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Abstract  
This paper explores the implications of a capability-based conceptual approach on the development of the systems engineering 
(SE) discipline. It deals with the identification of some potential limits and gaps of traditional SE approaches and demonstrates 
the need for new and innovative developments which support the concept of capability based engineering, especially as applied 
in the military domain and networking environments. The innovative approaches include partnership for capability planning and
service descriptions for capability representations. The paper also presents a very brief assessment of the state-of-the-art of 
cognate domains such as capability based planning alongside requirements engineering and management, and considers the 
extent to which they address capability based concepts. The related concepts of system of systems (SoS) and the endeavour to 
extend SE to SoS are necessarily addressed.
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1 Introduction

Capability is a widely used concept, especially in the 
military domain. It is at the heart of Systems Engineering 
(SE) but, unfortunately, it has seldom been addressed as the 
focus explicitly in traditional SE approaches.

There is a considerable amount of work on the definition 
and analysis of the capability concept from different 
perspectives such as engineering (mainly ICT), military, 
organisational, and managerial, alongside Through Life 
Capability Management (TLCM) [1-4]. According to UK 
MoD [5] “capability is the enduring ability to generate a 
desired operational outcome or effect, and is relative to the 
threat, physical environment and the contributions of 
coalition partners”. There are several definitions of the 
term ‘capability’ and different usages of those definitions 
[4-7]. The term is also interpreted differently in different 
sectors and has even been rather broadly interpreted in the 
defence sector [8].

The UK MoD, together with other TTCP (The Technology 
Cooperation Program) partners (USA, Australia, Canada, 
and New Zealand), has adopted a Capability-Based 
Planning (CBP) approach for its management of long term 
military capability development. TTCP [9] describes a 
generic process of CBP and identifies an effective 
investment strategy as the outcome of CBP.  In [10], Davis 
defines CBP as “Planning, under uncertainty, to provide 
capabilities suitable for a wide range of modern-day 
challenges and circumstances while working within an 
economic framework that necessitates choice”.

This focus on capability has demanded a new approach for
designing and developing or engineering a capability, 
which is termed Capability Engineering (CE). The term CE 
has been introduced by Pagotto and Walker [1] as follows:
“Capability engineering, a new methodology with the
potential to support defence planning and acquisition holds 
promise of providing at least a partial answer to the 
challenges of defence transformation.”  They suggested a 
new (systems) engineering discipline, but the above 
definition is incomplete and it is premature to predict the 
likely outcome of CE. Therefore additional studies and 
analysis supported by a coherent systems process definition 
are needed.

The NECTISE research programme has a particular 
emphasis on networking capabilities to facilitate advanced 
military operations supported by innovative SE solutions 
[11]. This programme deals with the problems associated 
with translating abstract capability concepts to tangible 
approaches. These problems are mainly related to 
architecting and/or engineering capability. The related 
analysis will lead to a framework that includes views of 
future SE developments.  The new approaches will support 
the definition of a high level conceptual framework of 
military capability enabled through networking and 
ubiquitous and pervasive computing (services).

The main contribution of this paper is to analyse the effects
of capability based management on the development of SE 
approaches that will have a meaningful impact on future 
military systems research and application, especially to 
provide mechanisms for the realisation of network enabled 
capabilities. In particular, we suggest an alternative (or 
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extension) to the traditional approach of baseline 
requirements through SIMILAR (State the problem, 
Investigate alternatives, Model the system, Integrate, 
Launch the system, Assess performance, and Re-evaluate) 
task representation [12].  This approach supports the 
definition and development of the new area of (systems) 
engineering - CE. It also supports effective utilisation of 
complex systems or SoS in the battlespace and/or emergent 
applications which can be managed through extended 
development cycles corresponding to through life capability 
management.

2 Systems Engineering Successes and Shortcomings

This section includes an investigation of the type of 
problems and related methods through which traditional SE 
has claimed huge success and the main characteristics of 
the related systems. The International Council on Systems 
Engineering (INCOSE) fellows’ consensus of SE definition 
is [13] “an engineering discipline whose responsibility is 
creating and executing an interdisciplinary process to 
ensure that the customer and stakeholder’s needs are 
satisfied in a high quality, trustworthy, cost efficient and 
schedule compliant manner throughout a system’s entire 
life cycle. This interdisciplinary systems engineering 
process is usually comprised of the following seven tasks: 
State the problem, Investigate alternatives, Model the 
system, Integrate, Launch the system, Assess performance, 
and Re-evaluate.  These tasks can be summarized with the 
acronym SIMILAR”. However some other definitions have 
complemented the INCOSE definition. The IEEE defines 
the Systems Engineering Process (SEP) as [14]: “The SEP 
provides a focused approach for product development that 
attempts to balance all factors associated with product life 
cycle viability and competitiveness in a global 
marketplace” .

It is either implicitly or explicitly stated in above definitions
that the process will lead to a product or system, which has 
a life cycle, as an output. Hence, SE concerns both process 
and product. It is very important to note that actually SE 
deals with at least three perspectives.  In addition to the 
system of focus or the product, and the SE process itself;
there is also the wider system or context, where perceived 
problems give rise to the needs for intervention, which in 
turn triggers the SE process in the first place. For example, 
in the case of producing a nuclear submarine, the three 
perspectives are: the submarine itself, which is a complex 
physical system, the application of SE, which is a process 
with a series of purposeful human activities, and the 
modern military force, a highly complex socio-technical 
system.

In advanced economies there is a shift from product to 
product-service, and this is also true in defence (especially 
in UK). This has changed the business paradigm and has 
also introduced a new type of system to be considered and 
(possibly) a new approach to SE.

Generally SE has progressed from the relatively narrow 
paradigm of Requirements Analysis, Functional 
Analysis/Allocation, and Synthesis—governed by Systems 
Analysis and Control. The most recent SE approaches 
include several Process Requirements that can be grouped 
into the broad areas of Technical Management (planning, 
assessment, and control), System Design (requirements 
definition, solution definition), Product Realization 
(implementation and transition to use), Technical Support 
(systems analysis, requirements validation, product 
verification and validation), and Acquisition and Supply
(Figure 1) [15].

Figure 1 Systems Engineering Process [15]

This approach was harmonized with the even broader 
concept of SE included in ISO/IEC 15288: 2002 (System 
Life Cycle Processes). This framework further broadens SE
by considering enterprise processes such as Enterprise 
Management, Investment Management, Systems Life Cycle 
Management, and Resource Management. This 
International Standard also established a common 
framework for describing the life cycle of systems created 
by humans. It defined a set of processes and associated 
terminology. These processes can be applied at any level in 
the hierarchy of a system’s structure. Selected sets of these 
processes can be applied throughout the life cycle for 
managing and performing the stages of a system's life cycle. 
This is accomplished through the involvement of all 
interested parties with the ultimate goal of achieving 
customer satisfaction.

The INCOSE fellows’ definition of SE does not restrict its 
application to physical systems such as products or product 
families. However, when it is extended to more complex 
systems, there are additional matters to be considered and 
clearly distinguishing the above three perspectives is very 
important. These will be analysed in the sections 4 and 5 
which discuss CE in detail.

SE has accomplished a lot in its relatively short history. The 
discipline of SE has been regarded as essential in the 
development of complex systems. Since its recognition in 
1950s [16], most mature and significant applications are in 
engineering domains for complex physical systems, such as 
in the communications industry for large scale network 
projects, software engineering, in aeronautics and space 
programs, and in complex defence platforms. INCOSE 
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compiled a long list of SE application profiles and systems; 
some are traditional domains as mentioned above; others 
are more speculative; and some are even left blank waiting 
to be developed in future [17].

A few characteristics of traditional SE as currently practised 
by engineers are apparent. It requires an unambiguous 
singular goal and emphasises early definition and validation 
of clear and concise requirements; desired functions are 
derived from these requirements, decomposed and allocated 
to system elements. Both the requirements and the function 
allocation are static over time and the solution is the 
optimum one which satisfies the requirements.  Hitchins 
argues that this is not SE but the engineering of systems –
creating artefacts [18]. This approach is especially 
concerned with functional decomposition.

Interestingly, MIT [19] has used the term ‘Engineering 
Systems’ to describe an “emerging field of study involving 
large complex systems whose properties are determined not 
only by technology, but also by people’s behaviour, plus the 
laws of physics and other natural sciences”.  Regardless the 
differences in terminology, it is clear that there is a 
distinction between an approach based substantially on 
functional decomposition (‘traditional’ as we have termed 
it) and a wider perspective on systems.  We have chosen to 
use the term ‘systems of systems’ [20] to describe a class of 
systems that introduces some important characteristics that 
require considerations beyond those we have termed 
‘traditional’. 

3 Emergence of “System of Systems” Engineering

With increasing complexity brought about by greater 
connectivity, there are many instances when both 
operationally and managerially independent systems are 
brought together to form a new whole system to respond to 
arising needs.  Systems belonging to this category are often 
termed as “System of Systems” (SoS) [20].  To combat 
these problems of complexity, there is emerging effort in a 
new branch of SE called SoS engineering.

According to Kaplan [15] SoS engineering is defined as the 
“cross-system and cross-community process that ensures 
the development and evolution of mission-oriented 
capabilities to meet multiple stakeholders’ evolving needs 
across periods of time that exceed the lifetimes of individual 
systems”. The progression from a subsystem to a system 
and finally to a SoS is illustrated in Figure 2 [22], which 
also explicitly considers incorporated capability.

Kaplan’s definition of SoS Engineering captures the major 
differences from traditional SE, in that it operates across 
complex systems life cycles and across communities, and is 
concerned with the creation of capabilities rather than 
physical systems.  The evolutionary rather than static nature 
is another hallmark of SoS engineering.

Although there is not a universally accepted definition of 
the term systems of systems, the following elements are 

representative of the current themes emerging for SoS and 
SoS Engineering [20-23]:

 The elements of a SoS have operational and managerial 
independence of each other.  SoS display emergent 
behaviours and, notably, can achieve effects that are 
unachievable by the systems that form them when 
acting in isolation. 

 The elements of a SoS are geographically dispersed 
and it is information (rather than mass or energy) that 
is transported between the elements.  That is, networks 
are an important aspect of SoS.

 SoS evolve rather than being designed or created from 
a clean sheet.

 In the case of SoS engineering, it is inherently multi-
disciplined in nature and often includes heterogeneous 
systems.

Figure 2 From Subsystem to SoS [22]

Since SoS almost always involves human and socio-
technical systems, many of the challenges of SoS 
engineering arise from human, cultural and informational 
aspects.

Whether the concept of SoS is really different from systems 
and whether SoS can be approached with the traditional SE
methods are matters of contention [18, 21]. The authors 
believe that the distinction is a helpful one, because 
consideration of the criteria set by Maier [20] and extended 
by DeLaurentis, when defining the case of an International 
Consortium of System-of-Systems Engineering [22-23],
implies a distinct set of concerns and opportunities that the 
engineer must embrace. It is also very important to 
recognise that some of those (e.g. those concerned with 
multiple owners of the systems within a SoS) have much to 
do with non-engineering and non-scientific disciplines, 
such as business and finance.

Subsystem

System

System of systems incorporated capability
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4 Capability Engineering

In the defence community, the failures, cost and time 
overruns that have plagued complex defence acquisition 
projects and the realisation that systems procured for the 
cold war do not adequately meet the needs of today’s 
military operations, have prompted re-examination of the 
way defence capability development is carried out.

CBP has been introduced as a better alternative. With 
capability as the core concept, the intervention strategy
space is broadened beyond physical system products. 
Hence, from a design perspective, an holistic view needs to 
be taken and capability solutions considering synergistic 
relationships among all Defence Lines of Development 
(DLODs) need to be created, i.e. we must try to design in 
the emergent properties of the system. This is the endeavour 
of CE and it is more akin to System Architecting [24] than 
to SE.

There have recently been some efforts to model and 
represent capability for the purpose of understanding how it 
must be managed through life.  Notably, the TRAiDETM

tool [25], which essentially provides an integrating 
environment for a number of capability-relevant tools (e.g. 
costing, performance, etc.), represents capability in the 
form of a target to enable users to conjecture on future 
investment needs.  Kerr et al [7] have also proposed a 
unified picture for future capability that consists of a 
framework of three layers: effects based operations, force 
structures, and building blocks (facilities and platforms).

Touchin & Dickerson [26] considered the nature and 
essential structure of military capability and defined the 
distinction between the assembly of available military 
assets to conduct a specific operation and the longer-term 
business of planning for future needs. They also stressed,
given the difficulty of articulating requirements for 
capability, the importance of a model-based approach for 
eliciting and capturing the real capability needs. In this 
context architecting for capability is crucial and it has been 
defined as the selection, integration and synchronisation of 
elements from across the DLODs, for both current and 
future military capability needs, and the assessment of the 
resulting potential to meet those needs.

Network enabled capability is the MOD’s major endeavour 
to provide shared awareness to facilitate communication, 
command and management across the battlespace. New 
approaches of capability planning, development and 
management are required. Yue and Henshaw [4] proposed a 
holistic approach of UK Military Capability Planning as a 
conceptual model using the fractal principles.

Here we offer the following description of capability 
engineering:

A systemic design approach, with a particular military 
capability as the system of interest, which synthesises 
fundamental inputs to create a satisfying result, while 

considering critically moral, social, economic and political 
issues. It explicitly addresses changeability and 
evolvability.

This captures the essence of the capability centric nature 
and tackles head on the inadequacies of traditional SE, as 
discussed in section 2.

In non-military context, pervasive and ubiquitous IT, fast 
growth of service provision in the wider economy including 
manufacturing sector and changes in business strategic 
environment, combine to drive a need for CE, which 
enables evolvable capability to be architected in a highly 
cohesive fashion.  The concept of dynamic capabilities is 
attracting much attention in the literature [27-30]. Teece et 
al. [31] conceptualised ‘dynamic capabilities’ as an 
organisation’s ability to flexibly adapt and develop 
appropriate capabilities in a changing competitive 
environment. Therefore dynamic capabilities are defined as 
a company’s abilities to integrate, build, and reconfigure 
internal and external competences and resources to address 
a rapidly changing environment. The attribute ‘dynamic’
refers to the ability to renew competences so as to achieve 
congruence with the changing business environment; and 
the term ‘capabilities’ emphasises the key role of strategic 
management in appropriately adapting, integrating, and 
reconfiguring internal and external organizational skills, 
resources and functional competences to match the 
requirement of a changing environment.

Capabilities are also manifested in typical business 
activities, and are not merely resources. While resources 
represent assets possessed by the company, capabilities are 
the glue that combines, develops, and transforms the 
resources to create value offerings for customers [31-32]. 
As such, capabilities are built upon the processes developed 
by firms, by bringing people and resources together in 
repeated efforts. In this manner both behaviour and ability 
are synthesized (i.e., not separated) in defining capabilities.

It is against this backdrop of capability focus in both 
military and non-military contexts that despite SE’s 
success, there are an increasing number of researchers and 
practitioners voicing concerns about its current limitations 
in dealing with increased complexity [33-35].

5 A conceptual framework of impact of capability-
based management on SE Discipline

Table 1 lists contrasting characteristics of traditional SE and 
CE along 8 features.  The three perspectives with which CE 
deals are the socio-technical system of concern that needs 
to posses a particular emergent capability, the CE processes 
and the wider system in which this capability needs to be 
employed to achieve required effects.
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Table 1 Contrasting characteristics of traditional Systems 
Engineering and Capability Engineering

Traditional SE CE
1. System Physical 

engineering 
Socio- technical

2. Complexity Technical 
dimension

Multi-
dimensional 

3. Goal Unambiguous, 
singular

Changing, 
multiple

4. Requirements Well defined Evolving and 
volatile

5. Risk 
management

Limited Highly adaptive

6. Metrics Well defined 
(e.g. INCOSE 
handbook)

Hard to define, 
agree and 
quantify

7. Process Well established Learning
8. Solution Upfront specific Incremental 

(maybe multiple)

In the military context, the wider system is the military 
system which applies military forces in concert to achieve 
military objectives and with other government and non-
government agencies to achieve political objectives. It should 
be noted that in this system, not all elements are necessarily 
military force elements, e.g. some may be industry elements.  
In order for this system to fulfil its objectives, some particular 
military capabilities are perceived to be necessary, which are 
the emergent properties from interactions of subsets of the 
elements. The CE process is applied to: design, generate and 
evolve the capability. The relationships of these three 
perspectives, i.e. the capability, the CE processes and the 
military system, are illustrated in Figure 3. Figure 4 presents 
the MoD’s view of the key aspects of the relationship between 
project systems engineering, SoS engineering, and CE [36].

Context:
 Opposing forces
 Coalition
 Locals
 Natural environment
 Political, legal, 

economical, and 
cultural factors 

CE

Military 
SystemCapability

Figure 3 Perspectives in CE and their relationships

Traditional SE is often classified as a hard systems thinking 
approach, where a desired system state can be easily 
ascertained and articulated unambiguously.  Current system 

state can be assessed accurately; and alternative solutions for 
moving the system from current state to desired state can be 
evaluated objectively and quantitatively to select an optimal 
one. Finally the optimal solution is implemented 
systematically and rigorously. In the problem space where CE 
is required, these basic assumptions no longer hold (Table 1).  

5.1 Discussion

The way that the SIMILAR process may be adapted for CE is 
now considered and presented in table 2. 

Table 2  Adapting and comparing SIMILAR

SIMILAR 
Tasks

System 
Engineering

Capability 
Engineering

Statement of 
the problem

Clear stakeholders 
and customer 
requirements

Ambiguous 
requirements, must 
convert a ‘mess’ 
into ‘problems’

Investigate 
alternatives

Analytical methods Soft systems 
thinking including 
human 

Model the 
system

Hard modelling 
approaches and 
alternative 
solutions

Hard and Soft 
modelling 
approaches

Integrate Integrated methods 
and systems

Dynamic process 
and interoperable 
systems

Launch the 
system

Deployment of the 
system

Evolutionary 
process

Assess 
performance

Functional 
performance 
metrics

Additional criteria

Re-evaluate Feedback Feedback and 
learning, co-
evolution of a wider 
system

In traditional SE, “Statement of the problem” takes the form 
of stakeholders and customer requirements in functional or 
behavioural terms.  It identifies what activities must be done 
to address the problem situation.  Logically, it can be deduced 
that two sub-steps, goal setting and gap discovering and 
analysis, must be included in this stage.  We would argue that,
in CE because we are looking into capability rather than a 
defined product, goal identification is not always straight 
forward and translation from customer needs to problem 
statement is much more ambiguous. Dörner [37] presented 
convincing evidence of both the difficulties of goal setting in 
complex strategic decision making and the detrimental 
impacts on outcome when this was not done properly.  In 
order to cope with added complexity in CE, to make sure we 
are addressing the right question [38], and to avoid fallacies 
associated with goal setting, it is necessary to add a sub-step 
to explore purpose in front of the above mentioned two sub-
steps.  This new sub-step will help to surface assumptions and 
agenda and to allow certain degrees of freedom in the 
problem statement, which needs to be revisited and re-
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evaluated many times in later stages.  To some extent we are 
emphasising that in CE the journey is as important as the 
project.  Various ‘soft’ systems methodologies can be used to 
assist in the accomplishment of this [39]. Soft OR 
professional will see this sub-step as converting a ‘mess’ into 
problems. Another problem for CE is that system boundary 
judgement becomes more difficult.  Partly because capability 
is an abstract system rather than a physical system; thus any 
particular component of the wider system may contribute to 
multiple capabilities and the interactions between capabilities 

are difficult to conceptualise and understand, as shown in 
Figure 3. Because of the evolvable nature of SoS and because 
of the need to develop (change) capability rapidly, the 
requirements for future capability are often unpredictable and 
change throughout the course of the development. The focus 
should be achieving better understanding and preparation for 
intelligent adaptation to proactively incorporate changes.

Figure 4  The relation between CE, System of Systems Engineering  and Project Systems Engineering
based on [36]

For the “Investigate alternative” stage, the capability focus 
of CE opens up the solution space and shifts away from 
purely technology and equipment focused artefact building 
interventions.  To fill a capability gap, an holistic view will 
be taken and the broadest innovation will be sought. The 
intervention must be based on consideration across the 
DLODs. Whereas traditional SE will be applicable to 
solutions that are essentially in the equipment DLOD, CE is 
needed for the consideration across all DLODs. Also, to 
facilitate innovation and avoid anchoring the effect of 
current capability solutions, an idealised design should be 
created, where the current capability solution is not treated 
as a baseline but as a constraint.

“Model the system” stage creates models for alternative 
designs in order to evaluate them.  In CE, a human can no 
longer be treated as just another part in a large system, 
hence traditional modelling approaches are inadequate.  For 
example, appropriate representation of all DLODs in 
models must be addressed.

In CE “Integrate” must assume a new dynamic dimension 
because of the need to achieve interoperability between new 
and legacy systems.

“Launch the system” in CE is an evolutionary process.

In CE, there are many pairs of mutually conflicting 
properties of the system that need to be traded, e.g. stability 
vs. evolution, diversity/performance vs. affordability.  
Therefore, in “Assess performance” stage, in addition to 
functional performance metrics, additional criteria 
reflecting these properties must be measured.

In CE, “Re-evaluate” has a broader remit such that it does 
not only provide feedback between the stages, but also 
provides the learning mechanism that is critical for the co-
evolution of the wider system with its context.

The discussion above indicates that both hard and soft 
systems methodologies must be applied in CE and that 
metamodelling approaches are needed.

Networking of capabilities and especially in the military 
domain has required additional approaches such as 
innovative systems engineering and/or SoS engineering. 
However these approaches do not completely cover the 
requirements of networking the military capabilities. 

6 Conclusions

This paper provides an argument for the need to extend 
traditional Systems Engineering to address the problem of 
creating innovative results which support the concept of 
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capability as the system of interest.  This extended form of 
SE is defined as Capability Engineering.  Possible ways of 
modifying SIMILAR [12] are proposed.

This paper has established the critical foundations for 
including a capability based approach in the development of 
the SE discipline.  The possibilities of extending traditional 
systems engineering with new approaches defined as 
capability engineering have been analysed.  This proposal is 
based on gap analysis of systems engineering applied to 
complex military applications based on CBP, acquisition 
and delivery as well as realisation of the NEC concept.  It is 
rooted in extension of the SIMILAR SE approach.

This paper also demonstrates that a new SE framework to 
encompass capability based management is required, 
reflecting the dynamics and uncertainty of SoS and the 
added complexity of operating in a SoS environment.
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