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ABSTRACT

The needs of cyberinfrastructure (CI) Users are different from those
of CI Contributors. Typically, much of the training in advanced CI
addresses developer topics such as MPI, OpenMP, CUDA and appli-
cation profiling, leaving a gap in training for these users. To rem-
edy this situation, we developed a new program: COMPrehensive
Learning for end-users to Effectively utilize CyberinfraStructure
(COMPLECS). COMPLECS focuses exclusively on helping CI Users
acquire the skills and knowledge they need to efficiently accomplish
their compute- and data-intensive research, covering topics such
as parallel computing concepts, data management, batch comput-
ing, cybersecurity, HPC hardware overview, and high throughput
computing.
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1 INTRODUCTION

The explosive growth in data collections spanning all domains of
science has expanded the use of cyberinfrastructure (CI) beyond the
traditional base of HPC practitioners engaged in numerically inten-
sive simulations. In addition, the development of new programming
languages and usage modalities has made CI much more accessible.
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Equally important, the widespread availability of robust 3rd-party
software allows a much broader community of researchers to ben-
efit from CI without having to write their own code. For most
researchers their intellectual contributions come from choosing the
appropriate problems, algorithms and methods, prioritizing com-
putations that yield the most insight and analyzing results rather
than developing new software or methods.

Although some domain scientists still write their own software,
we are seeing a growing divergence between CI contributors and
CI Users (see [3] for NSF definitions). This is a welcome trend since
it allows the two groups to specialize, resulting in more robust soft-
ware and deeper scientific inquiry. The needs of CI Users are clearly
different from those of CI Contributors. They may be required to
write basic scripts to post-process data or make minor changes to
Jupyter notebooks, but their efforts do not rise to the level of what
would be considered software development. Nonetheless, CI Users
still need a wide range of other skills to accomplish their research.
Figure 1 shows how appropriately crafted training for these users
can provide substantial benefits to themselves and others to reduce
time to solution and minimize frustrations.

Unfortunately, while the community of CI Users has grown
significantly in both size and breadth, much of the training still
emphasize software development topics rather than the skills other
than programming that are needed to effectively use advanced
CIL. Whereas CI Contributors often pick up these complementary
skills along the way, either in formalized settings or from other
developers, the CI Users can be left behind. To remedy this situation,
we developed a new training program, COMPLECS, which focuses
exclusively on helping CI Users acquire the transferable skills and
knowledge they need to efficiently accomplish their compute- and
data-intensive research. A key feature of our program is that the
topics form a coherent package, broken down into manageable
chunks spanning the foundational to specialized skills, that enable
domain scientists to independently execute complete HPC and
data-intensive workflows.

While all are welcome to participate, the target audience for
COMPLECS consists of two CI User groups: (1) students and ed-
ucators at minority serving (MSI) and primarily undergraduate
(PUI) institutions; (2) and researchers from domains that haven’t
traditionally used advanced CI. These groups are less likely to have
exposure to advanced CI or access to expertise on their campuses.
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Figure 1: Simple workflow where user submits jobs, waits until jobs complete and parses/manages the output before proceeding
to interpretation of results. Deploying skills and knowledge taught in COMPLECS, users can reduce time to solution in addition
to realizing additional benefits for themselves and other users of the resource. Note that rectangle widths are for illustrative
purposes only and speedups for each portion of workflow will depend on system utilization, queue policies and other factors.

Working directly with students will help them to advance their ca-
reers and, in the case of undergraduates, prepare them for graduate
work. A focus on educators has a multiplier effect since they can
integrate what they learn into their coursework and mentoring
programs.

Participants have three learning options. First, we will host inten-
sive multi-day workshops twice per year. Since these events have
caps on attendance, priority is given to the groups mentioned above.
Second, the topics are presented in a series of biweekly webinars or
tutorials of 1-2 hours in duration. These are open to all, but we will
still make a concerted effort to reach our target audiences. Finally,
all training materials, including hands-on exercises [5], PDFs of
slide decks [4] and recordings of webinars with curated transcripts,
are made available for self-study.

Table 1: Organization of COMPLECS training into three tiers.
Numbers in parentheses indicate section where topic is de-
scribed.

Parallel computing concepts (2.1)

Foundational knowledge Intermediate Linux & scripting (2.2)

Hardware (2.3)

Batch computing (2.4)
Data management (2.5)
Security (2.6)

Interactive computing (2.7)

Getting help (2.8)

Essential skills

Code migration (2.9)

Optional skills HTC (2.10)

Linux text tools (2.11)

We try to minimize dependencies when possible so that partic-
ipants who do not wish to follow the entire series can pick and

choose just those topics that are of interest. The training begins
with parallel computing concepts and intermediate Linux and shell
scripting, providing the foundational knowledge necessary to mas-
ter additional material. We move onto core topics that are important
for everyone who works with advanced CI: data management, hard-
ware essentials, batch job submission, cybersecurity, alternatives
to the Linux command line and how to get help. We conclude with
topics that may be of interest to only a subset of the participants,
such as code migration and installation, high-throughput comput-
ing and Linux tools for file processing (Fig. 1). In all instances, the
emphasis will be on skills that can be used on a broad range of
resources and in a variety of situations.

2 TRAINING TOPICS

2.1 Parallel computing concepts

Parallel computing concepts are usually taught as part of the com-
puter science curriculum or in specialized courses for application
scientists who expect to develop their own parallel codes. As a
consequence, CI Users generally miss out on the opportunity to
learn about the distinctions between threads and processes or the
inherent limits on the scalability of parallel applications. This is
unfortunate since an understanding of these concepts is vital to
the efficient use of advanced CI. Many 3rd-party applications are
parallelized using a hybrid approach and getting the best perfor-
mance depends on finding the optimal balance between threads
and processes. Learning about Amdahl’s law (strong scaling) [7]
and Gustafson’s law (weak scaling) [8] makes users aware of per-
formance limitations and guides them to choose appropriate core,
node, or GPU counts rather than simply throwing more hardware
at the problem.
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2.2 Intermediate Linux and shell scripting

Knowledge of Linux is indispensable for using advanced CI. While
GUIs are becoming more prevalent, being able to work at the com-
mand line interface (CLI) provides the greatest power and flexibility.
A task that would be tedious using the GUI, such as deleting or
moving a subset of files with names matching a certain pattern,
could be accomplished with a single Linux command. Beyond a
familiarity with common utilities (Is, rm, cd, pwd, cat) and compe-
tence with at least one standard Linux editor (vi/vim, emacs, nano),
CI Users should go deeper and have an understanding of symbolic
links, aliases, environment variables, the Linux/UNIX Filesystem
Hierarchy Standard, configuration files and basic scripting. These
skills enable users to automate repetitive tasks and provide a foun-
dation for the topics addressed in subsequent training. Since the
definition of what constitutes intermediate Linux varies widely, we
will ensure that our participants have a clear understanding of the
prerequisites for our training.

2.3 Hardware essentials

Knowing the specifications of the hardware being used is helpful
when trying to determine which factors affect application perfor-
mance. With all else being equal, do faster clock speeds, advanced
instruction sets, larger caches or different memory configurations
translate to better performance? This can help guide resource se-
lection, whether choosing among nationally allocated systems, pur-
chasing dedicated hardware, or selecting cloud resources. Under-
standing hardware also opens up the use of monitoring tools that
display CPU/GPU utilization and memory usage, enabling identifi-
cation of common issues that affect performance such as multiple
compute processes being mapped to the same core, underutilization
of resources or memory leaks.

2.4 Batch computing

As computational and data requirements grow, researchers may
need to transition from personal or lab resources to campus clusters
or nationally allocated systems. Jobs on these shared resources
are typically managed by batch submission system such as Slurm,
PBS, LSF or SGE, where the user needs to specify the job duration,
account information, hardware requirements and partition or queue.
Our training covers the fundamentals of batch computing, such as
fair share scheduling [10] and backfilling [6], before diving into
the details of any particular workload manager, which will make it
easier for users to adapt to new resources.

2.5 Data management

Proper data management is essential for the effective use of ad-
vanced CL. At minimum, users need to know how to efficiently
move data and choose an appropriate file system. They should also
understand the basics of file compression, archives, data sharing,
file permissions, working with large numbers of small files, mea-
suring data usage, identifying redundant files [2] and FAIR data
principles [12]. We will address scenarios such as writing large
volumes of data to home directories or many thousands of small
files to Lustre file systems that can adversely impact other users.
As a consequence, our training can have positive externalities that
benefit everyone.
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2.6 Best practices in securing data and research

Maintaining a secure CI environment is essential for ensuring the
integrity of sensitive data sets and research results. Unfortunately,
security practices are often sidelined or even circumvented by re-
searchers in order to simplify or expedite a research workflow.
Users sometimes avoid implementing safeguards, often based on
the naive assumption that their research data/resources are not
at risk. This module focuses on identifying risks, understanding
the impacts of security breaches and learning the best practices for
securing accounts, data collections and resources so as to avoid data
loss, data corruption and unauthorized access. Note that most users
have experienced a data loss incident for various reasons, many
of which are not due to a malicious attack. Data protection skills
learned here have applicability beyond the context of cybersecurity.

2.7 Interactive Computing

Interactive computing refers to working with software that accepts
input from the user as it runs, either through a command line inter-
face (CLI) or application GUI (e.g., Jupyter Notebooks, Matlab, RStu-
dio). In an HPC environment, this often involves code development,
real-time data exploration, advanced visualization or exploration of
large data sets. Although interactive computing can hide some of
the complexity of using advanced CI, users still need to be aware of
what’s going on under the hood. We will cover allocation of nodes
for interactive jobs via the batch scheduler, monitoring hardware
utilization, timing the execution of code blocks or notebook cells
and understanding the implications of using web-based services
versus X11 applications. We will also give a brief overview of Open
OnDemand [9] given it’s centrality to the ACCESS.

2.8 Getting help

CI Users inevitably encounter roadblocks that impede progress on
their educational and research goals. Reducing the time and effort
needed to address problems related to application performance,
batch job submission or data management can minimize frustration
and enable the users to become more productive. This module
addresses two essential and related sets of skills that are frequently
overlooked: (1) how to solve problems on your own and (2) knowing
how to best work with the help desk or user support. One of our
goals will be to educate CI Users on the best resources for solving
their own problems. CI Users should also know how to collect the
information that will be useful to the help desk, such as run times,
data transfer rates, time and date when events occurred, batch job
identifiers and hardware that was used. Finally, users should learn
how to properly formulate a request for assistance since it will
reduce the number of back-and-forth exchanges and minimize time
to resolution.

2.9 Code migration, porting, and installation

The CI landscape is changing rapidly as new resources and appli-
cations become available and older ones are retired. As a result,
CI Users often need to install or reinstall applications, sometimes
reverting to earlier versions to maintain compatibility with previ-
ously generated results. Given changes in libraries, architecture
instruction sets and software dependencies, building applications to
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run with optimal performance in an HPC environment can be chal-
lenging. In this module, we address the topics that CI Users should
know when doing their own installations. These range from under-
standing how to compile code, to working with package managers
and containers.

2.10 High-throughput computing (HTC)

Many users have high-throughput computing (HTC) workloads
characterized by large numbers of small jobs, frequently involving
parameter sweeps where the same type of calculation is done re-
peatedly with different input values or data processing pipelines
where an identical set of operations is applied to many files. Al-
though these workloads can be handled using standard batch job
submission, there are some pitfalls. Schedulers can be overwhelmed
by the simultaneous submission of thousands of jobs, impacting
all users. Operating policies that limit the number of running jobs,
combined with heavy demand for resource, can lead to large delays
relative to execution time. In addition, resource managers often
impose a minimum charge of one "unit", typically a core-hour, and
large numbers of very short jobs can quickly deplete an allocation.
For users with these HTC workloads, there are alternatives that
range from simply bundling together multiple calculations into a
single job to using pilot job solutions or HTC frameworks [1] such
as the Open Science Grid (OSG) [11]. In this module, we cover the
basics of HTC, with pointers to more detailed materials.

2.11 Linux tools for text processing

Many computational and data processing workloads require pre-
processing of input files to get the data into a format that is compat-
ible with the user’s application and/or post-processing of output
files to extract key results. While these tasks could be done by hand,
the process can be time-consuming, tedious and, worst of all, error
prone. This is especially true if they need to be done many times,
such as extracting a value from thousands of files generated during
a set of parameter-sweep calculations. In this module we show how
the utilities awk, sed, grep, sort, head, tail, cut, paste, cat and split
can be used alone or in combination to easily automate repetitive
tasks. Users who need additional details will be directed to primary
sources.

3 DISCUSSION

COMPLECS is still in its early stages, with the first webinar de-
livered in January 2024. The emphasis to date has been on the
development of new training materials and preparations for the
upcoming SDSC HPC and Data Science Summer Institute, where
COMPLECS topics constitute the first two days. Initial impressions
are that COMPLECS has been successful, with 425 attendees at 7
webinars and 73 applications (so far) to the Summer Institute. While
response rates to the post-webinar surveys have been relatively low,
feedback so far has been positive. We are discussing strategies to
improve the response rates, such as offering incentives using non-
federal funds, minimizing survey length to reduce survey fatigue,
and providing multiple opportunities and reminders to respond.
After each webinar topic has been presented at least once, we will
use the results of the surveys together with the attendance numbers
to make course corrections. Popular topics may be repeated more
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often or expanded into multiple webinars that go into greater depth,
while less popular topics might be condensed or only made available
online for self-directed training. Regardless of the final decision
on each topic, we will use the feedback we receive to improve the
quality of all our materials. Longer-term outcomes will be measured
at the end of each grant year. Open-ended, longer-term outcome-
related questions that we wish to answer include:

e Have you used what you learned from our training events
to facilitate your research?

e Have you shared what you learned with colleagues or stu-
dents at or beyond your institution, either informally (con-
versations, meetings, lab presentations) or formally (classes
taught, seminars, workshops, direct tutoring).

e How is the information you learned and/or skills you've
gained being used in practice in your academic life?

o If you changed your career status in the past year, did our
training play a role in helping you secure your new position?
If not, please rate and define your views of the perceived
future utility of this program

e How do you think participation in COMPLECS will impact
your future academic self and surroundings?
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