasks.

e Dataparallelism: applying the same operation to different parts of a dataset.
o Taskparallelism: executing different tasks concurrently.

e Parallel programs require coordination: communication, synchronization, and
load balancing.

o Paralleldesign patterns are common strategies for organizing parallel compu-
tations. They provide reusable structures for solving classes of problems effi-
ciently. Examples of patterns include master/worker (central coordination with
distributed work), pipeline (stages of processing), SPMD (all processors run the
same program on different data), and embarrassingly parallel (tasks run inde-
pendently with no need for communication).
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Performance Comes From Matching Algorithm
and Architecture

There is no universally "best" algorithm. Performance de-
pends on how well an algorithm fits the underlying hardware.
In HPC, we tune software, data structures, and parallel strat-
egies to match specific architectures.

Digging deeper:
e Memory hierarchies and processor topology influence algorithm efficiency.

e Communication is often more expensive than computation — minimizing data
movement matters.

e Parallel algorithms often differ fundamentally from serial ones; effective paral-
lelism may require rethinking the algorithm.
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Decomposition Is Fundamental

/

Scalable computing requires decomposition: dividing a
problem into parts that can be solved concurrently. How a
problemis decomposed often determines whether it can be
solvedin parallel at all.

Digging deeper:
o Data decomposition assigns different parts of a dataset to different pro-
cessing elements.

o Taskdecomposition assigns different computations to different elements.

e Decomposition must balance the workload and minimize inter-task communi-
cation.

o Effective decompositionis not always obvious; it may require deep domain ex-
pertise, problem-specific knowledge, or the use of automatedtools toidentify
parallel structure.
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Communication Can Be More Expensive Than
Computation

In parallel systems, moving datais oftenthe main bottleneck.
As systems grow, the cost of communication (intime and en-
ergy) can dominate the cost of computation.

Digging deeper:
o Latency isthe delay to start communication; bandwidth is the amount of data
transferred per unit of time.

e Communication introduces delays, synchronization overheads, and potential
contention.

e Minimizing communication s a primary design goal in parallel algorithms.

o Communication costis not just a bottleneck, but a major factorin energy con-
sumption

o Strategies include ghost cells (duplicated edge data to reduce communica-
tion), blocking (organizing data into chunks that fit cache or reduce transfer),
overlapping computation and communication (working while data transfers in
the background), and communication-avoiding algorithms (designs that min-
imize the need to exchange data between processing units).
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HPC Requires Coordination Between Hardware
and Software

/

HPC is a co-design challenge: software and hardware must
work together. Knowing how hardware works enables better
software; good software unlocks the potential of hardware.

Digging deeper:
o Thechoice of datalayout, memory model, and parallel structure often deter-
mines whether a program can effectively exploit modern hardware.

e HPC architectures are increasingly heterogeneous, combining CPUs, GPUs,
and specialized accelerators — requiring programmers to understand different
execution and memory models.

e Co-design (the joint development of hardware and software with mutual
awareness) is becoming a standard approach in HPC system design, ensuring
that systems and applications evolve together for optimal performance and
efficiency.

o SIMD/vectorunits enable high-throughput operations on data arrays.

e Coordination encompasses performance modelling, scalability testing, and
understanding architectural features such as NUMA orinterconnect topology.

e Performance portability — writing code that runs efficiently on many platforms
—remains a grand challenge.
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Scientific Discovery and Innovation Depend on
HPC

HPC enables science at scale. From simulating galaxies to
designing new materials, it changes what we can model, ex-
plore, and discover.

Digging deeper:
e Fieldslike climate science, genomics, physics, and medicine rely on HPC simu-
lations.

e HPCisalsousedinindustry, where it optimizes supply chains, models financial
risk, and trains Almodels.

e Many breakthroughs are driven by simulations that would be impossible with-
out parallel computing.

e HPCdoesn'tjust make old things faster; it enables new kinds of questions.

e« We are in the age of data-driven science. HPC enables the storage, pro-
cessing, and analysis of petabytes of scientific data — enabling not only simu-
lations, but also data mining, statistical inference, and machine learning.

e HPCiscentraltolarge-scale Al training(e.g., LLMs)

e Therise of Al and HPC convergence allows scientists to combine simulations
with learning systems that adapt, accelerate, or even replace traditional mod-
els
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Not All Problems Scale — and Some Never Will

Some computations resist parallelization. Others scale
poorly due to coordination orhardware limits. Understanding
scalability is central to HPC.

Digging deeper:

Amdahl's Law: even a small serial fraction can limit speedup.
Gustafson's Law: increasing problem size can maintain efficiency.
Strong scaling: solving a fixed-size problem faster by using more processors.

Weak scaling: solving larger problems in the same time by increasing the num-
ber of processors proportionally.

Scalability islimited by serial sections, communication overhead, and algorithm
structure.
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Reproducibility and Precision Matter at Scale

/

At the HPC scale, minor numerical errors can become signif-
icant problems. Scientific computing must be accurate, sta-
ble, and reproducible — evenin parallel.

Digging deeper:
o Floating-point operations are not associative; different orders of operations
canyield different results.

o Parallel reductions (operations that combine values across multiple proces-
sors, like summing up an array in parallel) may be non-deterministic unless ex-
plicitly controlled.

e Scientific reproducibility also depends on tracking versions, inputs, and com-
putation environments.

e Open-source tools, version-controlled codebases, and well-documented
pipelines are essential forensuring that results can bereplicated and verified by
others.
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HPC Thinking Is a Transferable Skill
4

The skills developed in HPC — parallel reasoning, perfor-
mance modeling, decomposition — are increasingly relevant
across domains, from Al to cloud computing to embedded
systems.

Digging deeper:
e TheFourth Paradigm of science (after theory, experiment, and simulation) em-
phasizes data-intensive discovery. HPC skills — managing data pipelines, op-
timizing performance, scaling analytics — are foundational to this approach.

e Understanding HPC principles prepares students notjust for supercomputing,
but forany domain where performance, scale, and complexity matter — includ-
ing Al, robotics, edge computing, and quantum-classical hybrid systems.

e The same concepts apply in Al model training, real-time analytics, and mobile
computing.

o Thinking in terms of coordination, scalability, and performance is functional
evenoutside HPC.

e Educationin HPC cultivates a mindset that involves breaking problems down,
understanding trade-offs, and reasoning about systems at scale.

o Sustainable computing is an emerging field of expertise. HPC thinking fosters
awareness of resource efficiency, whichis crucial not only for performance but
also for designing greener and more responsible technologies.

The list should by no means be considered definitive. We are warmly open to feed-
backs. Be part of ourresearch.

60


https://forms.office.com/e/sej2Zpy8ma

\ N
PG s
A %
A A SOV LR




The Bigldeas for HPC Education
From Existing Needs in High-Performance

Computing Training to Recommendations
for Instructional Design

From Results to Recommendations for In-
structional Design

The analysis of current needs and challenges in HPC education can be translated into
concrete recommendations for designing more effective instructional programs. In
light of our findings - including the “Big Ideas” identified by experts and the gaps in
skills for both academia and industry - we propose several strategies to improve HPC
education and training.

[Integrate HPC fundamentals across curricula ]

Universities should embed core parallel, distributed, and high-performance compu-
ting conceptsintorelevant degree programs (not only specialized tracks). This means
introducing students to parallel programming, algorithmic scalability, and perfor-
mance considerations as part of computer science or data science courses, rather
than treating HPC as anisolated niche. Given that most current computing programs
do not cover HPC topics at all (Chen, Ghafoor, & Impagliazzo, 2022), curricular reform
is needed to ensure graduates acquire at least basic HPC knowledge and skills. Early
exposure to HPC core concepts will better prepare students for the computational
demands of modern science and engineering.

[Adopt a “Bigldeas” framework for curriculum design }

To bring structure and coherence to HPC education, instructors should identify a set
of overarching Big Ideas (fundamental principles) and organize coursework around
them. Our research indicates that HPC teaching has often been ad-hoc and incon-
sistent, an issue that a big-ideas approach can mitigate. By centering the curriculum
on enduring concepts - for example, “parallelism yields performance (and its limits),”
“scalability,” “locality and data movement costs,” etc. - educators canensure that stu-
dents grasp the high-level principles that will remain relevant even as specific hard-
ware and software technologies evolve. Thisapproach also aidsin creating shared ter-
minology and definitions in a field where multiple notations and viewpoints currently
coexist (Rajetal.,2020). Inshort, a principles-first (ratherthan tool-centric) curriculum
makes HPC learning more accessible and lasting, which is especially important for
newcomers.
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[Build capacity and community for HPC educators J

Expanding HPC education will require investing in those who teachit. Institutions and
policymakers should encourage the formation of an HPC education community of
practice, where experienced HPC researchers and practitioners contribute to teach-
ing and curriculum development (Rajet al.,2020). Bringing active HPC expertsinto the
classroom can help keep course content up-to-date with fast-evolving technology.
Atthe same time, current faculty need support to gain HPC pedagogical skills. Provid-
ing training workshops for instructors, along with openly shared teaching materials
(lecture notes, tutorials, assignments), is vital so that individual teachers don’t have to
reinvent the wheel. Only a small number of faculty members today have the expertise
toteachHPCindepth(Rajetal.,2020), so leveraging collaborations (forinstance, co-
teaching across universities orvirtual courses) canreduce the burden on any single in-
structor. By nurturing a professional community for HPC educators, we can accelerate
knowledge transfer and disseminate best practices in teaching parallel computing.

[Integrate data management and Al governanceinto J
HPC curricula

As databecomes the central driver of scientific discovery and innovation, HPC educa-
tion must equip learners not only with computational skills but also with the ability to
responsibly handle and govern data-intensive processes. Training should cover the
technical foundations of large-scale data management (parallel I/O, storage hierar-
chies, data locality, reproducibility of workflows), as well as principles of responsible
Al, including transparency, bias mitigation, and auditability of models trained at scale
onHPC systems. Students should also beintroduced to theregulatory and societal di-
mensions of data, such as privacy, data sovereignty, and compliance withinternational
standards. Pedagogically, these topics can be embedded into interdisciplinary pro-
jectswhere computing, data science, and domain-specific knowledge converge—for
example, case studies in climate modelling, healthcare, or finance that highlight both
technical performance and responsible data use. By integrating these perspectives,
HPC education will prepare professionals who are not only technically proficient but
also capable of leading data-driven innovation in ways that are ethical, sustainable,
and aligned with societal needs.
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Ensure access to practical HPC environments for
learners

Effective HPC instruction must be experiential. Students need opportunities to run
code on multi-core and distributed systems, experiment with real parallel workloads,
and observe performance behaviour at scale. We recommend that programs provide
accessible HPC platforms or simulators as part of coursework. This could involve using
cloud-based clusters, on-premise training supercomputers, or even small “mini-su-
percomputer” labs. The keyis tolet students move beyond toy examples - they should
grapple with issues of synchronization, communication latency, load balancing, and
resource management in arealistic setting. General-purpose computing labs are not
sufficient for this purpose (Raj et al., 2020). Universities and consortia might collabo-
rate with national HPC centers to grant students accounts on larger systems, or use
containerized HPC environments for teaching. Additionally, assignments should in-
clude scaling studies (e.g. measure how runtime changes from 2 to 32 processors)and
use of performance analysis tools, so that graduates are comfortable with the tools
and techniques of HPC tuning. By encountering the practical constraints (Queue sys-
tems, memory limits, etc.), students also learn invaluable skills for real-world HPC us-
age. Allocating resources for educational HPC access - possibly via initiatives like Eu-
rope’s HPC Training Platform and Al Factories - will significantly enhance instructional
outcomes.

Tailor HPC training to different learner profiles with
interdisciplinary approaches

HPC education should not adopt a one-size-fits-all mentality, because the needs of
computer scientists versus domain scientists (and industry engineers versus academ-
ics) candiffer. For students in scientific disciplines without a CS background, curricula
should emphasize the essential computing concepts needed to use HPC effectively -
for example, understanding parallel processing basics (processes, threads, synchro-
nization), parallell/O and data management, and the notion of scalability and speedup
limits (Raj et al., 2020). These learners benefit from a focus on applying HPC to their
domain problems (e.g. running simulations, data analysis), with computing material
delivered in an accessible way (perhaps via high-level frameworks or interactive
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environments) once the concepts are established. In contrast, for computer science
and engineering students, programs can delve deeperinto HPC internals: covering a
wider array of parallel algorithms, the architecture of supercomputers and accelera-
tors, classic challenges like race conditions and deadlock, and advanced topics like
parallel design patterns (Raj et al., 2020). This two-track emphasis ensures that each
audience gets the appropriate foundation - domain specialists gain computational
thinking, while computing specialists gain system-level expertise - yet also finds com-
mon ground in core HPC principles. Moreover, HPC training initiatives should encour-
age interdisciplinary teamwork (e.g. mixed teams of CS and science students solving
a problem), reflecting the collaborative nature of modern computational science.
Such tailoring and integration will produce graduates who can communicate across
disciplines and collectively push forward HPC adoptionin both research and industry.

[Provide early exposure to HPC concepts ]

Although still at an early stage, K-12 initiatives in HPC and parallel computing demon-
strate that young students can meaningfully engage with fundamental ideas such as
parallelism when taught through appropriate methods. Hands-on activities (e.g.,
building small clusters, using visual analogies) and competitions can spark curiosity
and demystify HPC at an early age. The main challenge lies in scalability—moving from
isolated pilot workshops to broader curricularintegration—which will require targeted
teacher training and the establishment of curricular standards for CS in K-12 that ex-
plicitly include parallelism.

Integrate reflections on energy, sustainability, and
societal impact

HPC education should not focus solely on technical efficiency but also encourage
learners to critically reflect on the environmental footprint and broader societal impli-
cations of supercomputing. Training should address topics such as the energy con-
sumption of large-scale systems, strategies for sustainable computing, and the role
of HPCin tackling global challenges (e.g., climate modelling, healthcare, disaster pre-
paredness). Embedding these reflectionsinto curricula will foster a generation of pro-
fessionals who not only master the technical aspects of HPC but are also equipped to
make responsible decisions about its use in society.
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[Integrate emerging trends into HPC curricula J

As the HPC landscape rapidly evolves, instructional design should anticipate and in-
corporate connections with emerging paradigms such as artificial intelligence, quan-
tum computing, and digitaltwins. These technologies are increasingly converging with
HPC, reshaping both research and industry applications. By embedding modules or
case studieson HPC-Alintegration, quantum acceleration, and the use of digital twins
for simulation and optimization, curricula can remain future-oriented and adaptable.
Thisensuresthatlearners develop both strong HPC fundamentals and the agility toen-
gage with the cutting-edge technologies that will define the next generation of high-
performance computing.

Strengthen links between academia, industry, and
HPC research centers

Instructional design should leverage partnerships outside the traditional classroom to
keep content relevant and to facilitate knowledge transfer. We recommend incorpo-
rating industry and research experiences into HPC education wherever possible. This
canrange frominternships and project partnerships (where students work onreal HPC
applications in companies or national labs) to inviting industry experts for seminars or
co-developing course modules on state-of-the-practice technologies. The new Eu-
roHPC master’s curriculum has made industrial internships a mandatory component,
underscoring the value of hands-on experience with production HPC environ-
ments (Bouvry et al., 2025). Such experiences expose students to cutting-edge HPC
use cases (from automotive to pharma to finance) and modern tools/workflows that
may not yet appear in textbooks. They also help bridge the cultural gap between aca-
demic theory and practical skill - for example, students learn about software optimi-
zation under real constraints, or about teamwork in large HPC projects. Academia-in-
dustry cooperation can further ensure that topics like open standards and reproduci-
bility are emphasized, since industry seeks graduates who can write portable, reliable
HPC code. By aligning educational outcomes with the needs of employers and the di-
rection of research, these partnerships make HPC programs more dynamic and im-
pactful. Insummary, a tight coupling of classroom learning with the broaderHPC eco-
system - HPC centers, companies, and international projects - will yield a generation
of professionals well-equipped to advance the state of the art.
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[Recognize and certify skills J

We recommend that stakeholders closely watch and contribute to efforts like the HPC
Certification Forum. Having widely recognized HPC certifications or badges can help
in multiple ways: it provides motivation for learners (a clear goal to aim for), helps em-
ployers identify qualified talent, and sets a concrete target for educational programs
to align with. Academia-industry collaboration in defining these skill standards is cru-
cial to ensure they meet real-world needs. In the interim, universities might consider
offeringtheirown certificatesin HPC (forinstance, a certificate programrequiring a set
of HPC-related courses and a project) to formally acknowledge students’ specializa-
tion, which can be noted on a transcript or CV. The micro-credential approach, exper-
imentedin EU MasterforHPC (Bouvry et al., 2025), is a promising route to explore.

[ Support diversity and inclusion in HPC education )

Effortsto strengthenHPC educationmust also address the persistentunderrepresen-
tation of women and minority groups in computational science and engineering. Di-
versity is not only an equity issue but also a driver of innovation, as heterogeneous
teamshave beenshownto produce more creative solutions and broader perspectives
on complex challenges. Internationalinitiatives provide usefulmodels: programs such
as Womenin HPC (established at SC15 and now active globally) have created mentor-
ship networks, training workshops, and visibility campaigns to support women enter-
ing and advancing in high-performance computing. Similarly, outreach projectsin the
U.S. and Europe have sought to engage underrepresented groups through summer
schools, scholarships, and targeted recruitment. To build on these experiences, cur-
ricula should incorporate inclusive teaching practices (e.g., using diverse role models,
designing entry points accessible to learners with varying levels of prior experience)
and provide structured mentoring opportunities for students from underrepresented
backgrounds. Institutional policies can further support diversity by sponsoring partic-
ipation in international HPC conferences, ensuring equitable access to training re-
sources, and establishing partnerships with initiatives that promote gender balance
and broader representation in computing. Embedding diversity as a guiding principle
in HPC education will not only expand the talent pipeline but also ensure that the next
generation of HPC professionals reflects the full spectrum of society.
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Conclusion

Implementing these recommendations can help modernize HPC education and en-
sure thatinstructional designisinformed by current needs. By focusing on core princi-
ples, hands-on practice, educator support, inclusivity of different backgrounds, and
external collaboration, HPC training programs can produce a larger and more compe-
tent workforce. Over time, such efforts will close the gap between the rapid evolution
of HPC and the slower pace of curriculum change, ultimately enabling more research-
ers, engineers, and decision-makers to leverage HPC forinnovation.
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Annex - Questionnaires’ analysis and results

Demographic and professional profiles of the respond-
ents

Rolesin thefield of HPC
3. What is your role in the field of HPC?

® Researcher 10 |
@ Teacher 7 ]

@® Manager 2 .

® Data scientist 2 ]

@ HPC specialist 7 I

® Altro 1 -

The responses to the question "What is your role in the field of HPC?" highlight the di-
versity of professional roles that contribute to the High Performance Computing eco-
system. Amajority of respondentsidentify as Researchers (appearing in 9 responses),
suggesting a strong focus on the theoretical and experimental aspects of HPC, in-
cluding algorithm development, performance optimization, and computational mod-
elling. This is followed closely by those identifying as HPC Specialists (appearing in 9
responses), which highlights the importance of hands-on technical expertise in man-
aging and maintaining HPC systems, as well as optimizing theiruse forvarious applica-
tions.

The presence of roles such as Teacher (appearing in 6 responses) and Manager (ap-
pearingin 2 responses) suggests that educationaland managerial aspects of HPC are
also well-represented, which is critical for the dissemination of HPC knowledge and
the strategic planning and coordination of HPC initiatives. Notably, the combination of
Researcher and Teacher (5 responses) underscores a blend of academic and peda-
gogicalresponsibilities, indicating that many respondents play a dualrole inboth con-
ductingresearch and educating the next generation of HPC professionals.
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Additional roles such as Data Scientist (appearing in 2 responses) and Education and
Training Officer (appearing in 1 response) reflect the growing intersection between
HPC and other fields like data science, where HPC is crucial for processing large da-
tasets,andthe dedicatedfocus ontraining and skill development within the HPC com-
munity.

Years of experiencein HPC

4. How many years of experience do you have in the field of HPC?

31%

® <5 4
46%
® 5-10 3
® 10+ 6 '

23%

The responses to the question "How many years of experience do you have in the field
of HPC?" show a diverse range of experience levels within the survey participants,
providing valuable insight into the expertise of the HPC community represented.

A significant proportion of respondents (7 out of 13) report having 10+ years of experi-
ence in the field, highlighting a strong presence of highly experienced professionals.
Thisisamature group of individuals withdeep expertise inHPC, likely possessing com-
prehensive knowledge about both its historical evolution and current state. Their ex-
tensive experience could be invaluable inidentifying "Big Ideas" in the field, especially
inunderstanding foundational concepts and the long-term evolution of the discipline.

Onthe otherhand, theresponses alsoreflect anotable presence of professionals with
5-10 years of experience (3 out of 13). These individuals are likely familiar with the mod-
ernadvancements in HPC technologies, tools, and methodologies.

A smaller portion of respondents (3 out of 13) report having less than 5 years of experi-
ence. While thismay indicate arelatively newerinvolvementin the field, it brings a fresh
perspective to the survey, possibly emphasizing the emerging trends in HPC and how
new professionals perceive and engage with the field's fundamental concepts.
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HPC teaching experience

5. Do you have teaching experience in the field of HPC (at the university level or in professional training)?

15%

”~

@ Yes, ongoing 7
@ Yes, occasionally 4

54%
® No 2 31%

The responses suggest a highly engaged group of respondents with varying degrees
of teachinginvolvement, providing a comprehensive range of perspectives onthe ed-
ucationalimplications of HPC. Amajority of respondents (8 out of 13) indicate that they
have continuous teaching experience. These respondents likely play anintegralrolein
shaping the next generation of HPC professionals, both in academic settings and
through professional development programs.

A smaller group of respondents (4 out of 13) report occasional teaching experience in
HPC, whichmay indicate that teaching is not their primary role but that they contribute
to education on a less frequent basis, potentially through guest lectures, workshops,
orshort courses. This group brings valuable insights as well, especially with theirexper-
tise in the field and more sporadic yet still meaningful involvement in education.

Interestingly, two respondents reported having no teaching experience in HPC, which
could indicate that their work in HPC is purely focused on technical or research as-
pects. While they may not be directly involved in teaching, theirresponses may offera
unique perspective on the identification of "Big Ideas" from a more practical, hands-
on standpoint.
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HPC tools and applications

The analysis of the responses to the questions regarding the sectors in which partici-
pants have applied orworked with HPC and the technologies and tools they most fre-
quently use in their daily work provides a complex and fascinating picture of the daily
practices and application areas of high-performance computing. The sectorsinwhich
therespondentshave applied orworked with HPC are numerous and varied, reflecting
theimportance of HPC across a wide range of academic and industrial fields.

6. What are the main sectors in which you have applied HPC or worked in HPC?

Py Computational Sciences [SO|Viﬁg problems 8 _
in mathematical, physical, chemical, and...

@ Engineering 1 | —

@ Climate modelling 0

@ Bioinformatics 1 [

® Al 4 ]

@ Big Data Analytics 2 ]

@ Materials Science 3 ]
Computer Science (e.g., software or

) X i 10 |
algorithm design

@ Altro 0

o
Mo
S
[=2]
[=-]
S

The majority of respondents indicated working in Computational Sciences, particu-
larly in solving mathematical, physical, chemical, and natural science problems using
HPC.Thisreflects afundamental area where complexsimulations and data processing
require access to advanced computational resources. Computational Sciences rep-
resentacore partofthe HPC field, and theirimpact extends farbeyond academia, also
influencing industrial research and technological advancement across multiple sec-
tors.

Additionally, the significance of Computer Science is evident, with many respondents
mentioning applications related to software and algorithm design. HPC is essential
not only for developing new algorithms but also for optimizing existing ones and tack-
ling complex computational problems, such as those arising in artificial intelligence
and machine learning. In particular, the mention of Alamong the sectors indicates the
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growing integration of HPC in Al technologies, which require massive computational
power for training complex models.

Otherimportant sectors include Materials Science, Bioinformatics, and Big Data Ana-
lytics, which highlight how HPC is used in interdisciplinary fields to explore new fron-
tiers in materials research, biomedical sciences, and the management of vast da-
tasets.

7. What technologies and tools do you use most frequently in your daily work in HPC?

Parallel computing libraries and frameworks
(e.g., MPI, OpenMP, CUDA)

Job management systems (e.g., SLURM, PBS,
Torque)

Profiling and performance optimization
tools (e.g., gprof, Intel VTune, Valgrind)
Distributed storage and file systems (e.g.,
Lustre, GPFS, HDFS)

Containerization and virtualization (e.g.,
Docker, Singularity)

Integrated Development Environments
(IDEs) (e.g., Eclipse, Visual Studio Code)
Cluster monitoring and management tools
(e.g.. Ganglia, Nagios, Prometheus)

Cloud and HPC cloud platforms (e.g., AWS,
Google Cloud, Azure)

12

Hardware accelerators (e.g., GPU, FPGA) 9

Operating systems used (also) in high-
performance computing (e.g., Linux, Cray...

Altro 1

10

(=]
(%,

10 15

Regarding the technologies and tools most used in their daily work, there is a strong
emphasis on parallel computing libraries and frameworks such as MPI, OpenMP, and
CUDA—fundamental tools for leveraging the power of modern multi-core systems
and GPUs. These technologies are crucial for optimizing performance and ensuring
that computations are carried out efficiently on high-performance hardware.

Job management systems (such as SLURM, PBS, Torque) and operating systems (par-
ticularly Linux and Cray OS) are also widely used, highlighting the need to manage and
coordinate large-scale computing resources. Managing workloads and resourcesis a
vital part of the HPC ecosystem, as it allows for the optimal use of distributed and par-
allel computinginfrastructures.

The use of hardware accelerators such as GPUs and FPGAs is equally important, re-
flecting the growing role of these tools in accelerating complex computational tasks,
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such as training Al models and processing large datasets. Containerization and virtu-
alization technologies (like Docker and Singularity) are emerging as essential solutions
to ensure the portability and scalability of HPC applications, especially in cloud or dis-
tributed environments.

Furthermore, tools for performance optimization and profiling (such as gprof, Intel
VTune, Valgrind) are crucial for analyzing and improving the efficiency of HPC applica-
tions, ensuring that computational resources are used as effectively as possible.

Bigldeasidentified

The open-ended questions on Big Ideas’ identification were analysed following a
methodology of thematic analysis (Braun & Clarke, 2006). This allowed us to identify
recurring themes that the Big Ideas addressed. We report them below, with some ex-
amples fromrespondents’ answers.

Theme Example of respondents’ Bigldeasreferringto the theme

Parallelism (algo- Parallelization is the foundation of HPC. This extends across

rithms, data structu- | different scales of magnitude — from microprocessors, to

res) the nodes of a system, to multiple systems. Parallelization is
fundamentally a problem of orchestrating multiple agents.
(R8)

At the core of HPC are parallel algorithms and data struc-
tures. (R12)

Problem decompo- | For'Big Data' problems, divide-and-conquer is the most ef-
sition fective strategy. (R1)

Many complex problems can be solved by breaking them
down into simpler problems that can be solved inde-
pendently. (R13)
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Parallel design pat-
terns

When writing HPC software, parallel design patterns can
save you from having to 're-invent the wheel'. (R1)

Technological inno-
vation and hard-
ware/software ad-
vancements

The challenges in designing HPC systems lie in physical con-
straints:

e.g. I: The problem of designing chips that are both powerful
and compact

e.g. 2: Achieving the lowest possible energy consumption
(R8)

Sophistication of
parallel algorithms

Parallel algorithms are much more complex and powerful
than their corresponding serial algorithms. (R6)

Increased perfor-
mance of HPC with
respect to tradi-
tionalmodels

Distributed computing can be used to improve perfor-
mance, orincrease reliability, or both. (R1)

Parallel computingis the computational equivalent of the old
adage "many hands make light work." (R1)

Limitations and
challenges of paral-
lelism (hardware and
software)

Communication overhead can reduce speedup. (R11)

HPCisnotapanacea. AdaptingaproblemtoHPC-basedso-
lutions involves trade-offs, which can come as a surprise to
new HPC users. For example, time-to-solution may depend
strongly on your strategy for making the task parallel, and for
some tasks, may not offerany benefit at all. (R2)

Heterogeneous en-
vironment and com-
bination of different
models

Various types of separate HPC methods can be combinedin
clever ways. An example would be multicore+GPU, or multi-
core+SIMD, or MPl+multicore+GPU. (R3)

HPC + Al

Al/MLis an application of HPC (R10)
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The integration of HPC and machine learning enables real-
time simulations of complex systems, using surrogate mod-
els to reduce computational costs without compromising
accuracy. (R7)

Scalability and di- In some casesitis possible to replace a powerful but expen-
stributed systems sive processorwith alarge number of less powerful but much
more affordable processors. (R13)

Storage and data Disaggregating devices puts more stress on the network.
management High performance, secure. low latency data transfer is
neededto supportincreasingly distributed workloads. (R4)

A file can be split and its fragments stored across multiple
servers, while stilllooking like acommonsingle file tothe user.

(R5)
Practical applica- The integration of HPC and machine learning enables real-
tions of HPC time simulations of complex systems. (R7)
Societalimplica- There are computationally complex problems that require
tions of HPC many calculations.

Personal computers are insufficient to solve these problems.

Society benefits from striving to push the boundariesin solv-
ing these problems as effectively as possible.

The frontieris HPC (R8)
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The themes identified can be clusteredinto 5 macro-themes as follows:

Cluster Included Themes
Foundations of Parallel o Parallelism (algorithms, data structures)
Computing

e Problemdecomposition
o Paralleldesign patterns
e Sophistication of parallel algorithms

e Limitations and challenges of parallelism
(hardware and software)

Technological Infrastructure e Technological innovation and hard-
and Innovation ware/software advancements

e Heterogeneous environment and combina-
tion of different models

e Scalability and distributed systems

e Storage and datamanagement

Synergies with Artificial In- e HPC+AI

telligence

Applications and Societal e Practical applications of HPC
Impact

e Societalimplications of HPC

Performance and Strategic e Increased performance of HPC withrespect
Advantage to traditional models
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Educational needs emerged

To analyse the educational needs to train experts in academia and in the industry, we
started from the themes highlighted for the Big Ideas’ classification. Then, other
themes were added to reach a comprehensive description of respondents’ answers.

Theme Academia  Industry
From Big Parallelism (algorithms, data structures) v v
Ideas
New Concurrency v x
From Big Problem decomposition x x
Ideas
New Data decomposition v X
From Big Parallel design patterns v v
Ideas
New Teaching onreal-world datasets v x
From Big Technological innovation and hard- | x v
Ideas ware/software advancements
From Big Sophistication of parallel algorithms X X
Ideas
From Big Increased performance of HPC with re- | v v
Ideas spect to traditional models
From Big Limitations and challenges of parallelism | v v
Ideas (hardware and software)
New GPU v v
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From Big Heterogeneous environment and combi- | x x

Ideas nation of different models

From Big HPC + Al v v

Ideas

From Big Scalability and distributed systems x x

Ideas

From Big Storage and data management x x

Ideas

From Big Practical applications of HPC x x

Ideas

From Big Societalimplications of HPC v v

Ideas

New Focus on educational research for HPC | v x
teachers/trainers

New Computer Science background for non | v x
CS majors

New Verification and reproducibility of results | v X

New Openstandards X v

New Knowledge transferamong employees x v

New Access to and use of public supercom- | x v
puter
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The experts mention as fundamental themes for training both in academia and indus-
try:

o Parallelism (algorithms, data structures)

e Parallel design patterns

e Increased performance of HPC with respect to traditional models

e Limitations and challenges of parallelism (hardware and software)

« GPU

e HPC+AI

e Societalimplications of HPC

Otherthemes that are recognized important for training in academia are:
e Concurrency
e Datadecomposition
e Teachingonreal-world datasets
e Focusoneducationalresearch forHPC teachers/trainers
e ComputerScience backgroundfornon CS majors
o Verification andreproducibility of results

Otherthemes that are recognized important for training in industry are:
o Technologicalinnovation and hardware/software advancements
e Openstandards
e Knowledge transferamong employees
e Accesstoanduse of public supercomputer
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