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ABSTRACT Technology-intensive industries face accelerating change driven by disruptive innovations,
geopolitical shifts, and the dynamics of Industry 4.0. In this environment, managers require strategic tools
that can align markets, products, and technologies over time while retaining adaptability. Technology
roadmaps (TRMs) are widely used for this purpose; however, current practice remains largely qualitative,
workshop-led, and reliant on subject matter expertise. This constrains their utility in dynamic environments.
This paper develops a Model-Based Systems Engineering framework for Technology Roadmaps
(MBSE-TRM) to address these limitations. The research advances theory by introducing a conceptual
metamodel that captures the ontology of TRM, formalizing its structure and lifecycle using SysML,
and demonstrating how tacit practitioner logic can be represented explicitly. Validation is undertaken
in the domain of Electronic Warfare (EW) against radar, a technology-intensive field characterized by
rapid innovation cycles and strategic importance. The findings show that MBSE-TRM enables improved
transparency, traceability, and adaptability, supporting managers and engineers in steering innovation
strategies under conditions of volatility. By bridging systems engineering principles with technology strategy,
MBSE-TRM provides a structured yet flexible framework for aligning strategic intent with evolving
technology options in Industry 4.0 and beyond.

INDEX TERMS Model-based systems engineering, electronic warfare, technology road mapping,
innovation strategy, technology management.

I. INTRODUCTION
The origins of strategy date back several thousand years
to military conflict, with one of the earliest known works,
‘‘The Art of War’’ from ancient China addressing the
definition of strategy and tactics [1]. The formal study
of business strategy and practice emerged in the 1960s
to guide competitive advantage [2]. Technology roadmap-
ping emerged from industry practitioners in engineering
management in the 1960s seeking to align R&D projects
to technical performance and business objectives [3].
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Technology roadmaps (TRM) are described as ‘‘a power-
ful yet intuitive structured-visual technique that supports
strategic and long-range planning allowing for connections
between developing markets, products, and technologies as
they progress through time’’ [4], [5].

While TRMs are widely used, their current practice
remains predominantly qualitative and workshop-led [6].
This flexibility aids sense-making but often results in limited
consistency, traceability, and reuse. Recent advances in tech-
nology roadmapping include scenario-based roadmapping,
digital roadmapping, and semi-automated TRM genera-
tion, which collectively represent a trajectory toward more
dynamic, data-informed, and continuously updated TRM
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approaches [7], [8], [9], [10], [11], [12], [13]. An emerging
area of research is the application of model-based TRM (MB-
TRM) [14], [15]. However, there remains a research gap in the
development and formalization of ontology of TRM and the
TRM lifecycle from cradle to grave.

This challenge mirrors the evolution in systems engi-
neering (SE), which transitioned from document-based to
model-based approaches (MBSE) [16]. Drawing from this
analogy, this research adopts a systems-view of TRM to
develop a Model-Based Systems Engineering framework for
Technology Roadmaps (MBSE-TRM). The paper contributes
by: (1) developing a conceptual metamodel to capture the
ontology of TRM; (2) formalizing TRMs and the TRM
process using Systems Modelling Language (SysML); and
(3) validating the framework in the technology-intensive
domain of Electronic Warfare (EW) against radar. Theo-
retically, MBSE-TRM advances the formalization of TRM
by providing an explicit metamodel and executable rep-
resentation, while it equips managers with a model-based
toolset to maintain coherence between strategic intent and
evolving technology options; capabilities increasingly critical
in Industry 4.0 and beyond.

The remainder of this paper is structured as follows.
Section II reviews TRM practice and prior formalization
attempts. Section III outlines the research methodology.
Section IV develops the MBSE-TRM framework. Section V
applies the framework to EW as a validation case.
Section VI discusses implications, limitations, and future
research.

II. LITERATURE REVIEW
A. THEORETICAL BACKGROUND
The origins of technology road mapping were explored
in [3] and is said to trace back to engineering management
in the 1960s conducted in organizations such as ‘‘NASA,
Boeing, GE, Lockheed, USAF, Rockwell International and
the US Department of Energy’’ and subsequently more
recent seminal contributions by the high-tech organizations
of ‘‘Motorola, BP, Philips, EIRMA, Lucent Technologies
and the Semiconductor Industry Association’’. TRMs bal-
ance product, business, and market perspectives, hence
terms like strategy or product roadmaps are sometimes
used [5]. Roadmaps may take various forms and have a
wide diversity of graphical representations and levels of
detail [5]. The most widely used format is the multi-layered
roadmap comprised of several layers typically for technology,
product, and market, each evolving with time capturing
both market pull and technology push effects. The time
dimension may be linear or non-linear depending on
purpose [4].

The first formal TRM publication was Motorola’s
1987 approach defining technology broadly as ‘‘the applica-
tion of science to solve development capability problems’’
[17]. The semiconductor sector in the United States was
the first sector-level application of TRM in 1991 by the US
National Advisory Committee on Semiconductors, leading to

the publication of the International Technology Roadmap for
Semiconductors (ITRS) in 1999 [18]. The examples above
demonstrate the vast range of diagrammatic representations
reflecting no set of agreed-upon conventions on roadmap
visualizations as validated in [19] with a collection of
450 roadmap visualizations.

The TRM process, referred to also as roadmapping,
is the methodology used to formulate a TRM [20]. The
TRM process is required to solicit and abstract complex
information into an intuitive strategy that is readily under-
standable [6]. The T-Plan, S-Plan, and Operations and
Technology Roadmap (OTR) are formalized TRM processes
based on process-driven workshops adopting a ‘‘fast-start’’
rapid prototyping philosophy [21], [22], [23]. The analytical
TRM technology development envelope (TDE) method,
combines Delphi-based expert elicitation with the analytical
hierarchy process (AHP) to assess emerging technologies
[24], [25]. In the field of technology foresight and futures
thinking, scenarios are narratives on potential futures leading
to scenario-based TRMs [26], [27]. Hybrid TRM processes
have been demonstrated in [28] and [29] that augment
qualitative workshop-based methods with quantitative data
such as bibliometrics and patentometrics. Despite their value,
current TRM practices remain workshop-based and reliant on
subject matter expertise. These limitations highlight the need
for formalization.

B. RELATED WORK ON TRM FORMALIZATION
TRMs are semi-structured by nature, balancing abstraction
and detail, which has led researchers to pursue formalization
to capture their underlying logic more systematically [30].
Recent advances include agile TRMs for technology fore-
sight [7], integrated innovation roadmaps [8], portfolio-
oriented TRMs [9], and design science-based methods for
IP portfolios [10]. The COVID-19 pandemic also drove
digital and distributed roadmapping practices [11], [12],
while semi-automated tools such as NERMAP apply natural
language processing to generate preliminary TRMs [13].
These efforts show a trajectory toward greater structure, yet
remain partial steps rather than a fully formalized, model-
based approach.

An emerging area of research is MB-TRM which aims to
augment qualitative expert insights with structured models.
The feasibility of MB-TRM was demonstrated in [14]
using document-based NASA roadmaps. A generalized
metamodel of TRM’s informational structure was developed
in [15], and validating reconstructing roadmaps. A model-
based roadmapping architecture, primarily oriented towards
organizational decision support, was shown in [31]. In [32],
a concurrent design approach to build MB-TRM demon-
strated the usage of models for evaluating potential product
architectures against figures of merit and several time
intervals.

A metamodel to support MB-TRM was developed in [15].
The application-independent metamodel was developed
and validated by generalizing and formalizing existing
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FIGURE 1. Research methodology.

document-based roadmaps. The MB-TRM was further
applied to a smart autonomous vehicle cockpit design [33]
and domain specific languages and syntax developed in [34]
and [35]. A concurrent roadmappingmethodology that allows
for updating of a TRM based on a model-based design was
shown in [36].
Whereas [14] established feasibility, [15] generalized an

informational structure and [31] decision support, this paper
advances MB-TRM by formalizing TRM ontology and
lifecycle in SysML and validating the framework in the
technology-intensive domain.

While the literature review has focused on technology
roadmapping and MBSE as domain-independent founda-
tions, EW is used in this work as a demanding validation
case. Relevant EW and radar literature is therefore discussed
in detail in Section V, where the proposed MBSE-TRM
framework is applied and evaluated within an operationally
realistic context.

C. RESEARCH GAP AND OBJECTIVES
An analogy may be drawn with SE, which transitioned from
document-based to MBSE, employing modeling principles,
methods, languages, and tools in the SE process [16].
TRMs, however, have not undergone a similar transition. The
research gap is:

• Lack of Formalization in TRM Methodologies: Tra-
ditional TRMs rely on informal, document-based
tools and practitioner judgment, resulting in limited
consistency, traceability, and reuse.

• Limited Application of MBSE in Roadmapping: While
MBSE is widely applied in systems development, its
use in TRM remains sparse, with few formal models or
system representations.

• Absence of Lifecycle Dynamics in Existing TRMs:
TRMs are often static artefacts rather than dynamic
systems that evolve with feedback and changing
contexts.

• Lack of a Reusable and Unified TRM Metamodel:
Few frameworks provide a reusable structure with
standardized semantics and syntax for roadmap design,
analysis, and communication.

This research develops MBSE-TRM, which formalizes
TRMs as a structured, systems-oriented framework. Its meta-
model, captured in a concept map, defines interconnected
layers (trends, capabilities, products, technologies, research,
resources) supported by synthesized strategic inputs. The
conceptual model is formalized in SysML to represent
structure, behavior, and lifecycle. EW, with rapid innovation
cycles, is used as a demanding validation case.

Adaptive and learning-enabled system behavior, including
that arising from AI/ML-based technologies, is addressed
within the proposed MBSE-TRM framework at an abstract
level. Rather than modeling algorithmic implementations
directly, learning loops, adaptation criteria, and decision
logic are represented through lifecycle feedback mecha-
nisms, update triggers, and state transitions. This approach
enables the roadmap to accommodate emergent and evolving
system behavior while preserving reusability, standardized
semantics, and abstraction from implementation-specific
technologies.

III. RESEARCH METHODOLOGY
From the literature survey, a research gap was identified in
the development of formalized MB-TRM for technology-
intensive product development such as in EW. The research
methodology is summarized in Fig. 1. This study is grounded
in the proposition that although TRMs are often built
using informal methods and expert judgment, they reflect a
deeper, structured logic that can be systematically uncovered.
By taking a systems view of the roadmap and its lifecycle
process, this research seeks to formalize the ontology of
TRMs by defining the key concepts, relationships, and
rules governing the TRM lifecycle from initial construction
through evaluation and refinement.

The methodology adopts a metamodeling approach: a con-
ceptual metamodel is first captured using concept maps and
then formalized in SysML to enable traceability, coherence,
and lifecycle reasoning. The MBSE-TRM framework thus
translates tacit expert logic into an explicit, executable model.
Methodologically, the research draws from engineering
systems thinking and design science. The central artefact,
the MBSE-TRM metamodel, addresses a practical problem
while contributing to formal knowledge. The research is
both explanatory (uncovering latent roadmap structure) and
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prescriptive (providing a repeatable modelling approach for
roadmap development, evaluation, and use).

Philosophically, the study adopts a positivist-pragmatist
stance, combining hypothesis testing and objective analysis
with a pragmatic focus on utility and methodological
flexibility. It acknowledges that roadmap structures emerge
from practitioner context and accumulated experience and
seeks to capture this constructed logic in a formal, reusable
way through a design science methodology. This allows for
a balance of formal rigor with domain relevance, creating
a foundation for future work on model-based innovation
strategy and lifecycle technology planning.

IV. FRAMEWORK DEVELOPMENT
A. CONCEPTUAL FOUNDATIONS AND METAMODEL
DEVELOPMENT
The development of the MBSE-TRM framework begins with
a simple yet powerful proposition: that despite their many
forms including diagrams, templates and processes; TRMs
share an underlying ontology that gives them coherence,
utility, and enduring value. In this research, ontology refers
to the foundational structure of TRMs: the set of concepts,
relationships, and rules that, while often implicit, make
roadmaps useful across contexts.

This ontology can be systematically uncovered and
formalized by taking a systems view. In doing so, this
research seeks to surface the foundational structure i.e. the
‘‘truth’’ beneath the practice that makes TRMs an effective
strategic tool. Practitioners may not articulate this logic
explicitly, but their decisions and roadmap structures often
reflect patterns shaped by accumulated experience, strategic
considerations, and the informal replication of existing
roadmap formats. By taking a systems view of the roadmap
and its lifecycle process, this research seeks to uncover and
formalize the underlying ontology of TRMs to define the
key concepts, relationships, and rules governing the TRM
life cycle from initial construction to ongoing evaluation and
refinement.

The study adopts a metamodeling approach to identify and
represent this ontology. Ametamodel is a ‘‘model of models’’
that defines the structure, semantics, and relationships
governing a modelling framework. In this research, the
metamodel captures the underlying logic of TRMs and the
TRM process (rather than any specific TRM instance) as
a necessary precursor to formalization. Accordingly, this
research constructs a conceptual metamodel that describes
TRMs and the TRM process as a preceding step to formal-
ization thereof. Concept maps, which are structured diagrams
used to represent organized knowledge, are employed as the
primary technique for developing the conceptual metamodel.
The concept map for MBSE-TRM is shown in Fig. 2.
For readability, a simplified version of the concept map
highlighting the primary MBSE-TRM layers is provided in
the supplementary material.

The concept map was created in CmapTools. The concept
map is a step that precedes the definition of a formal

metamodel to help explore key entities, relationships, and
constraints in an intuitive way. Metamodels are often built
from domain knowledge with the use of the concept map
to help structure that knowledge before translating it into
a formal model. One may think of a concept map as
an intermediate artefact that serves as a bridge between
informal knowledge representation with formal modelling.
The concept map is also excellent for brainstorming and early
structuring of a metamodel.

The creation of the concept map was based on the author’s
domain knowledge, experience and inductive reasoning from
existing roadmap formats. Several roadmaps were examined
including drawing from the most widely used format which
is the multi-layered roadmap comprised of several layers
typically for technology, product, and market, each evolving
with time. The concept map also aids with the identification
of hierarchical relationships, such as generalization, compo-
sition, or dependencies superimposed with the general TRM
‘‘Why-What-How-When’’ concepts [37], [38]. In MBSE-
TRM, the concept map illustrates how technology, roadmaps,
decision-making, and resources interconnect before defining
the metamodel structure in SysML. By mapping out relation-
ships visually, concept maps help validate assumptions before
committing to a formalized metamodel.

The concept map is a visual tool to deconstruct the
concepts, organize knowledge, solidify understanding and
build a deep understanding of the metamodel. While the
concept map is presented as a finished research output,
the development of the concept map followed an iterative
approach during this research. The concept map is organized
with a main concept in the middle followed by multiple
levels of decomposition of the main concept each adjoined
by linking words. The linking words form a ‘‘proposition’’
which are two concepts joined by linking lines to depict the
dependency that one concept influences or results in another.
‘‘Cross-links’’ are linking lines that show relationships
between different regions of the concept map. In both
‘‘propositions’’ and ‘‘cross-links’’, linking words typically
consist of one to two words used to describe the dependency.
In this concept map, it should be noted that in all cases
of a ‘‘proposition’’ and a ‘‘cross-link’’, the dependency is
only shown in one direction, but a reciprocal dependency
exists. For example, ‘‘Products comprise of Technologies’’
is shown on the concept map but a reciprocal proposition
exists that ‘‘Technologies form part of Products’’ is true
but not shown. This was an intentional decision in the
construction of the concept map to balance clarity versus
verbosity. Selection of the most suitable linking words for
the concept map is crucial for clarity and precision. Linking
words can cover a wide range of dependencies such as causal,
structural, functional, process, comparative, requirement, and
ownership relationships. Another important principle used
is that each concept only appears once. Colorization was
used in the concept map to group themes together which
in this case are related to different layers in the multi-layer
TRM.
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FIGURE 2. Concept Map for MBSE-TRM.

Having explained the premise and principles used, the
semantics (what each concept means and how it fits within the
system) and interrelationship for theMBSE-TRMmetamodel
are detailed. The MBSE-TRM metamodel starts with the
main concept depicted by the node ‘‘Model-based Systems
Engineering framework for Technology Roadmaps (MBSE-
TRM) Metamodel’’. The MBSE-TRM is noted to support
strategic decision making, product and technology strategy
in the concept map.

Nodes are created to represent each of the MBSE-TRM
layers as follows; ‘‘Trends and Drivers’’, ‘‘Capabil-
ities’’, ‘‘Products’’, ‘‘Technologies’’, ‘‘Research’’, and
‘‘Resources’’. The ‘‘Resources’’ are of several types
including ‘‘Information’’, ‘‘Financial’’, ‘‘Human’’, ‘‘Facil-
ities’’, ‘‘Processes’’, ‘‘Skills’’, ‘‘Capacity’’, and ‘‘Tools’’.
Furthermore, dependencies which represent the semantic
relationships with emphasis on structural relationships
between these layers are captured such as ‘‘Trends and
Drivers’’ inform required ‘‘Capabilities’’, ‘‘Capabilities’’
draw from a collection of ‘‘Products’’, and so on as detailed
in the concept map.

The semantic relationships above cover the basic structural
representation of the TRM. The temporal nature of a TRM is
a crucial consideration and requires special consideration in
modelling. TRMs are developed in the dimension of time and

must consider the past, the present and the future. Techniques
typically employed in the analysis of the temporal dimension
of the TRM include but are not limited to backcasting,
landscaping, scenarios, forecasting and futures thinking. The
inclusion of the temporal consideration generalizes the TRM
to include scenario based TRMs.

Next, having defined the TRM structural and temporal
aspects, the metamodel is extended to include considerations
of dependencies at each node or layer of the TRM. The
‘‘Trends and Drivers’’ layer is informed by several land-
scapes including, ‘‘Collaborator’’, ‘‘Competitor’’, ‘‘Envi-
ronmental’’, ‘‘Geopolitical’’, ‘‘Technology’’, and ‘‘Drivers’’
landscapes informed by supporting analyses. While this list
is comprehensive, there are likely several further landscapes
that can be used such as market landscape, and policy
landscape. Therefore, this list should not be seen to be
exhaustive.

The premise of the ‘‘Capability’’ layer introduced in [30]
denotes several concepts with the most basic being that a
product offers a user some operational capability. Further-
more, system-of-systems capabilities include the paradigm
that organizations can combine several products to offer
composite offerings. Typical architypes could include selling
a hardware device and complementary software services.
Lastly, mission capabilities refer to a military context which
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could for example include combining multiple products to
achieve the ability to suppress enemy air defenses during
a strike mission by deploying stand-off jamming and anti-
radiation missiles.

The ‘‘Capabilities’’ also informs ‘‘Business Development
Processes’’ and the reciprocal of ‘‘‘‘Business Development
Processes’’ refines the required ‘‘Capabilities’’. ‘‘Business
Development Processes’’ includes but not limited to ‘‘Com-
mercialization’’, ‘‘Market Entry Strategies’’, ‘‘Customer
Engagement’’, ‘‘License and IP Management’’, ‘‘Revenue
Model Development’’, and ‘‘Sales Development Process’’.
‘‘Products’’ are developed using ‘‘Systems Engineering
Processes’’ comprised of system architectures built from
components performing the required functions. To differen-
tiate two concepts that can be conflated, SE principles are
used in the formulation of the MBSE-TRM and distinctly,
SE principles are used in the design of products which is a
node in the MBSE-TRM.

B. FORMALIZATION OF THE MBSE-TRM FRAMEWORK
USING SYSML
Building on the conceptual metamodel developed in the
previous section, this section formalizes the MBSE-TRM
framework using SysML. As explained in [39], ‘‘all lan-
guages have a set of symbols or signs, known as semantics,
that are used like we use letters and numbers to form
expressions. Similarly, every language has a syntax that
defines proper ways of combining the symbols to form
thoughts and concepts’’. In the context of modelling, these
two elements, semantics (meaning) and syntax (structure
and form) are brought together through a schema, which
defines valid concepts, relationships, and rules. SysML
enables this integration by offering both a standardized syntax
and the ability to define domain-specific semantics through
structured schemas or metamodels.

SysML is a widely adopted modelling language in
MBSE used to specify, analyze, design, and verify complex
systems. It supports the representation of both structural
and behavioral aspects of a system, making it well-suited
to formalize the multi-layered logic of the MBSE-TRM
framework. The goal of this formalization is to translate the
conceptual structure and semantics of the TRM metamodel
into a precise, executable, and traceable model. This enables
lifecycle consistency, system-level reasoning, and repeatable
application across diverse technological domains.

In this research, Vitech GENESYS is used as the MBSE
tool. GENESYS is built upon the Systems Definition
Language (SDL), which aligns with the SysML standard and
adds benefits such as semantic precision and natural language
interpretability [40]. While SysML provides a standardized
modelling syntax, SDL enables semantic integration and
model execution within a cohesive environment, ensuring
consistency across structure, behavior, and requirements.
Several SysML-compliant MBSE tools are available and
widely used in practice, including Cameo Systems Modeler,

Sparx Systems Enterprise Architect, and IBM Rhapsody,
which provide robust support for SysML diagramming,
requirements traceability, and system architecture modeling.
In this research, Vitech GENESYS was selected as the
primary MBSE tool due to its strong emphasis on a central
semantic data model, executable behavior modeling, and
SDL, which enables tighter integration between structure,
behavior, and lifecycle logic. These capabilities were particu-
larly well-suited to the objective of formalizing the ontology
and lifecycle of technology roadmaps as an executable,
model-centric framework. Importantly, the MBSE-TRM
framework itself is tool-agnostic and can be implemented in
other SysML-compliant environments, subject to equivalent
support for metamodeling and behavioral execution.

The SysML model of the MBSE-TRM framework is con-
structed using Physical Block Diagrams, Hierarchy Diagrams
and Block Definition Diagrams (BDDs) to represent structure
and Activity Diagrams and Enhanced Functional Flow Block
Diagrams (eFFBDs) to capture behavior and process flow.
Together, these views form a cohesive representation of the
TRM as a dynamic system, enabling enhanced traceability,
analysis, and alignment with MBSE practices.

The MBSE-TRM metamodel defined in GENESYS
constitutes the underlying semantic model, from which
all diagrams are dynamically generated. These views are
not independent representations, but rather different lenses
through which the semantic model is interpreted and inter-
acted with. The metamodel thus serves as a central source of
truth that ensures consistency across all visualizations. In this
context, the term normative model refers to the MBSE-TRM
metamodel as a structured and guiding representation of how
individuals or organizations could structure, manage, and
analyze technology roadmaps. It reflects an idealized, sys-
temically informed approach to TRM construction, designed
to guide strategic decision-making.

Similar to the construction of the concept map, the
formalized metamodel shown in this research as a finished
work product followed an iterative approach during this
research. The MBSE-TRM metamodel exists within a wider
enterprise system where technology roadmapping interacts
with several organizational processes. As illustrated in Fig. 3,
TRM activities are influenced by and provide feedback to
domains such as Technology Management, Capability Man-
agement, Product Lifecycle Management, Business Devel-
opment, Systems Engineering Management, Information
Management, Intellectual Property Management, Quality
Management, Project Management, Financial Management,
Human Resource Management, amongst others.

This enterprise-level system of systems context reflects the
reality that roadmapping does not occur in isolation but is
part of a complex socio-technical system. The MBSE-TRM
framework therefore defines the structure and relationships
governing the roadmapping process while recognizing its
dependencies on external enterprise processes. These inter-
actions ensure that the framework remains extensible and
integrable, while the detailed modelling of the surrounding
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FIGURE 3. Context diagram for MBSE-TRM metamodel.

enterprise functions is intentionally excluded from scope to
maintain research focus.

The concept map was parsed to separate structural, behav-
ioral and process flow (or control) aspects. The structure
or physical architecture of the MBSE-TRM metamodel is
captured in a Physical Block Diagram shown in Fig. 4.
Expanded Hierarchy Diagram and BDD are provided as
supplementary material. These diagrams present the same
underlying semantic model from different perspectives,
namely, physical organization, logical hierarchy, and formal
structure, respectively. The Physical Block Diagram repre-
sents the top-level structural view of the metamodel and
captures each layer of the TRM,whichwas captured as a node
in the concept map, as a structural elements or components.
Interfaces or associations between elements represented by
links carry items between TRM elements. Colorization was
used to align to the concept map and group themes together
which in this case are related to different layers in the multi-
layer TRM.

Beyond the hierarchical decomposition, the structural
representation of theMBSE-TRMmetamodel reflects several
important MBSE principles. The framework is organized
across multiple levels of abstraction, from the overarching
metamodel to distinct roadmap layers and their constituent
sub-elements. Each element within this hierarchy serves
as a semantic placeholder for synthesizing information
during roadmap development. For example, the ‘‘Resources’’
element aggregates diverse enablers such as human capital,
infrastructure, and tools needed to realize roadmap outcomes.

The use of composition relationships in the BDD enforces
encapsulation and ownership semantics which are repre-
sented by the filled diamond annotation in SysML. The

physical hierarchy also aligns with the logical ordering
of TRM structure. The choice of this cascading struc-
ture supports traceability and modularity. Importantly, the
MBSE-TRM structure is not static and supports dynamic
evolution over time. This adaptability is explicitly captured
in the behavioral diagrams that follow, which model the
execution and maintenance of the TRM across its lifecycle.
These characteristics are essential for a technology roadmap
that must adapt to fast-changing contexts such as EW.
Collectively, the physical block diagram, hierarchy diagram,
and BDD represent a cohesive and semantically rich structure
that underpins the dynamic behavioral views introduced in
subsequent sections.

While the structural model defines the foundational
elements of the MBSE-TRM framework, the behavioral view
captures how these elements are operationalized across the
technology roadmap lifecycle i.e. the logical architecture.
The top-level behavioral or functional view begins with the
MBSE-TRM lifecycle that models the processes of roadmap
creation, execution, monitoring, and iterative refinement.
To model this behavior, the MBSE-TRM lifecycle (and
subsequent behavioral views) are formalized using two
complementary SysML-aligned representations eFFBD and
Activity Diagram, both developed in Vitech GENESYS. The
eFFBD diagrams are included in the body of the paper and
complementary activity diagrams provided as supplementary
material.

The eFFBD and activity diagram collectively highlight
the functional flow, control flow, data interactions, and
concurrency between roadmap processes, enabling a clear
representation of logical sequencing and iteration. Together,
these diagrams provide a robust and semantically consistent
depiction of system behavior and how the roadmap evolves
over time. The MBSE-TRM Metamodel Lifecycle eFFBD is
shown in Fig. 5.
In an eFFBD, the flow of control proceeds from left to

right. Further, in the eFFBD in Fig. 5 and those that follow,
rectangular yellow nodes denote functions, while circular
yellow nodes represent control constructs. Each function
is labelled with its number in the top row, function name
in the middle row, and allocation to a structural element
in the bottom row. Rounded grey rectangles indicate data
stores or inputs and outputs. Rounded green rectangles
represent triggers, which control the execution of functions
and are shown entering the function with a double-headed
arrow. Similar to structural elements, functions can also
be decomposed. Composite functions that are detailed in
separate diagrams are marked with a black square in the
upper-left corner.

The TRM lifecycle begins with a decision to create a TRM,
triggering the ‘‘Create TRM’’ function. In the MBSE-TRM
model, this decision is considered external andmodelled as an
external trigger as it originates from, for example, executive
leadership, sponsors, external stakeholders. In the real world,
such a decision could include but not limited to, the initiation
of a new program or capability development effort, external
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FIGURE 4. Physical block diagram for MBSE-TRM metamodel.

FIGURE 5. eFFBD for MBSE-TRM metamodel lifecycle.

funding opportunities, policy or regulatory shifts, or the
identification of disruptive technologies that necessitate
long-term technology planning. Additional drivers may
include defense modernization directives, alignment with
national or sectoral research development and innovation
(RD&I) roadmaps, competitive pressures from international
peers, the introduction of newmission requirements, or obso-
lescence risks in critical systems.

Thereafter, the ‘‘Create TRM’’ function results in a ‘‘TRM
at time [0]’’ followed by two concurrent branches ‘‘Execute
TRM’’ and ‘‘Monitor TRM’’ in a loop. This loop models an
important temporal aspect of the TRM with the loop counter
represented as ‘‘n’’ in the model. In the ‘‘Monitor TRM’’
branch, there is a decision point that triggers ‘‘Update TRM’’.
Several of these functions are decomposed further and will be
expanded upon.
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The ‘‘Update TRM’’ function is triggered by one of the
following conditions: ‘‘Periodic Time Period’’, ‘‘Technology
Breakthrough’’, ‘‘Significant Market Shift’’, ‘‘Significant
Policy or Regulation Change’’, ‘‘Significant Business or
Investment Changes’’, ‘‘Significant Geopolitical Events’’,
and ‘‘Significant Changes in Resources’’. The triggering of
the TRM provisions for regular periodic updates in which
the periodicity of the updates is context and organizational
specific modelling a continuous innovation cycle. Further,
disruptive innovation events such as technology break-
throughs can trigger an update as well as significant changes
to various events. Within the MBSE-TRM lifecycle model,
the external trigger represents a formal modeled element that
initiates evaluation or update activities within the roadmap.
The specific conditions listed in the lifecycle diagram, such
as technology breakthroughs, regulatory changes, or geopo-
litical events, are intended solely as illustrative real-world
motivations and should not be interpreted as fixed or exhaus-
tive semantic elements of the metamodel. This separation
ensures a clear distinction between model semantics and
example instantiations. The set of update triggers illustrated
in the lifecycle model is not intended to be exhaustive,
but rather representative of typical classes of events that
may necessitate roadmap revision. In practice, additional
triggers may arise in rapidly evolving technological domains,
including supply chain disruptions, breakthrough patents,
or other unforeseen external shocks.

The ‘‘Update TRM’’ results in a ‘‘TRM at time [n+1]’’
while the ‘‘Execute TRM’’ uses ‘‘TRM at time [n]’’
modelling the real-world dynamics that a TRM is being
executed during the process of updates. This concurrency
captures the overlap between ongoing implementation and
iterative strategic refinement, a necessary feature in dynamic
innovative environments.

Within the update loop, the ‘‘Evaluate TRM Viability’’
function serves as a decision point to determine whether
the roadmap remains viable or should be discontinued.
If discontinuation is warranted, the loop exits and triggers the
‘‘Terminate TRM’’ function, formally ending the roadmap
lifecycle. Such an event could be triggered by reallocation of
resources toward higher-priority initiatives, failure to deliver
expected outcomes, significant shifts in organizational prior-
ities, structural changes affecting the responsible unit, or the
loss of funding required to sustain execution.

Next, we step down a level further to the decomposed
eFFBD for ‘‘Create TRM’’, ‘‘Execute TRM’’, and ‘‘Update
TRM’’ shown in Fig. 6, Fig. 7, and Fig. 8 respectively. Once
a decision has been made to create a TRM or update a TRM,
both functions follow a similar functional flow of a collection
phase where relevant inputs are gathered from across the
strategic, technological, and operational landscape; followed
by a synthesis phase, where these inputs are synthesized into
structured roadmap layers. This distinction emphasizes the
transition from data gathering to value-added interpretation
and structuring within the MBSE-TRM framework. The
collection phase covers gathering information on several

landscapes as per the concept map including the technology,
environmental, competitor, collaborator, geopolitical, and
drivers.

The ‘‘Execute TRM’’ function represents the operational-
ization of the roadmap with the transition from strategic
intent to tangible action. As shown in the diagram, this
begins with the ‘‘Initiate TRM Execution Cycle’’ function,
which orchestrates the concurrent execution of multiple
roadmap-guided development streams. These include the
monitoring trends and drivers, development of capabilities,
products, technologies, research, and the allocation of
resources, each derived from the corresponding TRM layer
at time [n]. These streams operate in parallel, reflecting the
integrated and cross-functional nature of roadmap imple-
mentation. The outcome of these concurrent processes is an
updated state for each roadmap layer (at time [n+1]), which
collectively informs future TRM updates. Importantly, this
structure models how real-world execution spans multiple
domains.

Within the MBSE-TRM lifecycle, ‘‘Execute TRM’’ runs
concurrently with the ‘‘Monitor TRM’’ function. This reflects
the real-world dynamic where roadmap execution does
not pause during updates or monitoring activities. While
the roadmap may evolve through monitoring and periodic
revisions, execution proceeds based on the most recently
consolidated TRM baseline, ensuring continuity of effort
while allowing for adaptability.

Execution also serves as a critical source of feedback into
the roadmap lifecycle. As projects are implemented, real-
world progress, delays, resource bottlenecks, or unexpected
technical challenges may surface, all of which inform future
updates to the TRM. This feedback mechanism underscores
the importance of tightly coupling execution with monitoring
and evaluation processes.

No domain-specific SysML profile extensions were
employed in this work. The MBSE-TRM framework inten-
tionally operates using standard SysML constructs to pre-
serve generality and reusability across application domains.
The development of specialized SysML profile extensions for
EW-specific modeling, such as signal processing chains or
countermeasure behaviors, is identified as a potential area for
future work.

The formalization of the MBSE-TRM framework using
SysML provides a structured and semantically consistent
representation of the TRM lifecycle, its underlying processes,
and interdependencies. Through the use of physical and
function diagrams, the framework supports traceability from
external triggers to roadmap creation, execution, monitoring,
and iterative updates. The use of SysML not only enhances
clarity and rigor but also enables integration with broader
MBSE practices. This formal model serves as a foundational
artefact for implementing TRM processes within complex,
multi-stakeholder environments, ensuring alignment between
strategic intent and technology execution over time. The next
section validates the framework by applying it to the domain
of EW against radar.
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FIGURE 6. eFFBD for create TRM.

V. APPLICATION TO EW INNOVATION STRATEGY
A. MAPPING TO MBSE-TRM
To validate the MBSE-TRM framework, EW against radar
systems was selected as a test case owing to its high
technology intensity, rapid innovation cycles, and strategic
importance. This application builds on two prior contribu-
tions: (i) [30] that examined the implications of Industry
4.0 on EW innovation and motivated the inclusion of a

capability layer in roadmaps, and (ii) a comprehensive state-
of-the-art review of EW against radar systems in [41] that
synthesized more than 10,000 open-source items through
bibliometric and patentometric analysis. The purpose here
is not to repeat those analyses, but to demonstrate how
the MBSE-TRM framework systematically structures such
knowledge into architectural and roadmap artefacts, thereby
validating its utility for technology-intensive domains. Fig. 9.
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FIGURE 7. eFFBD for execute TRM.

visually delineates the subset of the MBSE-TRMmetamodel
that is applied using a dashed red line.

In the MBSE-TRM metamodel, several other analy-
ses are noted such as competitor analysis and driver

analysis which tend to become company and product
specific. While the full framework includes broader aspects
such as competitor analysis, commercialization strategy,
and value modelling, the technological analyses subset is
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FIGURE 8. eFFBD for update TRM.
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FIGURE 9. Concept map that delineates the subset of the MBSE-TRM applied.

applied to various roadmap layers including ‘‘Trends and
Drivers’’, ‘‘Capabilities’’, ‘‘Products’’, ‘‘Technologies’’, and
‘‘Research’’ for a technology-focused roadmap development.
The ‘‘Resources’’ layer is also highly context and company
specific and therefore, excluded. In the review in [41],
quantitative analysis of EW against radar including biblio-
metric, patentometric and cluster analyses was conducted.
Furthermore, complementary qualitative analysis, including
taxonomic classification of EW system types and roles
and critical appraisal of advancements in architectures and
algorithms. Together, these analyses represent a lens into the
state-of-the-art advancements in EW against radar systems
and algorithms, shedding light on the current landscape of
research and innovation and maps to the formation of the
‘‘Technology Landscape’’ in MBSE-TRM.

Building on this foundation, using the MBSE-TRM
framework, and leveraging prior contributions, a notional
next-generation EW architecture and a strategic roadmap
for its realization is synthesized that can be used by
researchers to guide the development of innovative EW
technologies and methodologies and by EW practitioners to
inform system design, operational deployment, and capability
enhancements. The term ‘‘notional’’ is intended to indicate
that the EW architecture and a strategic roadmap presented

here are strategic constructs which are thematic in nature and
intended to provide a strategic direction rather than being
prescriptive. The tailoring of the MBSE-TRM framework for
EW against radar systems, undertaken in this research to
focus on technological aspects and avoid company-specific
and classified information, serves as a pragmatic example
of how the framework can be customized. In real-world
scenarios, it is expected that the MBSE-TRM framework
will be tailored to suit specific organizational, operational,
or technological contexts. Furthermore, the framework may
be extended in ways not originally anticipated, reflecting its
extensibility and adaptability.

A distinguishing feature of the MBSE-TRM framework is
its explicit treatment of the time dimension, spanning the past,
present, and future with consideration of the MBSE-TRM
lifecycle. This temporal structuring allows roadmap elements
to be aligned not only hierarchically but also chronologically,
enabling foresight and staged planning. In the context of
EW against radar, where threat environments evolve rapidly
and technological innovation cycles are accelerating, the
ability to sequence developments over time, while remaining
adaptive, is essential. The notional architecture and roadmap
that follow span this temporal continuum, with the ‘‘present’’
representing the point of analysis during the writing of this
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FIGURE 10. Notional next-generation EW architecture.

research. The notional requirements identified in [41] map
precisely to the MBSE-TRM ‘‘requirements’’ block. They
are not repeated here in full but a cursory account to show
validation using MBSE-TRM. The requirements are stated
with a closed box systems view, omitting measurable metrics
to retain generality while allowing flexibility for diverse
implementation contexts. These notional requirements are
general in nature and would be defined by EW ‘‘capabilities’’
block in MBSE-TRM including stand-off, stand-in, self-
protection, or escort roles, for tactical and/or strategic
EW applications. Within MBSE-TRM, these requirements,
captured in Vitech GENESYS, validate the framework’s
ability to capture critical needs for next-generation EW
systems, including:

• Multi-domain synchronization: operations coordinated
across land, sea, air, space, and cyber domains.

• Autonomy and teaming: integration of autonomous
platforms and human–machine collaboration for time-
sensitive decision-making.

• Resilience in contested spectrum: dynamic spectrum
management and adaptability to congested, contested,
constrained environments.

• Modularity and upgradeability: architecture that
accommodates rapid software and hardware insertion
without full redesign.

• Cognitive and cyber-electromagnetic integration:
leveraging AI and cyber-EW convergence for antici-
patory and adaptive responses.
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FIGURE 11. Notional TRM for next-generation EW roadmap.
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These requirements, captured in Vitech GENESYS, illus-
trate how MBSE-TRM links abstract capability needs with
roadmap layers, reinforcing its role as a structured, system-
oriented framework for technology strategy. The notional
next-generation EW architecture shown in Fig. 10 maps the
MBSE-TRM ‘‘system architecture block’’.

Readers are referred to [41] for an in-depth discussion of
the architectural considerations. In summary, the architecture
is designed to achieve high probability of intercept (POI),
defined here as the ability to intercept radar emissions
with high confidence across wide frequency, spatial, and
temporal coverage, alongside precision electronic support,
precision electronic attack, adaptive prediction, and system
wide control and orchestration to achieve resilience for
mission execution.

B. NOTIONAL NEXT-GENERATION EW ROADMAP
A notional strategic roadmap for next-generation EW against
radar is shown in Fig. 11 drawing from the roadmaps in [30]
and [41] and mapped using the MBSE-TRM framework in
a multi-layer format. The roadmap is not prescriptive but
thematic, providing strategic direction that can be tailored for
specific organizational or classified contexts with a focus on
technological aspects.

The Trends layer highlights contested and congested
spectrum, the rise of joint electromagnetic spectrum opera-
tions (EMSO)/electromagnetic battle management (EMBM),
multi-domain operations, and the growing role of AI
and autonomy. The Capability layer emphasizes predictive
electronic support, precision electronic attack, fusion of
passive sensing, and human-machine collaboration. These
capabilities guide phased product transitions from legacy
architectures based on VME and superheterodyne receivers,
through intermediate VPX/RFSoC-based systems, toward
next-generation direct RF sampling and cognitive architec-
tures. The Technology layer reflects enabling advances in
ML-based detection and jamming, wideband digital arrays,
heterogeneous computing, and emerging paradigms such as
quantum radar and cyber-EW convergence.

While this roadmap illustrates a transition to advanced,
AI-enhanced and modular architectures, key challenges
remain ensuring generalization of algorithms to operational
conditions, reducing computational complexity, and man-
aging spectrum in highly dynamic environments. Beyond
technology, the increasing autonomy of EW systems raises
issues of compliance with international law, cybersecurity,
and spectrum deconfliction policy implications.

The notional EW architecture corresponds to the Product
layer of the MBSE-TRM framework. In this context,
‘‘architecture’’ is treated as the system-level representation of
potential product configurations rather than a single imple-
mentation. It therefore serves as a design abstraction from
which multiple EW products, such as stand-off jammers,
stand-in decoys, or self-protection suites, can be derived. This
maintains direct traceability to the MBSE-TRM hierarchy,

where Products provide the link between Capabilities and
enabling Technologies.

AI-enabled EW architectures are expected to exhibit
adaptive and evolving behavior over time as threat environ-
ments and operational conditions change. In such contexts,
AI-based analysis agents may act as sources of evidence
that inform roadmap reassessment by identifying emerging
performance trends, capability gaps, or shifts in threat
characteristics. Within the MBSE-TRM framework, these
insights are incorporated through existing lifecycle feedback
and update trigger mechanisms, rather than through direct
real-time operational integration. This preserves structured
governance and traceability while enabling more respon-
sive and informed roadmap evolution in fast-evolving
EW contexts.

This strategic roadmap, grounded in the MBSE-TRM
framework, exemplifies how structured, model-based reason-
ing can be applied to synthesize emerging trends, evolving
capabilities, and architectural trajectories into a coherent,
forward-looking strategy for next-generation EW systems.
Through this mapping, the MBSE-TRM framework is vali-
dated as a means of transforming diverse EW knowledge into
structured, model-based artefacts that preserve traceability
and abstraction.

VI. DISCUSSION AND CONCLUSION
A. LIMITATIONS, ASSUMPTIONS AND SCOPE DELIM-
ITATIONS

This research is subject to several limitations and
assumptions, and specific delimitations were introduced to
intentionally bound its scope. A summary is provided below:

•Assumptions: TheMBSE-TRM framework is assumed to
adequately capture expert mental models and the tacit logic
commonly applied in technology roadmap development.
It is further assumed that SysML provides an appropriate
formalism for representing the structure and behavior of a
TRM.

• Limitations: Validation of the MBSE-TRM framework
was restricted to the domain of EW against radar.

• Delimitations: The research intentionally focused on
the technological dimension of roadmapping, exclud-
ing organization-specific factors such as competitor
analysis, resource allocation, and commercialization
strategy.

Despite these boundaries, the findings offer a valuable
foundation, demonstrating the feasibility of a model-based
approach to technology roadmapping and providing a
platform for future extension into classified, organization-
specific, and multi-dimensional contexts.

A. IMPLICATIONS ON THEORY AND PRACTICE
The MBSE-TRM framework advances the theory in the field
of strategic technology management, technical roadmapping
and systems engineering by formalizing a model-based TRM
framework that includes a metamodel formalized into a
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reusable schema together with the associated semantics
(meaning) and syntax (structure and form) using SysML in
Vitech GENESYS.

Traditional roadmapping often lacks structured method-
ologies, relying on ad-hoc processes. While the lack of
formality aids in the versatility, it can lead to inconsistencies
and the quality of output based on the skill of the strategy
practitioner. MBSE-TRM addresses this gap by introducing
a formalized TRM structure based on the multi-layered
technology roadmap with qualitative and quantitative inputs.

Furthermore, a dynamic systems view is adopted on the
TRM with consideration of the TRM lifecycle. Importantly,
the MBSE-TRM structure is not static and supports dynamic
evolution over time. This adaptability is explicitly captured in
behavioral diagrams, which model the execution and mainte-
nance of the TRM across its lifecycle. These characteristics
are essential for a technology roadmap that must adapt to
fast-changing contexts such as EW. Collectively, the physical
block diagram, hierarchy diagram, and BDD represent a
cohesive and semantically rich structure that underpins the
dynamic behavioral views.

While the structural model defines the foundational
elements of the MBSE-TRM framework, the behavioral view
captures how these elements are operationalized across the
technology roadmap lifecycle i.e. the logical architecture.
The top-level behavioral or functional view begins with the
MBSE-TRM lifecycle that models the processes of roadmap
creation, execution, monitoring, and iterative refinement.
Practitioners of TRM may adopt MBSE-TRM and tailor to
company or classified contexts.

Additionally, there is limited theory and information in
the public domain on EW strategy. The application of
MBSE-TRM to EW against radar represents a framework
to guide the research and development of innovative EW
technologies and methodologies, and EW practitioners can
use to inform system design, operational deployment, and
capability enhancements. Practitioners of EWmay also tailor
for company or classified contexts.

The success of TRM, particularly in domains such as EW,
relies not only on technical factors but also on alignment with
geopolitical developments, socio-political trends, and techno-
economic shifts. A community of practice is recommended
that includes policy makers, practitioners, strategists, and
researchers serving as a collaborative forum to continuously
refine, contextualize, and validate technology roadmaps
within real-world constraints and opportunities.

B. IMPLICATIONS ON POLICY
The MBSE-TRM framework, as a strategic management
tool, has potential to be adopted by policy makers for
integrating systems engineering with strategic planning
across defense and civilian sectors. By embedding MBSE-
TRM in defense planning, policymakers can align tech-
nological advancements with strategic objectives, enhanc-
ing national and regional security in the electromagnetic
battlespace.

From an EMSO and EW specific lens, the MBSE-TRM
framework applied to EW including notional next gener-
ation EW architecture and roadmap provides a structured
framework for achieving spectrum dominance. Defense
communities such as the SADC and NATO may adopt
MBSE-TRM to develop region specific and classified
EW strategies. The reliance on open-domain data also
demonstrates an approach where a strategic direction that
is unclassified can be created to drive direction of industry,
R&D organizations, acquisition agencies and academia.
Specific programs can then decompose and tailor into
roadmaps with architectures with more detail in classified or
proprietary environments. This layered approach highlights
the importance of governance mechanisms that explicitly
manage the interface between open-domain abstractions and
classified program-level detail. By maintaining traceability
across these boundaries, MBSE-TRM enables policymakers
to guide strategic intent and technological direction while
preserving security, sovereignty, and compliance with clas-
sification constraints.

The growing complexity of EW systems and spectrum
sharing requirements underscores the need to align emerg-
ing architectures with international spectrum governance
frameworks such as those defined by the International
Telecommunication Union (ITU) and operational EMSO
doctrines.

C. IMPLICATIONS ON FURTHER RESEARCH
This paper established the MBSE-TRM framework and
applied the framework to EW against radar. Several future
research directions emerge. The MBSE-TRM framework
may be expanded to include scenario-based roadmaps in
more depth. The metamodel and formal SysML model of
MBSE-TRM includes temporal characteristics for gener-
alization to scenario-based roadmaps and futures thinking
paradigms. However, this area of MBSE-TRM framework
can be expanded upon to incorporate the handling of multiple
probable future scenarios and planning TRM development
and execution accordingly.

Strategic technology management has emerged to manage
and direct technology to support innovation with over
315 tools used in practice [42]. TRM has emerged as
a very popular framework due to its simplicity, trans-
parency, modularity, flexibility, and extensibility. However,
the author postulates the underlying ontology, uncovered
and formalized for MBSE-TRM is extensible to many other
strategic technology management tools. It is envisioned
that a model-based strategy metamodel can be developed
that generalizes to MBSE-TRM and many other strategic
technology management tools.

The MBSE-TRM framework developed, and its subse-
quent application leveraged several distinct tools that required
manual expertise to link together. Similar to the role that
tools such as Vitech GENESYS fulfils in MBSE, it is envi-
sioned that a digital roadmapping tool that implements the
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MBSE-TRM schema, semantics and syntax could be
developed that also incorporates interfaces to tools for
quantitative and qualitative analysis. Furthermore, such
tools could include automatic diagram generation from
the underlying semantic model. Digital roadmapping tools
could also include design aids to assist practitioners with
controlling various human-intensive tasks in theMBSE-TRM
process such as balancing capturing breadth and maintaining
specificity in quantitative analyses.

The MBSE-TRM framework developed was validated
for EW against radar using publicly available data. Vali-
dation with more real-world data including classified and
proprietary data would further strengthen the robustness
of the framework. Despite the exclusive use of publicly
available data, the MBSE-TRM framework was established
using principles from systems engineering and technology
strategy. The validation of MBSE-TRM for EW against
radar leveraged over 10,000 primary sources, providing
grounding in statistically significant dataset, aligned with
Industry 4.0 big data analytics. The notional next-generation
EW architecture and roadmap were intentionally kept at a
high level of abstraction to preserve validity while avoiding
sensitive details.

The research focuses on technological aspects using
information in the open domain with emphasis on validation
using EW against radar. Extension of this research to EW
against communications, cyber and GNSS would represent a
richer and more complete view of EW strategy. Furthermore,
this research focused on the technological aspects of the
field of EW against radar and could be extended to include
human factors, humanities, psychology, sociology, cultural,
and ethical factors to represent a more holistic lens of EW.
The notional next generation EW architecture and roadmap
present several futurework directions for next-generation EW
systems.

Beyond EW, similar technology evolution and integration
challenges arise in other complex, tightly constrained system
domains such as cybersecurity, satellite systems, and AI/ML-
driven systems. Recent work in small satellite systems, for
example, demonstrates the joint consideration and integration
of multiple subsystem technologies such as sensing, actu-
ation, embedded control, and lifecycle phase requirements
within a single design effort, which could be systematically
supported by the proposed MBSE-TRM framework [43],
[44].

Furthermore, established capability-based frameworks
such as the U.S. DoD DODAF, the U.K. Ministry
of Defense’s ‘‘TEPID-OIL’’ construct [45], and South
Africa’s ‘‘POSTEDFIT’’ model [46], provide enterprise-level
structures for capability planning and acquisition. While
the MBSE-TRM operates at a complementary level of
abstraction, focusing on the temporal evolution of markets,
products, technologies and their interdependencies, it can
be conceptually aligned with these architectures. Future
work should explore the integration of MBSE-TRM
within capability-based planning architectures to strengthen

traceability between technological innovation, resource
allocation, and capability realization. Such integration,
supported by expert engagement, would enhance both the
theoretical robustness and practical adoption of MBSE-TRM
in defense and other technology-intensive sectors.

This research demonstrates the value of MBSE-TRM as
a structured, model-based approach to technology roadmap-
ping, enabling rigor, traceability, and adaptability in strategy
for technology-intensive domains. In doing so, it not only
advances the practice of roadmapping, but also aligns with
the principles of Industry 4.0 and the emerging vision
of Industry 5.0, providing a bridge between model-based
engineering and the dynamic demands of future innovation
ecosystems.

D. CONCLUSION
Technology-intensive industries increasingly face environ-
ments of constant and systemic change, where geopolitical,
technological, and market disruptions arise faster than
traditional planning cycles can adapt. Managers in these
domains must recognize that innovation now requires tools
that adopt a systematic systems-level approach, capable
of linking strategic intent to evolving technologies while
retaining flexibility. Technology roadmaps remain one of the
most widely used instruments for aligning markets, products,
and technologies. However, current practice remains largely
static, workshop-based, and dependent on subject matter
experts, which limits consistency, traceability, and reuse.
In an era where one disruption is quickly replaced by another,
this reliance on fixed, document-based tools constrains
strategic agility. The MBSE-TRM framework presented
in this paper responds to these challenges by embedding
the rigor of systems engineering into roadmapping. The
managerial relevance lies in enabling organizations, partic-
ularly in technology-intensive sectors such as defense and
advanced manufacturing, to create roadmaps that are both
rigorous and dynamic. Instead of being one-off exercises,
roadmaps become living models that can adapt to shifting
drivers, emerging technologies, and organizational priorities,
supporting more transparent, agile, and resilient innovation
strategies.

ACKNOWLEDGMENT
The authors would like to acknowledge the Council for
Scientific and Industrial Research (CSIR) for financial and
tool support. Further, they thank theVitech Research Program
and MathWorks for tool support.

REFERENCES
[1] S. Tzu and L. Giles. (2005). The Art of War. [Online]. Available: https://

www.gutenberg.org/files/132/132-h/132-h.htm
[2] M. Porter, ‘‘30. HBR ‘s must-reads on strategy what is strategy?’’ Harv.

Bus. Rev., vol. 1, pp. 1–143, Jul. 1996.
[3] C. Kerr and R. Phaal, ‘‘Technology roadmapping: Industrial roots, forgot-

ten history and unknown origins,’’ Technol. Forecasting Social Change,
vol. 155, Jun. 2020, Art. no. 119967, doi: 10.1016/j.techfore.2020.
119967.

23530 VOLUME 14, 2026

http://dx.doi.org/10.1016/j.techfore.2020.119967
http://dx.doi.org/10.1016/j.techfore.2020.119967


R. Reddy, S. Sinha: Model-Based Systems Engineering Framework for Technology Roadmaps

[4] R. Phaal, C. J. P. Farrukh, and D. R. Probert, ‘‘Technology roadmapping—
A planning framework for evolution and revolution,’’ Technol. Forecasting
Social Change, vol. 71, nos. 1–2, pp. 5–26, Jan. 2004, doi: 10.1016/s0040-
1625(03)00072-6.

[5] C. Kerr and R. Phaal, ‘‘Roadmapping and roadmaps: Definition and
underpinning concepts,’’ IEEE Trans. Eng. Manag., vol. 69, no. 1,
pp. 6–16, Feb. 2022, doi: 10.1109/TEM.2021.3096012.

[6] C. Kerr and R. Phaal, ‘‘Visualizing roadmaps: A design-driven approach,’’
Research-Technology Manage., vol. 58, no. 4, pp. 45–54, Jul. 2015, doi:
10.5437/08956308x5804253.

[7] E. O’Sullivan, R. Phaal, and C. Featherston, ‘‘Agile roadmapping:
An adaptive approach to technology foresight,’’ Foresight STI Gov-
ernance, vol. 15, no. 2, pp. 65–81, Jun. 2021, doi: 10.17323/2500-
2597.2021.2.65.81.

[8] J.-Y. Ho and E. O’Sullivan, ‘‘Toward integrated innovation roadmapping:
Lessons from multiple functional roadmaps beyond technology R&D,’’
IEEE Trans. Eng. Manag., vol. 69, no. 1, pp. 155–167, Feb. 2022, doi:
10.1109/TEM.2020.3029783.

[9] N. Gupta, H. Park, and R. Phaal, ‘‘The portfolio planning, imple-
menting, and governing process: An inductive approach,’’ Technol.
Forecasting Social Change, vol. 180, Jul. 2022, Art. no. 121652, doi:
10.1016/j.techfore.2022.121652.

[10] J. H. Blumel, F. Tietze, and R. Phaal, ‘‘Formulating IP strategies
for service-intense business models: A roadmapping-based
approach,’’ World Pat. Inf., vol. 70, Sep. 2022, Art. no. 102132, doi:
10.1016/j.wpi.2022.102132.

[11] M. G. de Oliveira, M. Routley, and R. Phaal, ‘‘The digitalisation of
roadmapping workshops,’’ J. Eng. Technol. Manage., vol. 65, pp. 1–19,
Jul. 2022, doi: 10.1016/j.jengtecman.2022.101694.

[12] M. G. Oliveira, R. Phaal, G. H. S. Mendes, K. M. Serrano, and C.
Favoretto, ‘‘Dawn of digital roadmapping,’’ Research-Technology Man-
age., vol. 66, no. 1, pp. 41–52, Jan. 2023, doi: 10.1080/08956308.2022.
2130626.

[13] A. Lyra, C. E. Barbosa, Y. Lima, H. Salazar, and J. Souza, ‘‘NERMAP:
Collaborative building of technological roadmaps using named entity
recognition,’’ in Proc. IEEE 25th Int. Conf. Comput. Supported
Cooperat. Work Design (CSCWD), May 2022, pp. 986–991, doi:
10.1109/CSCWD54268.2022.9776109.

[14] R. Gradini, S. Salgueiro, J. Budideti, A. Golkar, and Skolkovo, ‘‘Model-
based technology roadmapping: Potential and challenges ahead,’’ in Proc.
Summer Simul. Conf., 2019, pp. 1–11.

[15] I. Yuskevich, A. M. Hein, K. Amokrane-Ferka, A. Doufene, and
M. Jankovic, ‘‘A metamodel of an informational structure for model-based
technology roadmapping,’’ Technol. Forecasting Social Change, vol. 173,
Dec. 2021, Art. no. 121103, doi: 10.1016/j.techfore.2021.121103.

[16] A. L. Ramos, J. V. Ferreira, and J. Barceló, ‘‘Model-based systems
engineering: An emerging approach for modern systems,’’ IEEE Trans.
Syst., Man, Cybern., C (Appl. Rev.), vol. 42, no. 1, pp. 101–111, Jan. 2012,
doi: 10.1109/TSMCC.2011.2106495.

[17] C. H. Willyard and C. W. McClees, ‘‘Motorola’s technology roadmap
process,’’ Res. Manage., vol. 30, no. 5, pp. 13–19, Sep. 1987, doi:
10.1080/00345334.1987.11757057.

[18] (2020). IRDS 2022: Executive Summary. [Online]. Available: https://irds.
ieee.org/editions/2022

[19] A. F. Blackwell, R. Phaal, M. Eppler, and N. Crilly, ‘‘Strategy roadmaps:
New forms, new practices,’’ in Proc. Int. Conf. Theory Appl. Diagrams,
in Lecture Notes in Computer Science, Sep. 2008, pp. 127–140, doi:
10.1007/978-3-540-87730-1_14.

[20] P. Groenveld, ‘‘Roadmapping integrates business and technology,’’
Res.-Technol. Manage., vol. 50, no. 6, pp. 49–58, Nov. 2007, doi:
10.1080/08956308.2007.11657472.

[21] C. Kerr, R. Phaal, and K. Thams, ‘‘Customising and deploying
roadmapping in an organisational setting: The LEGO group experi-
ence,’’ J. Eng. Technol. Manage., vol. 52, pp. 48–60, Apr. 2019, doi:
10.1016/j.jengtecman.2017.10.003.

[22] C. Holmes and M. Ferrill, ‘‘The application of operation and technology
roadmapping to aid Singaporean SMEs identify and select emerging
technologies,’’ Technol. Forecasting Social Change, vol. 72, no. 3,
pp. 349–357, Mar. 2005, doi: 10.1016/j.techfore.2004.08.010.

[23] H. Park, R. Phaal, J.-Y. Ho, and E. O’Sullivan, ‘‘Twenty years of
technology and strategic roadmapping research: A school of thought
perspective,’’ Technol. Forecasting Social Change, vol. 154, May 2020,
Art. no. 119965, doi: 10.1016/j.techfore.2020.119965.

[24] N. Gerdsri and D. F. Kocaoglu, ‘‘An analytical approach to building a
technology development envelope (TDE) for roadmapping of emerging
technologies: a case study of emerging electronic cooling technologies for
computer servers,’’ in Proc. Portland Int. Conf. Manage. Eng. Technol.
Technol. Manage. Reshaping World (PICMET), Portland, OR, USA, 2003,
pp. 380–389, doi: 10.1109/PICMET.2003.1222817.

[25] T. U. Daim, B.-S. Yoon, J. Lindenberg, R. Grizzi, J. Estep, and
T. Oliver, ‘‘Strategic roadmapping of robotics technologies for the
power industry: A multicriteria technology assessment,’’ Technol.
Forecasting Social Change, vol. 131, pp. 49–66, Jun. 2018, doi:
10.1016/j.techfore.2017.06.006.

[26] O. Saritas and J. Aylen, ‘‘Using scenarios for roadmapping: The
case of clean production,’’ Technol. Forecasting Social Change,
vol. 77, no. 7, pp. 1061–1075, Sep. 2010, doi: 10.1016/j.techfore.2010.
03.003.

[27] C. Lee, B. Song, and Y. Park, ‘‘An instrument for scenario-based
technology roadmapping: How to assess the impacts of future changes
on organisational plans,’’ Technol. Forecasting Social Change, vol. 90,
pp. 285–301, Jan. 2015, doi: 10.1016/j.techfore.2013.12.020.

[28] T. U. Daim, G. Rueda, H. Martin, and P. Gerdsri, ‘‘Forecasting
emerging technologies: Use of bibliometrics and patent analysis,’’ Technol.
Forecasting Social Change, vol. 73, no. 8, pp. 981–1012, Oct. 2006, doi:
10.1016/j.techfore.2006.04.004.

[29] Y. Zhang, Y. Guo, X. Wang, D. Zhu, and A. L. Porter, ‘‘A
hybrid visualisation model for technology roadmapping: Bibliomet-
rics, qualitative methodology and empirical study,’’ Technol. Anal.
Strategic Manage., vol. 25, no. 6, pp. 707–724, Jul. 2013, doi:
10.1080/09537325.2013.803064.

[30] R. Reddy, ‘‘Strategic considerations of industry 4.0 on electronic warfare
using technology roadmaps,’’ in Proc. IEEE AFRICON, Sep. 2021,
pp. 1–6, doi: 10.1109/AFRICON51333.2021.9570921.

[31] A. Golkar and N. Garzaniti, ‘‘Model based systems engineering approach
to technology roadmapping,’’ Simul. Ser., vol. 52, no. 3, pp. 290–301, 2020.

[32] D. Knoll, A. Golkar, and O. de Weck, ‘‘A concurrent design
approach for model-based technology roadmapping,’’ in Proc.
Annu. IEEE Int. Syst. Conf. (SysCon), Apr. 2018, pp. 1–6, doi:
10.1109/SYSCON.2018.8369527.

[33] I. Iuskevich. (2022).Model-Based User Experience Design and Roadmap-
ping. Application To a Smart Autonomous Vehicle Cockpit. [Online].
Available: https://theses.hal.science/tel-03735643v1

[34] I. Yuskevich, A. M. Hein, A. Doufene, and M. Jankovic, ‘‘Model-
based user experience-focused roadmapping,’’ Syst. Eng., vol. 27, no. 4,
pp. 699–714, Jul. 2024, doi: 10.1002/sys.21746.

[35] A. Breckel, J. Pietron, K. Juhnke, F. Sihler, and M. Tichy, ‘‘A
domain-specific language for modeling and analyzing solution spaces
for technology roadmapping,’’ J. Syst. Softw., vol. 184, Feb. 2022,
Art. no. 111094, doi: 10.1016/j.jss.2021.111094.

[36] D. Knoll, ‘‘Model-based processes and tools for concurrent conceptual
design of space systems,’’ Ph.D. dissertation, Dept. Eng. Syst., Skolkovo
Inst. Sci. Technol., Moscow, Russia, 2019.

[37] C. Kerr, ‘‘The systems approach of strategic roadmapping: Framing
challenges and contributions whilst flexing to changing conditions and
circumstances,’’ Syst. Res. Behav. Sci., vol. 40, no. 4, pp. 701–712,
Jul. 2023, doi: 10.1002/sres.2953.

[38] R. Phaal and G. M’́uller, ‘‘An architectural framework for roadmapping:
Towards visual strategy,’’ Technological Forecasting Social Change,
vol. 76, no. 1, pp. 39–49, Jan. 2009, doi: 10.1016/j.techfore.2008.
03.018.

[39] D. M. Buede, ‘‘The Engineering Design of Systems,’’ Tech. Rep., 2009,
doi: 10.1002/9780470413791.

[40] Vitech Genesys. Accessed: Jan. 15, 2025. [Online]. Available: https://
vitechcorp.com/genesys/

[41] R. Reddy and S. Sinha, ‘‘State-of-the-art review: Electronic warfare
against radar systems,’’ IEEE Access, vol. 13, pp. 57530–57567, 2025, doi:
10.1109/ACCESS.2025.3555493.

[42] R. Phaal, C. J. P. Farrukh, and D. R. Probert, ‘‘Tools for technology
management-structure, organisation and integration,’’ in Proc. 21st
Century iEEE Int. Conf. Manage. Innov. Technol., vol. 1, Jun. 2000,
pp. 224–229.

[43] S. Ahmed Khan, Z. Tao, S. Fahad, M. Salman, M. Tahir, and A. Ali,
‘‘Reliable attitude control integrating reaction wheels and embedded
asymmetric magnetorquers for detumbling CubeSats,’’ Adv. Space Res.,
vol. 74, no. 11, pp. 5906–5922, Dec. 2024, doi: 10.1016/j.asr.2024.08.056.

VOLUME 14, 2026 23531

http://dx.doi.org/10.1016/s0040-1625(03)00072-6
http://dx.doi.org/10.1016/s0040-1625(03)00072-6
http://dx.doi.org/10.1109/TEM.2021.3096012
http://dx.doi.org/10.5437/08956308x5804253
http://dx.doi.org/10.17323/2500-2597.2021.2.65.81
http://dx.doi.org/10.17323/2500-2597.2021.2.65.81
http://dx.doi.org/10.1109/TEM.2020.3029783
http://dx.doi.org/10.1016/j.techfore.2022.121652
http://dx.doi.org/10.1016/j.wpi.2022.102132
http://dx.doi.org/10.1016/j.jengtecman.2022.101694
http://dx.doi.org/10.1080/08956308.2022.2130626
http://dx.doi.org/10.1080/08956308.2022.2130626
http://dx.doi.org/10.1109/CSCWD54268.2022.9776109
http://dx.doi.org/10.1016/j.techfore.2021.121103
http://dx.doi.org/10.1109/TSMCC.2011.2106495
http://dx.doi.org/10.1080/00345334.1987.11757057
http://dx.doi.org/10.1007/978-3-540-87730-1_14
http://dx.doi.org/10.1080/08956308.2007.11657472
http://dx.doi.org/10.1016/j.jengtecman.2017.10.003
http://dx.doi.org/10.1016/j.techfore.2004.08.010
http://dx.doi.org/10.1016/j.techfore.2020.119965
http://dx.doi.org/10.1109/PICMET.2003.1222817
http://dx.doi.org/10.1016/j.techfore.2017.06.006
http://dx.doi.org/10.1016/j.techfore.2010.03.003
http://dx.doi.org/10.1016/j.techfore.2010.03.003
http://dx.doi.org/10.1016/j.techfore.2013.12.020
http://dx.doi.org/10.1016/j.techfore.2006.04.004
http://dx.doi.org/10.1080/09537325.2013.803064
http://dx.doi.org/10.1109/AFRICON51333.2021.9570921
http://dx.doi.org/10.1109/SYSCON.2018.8369527
http://dx.doi.org/10.1002/sys.21746
http://dx.doi.org/10.1016/j.jss.2021.111094
http://dx.doi.org/10.1002/sres.2953
http://dx.doi.org/10.1016/j.techfore.2008.03.018
http://dx.doi.org/10.1016/j.techfore.2008.03.018
http://dx.doi.org/10.1002/9780470413791
http://dx.doi.org/10.1109/ACCESS.2025.3555493
http://dx.doi.org/10.1016/j.asr.2024.08.056


R. Reddy, S. Sinha: Model-Based Systems Engineering Framework for Technology Roadmaps

[44] S. Ahmed khan, Y. Shiyou, A. Ali, S. Rao, S. Fahad, W. Jing, J. Tong,
and M. Tahir, ‘‘Active attitude control for microspacecraft; a survey and
new embedded designs,’’ Adv. Space Res., vol. 69, no. 10, pp. 3741–3769,
May 2022, doi: 10.1016/j.asr.2022.02.020.

[45] C. Kerr, R. Phaal, and D. Probert, ‘‘A strategic capabilities-based
representation of the future British armed forces,’’ Int. J. Intell. Defence
Support Syst., vol. 1, no. 1, p. 27, 2008.

[46] R. Oosthuizen and J. H. Roodt, ‘‘Credible defence capability: Command
and control at the core,’’ Tech. Rep., 2008.

REESHEN REDDY (Senior Member, IEEE)
received the Bachelors of Engineering degree
in electronic engineering from the University
of KwaZulu-Natal, the Bachelor of Engineer-
ing degree (Hons.) in microelectronics and the
Masters of Engineering degree (Hons.) from the
University of Pretoria, and the Ph.D. degree in
engineering management from the University of
Johannesburg (UJ).

He started his career with Sasol Technology in
Control Engineering before joining the Council for Scientific and Industrial
Research (CSIR), in 2009. He is currently the Research Group Leader of
CSIR leading the Digital Electronic Warfare Group, Pretoria, South Africa.
He is researching technology roadmaps for electronic warfare based on
systems engineering approaches. He has held various positions with CSIR,
including Research Group Leader for the Electronic Warfare Modelling,
Simulation and Training Group, and a Senior Digital Design Engineer.
He specializes in the intersection of strategy, business, management, and
engineering to imagine the products and services of the future and develop
them today using technology road mapping to move from concept to
commercialized product. He is researching in the fields of next-generation
EW systems, EW modelling and simulation systems, and digital radio
frequency memories (DRFM).

Mr. Reddy is a Registered Professional Engineer with the Engineering
Council of South Africa (ECSA) (Pr.Eng), and a member of the Association
of Old Crows (AOC). He was a recipient of the National Science and
Technology Forum (NSTF) Innovation Award and several CSIR awards,
including the Emerging Leader Award, the Innovation Award, and the
Employee Engagement and Diversity Award.

SAURABH SINHA (Fellow, IEEE) received the
B. Eng. (Hons.), M. Eng. (Hons.), and Ph.D.
degrees in electronic engineering from the Uni-
versity of Pretoria (UP), South Africa. He has
completed the Wharton’s Advanced Management
Program, University of Pennsylvania, USA (Alum
Status). As an Established Researcher rated by the
National Research Foundation, he has authored
or co-authored over 140 publications in peer-
reviewed journals, books and proceedings of inter-

national conferences. He was with UP and the University of Johannesburg
(UJ), for over 22 years—initially as an academic (at various tiers) and then as
the institute Director, the Executive Dean, and the Deputy Vice-Chancellor.
He moved to New Zealand in mid-2023, retaining visiting affiliations at
both UJ and Princeton University, USA. At the University of Canterbury,
New Zealand, reporting directly to the Vice-Chancellor and a Principal,
he leads the Faculty of Engineering as the Executive Dean. Among his
many achievements, he was a recipient of a prestigious U.S. Fulbright Grant
and has formerly served as IEEE Board of Director and the Vice-President.
He is registered as a Chartered Professional Engineer with Engineering New
Zealand | Te Ao Rangahau. He is also a Pr. (Eng.), FSAIEE, FSAAE, and
MASSAf.

23532 VOLUME 14, 2026

http://dx.doi.org/10.1016/j.asr.2022.02.020

