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ABSTRACT

The integration of Systems Engineering (SE) and Human Factors Engineering (HFE) is
essential for developing comprehensive and reliable systems. This paper addresses
the challenge of disparate vocabularies between these domains by leveraging
ontologies to facilitate a common understanding. Utilizing standard practices and
tools, the creation and implementation of ontologies are demonstrated through this
research. By establishing a shared language and linking domain-specific terms, this
work highlights the potential of ontological virtual models to enhance stakeholder
communications.
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INTRODUCTION

This research is motivated by the need to overcome barriers created by
disparate vocabularies between domains, approaches, representations, and
tools (Uschold & Jasper, 1999). Shani et al., 2016, state that leveraging
the knowledge of relationships between information reduces costs and
risks, improves designs, and shortens schedules. This work supports
the International Council on Systems Engineering (INCOSE) Systems
Engineering Vision 2035 goal of data integration between multiple tools.

This paper aims to answer the following research questions: (1) How can
SE and HFE ontologies be defined? (2) How do these ontologies enable the
mapping of fundamental terms across domains?

Ontologies

Systems engineering (SE) must implement human factors engineering (HFE)
to properly define user interfaces and satisfy human-system integration
(HSI) requirements. For individuals with diverse backgrounds and experience
levels, a documented ontology proves useful for a baseline understanding of
synonymous terms that cross disciplines.

An ontology is an explicit specification of a common language described
by a set of representational terms (Gruber, 1993). These are logical
theories encoded using knowledge representation languages (Aminu et al.,
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2020). Ontological models define natural language in a machine-readable
format (Mkhinini et al., 2020). To accurately exchange information, each
relevant entity and relationship must be identified and explicitly defined
(van Ruijven, 2015). Every entity defined by a formal ontology is studied
by multiple disciplines, (Munn & Smith, 2013), which contributes to the
challenges of defining object-specific transformation as an extension of the
model (Lutjen et al., 2014). The interdisciplinary nature of adopting a
modeling approach creates language barriers between stakeholders (Liitjen
et al., 2014) that are overcome with a unanimous understanding of shared
terminology. The formalization of ontologies emphasizes the machine-
readable structured repository (Aminu et al., 2020). Additionally, ontologies
include concept definitions that indicate domain structure and constrain
possible interpretations of the language (Gruber, 1993).

Ontologies are viewed as the interface between the knowledge base and
reality that guides information shareability, acquisition, and organization
(Kang et al., 2010). According to Noy & McGuinness, 2001, reasons for
ontology development include:

« To share common understanding

« To enable reuse of domain knowledge

. To explicitly define domain assumptions
« To analyze domain knowledge.

Basic Foundational Ontology (BFO)

The basic foundational ontology (BFO) is a high-level ontology developed
and designed to represent common categories of domain-specific languages
(Arp & Smith, 2008). This standard comprises of (1) continuants: entities
that continue or persist through time, and (2) occurrents: the events in which
continuants participate (Arp & Smith, 2011).

Web Ontology Language (OWL)

According to the web ontology language (OWL) v2 specification developed
by the World Wide Web Consortium (W3C), ontologies are formalized
vocabulary terms for a specific domain that are shared among users. OWL
ontologies map to resource description framework (RDF) graphs and include
annotations of classes and properties. OWL can enhance both precision
and accessibility, but it requires mediation to enhance model semantics and
resolve conflicts (Kulvatunyou, et al., 2014). Mediator systems federate and
integrate data from disparate sources to elicit information that cannot be
provided by an individual source (Ludascher, et al., 2001). The Semantic
Mediation Container (SMC) assumes that all RDF models are associated with
an ontology that provides the semantics of the graph elements (Shani, 2016).

Resource Description Framework (RDF)

The RDF is used by all OWL syntaxes to provide a common approach
for expressing information to prevent data exchange between software
applications from losing meaning (W3C, 2004). Each entity is given a unique
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Internationalized Resource Identifier (IRI) to ensure statements are machine-
readable. Using graph theory, subjects and objects are represented as nodes
(i.e., vertices) while predicates are shown as paths (i.e., edges) between the
nodes (Fournier, 2009). RDF defines all data as triples composed of a subject,
predicate, and object [SPO] (Ernadote, 2015). Therefore, the SPO approach
aligns with a graph-based data model profile that uses nodes and edges to
convey domain structure as shown in Figure 1.

Subject Predicate’ Object

Figure 1: SPO data model representation.

RESEARCH METHOD

The SPO methodology for building domain-specific ontologies links subjects
and objects together with predicates. A modified version of SPO was
introduced for these ontological models to incorporate the inverse predicates
for each triple shown with a bi-directional relationship in Figure 2.
In addition to the adapted relationship, subjects and objects are both
represented by classes, which according to Noy & McGuinness (2001),
represent concepts in the domain.

Class Relationship’ Class

Edge

Figure 2: SPO data model representation with bi-directional predicates.

The open-source Protégé tool v5.6.4 was used as an ontology editor
since it supports both continuant and occurrent entity semantics. Protégé
defines classes and class hierarchies, variables and value restrictions, and the
relationships between classes with properties (Malviya et al.,2011). Although
several ontology editing tools support knowledge engineering integrated with
semantic reasoners, the Protégé user interface proved most conducive to this
research.

To create the International Organization of Standards (ISO) 15288 -
Systems Engineering Processes ontology, a middle-out approach was used for
development, where the most important concepts are captured and followed
by related concepts (Aminu et al., 2020). The twenty (20) most used nouns
in the standard provided the foundation for the initial ontology iteration.
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The National Aeronautics and Space Administration (NASA) HSI
handbook was chosen to design the first iteration of the HSI ontology since
the literature satisfies the requirements of this research by considering both
SE and HFE concepts. A top-down approach first identified the most abstract
concepts and then specified more detailed concepts (Aminu et al., 2020). The
top twenty (20) mentioned nouns were evaluated and filtered to represent
high-level, abstract terms. Vocabulary without explicit definition in the HSI
handbook glossary and absent from Section 3 of ISO 15288 were assumed to
be too concrete for inclusion in the initial iteration of this ontology. Figure 3
shows the Protégé user interface and the fields that capture classes along with
associated annotations and relationships.

% T )
wNe X O Asserted Annotations

rdfs:isDefinedBy

OWIZTh'"? . formally approved version of a configuration item, regardless of media, formally
acquisition designated andfixed at a specific time during the configuration item's life cycle
activity = set_of_process_tasks
pp d_confi ion_item = L N J
architecture f \
baseline = approved_configuration_item
behavior = meaning Equivalent To

conformance
data
design

approved_configuration_item

development SubClass Of

engineering designated_at some specific_time

entity . fixed_at some specific_time

event = incident

implementation \ occurs_in some lifecycle ‘

Figure 3: Example of class hierarchy, annotations, and description in Protégé.

After this initial task, the bi-directional associations were added to the
object property hierarchy in Protégé. These verb phrases are assigned as
predicates between two classes to define relationships between subjects and
objects.

Figure 4 illustrates the predicates assigned to the data class (left) of
collected by, presented by, etc. The inverse predicate of the data class relations
are assigned to the application class (right) as collects, presents, etc. These
triples are read as “data is presented by some application”, where data is the
subject, presented by is the predicate, and application is the object.

Equivalent To Equivalent To

SubClass Of
SubClass Of

collected_by some application

collects some data

constructed_by some development
| @ presented_by some application ],\‘| delivered_by some development

processed_by some application presents some data |

saved_by some application processes some data

Figure 4: Predicates (left) and inverse predicates (right) in Protégé.
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RDF graphs were created using the Ontograf plugin for Protégé to enable a
richer understanding of SPO triples and the interconnectedness of terms and
relationships. The visualizations represent classes as nodes and predicates as
arcs shown in Figure 5.
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system
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B @ — has individual
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5 ; Node Types ®
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Figure 5: Example of RDF visualization for SPO triples.

Transferring OWL files between Protégé and Cognitum FluentEditor was
conducted to validate accurate data translation of SPO triples. Classes
defined in Protégé were successfully transformed into things and predicates
to relations within FluentEditor, ensuring the output of Protégé is selectable.
Results of the class hierarchy import are shown in Figure 6.
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Figure 6: Cognitum FluentEditor data transformation from Protégé.

OWL files were then imported into a model-based systems engineering
(MBSE) tool for conceptual modeling. Conceptual models are high-level
abstractions that enable stakeholders to communicate with each other
(Embley & Thalheim, 2011). While ontologies define terms that represent
knowledge, a conceptual schema defines relations between data types [i.e.,
subjects, objects, “things”] (Gruber, 1993). Mapping synonyms between
domains is facilitated by conceptual modeling for understanding high-level
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abstractions of terms, enabling stakeholders to unambiguously communicate
with each other (Embley & Thalheim, 2011).

Both ontologies were imported into a single BFO concept model to map
the definitions and relations. The term system was in the twenty (20) most
used terms in the NASA HSI handbook. An equivalent class relationship in
the concept model between the system class from the ISO 15288 ontology
and the system class from the HSI ontology is shown in Figure 7.

package Imported Ontologies [ | System Mapping 1)
«HSb «15288» B «15288» ‘
system «Equivalent Class» system 1..* {subsets obtains} acquisition
«Eauivalent Class»
|
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Figure 7: Concept model diagram mapping HSI ‘system’ class to ISO 15288 vocabulary
and relationships.

The SPO triples between the ISO 15288 system class, behavior, and its
elements were automatically populated based on the OWL file import into
the MBSE tool. The equivalent terms identified in Protégé for behavior
and system element (i.e., part and meaning) were imported from the OWL
file. Based on the concept of inheritance between generalized terms, all
relationships applied to the ISO 15288 system are inberited associations of
the HSI system class shown in Figure 8. This example demonstrates how
ontologies map to each other, filling knowledge gaps of ambiguous terms.
The ISO 15288 system class simultaneously inherits all associations from the
HSI system class (specification not shown).

Name Element Direction  Element
B Generalization

E system +—>  E system
B Inherited Association
acquired by B system —— H acquisition
acquires E system «——— HE acquisition
arranged by E system «——— E system_element
arranges E system ——  E system_element
exhibited by B system «—— E behavior
exhibits H system —— K behavior

Figure 8: Properties inherited by the HSI ‘system’ class from the ISO 15288 ‘system’
class.

ISO 15288 and the NASA HSI handbook give the term baseline
different definitions. The equivalent class relationship forms a more holistic
understanding of the term and its true meaning shown in Figure 9.
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Figure 9: ISO 15288 and NASA HSI definition of ‘baseline’.

The following describes the scenario where similar concepts have different
terms assigned to them. For example, ISO 15288 defines an incident as an
“anomalous or unexpected event, set of events, condition, or situation at
any time during the life cycle of a project, product, service, or system”. The
NASA HSI handbook defines a critical event as “an event in the operations
phase of the mission that is time-sensitive and is required to be accomplished
successfully in order to achieve mission success”. The likeness in these
descriptions supports establishing an equivalent class relationship between
the terms. Figure 10 demonstrates mapping vocabulary within the conceptual
model for this use case.
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Figure 10: Relationship between ISO 15288 and NASA HSI like-terms.

RESEARCH CONCLUSIONS

This paper gives an example of initial domain-specific ontology iterations,
SPO triples, and equivalent class mapping within a digital environment. The
fundamental terms for both SE and HFE definitions captured in Protégé
represented the initial conclusion for research question (1). The conclusion
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for research question (2) is supported by the import of multiple ontologies
into a single digital concept modeling environment for equivalent classes to
relate vocabulary terms between several domains.

This research contributes to the goals of the INCOSE Systems Engineering
Vision 2035; including routine composition of domain-specific virtual
models using ontologically linked assets. These new “digital dictionaries”
provide an authoritative source of truth that defines equivalent classes
between domain-specific terms. However, this research has several
limitations. Currently, there is a lack of iterations to resolve semantic
conflicts. Second, the presented initial ontologies are not mature enough for
industry application.

FUTURE RESEARCH

Future research includes incremental and recursive iterations of the
vocabulary in both ISO 15288 and the NASA HSI handbook for more
complete ontologies. Once these repositories are built-out, structured
expressions for querying the data will be executed to determine the usefulness
of the linked languages. By focusing on the refinement of these ontologies,
the data integration process will be further improved and implemented for
a case study to explore the potential reduction of costs and risks with this
approach.
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