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The research landscape has become increasingly interdisciplinary and complex with
novel hardware, software, data, and lab instruments. The reproducibility of research
results, usability of tools, and sharing of methods are all crucial for timely collaboration
for research and teaching. Hubzero is a widely used science gateway framework designed
to support online communities with efficient sharing and publication processes. This
article discusses the growth of communities for the four science gateways nanoHUE,
MyGeoHub, QUBEShub, and HubICL using the Hubzero platform to foster open science
and tackling education with a diverse set of approaches and target communities.

ddressing pressing global challenges, such as
Adlmate change and sustainability, relies on

interdisciplinary collaboration and open sci
ence practices. Ensuring reproducibility, essential in
these high-conseguence topics, can be facilitated by
giving researchers the right tools. Science gateways
streamline data and computing infrastructure usage
while reducing complexity as needed. Over the past
two decades, various science gateway frameworks
have emerged, including Hubzero,' Galaxy’ and the
Open Science Framework (OSF),? each offering distinct
advantages and services. Hubzero, in particular, excels
at integrating diverse user erwironments, such as
Jupyter Notebook and RStudio, while providing access
to cloud and distributed infrastructures for simulations
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and tools. Users can customize data and tool sharing
from fully open access to private access, accommodat-
ing various stages of data privacy and concems, includ-
ing predepersonalized health data.

Open science tools and science gateway frame-
works have shifted from a system-centric approach to
a user-centric approach, catering to user preferences
and ease of use. For open science frameworks to be
sustainable, their adoption and continued use by the
user communities are crucial. The more users adopt a
specific tool or framework, the more likely it will be
maintained and available for long-term use. However,
little is known about the strategies that successful sci-
ence gateways use to grow their communities and fos-
ter open science and education.

This article aims to bridge this knowledge gap by
analyzing four distinct science gateways based on the
Hubzero platform, each serving communities from
diverse domains, such as nanotechnology, geology,
biology, mathematics, and education. Our purpose is
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to identify the key factors contributing to the growth
and success of these science gateways in open sci-
ence and education. We will examine their similarities,
differences, and unique features, emphasizing how
these gateways have effectively fostered community
engagement and increased adoption. By doing so, we
hope to provide valuable insights for the future devel-
opment and sustainability of science gateways in the
open science landscape. This article is extended from
our publication at HICSS 20222

OPEN SCIENCE AND GATEWAYS

Far this article, we adapt the definition by the Euro-
pean Commission®; “Open Science represents a new
approach to the scientific process based on coopera-
tive work and new ways of diffusing knowledge by
using digital technologies and new collaborative tools.”

Diffusing knowledge and new collaborative tools
have many facets, from the publication of open-access
manuscripts; to the reproducibility of results; to the
findable, accessible, interoperable, and reusable data
(FAIR) principle® and the sharing of research objects
such as artifacts. This article focuses on the research
computing tools and frameworks used for open science
and open education. According to the Science Gate-
ways Community Institute® “Science gateways allow
science and engineering communities to access shared
data, software, computing services, instruments, edu-
cational materials, and other resources specific to their
disciplines.”

Frameworks fitting this definition play a substantial
role in the open science and open education space. Hub-
zero, Galaxy, and OSF are representatives in the space.
Galaxy is a widely used workflow-enabled science gate-
way for easily creating and managing workflows with
drag-and-drop mechanisms. It enables sharing such
workflows and data in one Galaxy instance between
users and between different Galaxy instances. OSF pro-
vides seamless connectivity to a diversity of file systems,
like Google folders, and preservation or version-control
systems, such as Zenodo, GitHub, and GitLab. Preserva-
tion systems have a specific role in open science since
they ensure the capability to access data, tools, and arti-
facts in the long term.

HUBZERO PLATFORM

The four science gateways we present have in com-
maon their support for sharing open research products
and the underlying cyberinfrastructure. The Hubzero
platform supports the research and educational com-
munities through 20 science gateways, known as hubs.
The concept for the platform originated from nanoHUB
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around the nanctechnology community. A hub (an
instance of the Hubzero platform) offers research proj-
ects a space to host analytical tools, publish data,
share resources, collaborate, and build communities
in a single web-based ecosystem. Through a hub,
research communities can do the following:

+ Offer a reliable and easy-to-use web platform
for researchers and students to connect appli-
cations, visualizations, and models to comput-
ing resources.

+ Share research codes with peers and receive
a persistent interoperable identifier—a digital
object identifier (DOI).

+ Engage with peers in interactive spaces to
share knowledge and ideas.

* Host interactive virtual leaming opportunities
for students and professionals.

* Provide open access to research products, com-
munity resources, curated curriculum, and more.

Container technologies like Docker and Singularity
allow for the packaging of whole environments with
tools and data and shipping them to different locations
to reuse tools and reproduce results. The advantage of
using containers is that dependencies to operating sys-
tems, library versions, ete. are stored in the container.
Hubzero works in the background with Docker contain-
ers to allow for the seamless operation of tools in its
back end with varying computing infrastructures.

nanoHUB is one of the world's leading scientific gate-
ways; it served more than 22,000 simulation users and
more than 1.8 million unigue visitors in the year 2020.° In
1996, nanoHUB's predecessor, the Purdue University
MNetwork Computing Hub (known as PUNCH]), was cre-
ated to enable researchers to share their research
codes via web interfaces without any code rewrites.
The original goal was to share research software for
semiconductor electron transport to be used by experi-
mental groups for designs. It quickly became obvious
that some faculty members adopted these web-form-
based tools for education. In 2002, with about 500
annual users, the MNetwork for Computational Mano-
technology (NCM) was funded by the U.S. Mational
Science Foundation (NSF) to develop and operate nano-
HUBE as a nationaldevel center. The goal was to make
advanced scientific software useful to domain experts
(researchers and instructors) without the need to
become computational experts. This was done via easy-
to-use online apps and tools. nanoHUB was the first
such end-to-end portal, enabling tool development and



online deployment. In its early years, nanoHUB demaon-
strated the following:

* Research codes can be reused for (good) research
by noncomputational experts.

* Research codes can be transitioned into education.

* Tool developers can be empowered and enticed
to deploy their codes/products via nanoHUB.

* A university project can operate and support a
global infrastructure.

¥ Adoption can extend well beyond the small
group of creators.

A key distinction between nanoHUB and most
other early science gateways is its drive to go beyond
the accessibility of simulation engines (portal con-
cepts) and enable usability by many users beyond
computational experts. Tool developers on nanoHUB
created scientific end-to-end user apps before the
iPhone came to the market, running those apps in a
computing cloud before the “cloud” became a thing,

Having demanstrated adoption and impact in edu-
cation and research around the world via advanced
user analytics, in 2017, nancHUB generalized its vision:
to accelerate innovation through user-centric science
and engineering.

Beyond providing single-point services, such as an
online simulation or a lecture/tutorial, the goal was to
enable users to consume simulation products in vari-
ous modalities. The mission drives the continual devel-
opment of nanoHUB: to make science and engineering
products usable, discoverable, reproducible, and easy
to create for learners, educators, researchers, and busi-
ness professionals.

The gathering of stakeholder requirements contin-
ues to point to a series of infrastructural developments
required to transform the nanoHUB vision into a reality.
These ongoing improvements form the service founda-
tion for future nanoHUB users and customers. The
NCMN cyberplatform team uses a formal customer
discovery effort to support the goal of sustainability
beyond the cumrent funding stream. This process
guides how the team packages these infrastructural
enhancements into user capabilities that fulfill discow-
ered value propositions.

Such efforts over nearly two decades make nano-
HUB a successful scientific portal that accelerates
innovation in education and research via online simula-
tions. This was recognized in 2020 with an R&D 100
award in the category of software/services. In 2020,
nanoHUE served 22,612 simulation users. Figure 1
shows three major user classifications: 1) education use
in structured and coordinated settings (classrooms);
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FIGURE 1. nanoHUB 12-month trailing simulation users cate-
gorized by education/classroom, research, and unclassified
use.

2) use by individuals who have, in the past cited
nanoHUB (researchers); and 3) unclassified users. The
impact of nanoHUE as a scientific knowledge exchange
and simulation platform was validated and demon-
strated in the year 2020 by the following:

¥ Atotal of 38% of users run simulations in struc-

tured education settings, as identified through

coordinated user behavior,

Figure 2 shows the seasonal education use in

terms of users and institutions in a four-week

average.

¥ More than 2500 cumulative citations with 54,329

secondary citations present a community body

of work with an aggregate h-index of 105. These

data show that not only can nanoHUE used for

research, but the rate of secondary citations indi-

cates the level of quality of the research.

About 1%-2% of the active users have, in the

past, cited nanoHUB in research publications.

» Efforts are underway to analyze and under-
stand the behavior and goals of the 60% of
users who are "unclassified.”

L

L

— o

Sateline

FIGURE 2. Users worldwide of the simulation “light propaga-
tion in photonic lattices.”
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nanoHUB online apps and tools are actual publica-
tions, and, since about 2005 nanoHUB has assigned
DOls to its simulation tools and compact models and pre-
serves them via its own framework based on Hubzero.
This effort put a stake in the ground that these online
simulation tools are proper publications that enable the
duplication of scientific results and use of authentic
research codes by anyone in the world in an open-access
forum. In 2017, this leadership was recognized by the Web
of Science and Google Scholar, which now list nanoHUB
tools as scientific publications that can reliably located.

The next fundamental challenge is to tum nano-
HUE from a federally supported organization into a
sustainable scientific knowledge exchange, delivery,
and utility platform. The MCM team is increasingly
focused on tuming retrospective analytics into action-
able analytics to drive nanoHU B toward sustainability.

The team also supports cutting-edge applications,
such as simulations elucidating theories in gquantum
optics. An example is “light propagation in photonic
lattices,” a tool integrated in 2021 with the goal of pre-
senting a theory that furthers a practical approach to
quantum information and computation. While the tool
has few users (55 in total), who originate from the rela-
tively small theoretical quantum optics community, its
worldwide uptake (see Figure 2) shows the potential of
the growing community. Such an uptake in a bit more
than a year would have been hardly achievable without
an openly accessible science gateway.

First released in 2014, the goal of MyGeoHub is to pro-
vide a cyberenvironment for geospatial data-driven
research, education, and collaboration. MyGeoHub
utilizes a shared hosting sustainability model whereby
multiple open science projects are hosted as
“supergroups’ with a distinct look and feel while shar-
ing the same underlying cyberinfrastructure. MyGeo-
Hub builds on and extends the Hubzero platform with
tools, software building blocks, services, and infrastruc-
tures that facilitate geospatial data access, processing,
visualization, sharing, and publication. The Geospatial
Data Analysis Building Blocks and GeoEDF (an extensi-
ble data framework designed to simplify data wrangling
in geospatial research workflows) projects® developed
and deployed easy-to-use libraries, tools, and services.
They enable scientific users to connect large remote
data repositories, data processing models and tools,
and high-peformance computing (HPC) resources
in their workflows. More than 10 federally funded
research projects are hosted on MyGeoHub. There are
mare than 9500 users who used MyGeoHub in the past
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year. Around 45 interactive online tools were published
on MyGeoHub, most of which are open source.

MyGeoHub provides a eyberinfrastructure (Cl) envi-
ronment that promotes and enables FAIR-compliant
practices. With automatic metadata extraction and
documentation, data and tool publication with DOI
assignment, open source online tool development and
deployment, OAuth and ClLogon authentication inte-
gration, and Representational State Transfer applica-
tion programming interfaces for external programs to
access project files and launch online tools, research-
ers are able to work on their data and research code
across interoperable Cl systems following the FAIR
best practices. Furthermore, the latest addition of reus-
able and programmable data connector and processor
modules and container-based workflow orchestration
and submission to HPC resources has further reduced
the time researchers spend wrangling large volumes of
heterogeneous geospatial data. This enables the effi-
clent creation of data-driven workflows that can exe-
cute in a variety of computational environments.

FIRST RELEASED IN 2014, THE GOAL
OF MYGEOHUB IS5 TO PROVIDE

A CYBERENVIRONMENT FOR
GEOSPATIAL DATA-DRIVEN
RESEARCH, EDUCATION, AND
COLLABORATION.

The default Hubzero course platform on MyGeoHub
was significantly enhanced to seamlessly connect scien-
tific data and tool services, enabling interactive leaming
experiences for advanced training and workforce devel-
opment One of the main improvements was to inte-
grate interactive coding environments, such as Jupyter
Motebook and RStudio, with the course platform. This
enables instructors to add coding exercises to their
leaming modules in which a Jupyter Notebook or RStu-
dio session can be launched directly from the leaming
module with the example code automatically loaded for
the students. There is no need for students to install any
software or libraries either on their desktop or in their
MyGeoHub environment, so they can focus on leaming
concepts, modeling, data processing, and visualization
skills. In addition, all of the online models and tools pub-
lished on MyGeoHub are directly accessible from the
course platform, allowing students to get realworld
modeling and simulation training by running research-
grade online modeling tools using HPC resources,

The enhanced geospatial data and tool platform on
MyGeoHub has attracted more and more education



FIGURE 3. Geospatial distribution of new education users
registered on MyGeoHub in the past 12 months (May
2020-May 2021).

users in the past few years. The number of new education
user registrations steadily increased in the past year, with
two peaks in November 2020 and April 2021, corresponding
to the academic calendars in higher education institu-
tions. These new education users are distributed world-
wide, covering six continents, as illustrated in Figure 3.
The education activities on MyGeoHub range from
kindergarten through 12th grade (K-12) to postgraduate
training in a variety of settings. This includes formal
classrooms, summer camps, online tutorals, workshop
training, and selfpaced leaming. As one example,
the FAIR CyberTraining project developed two online
courses on MyGeoHub to teach FAIR data practices in
water and climate sciences. These online courses were
used in teaching the “Data Mine I: Free and FAIR Cli-
mate Data” course in fall 2019 and the "FAIR CyberTrain-
ing for Water" and "Data Mine |I: Free and FAIR Climate
Data” courses in spring 2020, training four FAIR Cyber
Training fellows in the summer of 2020 and delivering
virtual tutorials at the 2021 FAIR workshop. During thesa
events, participants received hands-on training on devel-
oping open source code for data access, processing,
visualization, and publication following the FAIR princi-
ples; developed a new online course, “Python for Envi-
ronmental Research”; published a new modeling tool for
the California Food-Energy-Water System; and taught
the developed materials at their home institutions. The
integrated coding data/tool publishing and teaching
platform on MyGeoHub have been a key success factor
inthe training activities of the CyberTraining project.

Quantitative Undergraduate Biology Education and
Synthesis (QUBES) was launched in 2014 with funding
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from multiple sources, including an NSF “IUSE Phase |
ldeas Lab® convened to address the universal need for
enhanced guantitative and computational expertise in
the future biological sciences workforce.” The online
hubwas designed as a collaborative workspace where
a consortium of diverse partners doing work at the
interface of mathematics and biology education could
share teaching and leaming resources. Broadly, the
project goals included building and supporting the use
of a cyberinfrastructure to reduce barriers to interdisci-
plinary collabaration and shifting the community away
from the inefficiencies of independently reinventing
reform practices toward a coordinated, collaborative
knowledge-building model. The Hubzero platform was
chosen to host QUBES based on its capacity for man-
aging parallel workspaces with integrated productivity
and communications toals, a robust content publishing
and access model, and an embedded cloud-based
computational environment.

Beyond a focus on the functionality of the technical
cyberinfrastructure, QUBES has adopted various strat-
egies to engage and serve the needs of potential user
communities. This parallel work on a social and profes-
sional infrastructure makes it possible to leverage the
technical capacities of the cyberinfrastructure. It has
been a key component of the QUBES community
engagement. Strategies that support productive online
collaboration have been refined over time and tested
in many contexts. Faculty mentoring networks (FMMs)
have proven to be a flexible and robust model for
supporting distributed and diverse faculty communi-
ties. The project has run more than 70 FMNs with more
than 1000 faculty participants. Additionally, it has
developed models that use QUBES to support both
face-to-face and online-only professional meetings.
These experiences, working closely with the user
communities, have informed the https://QUBESHub.org
cyberinfrastructure as an educational gateway. An
emphasis on accessing open data, using open source
tools, sharing professional resources, and promoting a
collaborative professional community have shaped the
growth of QUBES as an open platform.

There are four primary ways in which QUBES has
facilitated open science practices:

» QUBEShub serves as a repository for curricu-
lum products tied to research publications.

* Some projects, such as the Network for Integrat-
ing Bioinformatics into Life Sciences Education,®
use QUBES as an incubator where drafts of cur-
riculum material are shared and collaboratively
revised. FMNs and summer workshops provide
similar functionality. While these groups are often
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private to members until the final resource publi-
cation, even the final resource publication is con-
sidered to be a snapshot of a living resource that
can continue to have new versions, and thess
publications offer the opportunity for any regis-
tered user to comment or fork. FMNs are also
multHinstitutional and, therefore, help to break
barriers between labs and institutions. Some
research and interest groups are fully open and
share pedagogical discussions and products
openly as well, though this is a smaller fraction of
the overall number of active groups.

* The project partnered with several projects, such
as the National Ecological Observatory Network,®
that have open data repositories and want
to broaden their educational impact and out-
reach—i.e., get their open data to be used in the
classroom. By helping bring open data into the
classroom, professional development helps fac-
ulty facilitate discussions about open science,

* Finally, there are several parallels between doing
education in the open and doing science in the
open. Evaluation research showed that individu-
als like to have opportunities to try things within
a small community before feeling confident
enough to post more publicly and that FMN
experiences help instructors build that agency
and confidence.

In 2019, the QUBES leadership helped cofound
the Sustainability Challenges for Open Resources to
promote an Equitable Undergraduate Biology Educa-
tion (SCORE-UBE) Metwork sustainability challenges
for open resources to promote equitable science, tech-
nology, engineering, and mathematics (STEM) educa-
tion, later expanding under funding from the Hewlett
Foundation to the Institute for a Racially Just, Inclu-
sive, and Open STEM Education (the RIOS Institute).
The impetus was GQUBESS work with partners that
were struggling to fund the invisible labor and techno-
logical costs of open education while balancing a com-
mitment to providing zero cost to users who submit or
download curricular materials. At the center of this
struggle is the question, "Open for whom? —which
asks us to center equity and inclusion in our commu-
nity engagement and sustainability decisions.

The RIOS Institute primarily supports project leaders
in STEM education, open educational resources, and
related policy/administration to work through these dif-
ficult challenges that are at the intersection of open
and inclusive.® With QUBEShub as a cyberinfrastructure
partner, the RIOS Institute sponsors virtual leaming
communities, seminars, research working groups, and
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other collaborative opportunities for working on equity
and inclusion in open science education.

RIOS asks how we can re-engineer our gateways
and processes to center a commitment to inclusivity.
We say ‘re-engineer” because, often, we modify sys-
tems to achieve goals, but systems that are designed
around a goal operate more efficiently toward that
goal. For gateways, the conversation on inclusivity
has historically focused on accessibility—for example,
mobile accessibility or accessibility for those who have
vision impairments. We have also been thinking about
how our choices around data—which data we collect
and which types of tag frameworks we offer for our col-
lections and products—are all signals of inclusion/
exclusion,

We have also been thinking critically about our
demographic data collection practices. The RIOS Insti-
tute has been experimenting with giving demographic
surveys outside of the platform, e-mailed directly to
users, so that data privacy levels are independently
maintained with extemal evaluators. This gives us
the opportunity to ask for gualitative descriptions of
identity instead of just checkboxes We hope this quali-
tative option will help us improve our user data collec-
tion questions in the future as well as support
individuals in declaring their own identities.

INTERCULTURAL LEARNING
HUB (HUBICL)

Intercultural learning is the process of “acquiring
increased awareness of subjective cultural context
(world view), including one's own, and developing
greater ability to interact sensitively and competently
across cultural contexts as both an immediate and
longterm effect of change."? Intercultural learning is
an applied knowledge designed from research and
applied through experiential tools. Often, intercultural
learning is used in the classroom for students traveling
abroad and with international students. Usually, these
experiential tools were stored in multiple open source
repositories, on professional websites, and shared
between peers. Practitioners or educators lacked a
way to explore experiential tools without knowing
what they were looking for or guidance from experi-
enced intercultural learning professionals. HubICL?
was launched in 2018 out of the Center for Intercultural
Learning, Mentorship, Assessment, and Research (CIL-
MAR), a unit within the Office of the Dean of Intema-
tional Programs at Purdue University.

HubICL caters to intercultural specialists, teachers,
students, and professionals and enables these audiences
to discover experiential tools, contribute an experiential



tool, join virtual communities, and publish other open-
access materials in a research repository. HubICL com-
munity members can access these open-access research
and educational products by logging in to the HubICL
platform. The most accessed feature of HubICL is the
toolbaox, a searchable collection of experiential tools.

Interculturalists can explore the 800 tools by search-
ing for specific queries or explore via identifying materials,
including what the practitioner or educator hopes to
achieve from the activity.

* Subgroup size: The size of the participating
groups.

» External cost If the activity will have extemal
costs related to purchasing or obtaining materials.

¥ Duration: The minimum and maximum of the
activity time.

¥ Toaol type: The type of activity, including experi-
mental tools, assessments, media and texts,
debriefing and reflection tools, and courses and
training programs.

¥ Kinesthetic: If a physical activity.

» Association of American Colleges and Universities
rubric outcomes: Learning outcomes, standard-
ized by the Association of American Colleges and
Universities.

These tools are sourced from submitted contrbu-
tions, books on intercultural leaming, and other resour-
ces. In addition, these tools offer group activities,
curriculum design, and assessment materials. Just as
any HubICL member can contribute a tool, any mem-
ber can also leave a review on a published tool and
advise other community members on best utilizing a
tool. By sharing community insight, the members of
HublCL can save fellow practitioners and educators
time and resources.

HubICL is an expanding project. New features are
being developed in collaboration with the Hubzero and
HubICL teams to enable HublCL members to eamn cre-
dentials as they learn about intercultural leaming prac-
tices from the platform.

“If you build it, they will come'? is rarely sufficient to
attract a large community for a science gateway. Pro-
viders of science gateways need well-planned outreach
measures, documentation, a usable and accessible
platform, and the trust of users in the technology.
The four presented science gateways are at different
stages of maturity in this process. The project nanoHUE,
with 25 years of operation, has paved the way with its
vision on usability and adopting novel technologies
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while also thoroughly analyzing the needs of its com-
munity and usage patterns. MyGeoHub's unique fea-
ture is the building of “supergroups,” tackling the
needs of the user community for distinct features for
projects with geological aspects. QUBEShub focuses
on sharing teaching resources to support educators
in undergraduate biclogy and mathematics, and the
axtensive use of discussion groups is one of its unique
features. Since its inception, QUBES has expanded to
support projects across STEM and K-12. The domain
of HubICL is also education, and this is a newer project
that started in 2018. Its approach is similar to those of
the first three science gateways, providing a well-
defined toolbox on topical areas shared in groups.

The lessons learned from the different science
gateways include that they need a mixture of different
outreach measures and that each community may pre-
fer different formats. For example, publications, pre-
sentations, and online tutorials attracted and grew a
large community for nanoHUB, while newsletters and
e-mail campaigns were necessary to attract a wider
community for further growth after the initial years. It
is not always clear which features and outreach meas-
ures attract a wider community, though. Some commu-
nities pick up fast on Slack, while others barely use it
for discussions. There is not one unigue outreach
approach that fits all. The outreach strength of MyGeo-
Hub, for example, is the provision of tutorials with con-
tent about geospatial challenges paired with FAIR
solutions. Addressing the educational needs of wide-
spread concepts, such as the FAIR principles, is prom-
ising for attracting a wider community.

Another lesson leamed is that educators and
researchers in academia expect open access to data
and tools. A recommendation is to have a basic set of
features and tools for open access. Specific features
for a community might be successful behind a paywall;
however, the uptake is improved when part is openly
available via so-called freemium models.

It is important to analyze the broader impacts by
gathering consistent measures—for instance, the key
user numbers for each science gateway: nanoHUB
data from 1996 to 2020 show a total of 22,000 users
and 1.8 million visitors; MyGeoHub from 2014 to 2020
counts more than 9500 users in the same period;
QUEEShub reports 1000 faculty users; and HublCL, for the
20202022 period, reports a total of 3938 active members.

This article presents the growth of four communities
in the open science and open education ecosystem
by analyzing the features of four science gateways:
nanoHUEB, MyGeoHub, QUBEShub, and HublCL. Each
science gateway tackles different community chal-
lenges by using the framework to share various data,
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simulations, and collaborative workflows. The pre-
sented science gateways are part of the open science
ecosystem, with continued community growth and the
use of shared products.
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