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A B S T R A C T

The challenges faced by science, engineering, and society are increasingly complex, requiring broad, cross-
disciplinary teams to contribute to collective knowledge, cooperation, and sensemaking efforts. However,
existing approaches to collaboration and knowledge sharing are largely manual, inadequate to meet the needs
of teams that are not closely connected through personal ties or which lack the time to respond to dynamic
requests for contextual information sharing. Nonetheless, in the current remote-first, complexity-driven, time-
constrained workplace, such teams are both more common and more necessary. For example, the NASA
Center for HelioAnalytics (CfHA) is a growing and cross-disciplinary community that is dedicated to aiding the
application of emerging data science techniques and technologies, including AI/ML, to increase the speed, rigor,
and depth of space physics scientific discovery. The members of that community possess innumerable skills and
competencies and are involved in hundreds of projects, including proposals, committees, papers, presentations,
conferences, groups, and missions. Traditional structures for information and knowledge representation do not
permit the community to search and discover activities that are ongoing across the Center, nor to understand
where skills and knowledge exist. The approaches that do exist are burdensome and result in inefficient use of
resources, reinvention of solutions, and missed important connections. The challenge faced by the CfHA is a
common one across modern groups and one that must be solved if we are to respond to the grand challenges
that face our society, such as complex scientific phenomena, global pandemics and climate change. We present
a solution to the problem: a community knowledge graph (KG) that aids an organization to better understand
the resources (people, capabilities, affiliations, assets, content, data, models) available across its membership
base, and thus supports a more cohesive community and more capable teams, enables robust and responsible
application of new technologies, and provides the foundation for all members of the community to co-evolve
the shared information space. We call this the Community Action and Understanding via Semantic Enrichment
(CAUSE) ontology. We demonstrate the efficacy of KGs that can be instantiated from the ontology together
with data from a given community (shown here for the CfHA). Finally, we discuss the implications, including
the importance of the community KG for open science.
1. Introduction

The challenges faced by science, engineering, and society are in-
creasingly complex, requiring new levels of collective knowledge, coop-
eration, and sensemaking (Council, 2014). Groups hoping to respond to
these challenges must be broader and more cross-disciplinary and must
coordinate cohesively (Council, 2015). Creating more cohesive and
informed teams rests on the ability of scientists and decision makers to

∗ Corresponding author at: NASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA.
E-mail address: ryan.mcgranaghan@gmail.com (R.M. McGranaghan).

successfully navigate two simultaneous challenges: (1) traversing volu-
minous technical information to understand evolving, multifaceted do-
mains of study and (2) creating connections across broad, distributed,
high-diversity teams with shifting networks of internal collaborations
and external partnerships.

A variety of information technology tools have evolved to address
the first of these challenges—access to technical information. Knowl-
edge graphs are increasingly gaining traction as a promising infrastruc-
ture
vailable online 3 November 2023
590-1974/© 2023 The Authors. Published by Elsevier Ltd. This is an open access ar

https://doi.org/10.1016/j.acags.2023.100142
Received 29 March 2023; Received in revised form 28 September 2023; Accepted 1
ticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

November 2023

https://www.sciencedirect.com/journal/applied-computing-and-geosciences
http://www.sciencedirect.com/journal/applied-computing-and-geosciences
mailto:ryan.mcgranaghan@gmail.com
https://doi.org/10.1016/j.acags.2023.100142
https://doi.org/10.1016/j.acags.2023.100142
http://crossmark.crossref.org/dialog/?doi=10.1016/j.acags.2023.100142&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Applied Computing and Geosciences 20 (2023) 100142R.M. McGranaghan et al.

g
a
a

t
e
m
n
l
t
o
t

c
o
t
s
i
T
r
c
h
s
c
m
c
r
t
e
t
o
p
i
(
a

m
k
c
h
w
a
t
m
m
f
c

t
m

%

e
c
e
B

to present scientific assets in an interoperable manner, and form the
backbone of major scientific information networks, such as the National
Science Foundation’s EarthCube1 and Open Knowledge Network2 pro-
rams. Knowledge graphs are also widely used in Europe for academic
nd government applications (Chatterjee et al., 2021), and increasingly
dopted by global companies, as described by Gartner.3

While these initiatives show promise for organizing dynamic data,
he utility of knowledge graphs remains primarily limited to the back-
nd of applications. For users, information discovery still requires
anual search through vast information corpuses and monitoring of
ew publications across multiple sources. With content published vo-
uminously across disparate disciplines and distributed through cen-
ralized, large-scale publishers, or a myriad of small, highly diverse
utlets, merely identifying relevant resources represents a significant
ime investment for scientists.

Furthermore, the volume, breadth, and complexity of scientific
oordination is no longer limited to the discovery and organization
f scientific materials; the complexity in collaboration between scien-
ists has also increased, even as scientists’ coordination capacity, and
upportive tooling, has remained fundamentally static. Consider the
nformal knowledge coordination activities of an individual scientist.
o create knowledge that is tailored to unique, evolving circumstances,
esearchers must identify fruitful technical partnerships, including with
olleagues studying related topics but with whom they may not yet
ave personally connected. In addition to following new work of per-
onal interest, they had like to stay abreast of the work that close
olleagues are pursuing, as well as that of their new partnerships. They
ust follow developments in funding and strategic landscapes. They

an also benefit from knowledge about their organization’s existing
esource base, including ongoing projects, or available expertise. And
hey must be open to diverse perspectives, avoid bias, and incorporate
merging scientists; by corollary, emerging scientists must also develop
he skills to pursue funding, partnerships, and publication and speaking
pportunities. All of the information required to achieve these various
riorities flows through informal communication lines, consisting of
nteractions at conferences, via email, or through personal investigation
e.g., of funding opportunities), at great time cost to each individual
nd low visibility to the scientist’s broader network.

By providing a machine-readable structure through which infor-
ation of this nature can be connected to common metadata terms,

nowledge graphs (KG) are capable of alleviating these information and
ollaboration challenges. However, to date knowledge graph projects
ave largely been targeted to formal knowledge management goals,
ith specific focus on technical data collection, graph construction,
nd maintenance (a natural focus given the relative ease with which
hese data can be encoded compared to informal communications). This
anuscript provides the foundation for transferring those successes to
ore informal settings, detailing an ontological design methodology

or a community knowledge graph, developed by the authors in a pilot
onducted with NASA’s Center for HelioAnalytics.

As we will illustrate below, this use case is naturally deliverable
hrough the flexible, interlinked structure of a knowledge graph. While
any definitions of a knowledge graph (KG)4 have been offered, for

the purposes of this paper we adopt the following description: a KG is
a logically consistent definition of the concepts and their relationships

1 https://www.earthcube.org/
2 https://nsf-gov-resources.nsf.gov/2022-09/OKN%20Roadmap%20-
20Report_v03.pdf
3 https://www.gartner.com/en/information-technology
4 information structured into a graph form by a specific data mod-

l/schema/ontology that defines entities (objects, events, situations or abstract
oncepts) and their relationships. It is a collection of interlinked descriptions of
ntities—objects, events or concepts (Bonatti et al., 2018; Hogan et al., 2021;
2

occaletti et al., 2006; Torres et al., 2021).
of a given domain of knowledge that is both human and machine read-
able (Bonatti et al., 2018). The graph representation implies that the
information is organized into entities (nodes) and their relationships
(edges) (e.g., Hogan et al., 2021).

We further specify a community knowledge graph as one represent-
ing information about the members of a community-based organization
(including their partnerships and collaborations outside of the orga-
nization), allowing individuals to both share and access information
about and across the communities in which they are situated. While
this variation may sound simply like a conceptual specification, the
schema is not the only essential feature of a community knowledge
graph. Additionally, community knowledge graphs must be designed
for in-situ use, as the information to be delivered through the graph
is also generated by the user community, and is accessed in highly
dynamic conditions (such as, for example, at a conference). Successfully
identifying information categories (information design), representing
data in them (schema and instantiation), and accessing the graph
(user design), then, requires an explicit socio-technical design pro-
cess. Knowledge graph projects typically commence with a process of
defining competency questions; what we illustrate in this manuscript
is that this typical design strategy must be augmented to identify a
design concept appropriate to the unique context of a given community,
capable of delivering value both for immediate needs as well as to
support longer-term community support goals.

The gap that we attempt to address is that existing academic
search platforms tend to privilege data that are more easily aggregated
(e.g., publication data). Largely lacking from those existing systems are
ways of incorporating activities that go on in a community that are not
captured by publications or other more visible research artifacts, yet
are instrumental to community functioning. As principles from library
and information science and knowledge management have been used
to inform the development of knowledge graphs delivering technical
content, so are principles from design, communication, psychology, and
ethnography relevant to the community knowledge graph.

The paper is structured as follows. First, we illustrate our work with
and within the Center for HelioAnalytics through (Section 1.1). We then
provide a detailed methodology, including the sociotechnical approach
that adopted a human-centric philosophy of ontology engineering and
incorporated ethnographic activities (Section 2). We demonstrate the
application of the philosophy and ethnography in instantiating the on-
tology with survey data collected from the CfHA in the KG development
sections (3 and 4). Finally, we discuss the broader significance of this
work (Section 5).

1.1. The NASA center for HelioAnalytics

The NASA Center for HelioAnalytics (CfHA) is an exemplary case of
a scientific community exposing the need for new forms of organization
to manage increasingly complex demands of inquiry. CfHA emerged
from the recognition that the study of a star, interplanetary space,
and the interaction with planets (the domain of ‘heliophysics’ Eddy,
2009) required approaches that permitted systems-level understanding,
the broad and robust use of data, and interdisciplinary collaboration.
Out of this context came the term ‘HelioAnalytics.’ The Center for
HelioAnalytics (CfHA) was established informally in 2019 and more
formally under funding from the National Aeronautics and Space Ad-
ministration (NASA) in 2020 to build the field and community of
HelioAnalytics, by focusing on existing and important problems that
had been obstinate to progress with established methods and required
more modern approaches.

The objectives and inherently distributed, cross-group nature of the
Center require a sophisticated approach to knowledge management and
organization. CfHA is composed of a cross-disciplinary convergence of
communities of physicists, statisticians, and computer scientists con-
nected to NASA that is intended to foster fundamentally integrated

research into advanced methodologies for heliophysical research, and

https://www.earthcube.org/
https://nsf-gov-resources.nsf.gov/2022-09/OKN%20Roadmap%20-%20Report_v03.pdf
https://nsf-gov-resources.nsf.gov/2022-09/OKN%20Roadmap%20-%20Report_v03.pdf
https://www.gartner.com/en/information-technology
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to promulgate such methods into the broader community. Thus, the
CfHA must connect a diverse and changing community while mak-
ing visible and accessible to it a wide variety of information and
knowledge.

2. Methodology

Knowledge graphs typically focus on delivering technical informa-
tion to users. This type of project emphasizes a user base of one:
e.g., the user in direct exchange with the knowledge base. However,
since a community knowledge graph is specifically focused on empow-
ering a dynamic base of users to interact with each other, this typical
esign process is insufficient to deliver this goal. In effect, each of the
omponents of the knowledge graph must support a system of users to
ngage with each other.

For this project we thus re-conceived the traditional knowledge
raph design process, introducing a design phase which augments the
dentification of competency questions5, the typical beginning of the
echnical construction of the graph itself. We note that there exists
ome work, mostly diffuse and of rather marginal focus, into working
ithin a community to design a KG (e.g., ‘customer involvement and

eedback’ principle within The eXtreme Design Methodology Blomqvist
t al., 2016) upon which we build, however we adapt that previous
esearch for the purpose of creating a community knowledge graph
nd that this requires novel approaches. Since community knowledge
raphs are primarily focused on emerging tacit information, identifying
hat information should be supported by the resulting tool is likely to
e a substantial activity on its own; user communities are often not
et aware of how technological tools may be able to support existing
rocesses, even processes that are extremely high-friction at present
e.g., how do I know who in my group is working on what?). Further,
hat is important to a community may not be identified easily, even
y conscientious users. This is largely because community knowledge
raphs, by definition, exist outside of the scope of view of any given
ndividual; thus, a number of ‘‘measurements’’, that is, samples of user
tories, must be made, in order to comprehend the systemic operations
f a community, and indeed, the prioritization of capabilities to build
nto the graph, to gain initial interest and enthusiasm.

Thus, we propose that a suitable design process is as integral to the
roduction of the community knowledge graph as the representation
tself, e.g the OWL file. The approach that we provide below was
esigned to the unique requirements of the CfHA use case, and serves
s an instructive example; the particular design process must always be
ailored to the specific context of the community it serves.

In our use case, we produce the resulting design concept through an
ntegrated synthesis of CfHA institutional goals, member survey data,
nd research of best practices profiled in the literature and evident in
ndustry. We structured our implementation to simultaneously develop
community of interest alongside necessary data capture and ontolog-

cal design work, to support legibility and collaboration with members
f the recipient community.

.1. Establish community of interest

A community of interest 6 is a group of representatives from within
he community for which the community knowledge graph is designed,
ho partner with the design and ontology team as in-situ collaborators,

5 Competency questions are natural language questions outlining the scope
f knowledge represented by an ontology (Uschold and Gruninger, 1996) and
re generally the starting point for ontology design

6 A collaborative group of users (working at the appropriate security level
r levels) who exchange information in pursuit of their shared goals, interests,
issions, or business processes, and must have a shared vocabulary for the

nformation exchanged. The group exchanges information within and between
3

ystems https://csrc.nist.gov/glossary/term/community_of_interest
initial users, and informal champions of the project. A championing
community is instrumental to promoting, adopting and maintaining
the knowledge graph system into maturity, and ensure key design
requirements are incorporated.

We deemed the establishment of a community of interest at project
outset essential to the long-term success of this initiative, as scientists
at CfHA are time – and attention – constrained, and can be skeptical
of unfamiliar tools. Cohesive communities of interest are important for
generating network effects for emerging technologies.

The CfHA is structured into numerous sub-groups. One of these sub-
groups, the ‘Knowledge Team,’ works on the information representation
and infrastructure required by the CfHA to facilitate the interdisci-
plinary work of the Heliophysics data science community and was an
ideal place to situate efforts to create a community of interest for this
KG effort. It should be noted that the lead author is the lead of the
Knowledge Team. The explicit objectives of the team are:

• Create and provide new resources to the Heliophysics commu-
nity for improved information structuring (i.e., knowledge), such
as: language, learning materials, and technologies to achieve
information structuring;

• Develop the CfHA knowledge capture, organization, and access
system;

• Connect with other knowledge teams;
• Develop a knowledge graph/system curriculum for Heliophysics

community to connect sets of lectures with accompanying com-
putational notebooks (e.g., Jupyter notebooks) and apply those
curricular tools to make KGs and better information structuring
possible for the Heliophysics community; and

• Build stronger relationships with data science/semantic web/on-
tology communities and existing information structuring efforts.

Biweekly Knowledge Team meetings are open to the broader mem-
bership at CfHA and often involve external collaborators and interested
groups, and provided an ideal mechanism for socializing the project
with users, as well as gaining ongoing design insights. Through the
process of design and development of this knowledge graph, we also
engaged in a number of informal conversations and observations which
were continuously integrated into the design process.

2.2. Define design scope

Identifying an initial starting point for a community knowledge
graph requires a survey of the general dynamics and needs of a commu-
nity. While the complete activities of CfHA were impossible to address
within the scope of this initial pilot, we identified a use case that
addressed the foundational requirements of a user community, in order
to provide a suitable basis to build future components.

In collaboration with members of the CfHA, the Knowledge Team
identified several notions that capture the Center’s twin goals of track-
ing the development of the CfHA community as well as the science
produced by the Center:

• Who are the CfHA partners and collaborators?
• What has the CfHA produced?
• A scientist is considering a new project. How can they find out

who has already tried something similar, worked with the data
before, or used a particular model, repository, etc? How do they
determine the state of existing knowledge as well as meaningful
trends?

• NASA Headquarters wants to know the impacts of recent data sci-
ence funding opportunities. How can those impacts be revealed?

With the Knowledge Team, we analyzed these notions to derive the
core concepts and utility around which to form the initial structure of
the community knowledge graph. For example, the concepts required to

address the first notion—who are the CfHA partners and collaborators

https://csrc.nist.gov/glossary/term/community_of_interest
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Table 1
Ontology requirement specifications.

Scope: The scope of this ontology is to semantically describe the NamedIndividuals within a professional community,
their role, expertise, collaborators, and activities

Intended Users:

Heliophysics researchers
NASA disciplinary scientists from related disciplines
Partners of the CfHA
Knowledge Engineers

Intended Use:
Use Case 1: Identify who the CfHA partners with and the nature of those partnerships that may inform new
collaborations.
Use Case 2: Support new research projects to understand what has been done, who to approach with questions, and
guide team composition.
Use Case 3: Create a more connected, enjoyable, flourishing community.

Ontology Requirements:

CQ1: Who do we engage with the most?
CQ2: Who do I have the most associations with?
CQ3: What projects do we work on with this person/group?
CQ4: What missions do we work with this person/group?
CQ5: What skills/exercise does this person/group have?
CQ6: What research does already exist in this topic?
– references components that are also necessary to address the second
notion – what has the CfHA produced (as a result of member activities,
with partners and collaborators). In both cases, the representation of
human contributors is primary.

Once this design concept is identified, it is possible to re-use this
design concept to address other, more complex notions. For instance,
to address notion three, we may experiment with modeling strategies
that attach models, repositories, and other forms of scientific work to
human contributors.

Through conversations with the Knowledge Team, a single notion
was selected as the primary focus of this project: ‘‘Who are the CfHA
partners and collaborators?’’

Competency questions

From this notion we then identified competency questions (CQs),
entities, and relationships. These competency questions were used to
structure the rest of the design activities, as well as the conceptual
mapping of the entities and relationships and the testing mechanism
for the utility and success of the eventual knowledge graph. They are:

• Who are we engaging with the most? Who do I have the most
associations (of type < 𝑋 >) with?

• What projects do we (a member or members of the CfHA) work
on with this person or group? What missions do we work on with
this person or group?

• What skills and expertise does this person or group have?
• What research or research artifacts already exist on this topic?

These CQs are presented alongside the scope, users, and use for the
G that come from them in Table 1.

The CAUSE ontology was formalized in a machine understandable
ormat using the Web Ontology Language (OWL) language.

.3. Survey real-world user context

While we identified the structural goals of the KG design in conjunc-
ion with the Knowledge Team, we also surveyed the CfHA member
ommunity directly for qualitative information about their working
ontexts, in order to identify immediately useful day-to-day tasks that
e could also address. Our choice to include a human-centered design
hase in our development process originated from the awareness that
nowledge graph projects are often underutilized by their intended
udience—despite being built intentionally to those audiences’ spe-
ific requirements. We hypothesized that incorporating insights about
ommunity members’ workflows into the knowledge graph’s technical
equirements would produce a final, integrated product that could be
4

uccessfully operated by users in their actual working environments.
We were conscious of the impact of often tacit limitations (such as
users’ capacity to learn new technical features, or to integrate new tools
into various components of their workflows) on the success or failure
of a software application.

The ethnographic survey included interviews with members of the
CfHA via in-person conversations, whiteboarding, and demos, and in-
terviews conducted by members of the Knowledge Team. Additionally,
workshops (virtual and in-person) were held throughout 2022. The
in-person activities also included iterative conceptual modeling and
competency question design processes. To augment conversational dis-
covery, a more formal survey instrument was designed and shared to
acquire information from CfHA members. The next step, that is beyond
the scope of this paper, is to create a user interface that reflects the
community discovery and makes the knowledge graph instantiated in
this paper accessible and navigable by the CfHA members.

2.4. Define initial design concept

After identifying the primary strategic goal of the Center, and
surveying members to understand day-to-day user activities and goals,
we synthesized our learnings into an initial design concept.

The Center is inherently distributed across disciplines, groups, in-
stitutions and projects. Efficiently making sense of the myriad ac-
tivities requires a collective view of the partnerships, collaborations,
community activities, and research artifacts (e.g., presentations and
publications) of CfHA members.

The members of CfHA are involved in more than 100 associated
projects (proposals, committees, papers, presentations, conferences, or-
ganizations). That presents a challenge: how can the CfHA team track
its connections and activities in a valuable, minimally burdensome, and
fully searchable way?

We wanted to develop an ontology that could augment ‘traditional’
ways of coordinating within a team: e.g., organizing and attending
regular team meetings, meeting new people and engaging new ideas
at conferences, maintaining personal email lists, and maintaining tacit
knowledge about the liaisonships and partnerships with the team.
Our long-term vision was to provide an easy vector through which
to promulgate news to the entire network, reducing transaction costs
of manual notification and removing barriers of scope. In turn, these
benefits would optimize the self-organizing capacity of the community,
and afford expanded collaboration potential.

We also identified several core design constraints that our solution
needed to satisfy. Although beyond the scope of the initial project,
adhering to these design constraints would be essential to support
eventual implementation, and thus were essential to include for con-
sideration during the initial design phase:

• To reduce barriers of adoption, the resulting application would
have to be easily accessible;
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• The resulting application must allow for contributions from the
entire community; and

• The resulting application must facilitate users to provide contin-
ual data contributions, and thus must provide an incentive for
doing so.

.5. Review of related work

Once we had a clear view of the nature of the community knowledge
raph we intended to develop, we next assessed relevant publica-
ions and examples of community knowledge graphs; the examples are
elatively few and dispersed.

The term ‘‘community knowledge graph’’ has typically referenced
arge-scale, open-source projects, such as Wikipedia and its linked data
ounterpart Wikidata (Vrandečić and Krötzsch, 2014). These may be
ore accurately described as community-developed knowledge graphs,
hose databases are formed through the contributions of a large and
iverse set of people—e.g., ‘‘the community’’. However, in our con-
eption of the community knowledge graph, community members are
epresented as the subject of the graph itself. Therefore, there is little
verlap between the ontologies used by Wikipedia to represent domain
ontext and the ontological concepts required for our use case.

We included the evaluation of traditional social networking
oftware – which also use knowledge graphs – in our design assessment.
or example, community-oriented knowledge graph software such as
acebook and LinkedIn establish broad databases of information about
eople. Although these ontologies are not public, we anticipate that
he concepts represent the linkages of the social graph—e.g., such as
hose described in the Friend of a Friend (FOAF) ontology (Brickley and
iller, 2014).

There exist pockets of progress on community-based knowledge
nfrastructure, notably from the ontological engineering community
Gómez-Pérez et al., 2004). Like traditional social networking software,
rominent examples of ontological engineering applications that in-
lude community components predominantly come from industrial or
ommercial applications (e.g., Blomqvist and Öhgren, 2008). A key
istinction between these examples and our initial design vision, and
esulting CAUSE ontology, is our focus on supporting a more cohesive
ommunity and supporting discovery and innovation, rather than a
usiness outcome or knowledge management goal. However, previous
ork from the ontological engineering community exists to understand

ocial connections at quite broad levels (Masolo et al., 2004).
In the scientific community, community knowledge representation

s perhaps even less mature. NASA has investigated data representation
o understand community: at Johnson Space Flight Center to support
usiness considerations (David Meza, personal correspondence) and at
he NASA Jet Propulsion Laboratory in the creation of an Institutional
nowledge Graph (Lewis McGibbney, personal correspondence). The
arth Science Informatics Partners (ESIP)7 community investigated an
arth Science Knowledge Graph (ESKG) Testbed Project as an auto-
atic approach for building interdisciplinary Earth Science knowledge

raphs to improve data discovery (McGibbney et al., 2017). Most of
hese efforts have not published results nor do they maintain publicly
ccessible graphs and could be considered exploratory rather than
unctional.

Finally, arguably the biomedical community has by necessity de-
eloped more mature knowledge infrastructure than most physical
ciences (e.g., the Monarch Initiative Mungall et al., 20168) and there
as even been discussion of how to collaboratively build ontologies for
iomedical domains (Noy et al., 2008). These efforts have overwhelm-
ngly focused on physical units (e.g., genes Ashburner et al., 2000)
ather than the community element.

7 https://www.esipfed.org/
8 https://monarchinitiative.org/
5

2.6. Translate insights from related work into conceptual model of the
ontology

Informed by our review of other examples and research related to
community knowledge graphs, we next undertook a process of synthesis
to make final design decisions, solidifying the design concept and
competency questions in light of implementation considerations and
strategies.

Defining How to Build: Incorporating Insights from Reviewed Materials
We ultimately settled on a hybrid of the approaches: defining the inter-
linkages between community members as a social graph, expanded
to include relationships to their own work products, topics of ex-
pertise, and other technical information, and enabling ongoing user
contributions to populate the knowledge graph.

We were inspired by FOAF’s representation of people and their
social relationships in the virtual world. Our application inherits the
need to represent virtual relationships and information, although it
also includes a broader set of relationships, and required dynamic
intersections such as community members’ conference and meeting
interaction, and participation in projects and missions.

Future extensions of the CAUSE ontology will benefit from the
further consideration of ontology design patterns, to inform the devel-
opment of ground and conceptual ontologies, providing at the ground
layer a foundation of essential terms such as ‘Person’ in the CAUSE
ontology presented below, which can be layered with additional tem-
poral, contextual, and further conceptual meanings to produce specific
representations of dynamic multi-agent community roles. Indeed, the
‘‘building blocks’’ that the modular approach to ontological engineering
affords forms the foundation of the new solution that CAUSE aims to
provide (Gangemi and Presutti, 2009; Blomqvist et al., 2016; Hammar
and Presutti, 2016; Krieg-Brückner and Codescu, 2021; Shimizu et al.,
2022).

Defining the Approach for Designing the Ontology We converged on a
foundational design decision to treat human contributors as the primary
unit of focus, as well as topic, in the graph.

We also adopted a multi-level modeling strategy, constructing both
a top-down and bottom-up model separately, and working iteratively
to ultimately converge these into the final ontology.

The goal of this blended approach was to develop a harmonious
integration between the types of data and manners of description that a
community member of CfHA would produce in the context of a working
experience, and the strategic priorities of the community itself, as well
as the organizational activities of the Knowledge Team and broader
agencies (e.g., NASA).

Our multi-level design process is mirrored in both the resulting
ontology and instantiated graph, which are composed of integrated,
faceted information provided by diverse personas, which together com-
pose the community ecosystem.

Below we describe these two simultaneous modeling approaches in
more depth.

2.7. Top-down: Translating design into ontological concepts

We began by decomposing the competency questions into data
elements necessary to answer those questions, as shown in Fig. 1.

The competency questions roughly described core concepts, such
as ‘‘person’’, ‘‘group’’, and ‘‘project;’’ active qualities of those concepts,
such as ‘‘action’’, ‘‘relationship’’, and ‘‘output;’’ and descriptive, anno-
tative qualities useful for second-order analysis of relationships, such
as notions of frequency and quality. The latter two categories were
not directly modeled into the ontology but rather indicated a range of
concepts requiring differentiation, to address dynamic questions such
as: What types of actions are salient for the community to identify and
report into the knowledge graph? What types of measurements must be

included to define ‘‘who we engage with the most?’’

https://www.esipfed.org/
https://monarchinitiative.org/
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Fig. 1. Decomposing competency questions into data elements to determine the top-down component of the CAUSE ontology. This is a demonstration of the decomposition for
the first CQ: ‘‘Who are we engaging with the most?’’.
Fig. 2. Illustration of the evolution of design of the CAUSE ontology that extracted entities and relationships from a process of describing the CfHA team members’ knowledge of
the collaborations and partnerships use case. (a) Initial conceptual map, revealing a process of review and feedback with the CfHA community (post-it notes on the diagram); and
(b) Resolving open comments and iterating the conceptual model. This evolution largely used the mind-mapping and diagramming software, Miro miro.com/.
After identifying these conceptual sets, we compared the collection
of core concepts with the model draft that was produced from commu-
nity contributions via Knowledge Team meetings. We sought to define
a fundamental process map representing the activities of community
members within work environments, which could function as the basis
for the rest of the ontology. Fig. 2 shows a portion of the evolution of
the process map, which proceeded from hand-written (not shown) to
diagramming software (a couple of iterations shown).

Using the concept ‘‘people’’ as the core building block upon which
to base our arrangements, we defined a structure that sufficiently
represented all core concepts.

The resulting ontology extends across five axes:

• Topics (such as ‘astrophysics,’ ‘machine learning,’ ‘the Sun’)
• Objects (such as publications, papers, conferences)
• Activities (processes and projects)
• NamedIndividuals (community members, as well as teams, de-

partments, organizations, etc.)
• Affiliations (relationships between NamedIndividuals and groups)

We specifically chose concepts that represent fundamental com-
ponents of communities, and avoided academic jargon, in order to
produce a pattern ontology that can be adopted by communities in
6

other domains. This may fill an existing absence in knowledge repre-
sentations: a core and broadly available ontology for the representation
of professional communities.

We next defined relationships between these entities, of two types:
(1) basic relationships to express the semantic context of the use case,
such as (isContributor, isMemberOf), as well as (2) relationships for
connecting topics, objects, activities, and role descriptors to human
contributors. Affiliations were also designated as relationships. As an
organizing principle, we attempted to select broad relationship tags
that could be reused, such as ‘‘resultsIn’’ (applicable to many processes)
versus ‘‘published’’ (narrower scope). Some of these relationships are
structural, such as ‘‘isContributor’’, and thus, broadly applicable across
domains and use cases; however, others, particularly Affiliation labels,
are more specific to the CfHA, and would require tailoring for other use
cases.

To represent notions of quality, we created additional ‘‘meta-
metadata’’ terms, such as measurements of time (e.g., frequency, du-
ration, number of times), as well as concepts for representing the
outcome of various investments. Such concepts are of relevance to
the Knowledge Team as well as NASA quite broadly (e.g., NASA
Headquarters), and other decision makers who allocate resources across
opportunities within the organization. To support the administrator’s
view on each of these levels, additional attributes were modeled, such
as starting dates, resources, and quality.

https://miro.com/
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Fig. 3. Visualization of the CAUSE ontology.
Fig. 4. Visualization of the segregated CAUSE ontology: the ‘Person’ component.
2.8. Bottom-up: Extracting concepts from collected data

The simultaneous bottom-up approach began with data collected
from CfHA members in-situ. These data were analyzed for recurrent
patterns, which could be described through the high-level categories
defined in the previous section. This work followed the finalization of
top-level ontological concepts, to verify that they were able to represent
actual user data accurately and completely.

Biweekly calls with the Knowledge Team throughout the design
process created regular feedback on the conceptual map. Additionally,
we observed community members using the opportunity of the call to
manually share data that could be alternatively organized through the
completed knowledge graph, such as:

• Identification of which journals they relied on for various types
of information discovery;

• Match graduate students with CfHA mentors who could provide
advice on specific, technical project;

• Discover upcoming grant opportunities; and
• Compose teams to respond to grant opportunities.

Thus working directly with a community to create a KG leads to
observing and discovering more granular and diverse data that are
instrumental to community collaboration and functioning.
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3. KG development and description

Coupled with the high-level design development (described in the
previous section), we implemented the ontology in the Protégé soft-
ware (Musen, 2015). Fig. 3 shows the Protégé visualization of the
CAUSE ontology.

CAUSE further defines ‘Person’ and ‘Project’ components as shown
in Figs. 4 and 5, respectively.

The human contributor-focused conception of the knowledge graph
guided its development from the start and is reflected in the centrality
of the ‘Person’ entity in the general classes of CAUSE (represented as a
‘NamedIndividual,’ more on this choice below).

After establishing general classes, information from the CfHA com-
munity was imported into the ontology. Data instances are responses
to the CfHA survey we conducted. Each survey response was submitted
by a member of the CfHA community, such that each is associated
to a ’NamedIndividual.’ We use the owl:NamedIndividual class for
declaring named (in contrast to anonymous) individuals per the OWL
2 specification.9 In the CAUSE ontology, this covers both ‘Person’ and
‘Organization.’

Connections between nodes were either modeled as Object Proper-
ties or Data Properties. A note that while we used Protégé to build the

9 https://www.w3.org/2007/OWL/wiki/FullSemanticsNamedIndividuals

https://www.w3.org/2007/OWL/wiki/FullSemanticsNamedIndividuals
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Fig. 5. Visualization of the segregated CAUSE ontology: the ‘Project’ component.
KG, it is not a graph database application. It was sufficient in this proof-
of-concept paper because the data were small (∼70 survey responses).
To scale this work, a graph database would be required.

Semantic Web Rule Language (SWRL) rules (Lan, 2004) were writ-
ten to support automatic instantiation of the knowledge graph; as an
example, we wrote a rule based on a transitive property that classified
a Topic to a Group if a Topic was associated with a Person, and a Person
collaborated with a Group.

Finally, because we imagine there is an audience outside of knowl-
edge engineers interested in this research, we provide two substantive
components of the knowledge graph design that will be somewhat basic
for more experienced knowledge engineers. Object Properties represent
a connection between NamedIndividuals using a format that is similar
to the grammatical structure of a sentence in English. The subject of the
sentence is akin to the domain intersecting with the Object Property,
or the acting Class. The verb of the sentence is akin to the Object
Property itself, or the action being performed. Finally, the object of the
predicate is similar to the range intersecting with the Object Property,
or the Class being acted on. For example, the ‘Earth and Space Science
Department’’, which is a Group, has the Object Property assertion
partOfGroup, which has the range ‘NASA Jet Propulsion Laboratory.’

Data Properties represent a relationship between a ‘Class’ and a
concrete piece of data. For example, a Person has a givenName, fam-
ilyName, and potentially an additional middleName. This category of
connection is utilized with tangible data that have not been modeled
as an Individual.

3.1. Data sources

The ‘gold standard’ data set for the proof-of-concept knowledge
graph from the CAUSE ontology were those collected directly from
the CfHA community. The KG is designed such that data from other
sources can be integrated (e.g., NASA’s Astrophysics Data System (ADS;
https://ui.adsabs.harvard.edu/) in a straightforward way: we only need
to define the relationship between categories in the new database
and those defined by our ontology. We have not done so in this
proof-of-concept manuscript.
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4. KG evaluation

CAUSE contains 36 classes, 51 object properties, and 17 data prop-
erties. It was tested using the Pellet reasoner and the Oops!(ontology
pitfall scanner!) tool (Poveda-Villalón et al., 2014) to demonstrate that
the schema is consistent. All CQs were converted to SPARQL queries
and successfully executed towards the KG as demonstrated in the listing
below. The outcome of the queries was validated for accuracy by the
experts of the CfHA community.

∙CQ1: Who do we engage with the most?

Listing 1: Who do we engage with the most?

SELECT (SAMPLE(?person) as ?p) (COUNT (DISTINCT ?y) AS
↪ ?groups)

WHERE {
?person :collaboratesWithGroup ?y }
ORDER BY DESC (?groups) GROUP BY (?person)

∙CQ2: Who do I have the most associations with?

Listing 2: Who do I have the most associations with?

SELECT ?person ?partner
WHERE { ?person :collaborateWithPartner ?partner }
ORDER BY DESC (?partner)

∙CQ3: What projects do we work on with this person/group?

Listing 3: What projects do we work on with this person/group?

SELECT ?project ?person ?group WHERE {
?person :worksOn ?project.

:collaboratesWithGroup ?group.
:associatedWithTopic :AI
}

ORDER BY (?project)

https://ui.adsabs.harvard.edu/
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∙CQ4: What missions do we work with this person/group?

Listing 4: What missions do we work with this person/group?

SELECT ?mission ?person ?group WHERE {
?person :worksOn ?mission.

:collaboratesWithGroup ?group.
:associatedWithTopic :AI
}

ORDER BY (?mission)

∙CQ5: What skills/expertise does this person/group have?

Listing 5: What skills/expertise does this person/group have?

SELECT ?person ?group ?skill WHERE {
?person :hasSkill ?skill .
:collaboratesWithGroup ?group
}
ORDER BY (?person)

∙CQ6: What research does already exist on this topic?

Listing 6: What research does already exist on this topic?

SELECT ?research ?topic ?person WHERE {
?person :associatedWithTopic ?topic .
?person :producesOutput ?research
}ORDER BY (?research)

5. Discussion and significance

The central achievement of this manuscript is the development
of an ontology capable of answering six CQs central to NASA teams
and groups; particularly those of a cross-disciplinary community, the
CfHA. We believe that this ontology and the factors that motivate it,
enabling community self-discovery and equality and inclusivity within,
are perhaps an excellent foundation on which other researchers can
build. The purpose of this section is to briefly describe our perspective
on those opportunities to acknowledge that this ontology is not the
end point of this research and to invite the reader to consider where
they might build on these foundations. Because these thoughts are
extrapolations from the research presented in this manuscript, we are
intentionally brief.

First, the CfHA is an example of the kinds of broad and expansive
groups that are becoming more common at NASA and all agencies.
These groups require wider expertise and intelligence to address key
societal problems (e.g., climate change) and they will have greater
knowledge needs.

With any ontology and knowledge graph effort, a vital element
is how those artifacts are made accessible to those without semantic
technology expertise. Therefore, user interfaces (UI) that make the
graph accessible, navigable, extensible will be needed. Elements of a UI
need to enable members of a community to access existing and input
new data about the community and their activities. Ultimately, the
impact of an ontology and knowledge graph depends on the adoption
by the community, so the UI must become a part of the community
member’s workflow. This is a significant challenge for all knowledge
graph projects.

CAUSE is of high potential utility in large part because of the
flexibility with which it could be used, its impact depending on the
ingenuity with which a community uses it. We perceive several ways
that the ontology and knowledge graph could be used to begin to
realize some of this potential:
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1. Enable rapid discovery and analysis of publications and other
scientific materials;

2. Support triage for communication channels that proliferate
across platforms (e.g., email, social media, chat apps, etc.); and

3. Structure coordination within and between organizations.

The ultimate hope is that CAUSE could enable more fluid cross-
individual and cross-organizational efforts by reducing barriers to both
discovery of intra- and inter-community members, an important com-
ponent of the move towards Open Science (Vicente-Saez and Martinez-
Fuentes, 2018; Gentemann et al., 2021, 2022). Central to the move
towards open science is elevating implicit information held currently in
personal networks to an explicit, open knowledge network (e.g., Janow-
icz et al., 2022; Zhu et al., 2022; Nelson et al., 2019; Shefchek et al.,
2020).

The broadest goal for extending the CAUSE ontology foundation
is to work towards a knowledge commons. A knowledge commons is
a combination of intelligent information representation and the open-
ness, governance, and trust required to create a participatory ecosystem
whereby the whole community maintains and evolves this shared
information space. McGranaghan et al. (2021), McGranaghan (2022).
Indeed, the knowledge graph lends itself to the development of an
ecosystem of knowledge communities:

• Between colleagues, facilitated by data entry about individu-
als community members, and for their personal and extended
network;

• Between researchers, facilitated by data entered into a technical
knowledge base, which can then be accessed and curated by
specific individuals; and

• Between levels of community, engendered by the ability to be-
come familiar with a range of groups in the general environment
and dynamics between them.

In maturation, this knowledge graph may enable an increase in
creative inputs between individuals and groups as well as the devel-
opment of new relational ties. This is a particularly important goal
in science, where intersecting perspectives shape what is known, and
greater diversity leads to better results and more creative investi-
gations (Hochberg et al., 2017). Generative collaborations precede
scientific collaborations, and are originated through the crossing of
new intersections. What would be the effect, then, of removing barriers
to cross-disciplinary discovery? As this knowledge graph is oriented
towards the needs of scientists at CfHA, the primary activities that
this ontology supports are collaboration, peer discovery, and perusal
of knowledge products produced by community members. However,
with some modifications the CAUSE ontology is capable of addressing
communications and coordination challenges within organizations at
large. Those extensions involve support for information transmission
across defined roles, processes, and hierarchies (Sequeda and Lassila,
2021).

6. Conclusions

We presented a knowledge engineering solution to the fact that the
challenges faced by science, engineering, and society are increasingly
complex, requiring broad, cross-disciplinary teams to contribute to col-
lective knowledge, cooperation, and sensemaking efforts. The result of
our solution is a new ontology to support cross-community knowledge
sharing and discovery: the Community Action and Understanding via
Semantic Enrichment (CAUSE) ontology. Both the CAUSE ontology and
the design approach developed to create it are significant contribu-
tions to the semantic web community. CAUSE was designed with a
specific use case, the NASA Center for HelioAnalytics (CfHA), whose
cross-disciplinary and cross-institutional membership exemplifies the

challenges of the modern scientific team (Council, 2015). Using data
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collected from the CfHA and in partnership with them, we instantiated
the CAUSE ontology to provide a proof-of-concept knowledge graph.

Finally, we discussed the implications of our community-based ap-
proach to knowledge graph creation, which is to enable community
stewarding of the graph and open science practices.
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