Supporting Competence
Development and Problem Solving
in High Performance Computing:

Insights into Performance Engineering Projects
from an Educational Perspective



Contact:
hpc.bw - Competence Platform for Software Efficiency and Supercomputing
info-hpc-bw@hsu-hh.de

Project Management at HSU/UniBw H:
Prof. Dr. Markus Bause
Prof. Dr.-Ing. Michael Breuer

Project Coordination: Marie Rathmann

Imprint:
Helmut-Schmidt-Universitat/Universitat der Bundeswehr Hamburg
Holstenhofweg 85, 22043 Hamburg

Published by Marie Rathmann & Alexander Kolling
Layout: HSU/MZ/Grafikstudio
Cover: © AszmiStock - stock.adobe.com




Finanziert von der
Europdischen Union
NextGenerationEU

hpc.bw < diec.bw

hpc.bw, funded by dtec.bw — Digitalization and Technology Research Center of the
Bundeswehr. dtec.bw is funded by the European Union — NextGenerationEU.



Table of Contents

Preface from the EQItOrS .....eeceeceeceeeceeeceeecreecrecrecceeceeeceeecreeceeccssssscsssssssssssssssssssssssssssses 8
R (=Y o < N 10

Advancing High Performance Computing Education:
Individual Competence Development through Practice and Infrastructure................. 12

Performance Engineering Projects

Monte Carlo simulations of real fluidS ......cccceeveieiiriiniriiercceceerteeeeee e 24
benEFIT- Numerical simulation of non-destructive testing in concrete..........cccecuueeeen... 26
Optimization of an IGA Code in MATLAB for parallel COmputing.......ccccccuveeeeecveeeeeccnnnnen. 28
Constructive heuristics and dispatching rules for the two-stage no-wait

hybrid flow shop scheduling Problem ...t seeee e e 30
Dynamic program to solve the single machine scheduling problem with

position-dependent MaINTENANCE ......ciiiiiiiieriiereeeeeee e e e s e s cvereaeeeeeeeesessnnns 32
Enabling global sensitivity analysis of large-scale FEM modelsusing QUEENS.............. 34
Molecular Monte Carlo Simulations 0N GPUS .........ciiiieiiiiiiieiiiiieieeceeeeeeveeeeeeeeeeeeeae 36

Predicting seabed object burial dynamics under wave and

currentinfluence in the NOrth Sea........cov i 38

Automated keyword extraction from court deCISIONS .......ccccveeeeeeeeieiecececiirerereeeeeeeeeeeenns 40
Advisory Projects

Individualized and Automated Feedback for Students

of the Longitudinal Study of the DigiTaKS* Project .........cceveeeveieiieriiiieineeeeeeeceeeeeeeee 44

Enabling High-Throughput Studies of Reactive Materials .......cccccceveeeveieeiccceeeeeecceeeeennne 50

Modeling Cold Plasma lonization and Startup of the

CSTAR Experimental Capacitively Coupled Plasma (CCP) Thruster......ccceceeevvvvvveeennnn. 52

Modeling Hypersonic Reentry from the Martian Thermosphere

AOWN 10 ThE TrOPOSPNEIE «.ueeeeeeieieieieeeccccertee e eerrrre e e e e e s s e s s sseseeeeeeeesssssssnnnnsnsnnns 54

Personnel scheduling in Roll-on/Roll-off terminals ......cceeeeevmereeeeeiiininciriereeeeeeeeeeeeene 56

HPC for semi-parametric statistical modeling on massive data setS....ccccccceeeereeeeenne. 58

Density Functional Theory Calculations of Positron Lifetimes ......cccccvveeeeeciveeeeccennennne. 62

Nozzle Design in Cold Spray APPLCAtIONS ......cceveeveiieiiriiiieeierirteeeeesireeeeesereeeeseeneesenns 64

DSMC-based simulation for the development of Atmosphere-Breathing Electric

PropulSiON(ABEP) SYSTEMIS . ..ueeiiiiiiiiieeeeeieccccccreereee e s s ssesecsereneseeeesssssessssesenaaeessssssssnnnns 66

Performance portability for the MIRCO BEM solver for rough surface contact .............. 68



Advancing High Performance Computing Education:
Individual Competence Development through
Practice and Infrastructure

Marie Rathmann & Alexander Kolling

High Performance Computing (HPC) refers to the use of advanced computing systems,
such as clusters and supercomputers, to perform complex calculations and process
large volumes of data at extremely high speeds. Rather than being defined by a fixed
performance threshold, HPC is a relative concept that evolves with technological
progress. It is characterized by features such as parallelism, scalability, and specialized
hardware architectures, distinguishing it from conventional systems like personal
computers or mobile devices (Barelli & Lodi, 2025; Raj et al., 2020). This capability allows
researchers to tackle complex, large-scale problems across a wide range of disciplines,
including climate modelling, physics, fluid dynamics, machine learning and artificial
intelligence, materials science, genomics, engineering, and related fields (Bacchio, 2025;
Barelli & Lodi, 2025; Neumann et al.,
2022). Moreover, it enables them to
undertake computationally intensive
tasks in specialized domains (Raj et al.,
2020, pp. 52). HPC is therefore of critical
importance for advancing scientific

This capability allows researchers to tackle
complex, large-scale problems across

a wide range of disciplines, including
climate modelling, physics, fluid dynamics,
machine learning and artificial intelligence,
materials science, genomics, engineering, research and innovation. Indeed, “HPC
and related fields (Bacchio, 2025; Barelli& promises to revolutionize not just
Lodi, 2025; Neumann et al., 2022). computing, but also every field of human

endeavor” (ebd.).

This capability to perform complex, large-scale calculations requires access to
specialized HPC infrastructure, relevant software tools, and the necessary expertise
to use them effectively (Duffek et al., 2024). However, despite the growing importance
of HPC, the field of HPC Education (HPCEd) remains underrepresented and faces
significant challenges. These include the need for a comprehensive understanding of
parallel computing, as well as the knowledge of various programming languages, HPC
architectures, and problem-solving strategies. Only a few educators possess sufficient
expertise across these domains, which limits the availability of HPC education in formal
curricula. While most learning opportunities outside formal education exist, they are
often ad hoc and lack structured design. Finally, it is important for students to learn HPC
not only theoretically but primarily through hands-on experience, for example by working
on small-scale projects that allow them to engage with HPC systems and overcome initial
challenges in practice (Raj et al., 2020). The approaches to addressing these challenges
in the field of HPCEd are highly varied, and many of them are still in early stages of
implementation and evaluation. Given the dynamic nature of HPC and the strong reliance
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on collaboration among researchers and users, this anthology aims to share our efforts
and insights into selected approaches for supporting individual competence
development.

Call for Performance Engineering Projects
Between Performance Engineering and Advisory Projects

Against the previously outlined challenges in HPCEd, the project hpc.bw — Competence
Platform for Software Efficiency and Supercomputing introduced a dedicated support
format: an annual Call for Projects for Performance Engineering (PE Projects) as part
of the High Performance Computing Competences Platform (HPCCP). The PE Projects
provided researchers across different disciplines at the Helmut Schmidt University/
University of the Bundeswehr Hamburg (HSU/UniBw H), the University of the Bundeswehr
Munich (UniBw M), as well as participating partners from the Bundeswehr and industry,
with low-threshold access to individual support in the implementation and realization
of HPC-based research projects. For each supported project, a research associate
and an experienced HPC expert from hpc.bw was assigned to provide peer-to-peer
support, including project-specific analysis, implementation on HPC systems, software
optimization, and the effective use of HPC methodologies.

To support this initiative, a call was issued and distributed through multipliers and
respective faculty representatives across the disciplines of mechanical engineering,
electrical engineering, aerospace engineering, humanities and social sciences,
economics, as well as social sciences at HSU/UniBw H and UniBw M. From 2022 to 2025,
a total of four calls were conducted, supporting a total of 21 projects. A new cohort of
three projects will start in April 2026 and will be supported until the project concludes in
December 2026.

Faculties of the Supported Projects (2022-2026)
N=24

Figure 1: Supported Projects in Relation to Their Faculties
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The Call for Projects for Performance Engineering Projects was based on a short
application form that included both a description of the research project in the context of
HPC, as well as details of the software to be optimized and the HPC-related challenges,
including the intended performance improvements. It also required an estimate of the
expected effort for performance engineering (time frame) and a self-assessment of the
applicants’ HPC expertise. The process was

designed to provide access to HPC support for  The process was designed to
researchers with varying levels of experience provide access to HPC support for
while simultaneously enabling a targeted researchers with varying levels of
selection of suitable experts to support each  experience while simultaneously
project. The applications were evaluated by the ~ €N1abling a targeted selection of
hpc.bw multipliers and supplemented by an su1t?ble experts to support each
external review to determine the type and extent project.

of support allocated.

The supported PE-Projects can be divided into two categories: advisory projects and
performance engineering projects. Advisory projects offer consulting support for HPC-
related research, including establishing HPC workflows and providing appropriate
software environments, whereas performance engineering projects focus on more
comprehensive optimization, particularly through code parallelization and performance
enhancement of existing applications (Duffek et al., 2024).

Distribution of
Performance Engineering and Advisory Projects
(N=24)

Figure 2: Overview of Projects of Performance Engineering and Advisory Projects in total

In total, the HPC experts of hpc.bw worked on projects ranging from 400 to 75,000 lines
of code in languages such as Python, Matlab, Fortran, or C++. The solutions implemented
included proper software setup and usage, leveraging external libraries and system
resources, and applying specific code optimization techniques, such as vectorization and
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pipelining. Throughout the process, the experts shared the techniques and approaches
applied to facilitate knowledge transfer (ibid.) The HPC insights gained were made
available via GitLab or GitHub, and additional findings were incorporated into learning
offerings and content on the HPC portal (https://portal.hpc.hsu-hh.de/). At the end of the
first project phase (2022-2024), an initial overview into of the PE projects was presented,
including results from a selected project (see also: Duffek et al., 2024).

The Call for Projects for Performance Engineering thus functions as a central instrument
within the hpc.bw framework, as it connects individual research needs with existing HPC
expertise and at the same time enables sustainable knowledge transfer within the HPC
community at the HSU. It therefore represents a central element of the HPCCP by linking
individual project support, methodological competence development, and institutional
infrastructure and contributes significantly to establishing HPC as an integral component
of data-intensive research at the Bundeswehr universities and within their cooperation
networks.

HSU’s State-of-the-Art Supercomputing Infrastructure’
From HSUper to HSUpreme

The Container-Based Computing Center (CBRZ) at the Helmut Schmidt University/
University of the Federal Armed Forces Hamburg is the home of two central HPC clusters:
HSUper and HSUpreme. Furthermore, it hosts two CS-3 clusters by Cerebras Systems
and the Interactive Scientific Computing Cloud (ISCC). HSUper is a high-performance
computer with more than 580 nodes, which are divided into several partitions. The cluster
includes mostly regular compute nodes, each equipped with 256 GB RAM and two Intel
Xeon Platinum 8360Y processors (lcelake) with up to 36 cores per socket (72 cores per
node). This is complemented by five fat-memory nodes with 1 TB RAM each and the same
CPU configuration, which can be used particularly for memory-intensive applications.

For GPU-based workloads, five nodes with two NVIDIA A100 (40 GB) GPUs each and four
high-performance nodes with eight NVIDIA L40S (48 GB) GPUs each are available; the
latter provide up to 1 TB RAM and extensive local scratch storage. HSUper also features
a 1 PB BeeGFS file system, a 1 PB Ceph-based storage system and a 1.3 PB ZFS-based
backup file system. While BeeGFS primarily serves as a parallel high-performance file
system for running compute jobs, Ceph enables flexible object-based data storage for
different application scenarios. All nhodes are interconnected via a hon-blocking NVIDIA
InfiniBand HDR100 fabric, which ensures high-performance communication between
compute nodes with low latency and is therefore crucial for scalable parallel computing.
HSUper has a theoretical FP64 total performance of 3.21 PFlop/s (peta floating point
operations per second, 3.21 PFlop/s = 3.21 x 10" Flop/s) (Neumann et al., 2022). For

1 Special thanks go to Piet Jarmatz (Head of HPC) and Hauke PreuB (System Administrator) at the HSU/UniBw H,
whose contributions to the technical information on the CBRZ supported this foreword.
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comparison: in late May 2022, HSUper was listed as humber 339 in the 59th edition
of the TOP500 list of the world’s fastest supercomputers (Top500 online, n.d.; Top500
online, 2022), corresponding to rank 28 within Germany (Neumann & Kleinschmidt, 2022)
providing a LINPACK performance of 2.13 PFlop/s.

HSUper is complemented by the cloud-based solution Interactive Scientific Computing
Cloud (ISCC), which is intended both to meet specific needs for software solutions and
to lower the entry barriers for beginners working with HPC systems. The ISCC offers high-
speed connectivity to HSUper and enables for example desktop-based access to virtual
machines for tasks that would not typically be executed on HPC systems (Neumann et
al., 2023). The cluster consists of 13 hosts with largely identical hardware configurations,
but with 50 GBit/s Ethernet connectivity instead of InfiniBand. Ten regular hosts each
provide 256 GB RAM and 64 CPU cores (Intel Xeon Platinum 8360Y). In addition, there are
two GPU hosts with eight NVIDIA A30 (24 GB) GPUs each and 1 TB RAM, as well as another
GPU host with eight NVIDIA L40S (48 GB) GPUs and 2 TB RAM. Through this architecture,
the ISCC can support both classic virtualization scenarios and GPU-accelerated data
analysis or Al workloads.

The availability of these local HPC resources is a prerequisite for researchers and
students at HSU to learn and develop new HPC-related competencies. The systems allow
to experiment with new research approaches that would otherwise require a project
proposal to apply for HPC resources at another institution. Hence, those local resources
support independent research and development in strategically relevant technological
fields.

Supporting Growing Research Demands
Significant Updates to HSU’s Computing Power

In 2026, the storage and Al infrastructure of the Computer-based Research Center (CBRZ)
has been systematically expanded in order to meet the
growing demands of data-intensive research as well
as modern Al applications. For HSUper, an additional
Center (CBRZ) has been dedicated backupfile systemis now availableto allusers.
systematically expanded in The system, based on ZFS, offers high data resilience and
order to meet the growing automatic snapshots. The usable net capacity amounts
demands of data-intensive to 1,300 TB on a hard-disk basis, and through automatic
research as well as modern compression an effective storage volume of up to 2,000
Al applications. TB is expected.

In 2026, the storage and
Al infrastructure of the
Computer-based Research

The ISCC also benefits from a significant storage upgrade: a new flash-based dedicated
storage system with around 380 TB of usable raw capacity (plus compression and
deduplication) optimized for the parallel operation of many virtual machines (VMs).
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Virtualization methods are massively accelerated in comparison to utilizing Ceph as a
file system for the ISCC. Benchmarks show an 11.5-fold increase in read/write bandwidth
within VMs compared with the previous system. This improvement particularly enables
more efficient development, testing, and teaching environments based on virtual
infrastructure.

Inaddition, HSU/UniBw H has procured atwo-node Cerebras CS-3 system. This Al-focused
high-performance system is based on the third generation of the Wafer Scale Engine from
Cerebras Systems. Each CS-3 chip achieves a sparse FP16 peak performance of 125
PFlop/s utilizing 900,000 compute cores optimized for linear algebra and 44 GB of on-chip
SRAM. The overall system supports ML models with up to 240 billion parameters. Unlike
classical HPC clusters, which use multiple chips cut from one wafer, the CS-3 uses a
complete wafer as a single large chip. This architecture reduces communication latency
between computing cores and enables for example efficient training processes for very
large neural networks. In addition to Al workloads—especially with already supported
frameworks such as PyTorch and TensorFlow—classical HPC applications such as
computational fluid dynamics (CFD) simulations are also possible but require significant
adaptation to the Cerebras hardware and software stacks.

HSUpreme will provide significantly more computing power thanits predecessor, HSUper.
Its nearly 500 compute nodes and more than 100,000 CPU cores based on AMD EPYC™
are expected to submit a new HSU record breaking LINPACK performance value to the
TOP500 list. Start of operations is anticipated in 2026. HSUpreme will be hosted in its
own separate container building and will feature independent parallel storage systems.
However, it will be closely connected to HSUper with a high-bandwidth, low-latency
interconnect fabric bridge for tasks such as on-the-fly ML model training. HSUpreme puts
a focus on data analysis and Al applications, with nearly 200 NVIDIA GPUs of the Hopper
and Blackwell generations, GPU-supernodes with NVLink, as well as by running a large-
scale Kubernetes cluster as a software ecosystem for Al workloads.

The direct-to-chip liquid cooling systems of HSUpreme will dynamically switch to optimal
operation mode, depending on current compute load and environment conditions.
Together with detailed compute job power measurement data for optimization of energy
usage, as well as heat recovery and reuse for neighboring office buildings, that ensures an
energy efficient green compute infrastructure.

The hpc.bw Project Framework
hpc.bw - Competences Platform for Software Efficiency and Supercomputing
The project hpc.bw — Competence Platform for Software Efficiency and Supercomputing

(dtec.bw) enhance the discipline-specific and innovative integration of HPC resources
into research and development. The project promotes the sustainability of hardware
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and software and addresses emerging challenges arising from HPC-related research
questions. It also fosters interdisciplinary exchange and cooperation among the
universities of the federal armed forces, the federal armed forces, and industry. The main
objective isto make HPC resources accessible as an infrastructure for data- and compute-
intensive research and to enable researchers to use HPC systems e.g. HSUper, a variety
of scientific disciplines in general and fields of application in specific. A specific focus
is placed on integrating disciplines with little or no prior HPC applications. In doing so,
the project contributes to establishing HPC as a fundamental resource for modern data-
driven research at the HSU/UniBw H, UniBw M, partner universities, and collaborating
project partners.

TomakeHPCaccessibleacrossvariousdisciplines, particularlyinareaswhere HPC-related
research is not yet established, a multiplier
program was established. The program aims
to build bridges between HPC expertise and
research disciplines. One multiplier from each
participating faculty shares relevantinformation
about the project and participates in decision-
making processes (Neumann et al., 2022). This approach provides new target groups
with basic information about HPC capabilities, thereby expanding research horizons
and unlocking potential across disciplines. Moreover, the multiplier program facilitates
the dissemination of relevant research questions, HPC-related subjects, and learning
offerings acrossresearch, industry, and the armed forces, while also allowing participants
to actively reflect the needs of researchers with varying levels of experience and HPC
expertise. This is especially relevant with respect the concept of the HPCCP, which serves
as the overarching framework for all HPCEd-related initiatives, ideas, and offerings from
hpc.bw.

This approach provides new target
groups with basic information about
HPC capabilities, thereby expanding
research horizons and unlocking
potential across disciplines.

The High Performance Computing Competences Platform
Moderating the Acquisition of HPC Competencies

The HPCCP is designed to reflect the multifaceted nature of HPC and its community.
It covers fundamental HPC knowledge, proficiency in using HPC systems, software
engineering competencies, awareness of the diverse HPC capabilities, the ability to
interpret manuals, and strategies for resolving technical challenges. These offerings
are delivered through diverse channels, including digital platforms, e.g. the HPC Portal,
hybrid and blended learning approaches, and on-site workshops, ensuring accessibility
and flexibility for all participants and users (see: HPC Portal).

The target groups range from interdisciplinary users without an affinity for computational

science to beginners and advanced users, as well as software developers. These target
groups are considered fluid categories: Acquiring HPC competencies can enable
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transitions between them, and researchers may belong to different target groups
depending on methodological or disciplinary context (von Hippel, Tippelt und Gebrande,
2018). To facilitate competence and knowledge transfer across these target groups,
a variety of offerings were designed and evaluated through surveys and continuous
communication with participants and the HPC community, reflecting their needs and
requirements for HPC usage. The central formats include:

Research and Discussion Formats: Support in Using HPC Infrastructures and

Exchange of Best Practices

e The monthly interdisciplinary and hybrid Seminar Series “Computation & Data” in
which brings researchers together to promote exchange and discussion on research
projects. The aim is to make current research approaches visible and to initiate new
collaborations in the field of data-intensive research.

e The quarterly CBRZ User Meeting, which facilitates discussion and exchange on
requirements for HPC infrastructures while providing into current usage statistics and
developments of the CBRZ system landscape.

Digital Learning and Information Resources: Provision of Structured HPC-Related

Knowledge, Materials, and Open Educational Resources (OER)

e The web-based HPC Portal, which bundles various learning and information
resources as a freely accessible Open Educational Resource (OER). These include
training materials similar to scripted courses with tasks for self-assessment of
learning progress, learning videos, an HPC glossary, and a blog, with reports and best-
practices. The HPC Portal is designed to be collaborative: all HSUper users can share
insights, materials or even design HPC training modules.

e The digitally prepared documentation on CBRZ and ISCC, enabling users to gain
structured access to HPC hardware, software and underlying systems.

Practical Peer-to-Peer Support: Assistance in Using HPC Infrastructures and Sharing

Best Practices

e The monthlyin-person HPC Café, which addresses practical questions in dealing with
hardware and software in the sense of peer-to-peer consultation, providing informal
space for exchanging best practices and networking in the HPC community.

¢ Regular in-person workshops, offering acquisition of specific HPC-related methods
and applications through didactically structured learning formats. These workshops
target both specific audience and interdisciplinary participants. The concept are
adapted to meet participants’ needs, ranging from knowledge-transfer seminars to
peer-to-peer concepts problem-solving in participants’ own research projects.
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e The Call for Projects for Performance Engineering, which enables individual
and low-threshold access to HPC-related consultation by experts and particularly
supports the optimization of software and computing processes.

Communication and Visibility: Informing, Networking, and Building Competencies

e A quarterly Newsletter, which informs about project activities, highlights current
developments in the project context, and points to upcoming events and learning
opportunities to build HPC competencies.
The Young Researcher Program, which supports early-career researchers while
strengthening networking around innovative and interdisciplinary research questions.

In this way, a multi-stage, multi-layered, and needs-oriented support framework is
established, which facilitates entry into HPC technologies and fosters the long-term
development of competencies in dealing with data- and compute-intensive research
methods.
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