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Abstract—Over the past decade, the convergence of Cloud and High-Performance
Computing (HPC) has undergone significant movement. We explore the evolution,
motivations, and practicalities of establishing on-premise research cloud infrastruc-
ture and the complementary nature with HPC and commercial resources; under the
belief that research clouds serve a unique role within research and education as a
convergence accelerator. This role is highlighted through exploring the design trade-
offs in architecting research clouds versus HPC resources, focusing on the balance
between utility, availability, and hardware utilization. The discussion provides in-
sights from experiences with the National Science Foundation-supported Jetstream
and Jetstream2 systems, showcasing convergence technologies and challenges. A
variety of real-world use cases are provided that show the interplay between these
computing paradigms; exploring use in research and education for interactive and
iterative development, as an on-ramp to large-scale resources, as a powerful tool for
education and workforce development, and for domain specific science gateways.

C loud and high performance computing (HPC)
have been converging in a dynamic, bi-
directional manner for more than a decade.

Here we discuss some of the convergence technolo-
gies utilized, our motivations for creating and sus-
taining on-premise research cloud infrastructure, and
the usage examples that highlight the fluidity between
cloud and HPC environments. This convergence has
been an ongoing process, with early testbeds such
as the deployment of Magellan within the Department
of Energy (DOE) in 2009 [1] and OpenStack pro-
duction clouds deployed at large scale by institutions
such as the European Council for Nuclear Research
(CERN) in 2013. In the early years of cloud computing,
commercial providers largely avoided HPC specific
technologies and adaptations; there were exceptions
within niche providers such as Penguin Computing.
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As provider interest grew to focus on serving a larger
portion of research computational needs, in addition
to hosting bare metal HPC systems, commercial cloud
providers, specifically hyperscaler ones, began deliver-
ing native HPC software technologies such as Lustre,
Spectrum Scale (GPFS), and Slurm, as well as hard-
ware technologies such as InfiniBand, and a wide array
of co-processors/accelerators. We set aside the host-
ing of standalone, bare metal supercomputers within
commercial facilities as more of a operating model and
contracting change than a technology convergence in
this discussion, but increasingly we do see participa-
tion and interest from these providers in the community
of research and education (R&E) practitioners that
share deployment and operations methods.

In our own experiences architecting, deploying, and
operating research cloud and HPC environments there
are a series of trade-offs with respect to the ideally sup-
ported use cases. We discuss a selection of those use
cases from the research cloud perspective as it relates
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to the National Science Foundation (NSF) supported
Jetstream and Jetstream2 [2] systems, deployed in
2015 and 2020 respectively, these were inspired by a
modest gateway hosting environment at Indiana Uni-
versity (IU). We will also discuss the convergence tech-
nologies, particularly those that have a high degree of
crossover from clouds to HPC systems and vice versa.
First, we will expand more on these motivating factors
followed by a discussion on technologies involved in
this convergence, and specifically their use through a
selection of science and education use cases.

MOTIVATION
Throughout the period of convergence between cloud
and HPC, we have seen a steady increase in the use
of cloud computing in research and education. Many
national research centers, national labs, and research
universities now provide cloud computing capabilities
to their constituents either through efforts like the on-
premise systems mentioned above or via managed
access to commercial clouds. In general, this increase
in cloud computing capacity has supported new or
expanded research programs; cloud technologies have
been used in ways distinct from HPC systems to
enable research and education. Although there may
have been a concern about HPC workloads moving to
the cloud wholesale, there are relatively few workloads
that have been wholly re-architected to be cloud native.
Instead, cloud technologies have arisen to provide an
HPC-like environment in a cloud.

This convergence without HPC resources being
consumed by hyperscale providers is due to a series
of design trade-offs in our view. The most prevalent
ones we see come in the form of usability (conve-
nience of access) versus optimal hardware utilization;
and high availability versus raw performance. Specif-
ically, the on-demand nature of cloud resources is
appealing to many of the use cases discussed, and
supporting that on demand capacity requires lower
utilization targets than batch scheduled HPC systems.
Similarly, raw HPC performance is exchanged for the
use of hypervisors and virtual networking technologies
that support the live migration of resources, allowing
for long running workflows and rolling maintenance
without scheduled downtime. These design trade-offs
fuel the convergence technologies and adoption of
a particular platform beyond generational familiarity
and educational experience. While embedded in those
trade-offs are also cost differentials, we focus on the
convergence in terms of functionality for this discussion
along with the ongoing challenges.

At IU, we have operated the aforementioned Jet-

stream and Jetstream2 cloud systems as well as a
number of traditional HPC systems. Over the years,
we have seen technologies, operational models, and
workflow and programming paradigms arise that aim
to leverage the best of both cloud and HPC while
attempting to be applicable in both environments. In
this paper, we give an overview of what we mean
by cloud vs. HPC technology and highlight a number
of technologies that are in the area of convergence
and can be applied in both environments. We delve
into a number of observed use cases that we have
supported, and attempt to highlight the cases where
there is a significant crossover between HPC and cloud
technologies being employed. This can happen at a
number of levels, whether it is in the hardware and
service level components, the operational paradigms,
the end user environments, or the overall workflows.
In many cases, we see a great synergy between
cloud and HPC approaches, one such example being
science gateways. In other cases, we note where
technologies generally considered to be HPC are be-
ing used in a cloud environment and vice versa. We
also note where cloud technologies have enabled new
modes of interaction with researchers and educators.

In the final sections of this paper, we survey the
current landscape of converged cloud and HPC com-
puting in research and education and highlight some of
the current and future challenges. Some of the major
challenges include the potential side effects of technol-
ogy lock-in and the need to train and retain a workforce
that can support research and education in both cloud
and HPC environments. Through highlighting these
challenges, converged technologies, and use cases we
hope to give an overall sense of the state of cloud
and HPC and show how these two approaches are
coming together to support advances and innovation
in research and education.

TECHNOLOGICAL CONVERGENCE
Cloud computing techniques are typically character-
ized by API driven instantiation of à la carte infras-
tructure and services on demand without time based
scheduling. RESTful style HTTP transport of the API
calls is common with the intent of enabling multiple
methods of access, including programmatic.

One of the most archetypical and earliest cloud
computing technology is object storage. OpenStack
Swift, Amazon Web Services S3, and MinIO are pop-
ular implementations of object storage where objects
are stored in a relatively flat two level namespace,
initially using eventual consistency (with MinIO being
designed with and S3 gaining strong consistency in
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December 2020), and either shared secrets or anony-
mous identity and access control. Relaxing the con-
sistency of POSIX semantics reduces the amount of
synchronization needed to implement object style stor-
age making it more suitable than parallel filesystems
used in HPC for the read intensive data sets involving
large numbers of small files found in biology and AI. An
S3 adaptor for HDF5, a file format commonly used in
geosciences, has been developed by the HDF Group
to transparently bring object storage to applications
without code changes. We also see more storage
products that either provide S3-style interfaces or use
objects natively, that provide both POSIX and object
interfaces in use by HPC centers today. From the
commercial cloud perspective, it is also notable that
the three largest cloud providers (as well as others) all
offer some form of managed Lustre storage within their
service offerings.

The storage of operating system images is metered
in commercial clouds and often managed with an
allocations process and quotas in on-premise clouds.
Coupled with the effort required to apply security and
bug fixes to images, this incentivizes using images cre-
ated and maintained by upstream providers. To affect a
customized image deployment to bare metal or virtual
machines, configuration management such as Ansible,
SaltStack, Chef, or Puppet is applied immediately after
the instantiation of a generic base image. HPC centers
now commonly use these configuration management
techniques as a way to ensure high quality consistent
deployment of ancillary services with minimal effort. As
a service to users, the Jetstream2 project provides a
set of images and Ansible scripts sufficient to deploy an
OpenHPC-based virtual cluster with Slurm that dynam-
ically scales, deleting and creating compute instances
based on the number of jobs queued. This functionality
is made possible by repurposing the Slurm power
management hooks for powering off idle HPC compute
nodes, with scripts for creating and deleting OpenStack
instances and hence is an example of composite HPC
and cloud.

Another area of convergence is software and en-
vironment management. Applications in HPC centers
are usually delivered via a shared filesystem and users
manage their own environment by augmenting a base
system image through Lmod or a similar flexible envi-
ronment management system. In a cloud environment
users can create customized virtual machine (VM)
images, or run containers in a vanilla VM image.
While containers have been around in some form for
a number of years, many researchers began adopting
their use with the popularization of Docker. Contain-
ers allow users to easily move between a variety of

compute resources, including workstations, cloud, and
HPC. With the advent of technology like Singularity and
Podman that allow users to execute containers without
privileged access, the uptake of containers on HPC
has increased significantly as seen by the number of
papers and workshops focused in this area at HPC-
specific events.

Conversely, Jetstream2 has adopted a more tradi-
tional HPC method for the delivery of software as a
way to reduce the number, and complexity of, main-
tained base images, while maximizing flexibility in user
environments and minimizing the amount of staffing
resources required to maintain images. Software is in-
stalled in a centralized repository that is auto-mounted
by users’ VMs. Users can then access those software
installations via Lmod. This allows base images to be
updated through an automated CI/CD pipeline to pull
the latest updates into those images on a regular basis.
Other research infrastructure projects have taken a
different approach from mounted filesystem shares.
The CernVM Filesystem (CVMFS) provides a POSIX-
compliant, FUSE-mounted file system delivered via
standard web servers. This approach allows for user-
space mounting and also allows for a simple repli-
cation of file systems to make it possible to deliver
a consistent application or data store to geographi-
cally dispersed research infrastructure. We see this
class of converged technology with Galaxy [4] and
several Open Science Grid [11] consortium projects
using CVMFS optimizing data and application delivery
through a network of multi-stratum storage servers.

The Jetstream2 roadmap was crafted for prag-
matism in the midst of this convergence, under the
constraints of the award, and on prior experience with
Jetstream. The team realized from prior work with
researchers that cloud-native options were often a
better fit for commercial cloud services rather than
the bespoke uses in research workflows. Utilizing an
approach from HPC with Lmod and a shared appli-
cation filesystem allowed researchers to more read-
ily leverage a cloud resource because it gave them
a somewhat familiar environment. Further, primarily
using POSIX-compliant block storage for additional
user-defined storage, rather than a cloud-native object
store environment, met the needs of domain science
researchers whose software has not yet adopted an
object store model. While object storage is available
in Jetstream2, it’s generally the third tier of storage for
most individuals. The team opted not to provision a
shared high performance parallel filesystem for sim-
plicity, noting that the usage models of most cloud
researchers on the previous system did not require
the speed (or complexity) in running a VM-accessible
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Lustre filesystem. Instead, making project controlled
NFS sharing easier to manage was oft-requested func-
tionality, accomplished using CephFS and Manilla on
Jetstream2.

Jetstream2 has contributed to convergence at other
academic institutions, expanding from the dual-site
model of the first Jetstream project. Jetstream2 has a
regional cloud model that allows OpenStack resources
to be folded into the NSF CI ecosystem while still
maintaining local control. This regional cloud aspect
has benefits that may not seem obvious. Commer-
cial clouds have provided geographically dispersed re-
sources for some time, but demonstrating a federated
model in academia with the ability to have independent
organizations operating the environment in unison has
been limited. The regional cloud model serves to show
that with minimal coordination, federated clouds can
be deployed relatively easily amongst different institu-
tions and permit an organization to maintain a level
of control, as well as data locality. It also contributes
to the cloud administration expertise within host in-
stitutions, while simultaneously introducing research-
centric cloud services to organizations that may not
have had an on-premise cloud environment. While
additional regional clouds are not widespread, multiple
organizations have worked with us to provision dis-
crete systems and are considering federation, clearly
recognizing the need of research cloud services to
supplement and enhance HPC services.

USE CASES

Through the operation of Jetstream and Jetstream2
we have seen cloud technologies used in a number
of different ways to address research and education
challenges. The use cases below highlight some areas
where cloud technologies have provided new solutions
to old problems in the HPC space, where clouds and
HPC have complemented each other to enhance the
capabilities of both, and also where new converged
technologies have been deployed to minimize friction
in using both environments and maximize the reuse of
code, technologies, and operational paradigms. Here
we highlight use cases from interactive usage, to iter-
ative development and scaling to HPC, to education,
to domain science gateways. Jetstream2 has provided
variety of avenues that bring the cloud to HPC/HTC
(high throughput computing) and vice versa. These use
cases highlight some of the paths researchers may
take between these two computing landscapes.

Interactive Computing
Many disciplines have traditionally used large-scale,
publicly available research cyberinfrastructure to con-
duct experiments and investigations that follow a typi-
cal pattern of simulation and modeling. This workflow
often includes an investigation that requires a small
number of simulations, in some cases only one very
large simulation, where the input data for the simula-
tions are small to modest-sized and the output data
have a relatively large data volume. These output data
then require subsequent processing and analysis to
determine the results of the study. Sometimes this
workflow paradigm is expanded to run ensembles of
simulations designed to investigate a large volume
of the input parameter space; the resulting ensemble
of simulation outputs can then be intercompared to
find areas of interest in the input parameter space
for further investigation. These types of workflows are
prevalent in a number of research areas powered by
simulation, including climate and weather modeling,
computational fluid dynamics, simulation of materials
properties, molecular dynamics, and astrophysics. The
aforementioned workflows typically map very cleanly
onto the resources provided by batch-scheduled HPC
systems.

In recent years, the ubiquity and availability of
large-scale data sets and the ability to collect large
volumes of data from a variety of instruments have
led to investigations that employ workflows that are
both computationally intensive and also have large
input data sets. For these workflows it is quite often
the case that some experimentation with the analysis
using a smaller sub-sample of the data is required to
determine the best approach for the investigation. This
same approach is sometimes used in the downstream
processing of the data output from simulation work-
flows. This usually requires some amount of interaction
with the data set to evaluate the data quality and
determine the best approach, followed by some inter-
active experimentation and iterative refinement before
the analysis steps are finalized and can be applied to
the full, larger scale data set. A number of statistical
methods use this approach along with many machine
learning and deep learning methods. For example,
the refinement of hyperparameters in the training of
a neural network, or determining the best parameters
to use in a clustering algorithm. Another example is
interactively exploring the visualization of outputs from
a large scale simulation.

In contrast to simulation and modeling workflows,
these workflows do not map well onto the resources
provided by batch-scheduled HPC systems for a num-
ber of reasons. In many cases, the compute resources
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in an HPC system are not accessible to the public
network, but are put behind login nodes and accessed
through these nodes. This introduces a need to tun-
nel through the login node to access the compute
resources. There have been solutions that address
this problem (e.g. OpenOnDemand [9]), but this is
still a workaround. The other issue, which tools like
OpenOnDemand still struggle to address, is that in-
teractive computing is difficult to schedule by its very
nature. Generally, this is addressed by users allocating
resources for as long as they think the interactive
session will take, but this is often inaccurate and pro-
duces less-than-ideal scheduling outcomes. Moreover,
the end user expectation for an interactive resource
is little to no wait time to access that resource. This
is built into the cloud model but is not the case with
most batch-scheduled HPC systems. The underlying
assumption of batch-scheduled HPC systems is an
abundance of defer-able work of fixed duration and a
scarcity of hardware, while cloud assumes a scarcity
of real or invented currency and work of undefined
duration. Scarcity of hardware is considered a system
fault in cloud computing, requiring the user to retry.
There are nascent efforts to mix these two fundamental
world views such as CoreWeave’s SUNK, and Slurm
scheduled Kubernetes, being released in early 2024.
Neither model is universally suited for all use cases
and hybridization is not mature enough to declare it
an unconditional winner.

Research Clouds as an On-ramp to Larger
HPC Systems
It is a common use case for researchers on Jetstream2
to use the cloud resource interactively as a larger
workstation environment using virtual desktops. This
functionality often includes common scientific desk-
top applications that may or may not scale well to
traditional HPC, batch system computing, or just are
outside the researcher’s comfort zone to use in that
manner. This can take a number of forms, such as
the above mentioned utilization of visualization and
analysis tools to analyze the output of HPC workflows,
to researchers moving workflows that had previously
lived entirely on their personal or lab workstation to
another platform. This latter use case is often driven
by the computational or data storage needs having
exceeded what the local resources can comfortably
provide in terms of memory or storage, but the re-
search team is inexperienced with HPC or does not
think HPC resources are warranted. In some cases,
these workflows fit nicely into a single or few VMs in a
cloud environment, and researchers will use the cloud

environment to remain productive. In other cases, the
research team may continue to scale up their compu-
tational and data storage needs and then find their way
onto HPC/HTC resources.

Another key use case for clouds as an on-ramp to
HPC is in prototyping and development. Cloud environ-
ments can provide isolated, consistent environments
with more resources than a software engineer might
typically have. Furthermore, for creating smaller scale,
proof-of-concept workflows, research clouds allow test-
ing before scaling up to HPC or commercial cloud
when more resources are needed. There are two areas
of HPC and cloud convergence that make this use case
particularly interesting. First is the use of containers
in both cloud and HPC environments. Containerization
allows developers to package an environment that is
nearly identical to the environment on a large scale
HPC system and run it almost anywhere. This allows
developers to take their workflow development onto
a cloud resource and minimizes the overhead when
migrating to the HPC systems. Some operators of
large scale HPC systems such as the National Energy
Research Scientific Computing Center (NERSC) are
even looking to completely containerize their HPC
platforms [8], which would make the transition from a
cloud development platform to running on HPC even
more straightforward. The second area of convergence
is the ability to easily deploy a batch scheduled cluster
inside a cloud environment, described previously as
a virtual cluster. This capability, coupled with con-
tainerized environments, allows developers to deploy
miniature versions of much larger scale HPC resources
and test their workflows end-to-end in their "native"
environment.

Use Case: Event Horizon and M87 black hole. The
Event Horizon Telescope team demonstrated a use
case of prototyping workflows on research clouds
before scaling up their work to other resources. In
2019, a team of researchers from around the world
shared the first images of a black hole at the center of
the Messier 87 galaxy. These images were generated
from workflows created on Jetstream. Based on the
success of the prototyping, they were able to scale up
to commercial cloud and HPC resources for their full
analysis runs processing petabytes of data. Dr. Chi-
kwan Chan, associate astronomer at University of Ari-
zona who leads the EHT Computations and Software
Working Group, said “The production run was actually
carried out on Google Cloud, but much of the early
development was on Jetstream. Without Jetstream, it
is unclear that we would have a cloud-based pipeline
at all.” [3] This work leveraged a research cloud to de-

September 2024 Converged Computing: A Best-of-Both Worlds of HPC and Cloud 5

This article has been accepted for publication in Computing in Science & Engineering. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/MCSE.2024.3402389

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



Converged Computing

velop the workflows that led to a remarkable scientific
achievement and also made use of the commercial
cloud for HPC. This use case presents converged
computing in its most direct form and may be a model
to others looking to create workflows that deal with
large-scale inputs.

Use Case: Oak Ridge National Lab prototyping for lead-
ership class HPC. Leadership class HPC machines
often have strict guidelines for usage. These may in-
clude proving that a researcher’s application can scale
to leverage the resource as intended, solving problems
that can only take advantage of the largest avail-
able HPC systems. Oak Ridge National Lab (ORNL)
solved this problem for several researchers using more
readily available cloud resources to demonstrate that
researchers’ code and computation plans were ready
for use on the Summit supercomputer.

ORNL maintains its own in-house cloud system
for similar code development and experimentation, but
due to demand, it was often completely utilized and
not available for researchers to experiment with scaling
up their code. The ORNL lead cloud engineer worked
with the Jetstream cloud operators to do testing on
the Jetstream cloud resource that was located at the
Texas Advanced Computing Center (TACC). These test
runs spanned several allocations with multiple PIs and
utilized virtual Slurm clusters or VMs managed with the
OpenStack Software Development Kit (SDK), cloud-
init scripts, and utilizing a message passing interface.
These test runs utilized around 1,000 cores generally
using 24-core VMs.

These tests have tapered off for a variety of rea-
sons. There may be future opportunities for this sort
of scaling testing/prototyping with ORNL and other
institutions for HPC workflows in the cloud. Whether or
not future collaborations materialize, this convergence
case with a need for on-demand, on premise cloud
resources to prepare for using one of the largest HPC
systems in production at that time is an example worth
noting.

Research Clouds for Training and Workforce
Development
It is without question that the state of science today re-
quires advanced computing techniques and resources,
but while research necessitates such tools, not all
institutes and scientists have access to systems that
will allow them to scale their work and push on the
boundaries of research. Without providing a means to
use large-scale cyberinfrastructure, the gap between
communities who are able to advance their work and

those who cannot, widens considerably, simply based
on what is made available to them without a significant
monetary burden. Not only can research clouds bridge
this gap by providing access to these cutting edge
technologies, the ability to deploy consistent, repro-
ducible, environments allows for training on advanced
computing techniques and infrastructure, thereby cre-
ating sustainability in the state of the practice and
fostering inclusivity within the landscape of science.
Certainly, with the growing need and popularity of
AI workflows, we have also found that the ability to
leverage research clouds to provide virtual GPU re-
sources (vGPUs), by partitioning physical accelerators,
has allowed a larger community to access technology
that is in high demand, and often scarcely available,
for education and workforce development.

Use Case: Unidata Science Gateway for Education.
Unidata is one of the University Corporation for At-
mospheric Research (UCAR)’s Community Programs
(UCP) and has a mission to serve researchers and
educators in Earth systems science. As part of this
mission, they have created a science gateway for
training both future and current researchers.

The Unidata Science Gateway is an auto-scaling
JupyerHub, built from the Zero To JupyterHub repos-
itory utilizing Kubernetes hosted on the Jetstream2
cloud. It provides a means to analyze and visualize
Earth system data in classrooms and workshops and
also provides real time data via other Unidata services
for research analysis. Users receive their own prepared
workspace and dedicated storage via the JupyterHub
and the Kubernetes-backed construction which allows
Unidata to scale up or down as necessary for courses
and workshops.

While the gateway service began prior to the
COVID-19 pandemic, a large spike in growth happened
when students and researchers went remote. The
Unidata gateway has supported over 1,000 students
through semester long courses and workshops, tak-
ing the charge of preparing the next generation of
researchers in a structured, scalable and resilient way
[7]. Even with the return to in-person conferences and
higher education, the use of the Unidata Science Gate-
way keeps increasing, prompting the Unidata team to
continually work on improving the system for the best
user experience they can provide. In addition to the
student education aspects, Unidata is creating and
presenting workshops on topics like MetPy using their
gateway, helping researchers update their workflows
with modern Python libraries and demonstrating tech-
niques for plotting satellite, model forecast data, and
surface observation data as well as other research top-
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FIGURE 1. Brainlife Service Relationship Diagram. Image courtesy of Franco Pestilli.

ics like remote and local data access and management
using their workflows.

Use Case: Infrastructure for Accessible Environmen-
tal Data Science Education. Environmental Data Sci-
ence (EDS) is a data-intensive subdiscipline that cuts
across a wide gamut of research fields, from envi-
ronmental and computational sciences to biological
and social sciences. Necessarily this would also imply
that the computing and data science skills of the
researchers in EDS would also span a wide gamut
and a natural question would arise of how does one
train such a cohort in this field in order to familiarize
themselves with tools and techniques in advanced
computing, to allow them to translate or scale their
research to other platforms, be it cloud or HPC.

In February 2023, the EDS working group within the
University of Colorado (CU) Boulder Earth Lab and the
Environmental Data Science Innovation and Inclusion
Lab (ESIIL) deployed a reproducible and scalable cy-
berinfrastructure on Jetstream2 via the Cloud Automa-
tion and Continuous Analysis Orchestration (CACAO)
UI, enabling a group scientists with varying skills in
computing and data science to leverage 40,000 hours
of compute time over a 4-day workshop, creating an
open framework that can be replicated for educational
purposes in any data- or compute-intensive discipline
[6]. Through the CACAO interface, the working group
was able to deploy a JupyterHub server orchestrated
by Kubernetes on Jetstream2, without needing to setup
Kubernetes themselves. By reducing the time needed
to set up these environments, the workshop attendees
were able to not only absorb information about the
infrastructure they were working on, but also interact

with the resource immediately, allowing them to focus
on learning data science skills, and in a tangible way
that demonstrated how access to these resources
could impact their research. This in turn empowers
researchers to seek out resources and tools to scale
their work, steering them to the path of advanced com-
puting, be it on cloud or HPC resources, converging
these two paths together.

Domain Specific Science Gateways
The convergence of HPC and cloud computing occurs
even more naturally within science gateways. Through
lower-barrier web-based portals, science gateways
have been central to making advanced research in-
frastructure and suites of domain specific applications
available to communities of scientists and educators
without having individuals each go through the process
of requesting access and submitting jobs, or be limited
by the constraints of job wall time policies and regular
system maintenance downtime. By providing a plat-
form to host multiple types of browser-based services,
either as portals to execute scientific workflows directly
or as a gateway to orchestrate computation on other
HPC and cloud compute resources, Jetstream2 has
become a home for several science gateways seek-
ing to broaden access to compute resources to their
community and scale their operations to reach a wider
audience. We outline two such cases below.

Use Case: Brainlife. Brainlife [5] is a science gateway
for neuroscience analysis. The project, led by Franco
Pestilli and his lab at University of Texas Austin, is
a web-based platform that allows people to analyze
MRI, EEG and MEG data on a variety of HPC and
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FIGURE 2. UseGalaxy.org Compute Architecture.

cloud resources, including Jetstream2. Figure 1 shows
the system architecture diagram for the Brainlife plat-
form. As detailed in the diagram, Brainlife consists
of several microservices that are distributed across
multiple Docker hosts and various VMs on Jetstream2.
The microservices running on Jetstream2 include the
web UI, event and authentication services, as well as
the orchestration of the jobs on the HPC and cloud
resources (both commercial cloud and Jetstream2) on
which the workflows and applications run. In addition
to providing a default set of both HPC and cloud re-
sources, Brainlife also allows users to register compute
resources, whether they are clusters at an institution or
a cloud resource, and make them available to a user
or set of users, thereby bringing these two compute
paradigms closer to one ecosystem. By simply signing
up on this platform, neuroscientists gain the ability to
run applications necessary for their research on both
HPC and cloud resources without the lead-up time
necessary for requesting access, installing software or
being subject to scheduler constraints that come with
traditional HPC. In this capacity, Jetstream2 is not only
providing the venue for convergence by hosting the
gateway, it is also a participant in the convergence in
terms of belonging to the pool of compute resources
that power the analyses carried out on the Brainlife
platform.

Use Case: The Galaxy Project. Galaxy [4] is a mature
web-based platform initially released in 2005. It has
gone through a number of iterations and updates with
the intent of making computational biology workflows
available to researchers that may not have extensive
experience as system administrators or programmers.

The platform was originally designed for biological
analysis focusing on genomics but the open toolkit
design has allowed for expansion into genome assem-
bly, proteomics, SARS-CoV-2 public data, and now into
machine learning with the Galaxy-ML toolkit. The initial
design of the Galaxy framework started as a number of
standalone tools that were hosted as web applications
on dedicated servers at HPC centers. Computationally
intensive calculations were dispatched to the HPC
backend. These efforts began prior to the modern com-
mercial cloud era, Amazon launched S3 cloud storage
and EC2 in 2006. Over time, the Galaxy framework
has expanded by adding a large number of tools and
data sets along with deploying on multiple types of
infrastructure.

The Galaxy Project services thousands of users
per day through their science gateway that utilizes a
number of compute resources. They maintain dedi-
cated services at the TACC data center that host their
web front-end and a small dedicated HPC cluster for
Galaxy computation. On Jetstream2 Galaxy leverages
cloud-native methods to provision HPC-like infrastruc-
ture routing workflows to auto-scaling virtual Slurm
clusters as well as Kubernetes-based auto-scaling
clusters and individual on-demand instances for inter-
active workloads. Additionally, they utilize other com-
pute resources in the NSF’s Advanced Cyberinfras-
tructure Coordination Ecosystem: Services & Support
(ACCESS) national cyberinfrastructure (see Figure 2).
They developed the Galaxy Total Perspective Vortex
(TPV) to solve the question of where to send Galaxy
jobs across their available resources. With this work-
flow solver, Galaxy can easily send jobs to the best
resource available for the scope of the workflow. These
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include four HPC/HTC systems in ACCESS as well as
the Jetstream2 cloud. Additional resources such as the
CVMFS Stratum One software servers are hosted on
Jetstream2 making Galaxy a true convergence point
in HPC and cloud, bringing cloud hosting and compu-
tation as part of the possible pool of computation with
HPC resources to serve research needs.

BROADER ECOSYSTEM AND OPEN
CHALLENGES

Although the focus of this discussion has been use
cases enabled by the Jetstream and Jetstream2 cloud
resources, there are a number of other cloud resources
and services that have been made available through-
out the NSF ecosystem over the past several years.
These include more experimental cloud deployments
like Chameleon Cloud [12] and Cloudlab as well as ser-
vices to help research teams leverage the commercial
cloud like Cloudbank. Cloud-like technologies such as
virtual clusters and container runtimes have also been
enabled at a number of DOE computing facilities and
many NSF ACCESS resource providers with compos-
able or cloud approaches leveraged by Purdue’s Anvil,
Pittsburgh’s Bridges-2, and others via collaborations
through projects like OSG and the National Research
Platform. We continue to see advances in the conver-
gence of technologies between cloud and HPC, from
system deployment and management like HPE’s Cray
System Management software which is moving toward
a multi-tenancy model allowing both HPC and cloud
resources to exist in the same physical machine and
be managed by the same management stack, recently
demonstrated at the Swiss National Computing Centre;
to advances like Openstack’s Ironic and Blazar which
bring bare-metal deployment and advanced scheduling
capabilities to cloud resources.

Although much progress has been made, and there
is a great deal of promise in a future that combines
cloud and HPC technologies, there remain a number
of technical and structural challenges in bringing cloud
and HPC together. The virtualization and integration
of accelerators, particularly when considering live mi-
gration, remains a challenge in Openstack and other
cloud platforms. Beyond technical challenges, having
a workforce that can deploy, operate, and support both
cloud and HPC resources, and help individuals get the
most out of these systems through hybrid approaches,
is extremely challenging. Such talented staff are very
difficult to find, and even harder to retain with both
cloud and HPC talent being in high demand in the
private sector.

DISCUSSION AND CONCLUSION
It is our belief that these use cases highlight the util-
ity of on-premise research clouds, particularly where
technology convergence allows the R&E community to
couple these environments with commercial cloud and
traditional HPC resources in a manner that promotes
productivity towards an individual’s goal, without forc-
ing them into a pre-determined path for their compute
and storage needs. While specific system design goals
may not allow full convergence in the immediate future,
there is a parallel visible within systems deployment of
research clouds and HPC systems to early UNIX/Linux
application deployment, particularly much of the GNU
software suite. Those command line applications were
typically purpose-built as a tool within a larger array
of programs but collectively served a broad audience
and were coupled together with scripts by passing
standard out to standard in via pipes or redirection.
In the same way we see research cloud and HPC
systems being very complementary and best utilized
in a coupled manner. While the convergence tech-
nologies discussed such as containers, virtual clusters,
and crossover storage technologies very much aid in
coupling these environments, they do not obliviate the
need for each other due to core differences in schedul-
ing paradigms, tightly-coupled versus distributed appli-
cation scaling, and levels of interactivity or utilization
targets. Ultimately the system or approach selected by
an individual researcher or educator may be due to a
variety of factors that fall well outside of the architec-
ture choices for a resource, and based on proximity,
familiarity, ease of access, or domain-specific norms.
By providing research cloud environments, or strong
support and facilitation for researchers operating in the
commercial cloud, we allow researchers and educators
to leverage the environment and approach they’re most
comfortable with, accelerating the adoption of tech-
nologies that are already converged, while allowing
time and space for additional adaptation.
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