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EXECUTIVE SUMMARY 

Multi-faceted systems of the future will entail complex logic and reasoning with many levels of 
reasoning in intricate arrangement. The organization of these systems involves a web of 
connections and demonstrates self-driven adaptability. They are designed for autonomy and may 
exhibit emergent behavior that can be visualized. Our quest continues to handle complexities, 
design and operate these systems. The challenge in Complex Adaptive Systems design is to design 
an organized complexity that will allow a system to achieve its goals. This report attempts to push 
the boundaries of research in complexity, by identifying challenges and opportunities. Complex 
adaptive system-of-systems (CASoS) approach is developed to handle this huge uncertainty in 
socio-technical systems. 

Although classically (Dahmann, Rebovich, Lowry, Lane, & Baldwin, 2011) four categories of SoS 
are described in literature namely; Directed, Collaborated, Acknowledged and Virtual. However, 
there exist infinitely many SoS on the edges of these categories thus making it a continuum. Many 
SoS with different configurations can fill this gap. These four types of SoS vary based on their 
degree of managerial control over the participating systems and their structural complexity. The 
spectrum of SoS ranges from Directed SoS that represents complicated systems to Virtual SoS 
that are complex systems. 

Acknowledged SoS lie in between this spectrum. This particular SoS is the focal point of our 
research endeavor. Acknowledged SoS and Directed SoS share some similarities such as both 
have (Dahman & Baldwin, 2011) SoS objectives, management, funding and authority. 
Nevertheless, unlike Directed SoS, Acknowledged SoS systems are not subordinated to SoS. 
However, Acknowledged SoS systems retain their own management, funding and authority in 
parallel with the SoS. Collaborative SoS are similar to Acknowledged SoS systems in the fact that 
systems voluntarily work together to address shared or common interest. 

Flexible and Intelligent Learning Architectures for SoS (FILA-SoS) integrated model is developed 
in this research task provides a decision making aid for SoS manager based on the wave model. 
The model developed called the FILA-SoS does so using straightforward system definitions 
methodology and an efficient analysis framework that supports the exploration and 
understanding of the key trade-offs and requirements by a wide range system-of-system 
stakeholders and decision makers in a short time. FILA-SoS and the Wave Process address four 
of the most challenging aspects of system-of-system architecting: 

1. Dealing with the uncertainty and variability of the capabilities and availability of 
potential component systems 

2. Providing for the evolution of the system-of-system needs, resources and environment 
over time 

3. Accounting for the differing approaches and motivations of the autonomous component 
system managers 

4. Optimizing system-of-systems characteristics in an uncertain and dynamic environment 
with fixed budget and resources 
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Some of the highlights of FILA-SoS are listed in terms of its capabilities, value added to systems 
engineering, ability to perform “What-if Analysis”, modularity of integrated models, its potential 
applications in the real world and future additions to the current version. 

 

FILA-SoS has a number of unique capabilities such as integrated model for modeling and 
simulating SoS systems with evolution for multiple waves. It also has modularity in the structure 
where the models can be run independently and in conjunction with each other. Besides there 
are a couple of different models for both architecture generation and SoS behavior and various 
individual system behavior negotiation models between SoS and individual systems. In terms of 
value added FILA-SoS aids the SoS manager in future decision making. It also helps in 
understanding the emergent behavior of systems in the acquisition environment and impact on 
SoS architecture quality. FILA-SoS serves as an artifact to study the dynamic behavior of different 
type of systems (non-cooperative, semi-cooperative, cooperative). It enables us to identify intra 
and interdependencies among SoS elements and the acquisition environment. FILA-SoS can 
provide a “What-if” Analysis depending on variables such as SoS funding and capability priority 
that can be changed as the acquisition progresses through wave cycles. It has the ability to 
simulate any architecture through colored petri nets. In addition, it can simulate rules of 
engagement & behavior settings: all systems are non-cooperative, all systems are semi-
cooperative, and all systems are cooperative or a combination. Some of the potential applications 
include modeling a wide variety of complex systems models such as logistics, and cyber-physical 
systems. It also acts as a test-bed for decision makers to evaluate operational guidelines and 
principles for managing various acquisition environment scenarios. Future Capabilities that are 
currently in progress are extending the model to include multiple interface alternatives among 
systems and incorporation of risk models into environmental scenarios. 
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Integrated Model Structure for FILA-SoS Version 1.0 is described.  It provides a short description 
of all independent models that make up the FILA-SoS integrated model and reports the workings 
of the model with three notional System-of-Systems namely; Toy Problem for aircraft carrier 
performance assessment, ISR (intelligence surveillance and reconnaissance) and SAR (search and 
rescue). 

The project reports span 17 volumes. Each report describes the various aspects of the FILA-SOS 
integrated model: 

Volume 1: Integrated Model Structure 
Volume 1 is the Integrated Model Structure report for FILA-SoS Version 1.0. It provides a short 
description of all independent models that make up the FILA-SoS integrated model. Integrated 
FILA-SoS developed is tested in three notional System-of-Systems namely; Toy Problem for 
Aircraft Carrier Performance Assessment, ISR (intelligence surveillance and reconnaissance) and 
SAR (search and rescue). FILA-SoS integrated model is currently being validated with a real life 
data from a medium sized SoS. The results of this validation are given in volume 17. 

Volume 2: Meta-Architecture Generation Multi-Level Model 
Volume 2 describes Meta-Architecture Generation Multi-Level Model. The multi-level meta-
architecture generation model considers constructing an SoS architecture such that each 
capability is provided by at least one system in the SoS and the systems in the SoS are able to 
communicate with each other. Secondly, it has multiple objectives for generating a set of SoS 
architectures namely; maximum total performance, minimum total costs and minimum deadline. 
Finally, the model establishes initial contracts with systems to improve performances. 

Volume 3: Fuzzy-Genetic Optimization Model 
Volume 3 illustrates the second meta-architecture generation model known as the Fuzzy-Genetic 
optimization model. This model is based on evolutionary multi-objective optimization for SoS 
architecting using genetic algorithms and four key performance attributes (KPA) as the objective 
functions. It also has a type-1 fuzzy assessor for dynamic assessment of domain inputs and that 
forms the fitness function for the genetic algorithm. It returns the best architecture (meta-
architecture) consisting of systems and their interfaces. It is a generalized method with 
application to multiple domains such as Gulf War Intelligence/Surveillance/Reconnaissance Case, 
Aircraft Carrier Performance Assessment Case and Alaskan Maritime Search and Rescue Case. 

Volume 4: Architecture Assessment Model 
Volume 4 describes an Architecture Assessment Mode that can capture the non-linearity in key 
performance attribute (KPA) tradeoffs, is able to accommodate any number of attributes for a 
selected SoS capability, and incorporate multiple stakeholder’s understanding of KPA’s. 
Assessment is based on a given meta-architecture alternative. This is done using type-1 fuzzy sets 
and fuzzy inference engine. The model provides numerical values for meta-architecture quality. 

Volume 5: Cooperative System Negotiation Model 
Volume 5 specifically describes the Cooperative System Negotiation Model. The systems 
following this model behave cooperatively while negotiating with the SoS manager. The model 
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of cooperative behavior is based on agent preferences and the negotiation length. Each system 
agent has two inherent behaviors of cooperativeness: Purposive (normal behavior) and 
Contingent (behavior driven by unforeseen circumstances). The approach models the tradeoff 
between the two behaviors for the systems. A fuzzy weighted average approach is used to arrive 
at the final proposed value. 

Volume 6: Non-Cooperative System Negotiation Model 
Volume 6 goes on to describe the Non-Cooperative System Negotiation Model in which systems 
behave in their self-interest while negotiating with the SoS coordinator. A mathematical model 
of individual system’s participation capability and self-interest negotiation behavior is created. 
This methodology is an optimization-based generator of alternatives for strategically negotiating 
multiple items with multiple criteria. Besides, a conflict evaluation function that estimates 
prospective outcome for identified alternative is proposed. 

Volume 7: Semi-Cooperative System Negotiation Model 
Volume 7 describes the third and last system negotiation model, which illustrates the Semi-
Cooperative System Negotiation Model. It exhibits the capability of being flexible or 
opportunistic: i.e., extremely cooperative or uncooperative based on different parameter values 
settings. A Markov-chain based model designed for handling uncertainty in negotiation modeling 
in an SoS. A model based on Markov chains is used for estimating the outputs. The work assigned 
by the SoS to the system is assumed to be a ``project’’ that takes a random amount of time and 
a random amount of resources (funding) to complete. 

Volume 8: Incentive based Negotiation Model for System of Systems 
Volume 8 explains the SoS negotiation model also called the Incentive Based Negotiation Model 
for System of Systems. This model is based on two key assumptions that are to design a contract 
to convince the individual systems to join the SoS development and motivate individual systems 
to do their tasks well. Game theory and incentive based contracts are used in the negotiation 
model that will maximize the welfare for parties involved in the negotiation. SoS utility function 
takes into account local objectives for the individual systems as well as global SoS objective 
whereas the incentive contract design persuades uncooperative systems to join the SoS 
development. 

Volume 9: Model for Building Executable Architecture 
Volume 9 illustrates the process of building Executable Architectures for SoS. The operations of 
the SoS is a dynamic  process with participating system interacting with each other and exchange 
various kinds of resources, which can be abstract information or physical objects. This is done 
through a hybrid structure of OPM (Object process methodology) and CPN (Colored petri nets) 
modeling languages. The OPM model is intuitive and easy to understand. However, it does not 
support simulation, which is required for accessing the behavior related performance. This is 
achieved by mapping OPM to CPN, which is an executable simulation language. The proposed 
method can model the interactions between components of a system or subsystems in SoS. In 
addition, it can capture the dynamic aspect of the SoS and simulate the behavior of the SoS. 
Finally, it can access various behavior related performance of the SoS and access different 
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constitutions or configurations of the SoS which cannot be incorporated into the meta-
architecture generation models of Volume 2 & 3. 

Volume 10: Integrated Model Software Architecture and Demonstration FILA-SoS Version 1.0 
Volume 10 elucidates the Integrated Model Software Architecture and Demonstration based on 
the models described above. Volume 11 and thereon the reports are aimed at the upcoming 
newer version 2.0 of FILA-SoS. 

Volume 11: Integrated Model Structure  FILA-SoS Version 2.0 
Volume 11 provides Integrated Model Structure for FILA-SoS Version 2.0 that could be 
implemented in a new software environment. 

Volume 12: Complex Adaptive System-of-System Architecture Evolution Strategy Model for 
FILA-SoS Version 2.0 
Volume 12 provides a model to answer the first research question “What is the impact of 
different constituent system perspectives regarding participating in the SoS on the overall 
mission effectiveness of the SoS?” It is named the Complex Adaptive System-of-System 
Architecture Evolution Strategy Model and is incorporated in FILA-SoS Version 2.0. This volume 
describes a computational intelligence based strategy involving meta-architecture generation 
through evolutionary algorithms, meta-architecture assessment through type-2 fuzzy nets and 
finally its implementation through an adaptive negotiation strategy. 

Volume 13: On the Flexibility of Systems in System of Systems Architecting: A new Meta-
Architecture Generation Model for FILA-SoS Version 2.0 
Volume 13 is termed the Flexibility of Systems in System of Systems Architecting: A new Meta-
Architecture Generation Model for FILA-SoS Version 2.0. The research question is answered 
through an alternative technique to meta-architecture generation besides the one described in 
Volume 2. 

Volume 14: Assessing the Impact on SoS Architecture Different Level of Cooperativeness: A 
new Model for FILA-SoS Version 2.0 
Volume 14 proposes a new method for Assessing the Impact on SoS Architecture Different Level 
of Cooperativeness. Second research question is answered through a model that allows different 
levels of cooperativeness of individual systems.  

Volume 15: Incentivizing Systems to Participate in SoS and Assess the Impacts of Incentives: A 
new Model for FILA-SoS Version 2.0 
Volume 15 is an extension of previous systems negotiation models based on incentivizing and is 
aptly called Incentivizing Systems to Participate in SoS and Assess the Impacts of Incentives: A 
new Model for FILA-SoS Version 2.0. It also provides an approach to answer the third research 
question “How should decision-makers incentivize systems to participate in SoS, and better 
understand the impact of these incentives during SoS development and effectiveness?”. This 
model is based on the fact that providing incentives only depending on the outcome may not be 
enough to attract the attention of the constituent systems to participate in SoS mission. 
Therefore, this model extends the approach as described in Volume 8 while considering the 
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uncertainty in the acquisition environment. The incentive contract is designed based on the 
objectives of the SoS and the individual systems. Individual system’s objective is to secure highest 
incentives with minimal effort while the SoS manager’s goal is to convince individual systems to 
join the SoS development while maximizing its own utility.  

Volume 16: Integrated Model Software Architecture for FILA-SoS Version 2.0 
Volume 16 gives an overview of the integrated model architecture in version 2.0 of the software. 
It includes all old and new models previously mentioned. 

Volume 17: FILA-SoS Version 1.0 Validation with Real Data 
Volume 17 describes the validation of the FILA-SoS Version 1.0 with a real life data provided by 
MITRE Corporation by from a moderately sized SoS. 
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INTRODUCTION 

MOTIVATION FOR RESEARCH 

In the real world, systems are complex, non-deterministic, evolving, and have human centric 
capabilities. The connections of all complex systems are non-linear, globally distributed, and 
evolve both in space and in time. Because of non-linear properties, system connections create 
an emergent behavior. It is imperative to develop an approach to deal with such complex large-
scale systems. The approach and goal is not to try and control the system, but design the system 
such that it controls and adapts itself to the environment quickly, robustly, and dynamically. 
These complex entities include both socioeconomic and physical systems, which undergo 
dynamic and rapid changes. Some of the examples include transportation, health, energy, cyber 
physical systems, economic institutions and communication infrastructures. 

In addition, the idea of “System-of-Systems” is an emerging and important multidisciplinary area. 
An SoS is defined as a set or arrangement of systems that results when independent and useful 
systems are integrated into a larger system that delivers unique capabilities greater than the sum 
of the capabilities of the constituent parts. Either of the systems alone cannot independently 
achieve the overall goal. System-of- Systems (SoS) consists of multiple complex adaptive systems 
that behave autonomously but cooperatively (Dahman, Lane, Rebovich, & Baldwin, 2008). The 
continuous interaction between them and the interdependencies produces emergent properties 
that cannot be fully accounted for by the “normal” systems engineering practices and tools. 
System of Systems Engineering (SoSE), an emerging discipline in systems engineering is 
attempting to form an original methodology for SoS problems (Luzeaux, 2013). 

Since SoS grow in complexity and scale with the passage of time it requires architectures that will 
be necessary for understanding and governance and for proper management and control. 
Systems architecting can be defined as specifying the structure and behavior of an envisioned 
system. Classical system architecting deals with static systems whereas the processes of System 
of Systems (SoS) architecting has to be first done at a meta-level. The architecture achieved at a 
meta-level is known as the meta-architecture. The meta-architecture sets the tone of the 
architectural focus (Malan & Bredemeyer, 2001). It narrows the scope of the fairly large domain 
space and boundary. Although the architecture is still not fixed but meta-architecture provides 
multiple alternatives for the final architecture. Thus architecting can be referred to as filtering 
the meta-architectures to finally arrive at the architecture. The SoS architecting involves multiple 
systems architectures to be integrated to produce an overall large scale system meta-
architecture for a specifically designated mission (Dagli & Ergin, 2008). SoS achieves the required 
goal by introducing collaboration between existing system capabilities that are required in 
creating a larger capability based on the meta-architecture selected for SoS. The level of the 
degree of influence on individual systems architecture through the guidance of SoS manager in 
implementing SoS meta-architecture can be classified as directed, acknowledged, collaborative 
and virtual. Acknowledged SoS have documented objectives, an elected manager and defined 
resources for the SoS. Nonetheless, the constituent systems retain their independent ownership, 
objectives, capital, development, and sustainment approaches. Acknowledged SoS shares some 
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similarities with directed SoS and collaborative SoS. There are four types of SoS that are described 
below: 

 
Figure 1 Schematic Drawing of Four Classical Types of SoS Based on Degree of Control and Degree of Complexity 

Virtual 
• Virtual SoS lack a central management authority and a centrally agreed upon purpose for the 

system-of-systems. 
• Large-scale behavior emerges—and may be desirable—but this type of SoS must rely upon 

relatively invisible mechanisms to maintain it. 

Collaborative 
• In collaborative SoS the component systems interact more or less voluntarily to fulfill agreed 

upon central purposes. 

Acknowledged   (FILA-SoS integrated model is based on Acknowledged SoS) 
• Acknowledged SoS have recognized objectives, a designated manager, and resources for the 

SoS; however, the constituent systems retain their independent ownership, objectives, 
funding, and development and sustainment approaches. 

• Changes in the systems are based on collaboration between the SoS and the system. 

Directed 
• Directed SoS’s are those in which the integrated system-of-systems is built and managed to 

fulfill specific purposes.  
• It is centrally managed during long-term operation to continue to fulfill those purposes as 

well as any new ones the system owners might wish to address.  
• The component systems maintain an ability to operate independently, but their normal 

operational mode is subordinated to the central managed purpose. 
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This research is based on Acknowledged SoS. The major objectives of the reasearch are: 

• To develop a simulation for Acknowledged SoS architecture selection and evolution. 
• To have a structured, repeatable approach for planning and modeling. 
• To study and evaluate the impact of individual system behavior on SoS capability and 

architecture evolution process. 
 
The dynamic planning for a SoS is a challenging endeavor. Department of Defense (DoD) 
programs constantly face challenges to incorporate new systems and upgrade existing systems 
over a period of time under threats, constrained budget, and uncertainty. It is therefore 
necessary for the DoD to be able to look at the future scenarios and critically assess the impact 
of technology and stakeholder changes. The DoD currently is looking for options that signify 
affordable acquisition selections and lessen the cycle time for early acquisition and new 
technology addition. FILA-SoS provides a decision aid in answering some of the questions. 

This volume gives an overview of a novel methodology known as the Flexible Intelligent & 
Learning Architectures in System-of-Systems (FILA-SoS). Some the challenges that are prevalent 
in SoS architecting and how FILA-SoS attempts to address them is explained in the next section. 

SYSTEM OF SYSTEM CHALLENGES 

All these recent developments are helping us to understand Complex Adaptive Systems. They are 
at the edge of chaos as they maintain dynamic stability through constant self-adjustment and 
evolution. Chaos and order are two complementary states of our world. A dynamic balance exists 
between these two states. 

Order and structure are vital to life. Order ensures consistency and predictability and makes the 
creation of systems possible. However, too much order leads to rigidity and suppresses creativity. 
Chaos constantly changes the environment creating disorder and instability but can also lead to 
emergent behavior and allows novelty and creativity. Thus, sufficient order is necessary for a 
system to maintain an ongoing identity, along with enough chaos to ensure growth and 
development. The challenge in Complex Adaptive Systems design is to design an organized 
complexity that will allow a system to achieve its goals. SoS is a complex systems by its nature 
due to the following characteristics that are component systems are operationally independent 
elements and also managerially independent of each other. This means that component systems 
preserve existing operations independent of the SoS. SoS has an evolutionary development and 
due to the large scale complex structure shows an emergent behavior. Emergence means the SoS 
performs functions that do not reside in any one component system. 

2012 INCOSE SoS working group survey identified seven ‘pain points’ raising a set of questions 
for systems engineering of SoS which are listed in Table 1 (Dahman, 2012). 
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Table 1 System of Systems and Enterprise Architecture Activity 

Pain Points Question 

Lack of SoS Authorities & Funding What are effective collaboration patterns in systems of systems? 

Leadership What are the roles and characteristics of effective SoS leadership? 

Constituent Systems What are effective approaches to integrating constituent systems into a 
SoS?   

Capabilities & Requirements How can SE address SoS capabilities and requirements? 

Autonomy, Interdependencies & 
Emergence 

How can SE provide methods and tools for addressing the complexities of 
SoS interdependencies and emergent behaviors? 

Testing, Validation & Learning How can SE approach the challenges of SoS testing, including incremental 
validation and continuous learning in SoS? 

SoS Principles What are the key SoS thinking principles, skills and supporting examples? 

 

The importance and impact on systems engineering of each pain point is illustrated below: 

• Lack of SoS Authorities & Funding and Leadership pose several and severe governance and 
management issues for SoS. This conditions has a large impact on the ability to implement 
systems engineering (SE) in the classical sense to SoS. In addition, this problem affects the 
modeling & simulation activities. 

• Constituent Systems play a very important role in the SoS. As explained earlier usually they 
have different interests and ambitions to achieve, which may or may not be aligned with the 
SoS.. Similarly models, simulations and data for these systems will naturally have to be 
attuned to the specific needs of the systems, and may not lend themselves easily to 
supporting SoS analysis or engineering 

• Autonomy, Interdependencies & Emergence is ramifications of the varied behaviors and 
interdependencies of the constituent systems making it complex adaptive systems. 
Emergence comes naturally in such a state, which is often unpredictable. While modeling & 
simulation can aid in representing and measuring these complexities, it is often hard to 
achieve real life emergence. This is  due to limited understanding of the issues that can bring 
up serious consequences during validation. 

• Capability of the SoS and the individual systems capability needs may be high level and need 
definition in order to align them with the requirements of the SoS mission. The SoS mission 
is supported by constituent systems, which may not be able (or willing) to address them.  

• Testing, Validation & Learning becomes difficult since the constituent systems continuously 
keep evolving, adapting, as does the SoS environment which includes stakeholders, 
governments, etc. Therefore creating a practical test-bed for simulating the large dynamic 
SoS is a challenge in itself. Again modeling & simulation can solve part of the problem such 
as enhancing live test and addressing risk in SoS when testing is not feasible; however, this 
requires a crystal clear representation of the SoS which can be difficult as discussed in earlier 
points. 
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• SoS Principles are still being understood and implemented. Therefore, the rate of success is 
yet to be addressed formally. This poses some pressure on the progress of SoS engineering. 
Similarly, there is an absence of a well-established agreeable space of SoS principles to drive 
development and knowledge. This constricts the effective use of potentially powerful tools. 

 
The DoD 5000.2 is currently used as the acquisition process for complex systems. Schwartz (2010) 
described this process as an extremely complex systemic process that cannot always constantly 
produce systems with expected either cost or performance potentials. The acquisition in DoD is 
an SoS problem that involves architecting, placement, evolution, sustainment, and discarding of 
systems obtained from a supplier or producer. Numerous attempts undertaken to modify and 
reform the acquisition process have found this problem difficult to tackle because the models 
have failed to keep pace with actual operational scenarios. Dombkins (1996) offered a novel 
approach to model complex projects as waves. He suggested that there exists a major difference 
in managing and modeling traditional projects versus complex projects. He further illustrated his 
idea through a wave planning model that exhibits a linear trend on a time scale; on a spatial scale, 
it tries to capture the non-linearity and recursiveness of the processes. In general, the wave 
model is a developmental approach that is similar to periodic waves. A period, or multiple 
periods, can span a strategic planning time. The instances within the periods represent the 
process updates.  A recently proposed idea (Dahman, Lane, Rebovich, & Baldwin, 2008) that SoS 
architecture development for the DoD acquisition process can be anticipated to follow a wave 
model process. According to Dahman DoD 5000.2 may not be applicable to the SoS acquisition 
process. Acheson (2013) proposed that Acknowledged SoS be modeled with an Object-Oriented 
Systems Approach (OOSA). Acheson also proposes that for the development of SoS, the objects 
should be expressed in the form of a agent based model. 

The environment and the systems are continuously changing. Let there be an initial environment 
model, which represents the SoS acquisition environment.  As the SoS acquisition progresses 
through, these variables are updated by the SoS Acquisition Manager to reflect current 
acquisition environment. Thus, the new environment model at a new time has different 
demands. To fulfill the demands of the mission a methodology is needed to assess the overall 
performance of the SoS in this dynamic situation. The motivation of evolution are the changes in 
the SoS environment (Chattopadhyay, Ross, & Rhodes, 2008). The environmental changes consist 
of: 

• SoS Stakeholder Preferences for key performance attributes 
• Interoperability conditions between new and legacy systems 
• Additional mission responsibilities to be accommodated 
• Evolution of individual systems within the SoS 
 
Evaluation of architectures is another SoS challenge area as it lends itself to a fuzzy approach 
because the criteria are frequently non-quantitative, or subjective (Pape & Dagli, 2013), or based 
on difficult to define or even unpredictable future conditions, such as “robustness.”  Individual 
attributes may not have a clearly defined, mathematically precise, linear functional form from 
worst to best.  The goodness of one attribute may or may not offset the badness of another 

11 
 



 

attribute.  Several moderately good attributes coupled with one very poor attribute may be 
better than an architecture with all marginally good attributes, or vice-versa.  A fuzzy approach 
allows many of these considerations to be handled using a reasonably simple set of rules, as well 
as having the ability to include non-linear characteristics in the fitness measure.  The simple rule 
set allows small adjustments to be made to the model to see how seemingly small changes affect 
the outcome. The methodology outlined in this research and technical report falls under a multi-
level plug-and-play type of modeling approach to address various aspects of SoS acquisition 
environment: SoS architecture evaluation, SoS architecture evolution, and SoS acquisition 
process dynamics including behavioral aspects of constituent systems. 

HOW DOES FILA-SOS ADDRESS SOS PAIN POINTS 

The first pain point is Lack of SoS Authorities & Funding which begs a question “What are effective 
collaboration patterns in systems of systems?” 

Since there is lack of SoS Authority but more so persuasion involved in the workings of a SoS, 
systems are allowed to negotiate with the SoS manager.  Deadline for preparation, funding and 
performance required to complete the mission are some of the issues that form the negotiation 
protocol. Besides different combination of behavior types assigned to the systems can help us 
gauge the best effective collaboration patterns in systems of systems after the end of 
negotiations. 

The leadership issues pose the question, “What are the roles and characteristics of effective SoS 
leadership?” This is addressed by incorporating views from multiple stakeholders while assessing 
the architecture’s quality. In addition, we maintain that the characteristics are similar to what an 
Acknowledged SoS manager would have while distributing funds and resources among systems 
for a joint operation.  The SoS manager also has the opportunity to form his decision based on 
most likely future scenarios, thus imparting him an edge as compared to other models. This will 
improve the process of acquisition in terms of overall effectiveness, less cycle time and 
integrating legacy systems. Overall, the role of the leadership is presented a guide than someone 
who would foist his authority. 

The third pain point question, “What are effective approaches to integrating constituent systems 
into a SoS? is addressed below.  A balance has to be maintained during acquisition between 
amount of resources used and the degree of control exercised by the SoS manager on the 
constituent systems. The meta-architecture generation is posed as a multi-objective optimization 
problem to address this pain point. The constituent systems and the interfaces between them 
are selected while optimizing the resources such as operations cost, interfacing cost, 
performance levels etc. The optimization approach also evaluates the solutions based on views 
of multiple stakeholders integrated together using a fuzzy inference engine. 

How can SE address capabilities and requirements? is the fourth pain point and is answered in 
this paragraph. Organizations that acquire large-scale systems have transformed their attitude 
to acquisition. Hence, these organizations now want solutions to provide a set of capabilities, not 
a single specific system to meet an exact set of specifications. During the selection process of 
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systems it is ensured that, a single capability is provided by more than one system. The idea is to 
choose at least one systems having unique capability to form the overall capability of the SoS. 

The fifth pain point on autonomies, emergence and interdependencies is one of the most 
important objectives of this research. This objective can be described as “How can SE provide 
methods and tools for addressing the complexities of SoS interdependencies and emergent 
behaviors?”. Each system has an autonomous behavior maintained through pre-assigned 
negotiation behaviors, differ operations cost, interfacing cost and performance levels while 
providing the same required capability. The interfacing among systems is encouraged to have 
net-centric architecture. The systems communicate to each other through several 
communication systems. This ensures proper communication channels. Together the behavior 
and net-centricity make it complex systems thus bringing out the emergence needed to address 
the mission. 

FILA-SoS is an excellent integrated model for addressing the complexities of SoS 
interdependencies and emergent behaviors as explained in the above paragraphs. 

As for the sixth pain point on testing, validation and learning goes, FILA-SoS has been tested on 
three notional examples so far the ISR, Search and Rescue (SAR) and the Toy problem for Aircraft 
Carrier Performance Assessment. For ISR (refer to Figure 2) a guiding physical example is taken 
from history.  During the 1991 Gulf War, Iraqi forces used mobile SCUD missile launchers called 
Transporter Erector Launchers (TELS) to strike at Israel and Coalition forces with ballistic missiles.  
Existing intelligence, surveillance, and reconnaissance (ISR) assets were inadequate to find the 
TELs during their vulnerable setup and knock down time.  The “uninhabited and flat” terrain of 
the western desert was in fact neither of those things, with numerous Bedouin goat herders and 
their families, significant traffic, and thousands of wadis with culverts and bridges to conceal the 
TELs and obscure their movement. 
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Figure 2 ISR System-of-Systems for Testing FILA-SoS 

A Coast Guard Search and Rescue (SAR) (Figure 3) SoS engineering and development problem is 
selected for serving the Alaskan coast. Detailed information about this case study can be found 
in Dagli et al (2013). There is increasing use of the Bering Sea and the Arctic by commercial 
fisheries, oil exploration and science, which increases the likelihood of occurrence of possible 
SAR scenarios. 

 
Figure 3 SAR System-of-Systems for Testing FILA-SoS 

The toy problem for assessing the performance of the aircraft carrier involves multiple systems 
such as satellites, uav’s and ground station that support the aircraft carrier to fulfill the mission 
(refer to Figure 4). The results have been obtained for multiple waves of the evolution process 
for all the examples. 
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Figure 4 Aircraft Carrier Performance Assessment for Testing FILA-SoS 

These example discussed above clearly show the domain independence of FILA-SoS. 

FILA-SoS is a novel method of making sequential decisions over a period for SoS development. 
The goal is to apply the integrated model to dynamically evolve SoS architecture and optimize 
SoS architecture, design and validate through simulation tools.  The integrated model structure 
can be applied to various application areas including development of dynamic water treatment 
SoS architecture, development of dynamic Air Traffic Management SoS, and development of 
autonomous ground transport SoS.  FILA-SoS has a number of abilities that make it unique such 
as: 

• Aiding the SoS manager in future decision making 
• To assist in understanding the emergent behavior of systems in the acquisition environment 

and impact on SoS architecture quality 
• To facilitate the learning of dynamic behavior of different type of systems (cooperative, semi-

cooperative , non-cooperative) 
• Identifying intra and interdependencies among SoS elements and the acquisition 

environment 
• Modeling and application to a wide variety of complex systems models such as logistics, 

cyber-physical systems and similar systems   
• Acting as a Test-bed for decision makers to evaluate operational guidelines and principles for 

managing various acquisition environment scenarios 
• Appropriate to model SoS that evolve over a period of time under uncertainties by multiple 

wave simulation capability. 
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OVERVIEW OF THE FILA-SOS INTEGRATED MODEL 

In this section an overview of FILA-SoS is described. The model developed called the FILA-SoS is 
using straightforward system definitions methodology and an efficient analysis framework that 
supports the exploration and understanding of the key trade-offs and requirements by a wide 
range system-of-system stakeholders and decision makers in a short time. FILA-SoS and the Wave 
Process address four of the most challenging aspects of system-of-system architecting: 

• Dealing with the uncertainty and variability of the capabilities and availability of potential 
component systems. 

• Providing for the evolution of the system-of-system needs, resources and environment over 
time. 

• Accounting for the differing approaches and motivations of the autonomous component 
system managers. 

• Optimizing system-of-systems characteristics in an uncertain and dynamic environment with 
fixed budget and resources 

 

DEFINITION OF VARIABLES FOR SOS 

This list comprises of the notation for variables used to solve the Acknowledged SoS architectural 
evolution problem: 

C:   Overall capability (the overall goal to be achieved by combining sub-capabilities) 
𝑐𝑐𝑗𝑗:  j ∈ J, J= {1, 2,…, M}:  

Constituent system capabilities required  
𝑠𝑠𝑖𝑖: i ∈ I, I= {1, 2,…, N}:   

Total number of systems present in the SoS problem  
Let 𝑨𝑨 be a 𝑁𝑁 x 𝑀𝑀 −𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑖𝑖𝑗𝑗 𝑤𝑤ℎ𝑒𝑒𝑚𝑚𝑒𝑒  

𝑚𝑚𝑖𝑖𝑗𝑗 = 1 𝑚𝑚𝑜𝑜 capability 𝑗𝑗 is possessed by system 𝑚𝑚 
𝑚𝑚𝑖𝑖𝑗𝑗 = 0 𝑜𝑜𝑚𝑚ℎ𝑒𝑒𝑚𝑚𝑤𝑤𝑚𝑚𝑠𝑠𝑒𝑒  

𝑃𝑃𝑖𝑖:   Performance of system 𝑚𝑚 for delivering all capabilities ∑ 𝑚𝑚𝑖𝑖𝑗𝑗𝑗𝑗  
𝐹𝐹𝑖𝑖:   Funding of system 𝑚𝑚 for delivering all capabilities ∑ 𝑚𝑚𝑖𝑖𝑗𝑗𝑗𝑗  
𝐷𝐷𝑖𝑖:   Deadline to participate in this round of mission development for system 𝑚𝑚 
𝐼𝐼𝐹𝐹𝑖𝑖𝑖𝑖   Interface between systems 𝑚𝑚 𝑚𝑚𝑎𝑎𝑎𝑎 𝑘𝑘 s.t. s≠ 𝑘𝑘, k ∈ I 
𝐼𝐼𝐼𝐼𝑖𝑖:   The cost for development of interface for system 𝑚𝑚 
𝑂𝑂𝐼𝐼𝑖𝑖:   The cost of operations for system 𝑚𝑚 
𝐾𝐾𝑃𝑃𝑟𝑟 : r ∈ R, R= {1, 2,…, Z}:  

The key performance attributes of the SoS 
𝐹𝐹𝐹𝐹:   Funding allocated to SoS Manager 
p= {1, 2,…, P}: 
  Number of negotiation attributes for bilateral negotiation 
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚:   Total round of negotiations possible 
𝑚𝑚 :   Current round of negotiation (epochs) 
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𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚:   Total round of negotiations possible 
𝑉𝑉𝑝𝑝𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆(𝑚𝑚):  The value of the attribute 𝑝𝑝 for SoS manager at time 𝑚𝑚 for system 𝑚𝑚 
𝑉𝑉𝑝𝑝𝑖𝑖𝑆𝑆 (𝑚𝑚):   The value of the attribute 𝑝𝑝 for system 𝑚𝑚 owner at time t  
𝑇𝑇𝑇𝑇:    Threshold architecture quality 
 
The model involves a list of stakeholders such as the Acknowledged SoS manager, system 
owners/managers, SoS environment etc. 

 
Figure 5 The Wave Model of SoS initiation, Engineering, and Evolution 

FILA-SoS follows the Dahmann’s proposed SoS Wave Model process for architecture 
development of the DoD acquisition process as depicted in Figure 5. FILA-SoS addresses the most 
important challenges of SoS architecting in regards to dealing with the uncertainty and variability 
of the capabilities and availability of potential component systems. The methodology also 
provides for the evolution of the system-of-system needs, resources and environment over time 
while accounting for the differing approaches and motivations of the autonomous component 
system managers. FILA-SoS assumes to have an uncertain and dynamic environment with fixed 
budget and resources for architecting SoS. The overall idea being to select a set of systems and 
interfaces based on the needs of the architecture in a full cycle called the wave. Within the wave, 
there may be many negotiation rounds, which are referred to as epochs. After each wave, the 
systems selected during negotiation in the previous wave remain as part of the meta-architecture 
whilst new systems are given a chance to replace those left out as a result. 

Processes involved in the wave model and their analog in FILA-SoS can be explained through the 
first stage of Initializing the SoS. In terms of initializing, wave process requires to understand the 
SoS objectives and operational concept (CONOPS), gather information on core systems to 
support desired capabilities. This starts with the overarching capability 𝐼𝐼 desired by 
Acknowledged SoS manager and defining the 𝑐𝑐𝑗𝑗 or sub-capabilities required to produce capability 
𝐼𝐼 and 𝐹𝐹𝐹𝐹, funding allocated to SoS Manager. These also form the input to the FILA-SoS for the 
participating systems 𝑠𝑠𝑖𝑖. FILA-SoS requires  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 the number of negotiation cycles, selection of 
the meta-architecture modelling procedure and system negotiation models assigned to 
participating systems. 
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The second stage is called the Conduct_SoS_Analysis. For the Wave process, it represents starting 
an initial SoS baseline architecture for SoS engineering based on SoS requirements space, 
performance measures, and relevant planning elements. For FILA-SoS the baseline architecture 
is called as the meta-architecture. Meta-architecture is basically picking up the systems 𝑠𝑠𝑖𝑖  and 
their respective capabilities 𝑚𝑚𝑖𝑖𝑗𝑗. Meta-architecture modelling requires the values for 𝐾𝐾𝑃𝑃𝑡𝑡 , the 
key performance attributes of the SoS, 𝑃𝑃𝑖𝑖  (Performance of system 𝑚𝑚) , 𝐹𝐹𝑖𝑖   (Funding of system 𝑚𝑚 ), 
and 𝐷𝐷𝑖𝑖 deadline to participate in this round of mission development for system 𝑚𝑚 which is 
assumed to be the total for all capabilities possessed by system 𝑚𝑚. The cost for development of a 
single interface for system 𝑚𝑚, 𝐼𝐼𝐼𝐼𝑖𝑖 and 𝑂𝑂𝐼𝐼𝑖𝑖 the cost of operations for system 𝑚𝑚 is also needed at this 
stage of the model. The next step is the Develop/ Evolve SoS. In this case in terms of the Wave 
process essential changes in contributing systems in terms of interfaces and functionality in order 
to implement the SoS architecture are identified. Within FILA-SoS this signals the command to 
send connectivity request to individual systems and starting the negotiation between SoS and 
individual systems. This stage requires the number of negotiation attributes 𝑃𝑃 for a bilateral 
negotiation between Acknowledged SoS manager and each systems 𝑚𝑚 selected in the meta-
architecture and 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 which denotes the total round of negotiations possible. 

The next phase is Plan SoS Update in Wave process. In this, phase the architect plans for the next 
SoS upgrade cycle based on the changes in external environment, SoS priorities, options and 
backlogs. There is an external stimulus from the environment, which affects the SoS architecture. 
To reflect that in FILA-SoS determines which systems to include based on the negotiation 
outcomes and form a new SoS architecture. Finally, the last stage in Wave process is Implement 
SoS Architecture which establishes a new SoS baseline based on SoS level testing and system 
level implementation. In the FILA-SoS the negotiated architecture quality is evaluated based on 
𝐾𝐾𝑃𝑃𝑟𝑟, key performance attributes of the SoS. If the architecture quality is not up to a predefined 
quality or 𝑇𝑇𝑇𝑇 the threshold architecture quality the Acknowledged SoS manager and systems 𝑚𝑚 
selected in the meta-architecture go for renegotiations. Finally the process moves on to the next 
acquisition wave. The evolution of SoS should take into account availability of legacy systems and 
the new systems willing to join, adapting to changes in mission and requirement, and 
sustainability of the overall operation. FILA-SoS also has the proficiency to convert the meta-
architecture into an executable architecture using the Object Process Model (OPM) and Colored 
Petri Nets (CPN) for overall functionality and capability of the meta-architecture. These 
executable architectures are useful in providing the much-needed information to the SoS 
coordinator for assessing the architecture quality and help him in negotiating better. 

Some of the highlights of FILA-SoS are described in terms of its capabilities, value added to 
systems engineering, ability to perform “What-if Analysis”, modularity of integrated models, its 
potential applications in the real world and future additions to the current version. The most 
important capability of FILA-SoS is it being an integrated model for modeling and simulating SoS 
systems with evolution for multiple waves. Secondly, all models within FILA-SoS can be run 
independently and in conjunction with each other. Thirdly, there are two model types that 
represent SoS behavior and various individual system behaviors. Finally, it has the capacity to 
study negotiation dynamics between SoS and individual systems. 
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The value added by FILA-SoS to systems engineering is it aids the SoS manager in future decision 
making, can help in understanding the emergent behavior of systems in the acquisition 
environment and its impact on SoS architecture quality. Besides, it has three independent 
systems behavior models, which are referred to as cooperative, semi-cooperative and non-
cooperative. These behavior models are used to Study the dynamic behavior of different type of 
systems while they are negotiating with SoS manager. In addition, FILA-SoS assists in identifying 
intra and interdependencies among SoS elements and the acquisition environment. 

FILA-SoS also can facilitate a “What-if” Analysis using variables such as SoS funding and capability 
priority that can be changed as the acquisition progresses though wave cycles. The parameter 
setting for all negotiation models can be changed and rules of engagement can be simulated for 
different combinations of systems behaviors. 

Potential Application of FILA-SoS include complex systems models such as logistics, cyber-
physical systems. In addition, it can act as test-bed for decision makers to evaluate operational 
guidelines and principles for managing various acquisition environment scenarios. While the 
future capabilities that we would like to be included are extending the model to include multiple 
interface alternatives among systems and incorporation of risk models into environmental 
scenarios. 

INDEPENDENT MODULES OF FILA-SOS 

The FILA-SoS has a number of independent modules that are integrated together for meta-
architecture generation, architecture assessment, meta-architecture executable model, and 
meta-architecture implementation through negotiation. An overall view is presented in Figure 6. 
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Figure 6 Integrated modules within FILA- SoS 

All the independent models are listed below for reference: 

• Meta-Architecture Generation Model 
• Architecture Assessment Model 
• SoS Negotiation Model 
• System Negotiation Model: Non-Cooperative 
• System Negotiation Model: Cooperative 
•  System Negotiation Model: Semi-Cooperative   
• Executable Architecting Model: OPM & CPN 
• Overall Negotiation Framework 
 
The first meta-architecture generation method is fuzzy-genetic optimization model (Pape, 
Agarwal, Giammarco & Dagli, 2014). This model is based on evolutionary multi-objective 
optimization for SoS architecting with many key performance attributes (KPA). It also has a type-
1 fuzzy assessor for dynamic assessment of domain inputs and that forms the fitness function for 
the genetic algorithm. It returns the best architecture (meta-architecture) consisting of systems 
and their interfaces. It is a generalized method with application to multiple domains such as Gulf 
War Intelligence/Surveillance/Reconnaissance Case and Alaskan Maritime Search and Rescue 
Case. 

The second meta-architecture generation model is based on multi-level optimization (Konur & 
Dagli, 2014). In this model, architecting is done in two rounds: the first being the initiating the 
SoS by selecting the systems to be included in the SoS and then improving the SoS’s performance 
by allocating funds to participating systems. The model is generic based on multiple attributes 
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such as maximum performance, minimum cost and minimum deadline. It based on a Stackelberg 
game theoretical approach between the SoS architect and the individual systems. 

The particle swarm optimization (Agarwal, Pape, & Dagli, 2014) technique for meta-architecture 
generation is similar to fuzzy-genetic model. Except for the fact that evolutionary optimization 
technique in this case is based on swarm intelligence. In addition, there are some new key 
performance attributes used to calculate the architectures quality. Cuckoo search optimization 
(Agarwal, Wang, & Dagli, 2014) based meta-architecture is again anew biologically inspired 
method of optimization. It has been shown that it in certain cases it performs better than PSO. 

The first architecture assessment method is based on type-1 fuzzy logic systems (FLS) (Pape et 
al., 2013). The Key Performance Parameters (KPP) chosen are performance, affordability, 
flexibility, and robustness. It can capture the viewpoints of multiple stakeholders’. It can also 
accommodate any number of KPPs. 

Another architecture assessment method is based on type-2 fuzzy modular nets (Agarwal, Pape 
& Dagli, 2014). The attributes used for evaluation were Performance, Affordability, 
Developmental Modularity, Net-Centricity and Operational Robustness. Type-1 fuzzy sets are 
able to model the ambiguity in the input and output variables. However, type-1 fuzzy sets are 
insufficient in characterizing the uncertainty present in the data. Type-2 fuzzy sets proposed by 
Zadeh (1975) can model uncertainty and minimize its effects in FLS (Mendel & John, 2002). 

It is not possible to implement such meta-architecture without persuading the systems to 
participate, hence to address the issue a negotiation model is proposed based on game theory 
(Ergin, 2104). It is an incentive based negotiation model to increase participation of individual 
systems into Search and Rescue SoS. The model provides a strategy for SoS management to 
determine the appropriate amount of incentives necessary to persuade individual systems while 
achieving its own goal. The incentive contract is designed based on the objectives of the SoS and 
the individual systems. Individual system’s objective is to secure highest incentives with minimal 
effort while the SoS manager’s goal is to convince individual systems to join the SoS development 
while maximizing its own utility. Determining the incentives for individual systems can be 
formulated as a multi-constraint problem where SoS manager selects a reward for the individual 
system such that the reward will maximize SoS manager’s expected utility while satisfying the 
constraints of the individual systems. 

Another negotiation model based on clustering and neural networks is developed (Agarwal, 
Saferpour & Dagli, 2014). This model involves adapting the negotiation policy based on individual 
systems behavior that is not known to the SoS manager. The behavior is predicted by clustering 
the difference of multi-issue offers. Later the clustered data is trained using supervised learning 
techniques for future prediction. 

Individual systems providing required capabilities can use three kinds of negotiation models 
based on their negotiation strategies non-cooperative Linear Optimization model, cooperative 
fuzzy negotiation model, and Semi-cooperative Markov chain model (Dagli et al., 2013). 
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Executable architectures are generated using a hybrid of Object Process Methodology (OPM) and 
Colored Petri Nets (CPN) (Agarwal, Wang, & Dagli, 2014), (Wang, Agarwal, & Dagli, 2014), and 
(Wang & Dagli, 2011). To facilitate analysis of interactions between the participating systems in 
achieving the overall SoS capabilities, an executable architecture model is imperative. In this 
research, a modeling approach that combines the capabilities of OPM and CPN is proposed. 
Specifically, OPM is used to specify the formal system model as it can capture both the structure 
and behavior aspects of a system in a single model. CPN supplements OPM by providing 
simulation and behavior analysis capabilities. Consequently, a mapping between OPM and CPN 
is needed. OPM modeling supports both object-oriented and process-oriented paradigm. CPN 
supports state-transition-based execution semantics with discrete-event system simulation 
capability, which can be used to conduct extensive behavior analyses and to derive many 
performance metrics. 
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ARCHITECTURE ASSESSMENT 

ACKNOWLEDGED SOS 

Very few SoS are under the sort of tight central control typically attributed to military 
organizations by nonmilitary members.  On the continuum of degree of central control of SoS 
described in the SE Guide for SoS, ranging from extremely tight to near anarchy, almost no SoS 
exist at either of the far ends of the scale (Director Systems and Software Engineering, OUSD 
(AT&L), 2008).  Most SoS exist near the center of the scale, as acknowledged SoS; where there is 
some recognized central authority, but not complete, centralized control, authority, or budget.  
Even in the military, authority is broadly delegated. 

The definition of an acknowledged SoS is an overlay on existing component systems that have 
independent existence outside the SoS.  They have their own architectures, missions, 
stakeholders, and funding sources (Bergey, 2009).  Moreover, successful managers of 
acknowledged SoS understand that existing component systems work best if they are perturbed 
as little as possible to meet the new requirements necessary to contribute to the SoS.  That is, if 
the component systems’ architectures are left to the systems engineering and architecture 
professionals at the systems’ hierarchy level.  It is in the best interest of the SoS manager to 
coordinate and guide individual systems rather than attempt to issue commands to them.  On 
one hand, the component (existing, independently managed) systems have no need to accede to 
a SoS manager’s requests/demands, nor to officially report through SoS management staff 
teams.  On the other hand, there may be numerous reasons to cooperate with the SoS manager’s 
desired changes.  These include the opportunity (or excuse) to break open their architecture to 
make those minor adjustments required to join the SoS – this could allow an opportunity to fix 
some ongoing problems that do not on their own account justify such ‘breakage.’  Another reason 
might be to stretch out the life of the program (and its contractors) with fresh, new tasking, when 
otherwise the system would be approaching its end of life, decommissioning and disposal.  A 
system might already be planning to make changes to its architecture that could easily 
accommodate the desirable SoS changes, but the new SoS opportunity could be a bonus source 
of funds or the basis of further upgrades to make the system even more relevant in its own 
domain in the future. 

This modeling framework is offered for an acknowledged SoS, where each component system is 
a fully functioning, independently funded and managed system (represented by the SPO).  A high-
level (SoS level) official envisions an opportunity to achieve a needed, new capability by using 
combinations of existing systems in a new way, such that component systems can be left largely 
unchanged, or incorporated with relatively minor changes.  This acknowledged SoS approach is 
only useful if it can achieve the new capability for either or both of the following: 

• A reduced cost compared to designing a separate, new “purpose built” system, and/or 
• A reduced time to field the new capability. 
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Defense Secretary Rumsfeld famously said “…you go to war with the army you have, not the army 
you might want or wish to have at a later time” (Suarez, 2004).  Therefore, the concept of this 
acknowledged SoS meta-architecture is that the major capabilities are built into the systems 
already, but small, quick changes can be made to interfaces to enhance those existing capabilities 
when used in a cooperative manner.  The proposed architecture is a novel, binary system and 
interface architecture, which will be called the meta-architecture throughout this document.  It 
will guide the SoS architecture development through a wave model evolution in capability over 
time (Dahmann, Rebovich, Lane, Lowry, & Baldwin, 2011) with incremental improvements after 
it starts operation. 

The new capabilities being sought in the SoS are achieved by combining mostly existing system 
capabilities and/or adding new capabilities that arise in conjunction with other systems (i.e., 
through new interfaces) (CJCSI 6212.01F, 12 Mar 2012).  If simply throwing more systems (with 
their individual capabilities) at the problem were sufficient, there would be no need to create the 
SoS.  Therefore, all successful acknowledged SoS architectures need to invest in the relationships 
(and interfaces) between the systems comprising the SoS.  Further, improvements in SoS 
attributes of interest such as performance, affordability, reliability, etc., must also arise from the 
interfaces, otherwise there is no advantage over simply adding individual systems’ capabilities.  
The nature of the acknowledged SoS implies that the SoS manager does not have absolute 
authority to command system participation (nor interoperability changes), but must “purchase” 
the component systems’ participation and modifications not merely with funds but also through 
persuasion, the strength of the vision of the SoS, quid pro quos, the bully pulpit, appeals to good 
sense, and whatever other means are legitimate and effective (Director Systems and Software 
Engineering, OUSD (AT&L), 2008).  Individual systems remain free to decide not to participate in 
the SoS development, although that choice may cost those systems something, too.  That cost 
would not come from the SoS budget. 

Alternately, some of the desired systems may not be available to the SoS during a particular 
operational period of need.  They may be down for maintenance, assigned to a higher priority 
mission, or geographically distant on their day-to-day missions, therefore not able to contribute.  
Some capabilities and interfaces may already exist, meaning they are free and fast for 
development, but they still may have a significant cost to operate in a fielded SoS.  This may be a 
reason not to ask them to participate.  Some systems may have enough capability that the SoS 
can tap their spare capability while they pursue their original tasks, so they are essentially free 
to operate.  Other capabilities may need minor (compared to a new start major program) 
development efforts, either within a system or by developing a new interface with another 
system.  The performance capabilities of the SoS will generally be greater than the sum of the 
capabilities of its parts (Singh & Dagli, 2009).  If this were not the case, there would be no need 
for the SoS.  Changing the way the systems interact with no modifications typically would not 
improve the SoS capabilities; it would simply add more systems with their individual capabilities.  
Systems engineering in the overall context of the SoS must address all the attributes of disparate 
groups of systems, as well as any crucial issues which affect their behavior. 
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An instance of an acknowledged SoS might be a military command and control SoS that has 
transitioned from a tightly knit group of a few systems to an acknowledged SoS that now includes 
many more previously independent systems.  This could be due to a change in the 
implementation or the importance of the missions currently being supported, or of a change of 
importance and increase in complexities of potential cross-cutting (new) SoS capabilities 
(Dahmann, Baldwin, & Rebovich, 2009).  Another acknowledged SoS might be a regional Air 
Traffic Control (ATC) system that crosses national boundaries.  National ATCs are independent, 
but find it in their interest to cooperate and interface with the regional ATC. 

One way to develop better tools for predicting performance is to use proposed new tools on a 
very simple model, where the results can be calculated independently.  Exploring the working of 
a tool on simple models can build confidence that the tool does what it is intended to do.  Another 
way to build confidence is to choose a model that can be extended in a very straightforward 
manner to more complex situations.  Real SoS may have very complex architectures, but at the 
most basic level, they may be boiled down to ‘are the systems here or not, and which of them 
interface with each other.’  (If they do not interface with each other, they are not a SoS, but 
simply a collection of systems.).  This simple model of the SoS is really a meta-architecture. 

PROPOSED MODELING APPROACH 

The model is a decision making aid for the SoS manager.  It does not so much find the best 
solution to designing a SoS, as help the manager explore the influence of the various constraints 
on the shape of a reasonable solution.  The method starts from the SoS context and goals, using 
the simplified binary meta-architecture including the full range of candidate systems and their 
interfaces.  Guided interviews uncover the SoS purpose, characteristics of candidate systems, key 
attributes that characterize the SoS and methods for measuring the SoS in each of these 
attributes.  The key attributes generally lend themselves to linguistic characterization and ranges 
of measures that may be handled through fuzzy logic.  A subset of the characteristic capabilities 
of the component systems is discovered and documented.  Estimated costs, schedule and 
performance goals are established for the systems, interfaces, and SoS as a whole.  When the 
models are combined in the SoS model, it is ‘end-around’ checked for consistency, and typically 
needs to be adjusted in trial runs until it is self-consistent.  The completed model can assess any 
proposed SoS architecture within the meta-architecture for its KPAs, and provide an overall 
assessment of the SoS for its ability to satisfy its numerous constraints.  The constraints and their 
combination may be described in the rules of a fuzzy inference system.  Seeing the results of the 
characterization of the KPAs, the other inputs, the combinations of systems and buildup of SoS 
capabilities from the component systems is the most useful part of the method for the SoS 
manager and the stakeholders.  Variations of all inputs, assumptions, rules, etc. may be examined 
to identify the most influential characteristics of the problem to insure the formulation of the 
problem and solutions are proper and helpful. 
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Figure 7.  SoS evaluation method determines the fitness of each architecture, or (system + interface) SoS 
arrangement, from the meta-architecture and domain dependent information 

Figure 7 shows generalized steps for how to derive the set of attributes by which to evaluate the 
fitness of a selected arrangement of the systems and their interfaces to provide required 
capabilities to the SoS.  Attributes desirable in the completed SoS architecture are elicited from 
stakeholders through linguistic analysis of guided interviews with stakeholders.  Having 
developed the attributes of interest, the possible ranges of evaluation in each attribute are 
separated into an agreeable number of gradations of goodness or badness (defining the 
membership functions for fuzzy sets) with some overlap due to ambiguities in linguistic 
representation.  The relative value of combinations of performances in each attribute is 
developed into fuzzy rules through a series of stakeholder hypothetical tradeoff exercises.  The 
multiple objective optimization (MOO) problem of finding a good architecture to achieve 
acceptable values of the several attributes of the SoS may be solved by finding an architecture 
that maximizes the single fuzzy SoS fitness evaluation.  The method regards the independent 
variable to be a chromosome with randomly positioned ones and zeroes in it, and the dependent 
variable to be the SoS fitness or overall quality.  Exploring the architecture ‘space’ by evaluating 
a few hundred chromosomes with varying percentages of ones provides insight into whether a 
solution is possible.  The fuzzy membership function edges and the rules may need to be adjusted 
to find a set of tunable parameters that closes on itself, i.e., one that finds any solution.  In this 
case, a genetic algorithm approach is used to find a near optimal arrangement from the meta-
architecture if one exists.  (It is certainly possible to design a problem for which no acceptable 
solutions exist.)  Combining all these steps into an organized method has not previously been 
applied to SoS.  Because of the many simplifications in the method, it is not expected to provide 
final solutions directly, but to give insight into behaviors of possible real solutions in response to 
changes in rules, definitions of capabilities, performance models, membership function shapes, 
environment, budgets, etc. that drive aspects of the development and evolution of SoS. 
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SOS ATTRIBUTES 

Systems engineers call the areas of engineering design that require detailed knowledge and 
detailed analysis tools ‘specialty engineering’ areas (INCOSE, 2011).  These types of areas may 
also be called attributes of SoS.  Just as a measure of ‘reliability’ or ‘availability’ may require very 
detailed analyses at many levels within a system design, but result in a single overall number to 
characterize the design in that specialty area, the attributes of a SoS may require detailed 
analyses, but result in a single characterizing number.  The attributes or specialty areas are 
sometimes be called ‘-ilities;’ they are the subject of continuing, intense research, especially in 
the area of SoS.  Large lists of the attributes, many with several definitions, are being catalogued 
and organized in several on-going efforts (Mekdeci, Shah, Ross, Rhodes, & Hastings, 2014)  (Ross, 
Rhodes, & Hastings, 2008).  Just as that single number characterizing a system in a specialty area 
may have numerous conditions limiting its applicability, the attribute measures characterizing 
the SoS will probably be valid over a limited range of scenarios.  To understand the implications 
of a particular measure, one needs to know about all those conditions.  Simply presenting that 
data in an intelligible format is a challenge.  Finally, since the specialty engineering areas typically 
have well-known algorithms and procedures for evaluating combinations of subsystems that are 
easily extended to combinations of systems, this effort attempts to deal with more appropriately 
SoS specific attributes.  These SoS attributes might be described as the ones which depend more 
heavily on the SoS architecture, which is detailed in the chromosome. 

A key feature of the attributes of either systems or SoS is that they frequently pull in different 
directions.  For example, improving speed may reduce range, both key attributes of overall 
technical performance.  Improving reliability may increase cost, thereby reducing acquisition 
affordability, but possibly increasing operations and maintenance affordability.  Numerous other 
candidate attributes of SoS exert pulls along different directions in the multi-dimensional design 
or architecture space.  The selected architecture must satisfy the most unhappy stakeholder 
enough to avoid a veto.  The stakeholders’ concerns are represented in the attributes selected 
to grade the value of the proposed architectures.  The models used to evaluate the attributes 
must be fully described and open to stakeholders so they can assure themselves the competition 
among architectures is fair.  The weighting between attributes must be open and fair as well. 

Pitsko and Verma (Pitsko & Verma, 2012) describe four principles to make a SoS more adaptable.  
They spend a large part of their time describing what adaptable means to various stakeholders, 
that different stakeholders may continue to have slightly different concepts of what adaptability 
means, that the definition is probably dynamic – changing over time, and that this ambiguity 
likely will apply to many other SoS attributes.  Schreiner and Wirthlin discuss a partial failure to 
fully model a space detection SoS architecture, but learned a lot about how to improve the 
approach the next time they try it (Schreiner & Wirthlin, 2012).  The point is that people are not 
modeling according to a well-developed theory of SoS and then reporting on the success or 
failure:  they are still attempting to define the theory. 

There are numerous approaches in the literature attempting to describe useful attributes, as well 
as how to measure them, to help understand or predict the value of various architectural 
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arrangements.  These include evolvability and modularity almost as complementary attributes 
(Clune, Mouret, & Lipson, 2013), while Christian breaks evolvability into four components 
described as extensibility, adaptability, scalability and generality (Christian III, 2004).  Christian 
introduces the concept of complexity to overlay on these attributes because a ‘too simple’ system 
cannot evolve.  Kinnunen reviews at least four definitions of complexity (Kinnunen, 2006) before 
offering his analysis of one related to the object process methodology of Dori.  Mordecai and Dori 
extend that model to SoS specifically for interoperability (Mordecai & Dori, 2013).  Fry and 
DeLaurentis also discussed measuring netcentricity (interoperability within the SoS), noting the 
difficulty of pushing the commonly used heuristics too far, because the Pareto front exists in 
multiple dimensions (Fry & DeLaurentis, 2011), not just two as commonly depicted.  Ricci et al. 
discuss designing for evolvability of their SoS in a wave model and playing it out several cycles in 
the future, evaluating cost and performance (Ricci, Ross, Rhodes, & Fitzgerald, 2013).  Because 
SoS are complex, there are many ways to look at them, with no dominant theory yet.  This is why 
this direction of research is interesting and worth pursuit (Acheson, et al., 2012). 

Slightly different definitions for some of the SoS attributes were chosen for this work, especially 
for flexibility and robustness.  Lafleur used flexibility in the operational context of changing a 
system after deployment (Lafleur, 2012), in a way in a different way than Deb and Gupta’s classic 
notion of robustness (Deb & Gupta, 2006) by shifting the optimum (defined as narrowly better 
performance), rather than accepting lower performance across a wider front.  Singer used 
robustness in a different operational context (Singer, 2006), that of losing a node in a network, 
rather more like losing a system or an interface from the SoS as described here.  Gao et al. 
discussed a concept of robustness as the ability to withstand hacker attacks for networks of 
networks with varying degrees of interconnectedness (Gao, Buldyrev, Stanley, & Havlin, 2011).  
The concept of the flexibility attribute used here is more attuned to giving the SoS manager 
flexibility during development, when selecting systems to supply all the desired capabilities.  This 
falls right in line with some of the thinking of recent discussions of resilience and sensitivity 
analyses, although they use the terms resiliency or robustness for it (Smartt & Ferreira, 2012) 
(Yu, Gulkema, Briaud, & Burnett, 2011) (Jackson & Ferris, 2013).  The point is that there are many 
possible ways to describe the attributes of SoS, depending on circumstances, organizations, and 
stakeholders’ preferences.  Many of these ways depend directly on the architecture of the system 
of interest.  This dependency on interconnectedness fits into the framework of the architecture 
meta-model used here.  If an attribute does not depend on the SoS architecture in any way, then 
it will not be useful to help select between potential architectures.  It is not necessary that a 
useful ranking algorithm be very accurate in its relationship to the measured attribute, only that 
it be pretty highly correlated to reality and nearly monotonic in its ranking.  That is sufficient to 
be useful in this approach. 

For purposes of this research effort, the following key attributes for a family of ISR SoS were 
defined by a group of subject matter experts (SMEs) during the SERC research task RT-44 (Dagli, 
et al., 2013): 
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• Performance:  Generally, the sum of the performance in required capabilities of the 
individual component systems, with a small boost in performance due to increased 
coordination through interfaces.  This is explained further in section on netcentricity. 

• Affordability:  Roughly the inverse of the sum of the development and operation costs 
of the SoS.  The performance delta above is applied in a different way to the 
affordability to change its shape as a function of the number of interfaces, but also to be 
somewhat related to superior performance. 

• Developmental Flexibility:  This is roughly the inverse of the number of sources that the 
SoS manager has for each required sub capability.  If a required capability is available from 
only one component system, then the SoS manager’s flexibility is very small; they must 
have that system as part of the SoS.  On the other hand, if each capability is available from 
multiple systems within the SoS, the manager has far more developmental flexibility. 

• Robustness:  This is the ability of the SoS to continue to provide performance when any 
individual participating system and all its interfaces is removed.  Generally, having a very 
high performing system as part of your SoS is a good thing; however, if that system is ever 
absent, the performance of the SoS may be degraded substantially.  Therefore, it may be 
useful to have the contributions of the individual system capabilities more widely 
dispersed, so that the loss of one system does not represent as great a loss to the SoS 
(Pape & Dagli, 2013). 
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PROPOSED METHOD FOR DEVELOPING AN SOS EVALUATION MODEL 

USE CASE MODEL OF THE DOMAIN INDEPENDENT METHOD 

The method for developing an architecture evaluation model of an SoS is the same regardless of 
domain.  The steps of the method are shown in the use case summary diagram of Figure 8.  The 
SoS manager is a key player, along with the SoS stakeholders, in forming a vision of the desired, 
acknowledged SoS capabilities.  Information from potential component systems also contributes 
to the SoS vision.  The vision of the SoS informs the model facilitator for exploring ways to model 
the desirable SoS attributes.  This may include what fraction of the system capabilities the SoS 
will require, defining the meaning of the attributes and SoS missions in context, and establishing 
trade space limits to explore within the SoS meta-architecture.  Other inputs include estimated 
costs for modification and operation of the systems within the SoS, which ideally would come 
from system stakeholders or SMEs, but usually start as estimates from the SoS manager.  The 
modeler works with the model facilitator and various SMEs to develop attribute evaluation 
models that depend on the meta-architecture structure.  These individual attribute evaluation 
models are combined through a fuzzy logic rule based system to assess the overall SoS.  With this 
assessment tool, sample architectures represented in the meta-model may be evaluated for 
relative fitness as an entire SoS. 

This fitness assessment tool is precisely what is needed by a GA to sort the better architectures 
within a mutating population of trial chromosomes searching out the meta-architecture space.  
Sensitivity analyses can be run by the modeling team in consultation with the SoS manager.  The 
consensus SoS design may then be presented by the SoS manager to the SPO managers for 
negotiation about any minor changes required to join the SoS.  The documentation developed 
during the modeling effort is even more important for SoS explanation than for the legal and 
regulatory prescriptions of the DoDAF for official Program of Record (POR) systems, because the 
SoS is outside the pre-existing design and training of the component systems.  Results of the 
negotiations also need to be well documented, because SMEs may provide additional 
information to the negotiations, and stakeholders will want to know what capabilities their 
systems agree to provide to the SoS. 
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Figure 8.  Use case diagram for developing a SoS Architecture; dashed lines are for information; solid lines are 

‘responsible for,’ or active involvement; this portion of the effort excludes the NegotiateAchievableSoS use case 

The list of data required, and the variable names used throughout this effort, for the generic SoS 
model is shown in Table 2.  This is a simplified, binary model of the systems’ presence or absence 
from the SoS, and the non-directed interfaces between each pair of systems. 

Table 2 List of SoS and component systems’ variable meanings within the meta-architecture 

Name or description of variable Expression  

Name of SoS:   sos 1 

Number of potential systems:   m 2 

Number of types of systems:   t 3 

Names of system types:   sys_typi : i ϵ {1,…t} 4 

Number of component capabilities:   n 5 

Names of component capabilities:   sys_capi  : i ϵ {1,…n} 6 
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Name or description of variable Expression  

Binary meta-architecture upper 
triangular matrix:   Aij : i ϵ {1,…m},  j ϵ {i,…m} 7 

Individual systems of the SoS Aij : i ϵ {1,…m},  j =i , also simetimes written 
as  Aii , or simply  Ai 8 

Feasible interface 

Aij : i ϵ {1,…m},  j > i , and  

Ajk = 1, Aik = 1, Aii =1, Ajj=1, Akk = 1 , where Akk 
is any communications system 9 

SoS main capability:   C 10 

SoS performance in its large capability:   PSoS 11 

Component capabilities of systems:   cij ::  i ϵ {1,…n capabilities}, j ϵ {1,…m 
systems} (binary matrix) 12 

Performance of a particular system in 
its key capability:   Pi

Ss  :  i ϵ {1,…m},  Ss is each system 13 

Estimated funding to add an interface 
to an individual system:   FIFi

Ss :  i ϵ {1,…m},  Ss is each system 14 

Deadline for developing new 
interface(s) on a system:   Di

Ss  :  i ϵ {1,…m},  Ss is each system 15 

Estimated funding for operation of all 
the participating systems during an SoS 
operation:   

FOPi
Ss :  i ϵ {1,…m},  Ss is each system 

16 

Function describing the advantage of 
close collaboration within a SoS as a 
function of participating systems and 
interfaces:   

F (Aii,  Aij, j≠i,  ) :  i ϵ {1,…m},  j ϵ {i,…m} 

17 

Function for combining system 
capabilities into SoS capability C:   𝐼𝐼 =  ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖𝑚𝑚

𝑖𝑖 𝑐𝑐𝑖𝑖𝑖𝑖𝑛𝑛
𝑖𝑖     18 

Number of individual attributes the 
stakeholders want to evaluate the SoS 
over:   

g 
19 

Attribute names to evaluate SoS 
architectures against  (e.g., cost, 
performance, flexibility):   

Attk :  k ϵ {1,…g attributes} 
20 
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Name or description of variable Expression  

Number of gradations of each Attribute 
that become Fuzzy Membership 
Functions (FMF):   

hk  :  k ϵ {1,…g attributes} 

21 

Fuzzy membership function names 
within each attribute (granulation = a, 
attribute = b):   

FMFab  a ϵ {1,…hk gradations},  b ϵ {1,…g 
attributes} 22 

Fuzzy membership function boundaries 
(cross over points) for each of b SoS 
attributes: 

Boundab  a ϵ {1,…h+1},  b ϵ {1,…g} 

a=1 is lower bound of universe of discourse, 
a ϵ {2,…h+1} is upper bound of FMF(a-1)b 
because Matlab can’t handle matrix 
subscripts of zero 23 

Overall SoS performance in an 
Attribute ( ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖𝑚𝑚

𝑖𝑖 𝑐𝑐𝑖𝑖𝑖𝑖𝑛𝑛
𝑖𝑖  ) * F (Aii,  Aij, j≠i,  ) 24 

Total cost of developing and using an 
SoS 𝑇𝑇𝐼𝐼 =  ∑ ∑ 𝐹𝐹𝑖𝑖𝑗𝑗FIF𝑖𝑖Ss𝑚𝑚

𝑖𝑖
𝑛𝑛
𝑗𝑗  + ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖FOP𝑖𝑖Ss𝑚𝑚

𝑖𝑖
𝑛𝑛
𝑖𝑖   25 

Parameters for controlling the GA: 

 Mutation Rate 

 Number in Population 

 Number of Generations 

 

Delta 

P 

G 26 

 
Figure 9 shows an alternate view of the method as a process flow with emphasis on the individual 
steps, without concern for who performs them. 

DOMAIN INDEPENDENT  MODEL DEVELOPMENT 

The SoS model includes all the information available to it from the sources gathered from the 
participants identified in Figure 8, but it still must be cast in terms of the binary participation 
model of the meta-architecture. 

The first step, regardless of domain, is to identify the reasons for the SoS and the desired 
capabilities.  The SoS manager, and the facilitator, must always develop some background and 
vocabulary within the domain so that meaningful discussions may be held among stakeholders.  
At this point one can begin to create domain specific models of development schedules, costs, 
performance, and other attributes to be used in evaluating an SoS architecture.  The steps of the 
general method, however, are the same regardless of the domain of the model as shown in Figure 
9.  Many modeling approaches in the literature assume the architecture is already defined.  This 
is similar to SE methods that assume the requirements are well defined – nice and clean, but 
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neither realistic nor adequate.  The DoDAF, Ver. 2.02, to its credit, begins at the proper place 
when it describes a domain independent six-step process for how to build an architecture model 
for a large DoD system: 

1. Determine Intended Use of Architecture 
2. Determine Scope of Architecture 
3. Determine Data Required to Support Architecture Development 
4. Collect, Organize, Correlate, and Store Architectural Data 
5. Conduct Analyses in Support of Architecture Objectives 
6. Document Results in Accordance with Decision-Maker Needs (ASD(NII), 2010) 

 
Figure 9.  Domain Independent Process Method for SoS Model building 

This research extends the DoDAF system oriented model to SoS, adding detail on how to create, 
document and use a similar model building process for an SoS.  This will form a basis to help 
designers and managers choose SoS architectures more wisely in the future. 

The DoDAF viewpoints may be extended to the buildup of any SoS (military, civil or commercial) 
in nearly exactly the same way it is intended to be used to document the vision, plans, 
capabilities, and workings of a complex weapons system. 
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ESTABLISHING A VISION 

ESTABLISHING A VISION OF THE SOS 

A SoS is by definition a group of independently capable systems, collaborating for a greater 
purpose, in other words, to deliver a larger capability.  Within some range, systems may be 
present in varying numbers (or not at all) for a particular application of the SoS.  The concept for 
the SoS must be articulated, captured, and agreed to among the stakeholders in relation to this 
variability in participation.  Some SoS, after being developed, are on stand-by until called on to 
perform; others may implement a new capability that is actually operating all the time.  The ideal 
SoS provides an acceptable range of capabilities over a broad range of compositions.  Typically, 
the SoS manager (or management group) creates a vision statement to guide development of 
the concept for the SoS.  The vision includes a high level description of the goals of the SoS, the 
potential types of participants and their capabilities, and the mission(s), threat(s), and a 
description of how the SoS arrangement will improve existing capabilities, or provide new ones.  
The architecture model of the SoS captures this vision but also provides the framework for 
decomposing the vision to manageable components as well as for building up the SoS out of 
legacy, new, or modified systems.  The SoS manager must start with information like that shown 
in Table 3 that corresponds to the DoDAF AV-1 Overview and Summary Information.  
(Corresponding roughly to Step 1 of the DoDAF 2.02 6-Step Architecture Development Process.) 

Table 3 Example SoS evaluation model building questionnaire for creating an AV-1 

Overarching 
Purpose Of SoS 

A DoDAF OV-1 style description is often helpful; text should accompany it 

Unique Value Of 
SoS 

What makes it better than simply adding another legacy system 

SoS Measures Of 
Effectiveness 

How will you know how good it is? 

Issues That Might 
Limit Effectiveness 

Are changes of procedure necessary?  Are there legal, regulatory, or 
bureaucratic impediments to the creation of the SoS?  

SoS Features That 
Might Greatly 
Increase SoS 
Effectiveness 

Can changes in procedures help?  What is the innovation? 

Desired 
Effectiveness 

What would be considered really good, what’s adequate, what’s 
inadequate? 

Rom Budget: 
Development 

 

35 
 



 

Rom Budget: 
Operations 

 

Desired Schedule  

Attributes Of The 
SoS/Range Limits 
For Fuzzy 
Evaluation 

What might be ‘tradeable’ – Suggestions for fuzzy rules, e.g., is extra 
performance worth more budget?  Is extra flexibility worth more?  How 
much?  Is lack of flexibility OK?  etc. 

Capabilities Of 
Contributing 
Systems 

How do they combine? 

Component Legacy 
Systems 

Type/ 
Category 

Capabilities Time to 
Develop/ 
Equip 

Costs $M- 
Dev and 
Ops 

Notes 
(Incompatibilities, 
Constraints, 
Characteristics, etc.) 

      

      

     etc. 

 

AN OPERATIONAL VIEW OV-1 HIGH LEVEL OPERATIONAL CONCEPT 

The type of information that the SoS manager must have for the ‘Vision of the SoS’ is at least one 
example of how the SoS would be used (or a list of examples with all their context).  The example 
must discuss expected participants in a rough picture (whether in graphics or text) of what the 
SoS will do in operation.  Initial draft of this information may be summarized in one or two pages 
for the All Viewpoint.  This may be expanded to the OV-1 Operational Overview that describes 
how the system will be used in slightly greater detail.  It can be a graphic with accompanying text 
showing the overall concept of use of the SoS as shown in Figure 10.  Every term used in the 
descriptions is defined in the All View 2, the Integrated Dictionary (AV-2).  Major component 
systems, data or resource exchanges, and effects are depicted iconically to present an overall, 
high level impression of how the SoS may be dispatched, controlled, employed, and recovered, 
for example, as shown in Figure 10.  For a SoS, support is normally presumed to be supplied by 
the system operators in their continuing independent missions, unless significant changes are 
imposed by the SoS configuration.  Major mission segments are shown are shown in the OV-1.  
The unifying SoS Integrated Dictionary (AV-2) is started with the OV-1, building outward so that 
all terms, components, activities, and interfaces are defined in one place. 

Tracking the sources of definitions is more necessary for an SoS than for a system.  Differences in 
usage of similar terms between component system stakeholders, model developers and 
operational users should be flagged in the AV-2 by noting multiple definitions for the same or 
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similar terms within their proper contexts.  This is significantly important in an acknowledged SoS 
because the nominally independent component systems may have their own unique acronyms, 
terms or usages.  The OV-1 establishes the scope of the SoS.  A key component of most SoS is 
mission flexibility – the ability to pivot to different postures or missions as conditions change.  A 
discussion of the range of likely activities of the SoS should be included in the textual explanation 
of the OV-1, or even as multiple graphics for different missions if that is part of the SoS charter.  
The OV-1 of a SoS must also include a discussion of priority between the SoS mission versus the 
original and continuing missions of the systems, and should also include a generalized discussion 
of how deeply the SoS architecture will be allowed to control the component systems.  That is, 
to what extent major interfaces enabling the SoS need to be controlled by (or at least 
communicated to) the SoS manager through the architecture, versus where existing systems may 
continue control of their own configurations.  (An extension of Step 2 of DoDAF 2.02 to handle 
the SoS.) 

 
Figure 10.  Sample OV-1 for Ballistic Missile Defense (ASN/RDA, 2009) 

 

COLLECTING DESCRIPTIVE DOMAIN INFORMATION 

Identifying the numerous stakeholders and their concerns, and gathering data about component 
systems and their missions are key parts of developing the required domain knowledge to build 
a SoS.  This process step is the same regardless of domain.  The method is domain independent, 
but the data gathered is now domain dependent data.  An initial rough level of knowledge is 
needed to allow a facilitator to make plans for stakeholder interviews.  Identification of key 
discussion points and possible areas of tradable concepts within the early SoS construct are made 
at this point.  However, until detailed discussions with the stakeholders are held, one must not 
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jump to conclusions about what is valuable or tradable, nor even what the SoS framework looks 
like.  Facilitated discussions with the stakeholders must draw out the following features of the 
SoS: 

• Desired and composable capabilities, with expected or desired levels of performance 
• Concepts of operation for the desired new SoS capabilities 
• Likely scenarios for the employment of the SoS 
• Key performance parameters, with expected or desired levels of performance 
• Possible algorithms to combine component capabilities into SoS capabilities 
• Shared (as well as conflicting) judgments about potential evaluation criteria for SoS 

attributes 
• Relative ranking of, and expected values of, attributes of the SoS by groups of 

stakeholders 
• Rough estimates of cost, schedule, and performance deltas for required minor 

changes to existing systems to achieve desired SoS interfaces, or performance 
• And to get an overall ‘feel’ for how the SoS might work in practice. 

An important part of developing a SoS architecture is to define all the component systems’ 
ownership, missions, and priorities in case some capabilities must be ‘hijacked’ to support the 
SoS.  Identifying all affected stakeholders is the second part of the facilitation exercise.  In the 
Pentagon, this is called ‘staffing a position paper.’  Since SoS normally include systems both from 
multiple domains, as well as across a range of stages of their life cycle, affected stakeholder 
identification requires careful and extensive coordination.  As the stakeholders are identified, 
they should be placed in a hierarchy of command, tasking, and funding chains.  This network is 
the basis of the Organizational Relationships Viewpoint (OV-4), which serves as an excellent 
template for SoS in any domain, not only military ones.  In normal DoDI 5000.02 system 
development, this is nominally within one service, and most of the relationships are obvious.  In 
a SoS, whether military, civil, or commercial, this effort may require special attention and care to 
achieve successful coordination across major organizational boundaries (Director Systems and 
Software Engineering, OUSD (AT&L), 2008).  Major concerns of each stakeholder should be 
discovered, recorded, tracked and updated over time, to aid in the coordination of initial tasking 
as well as changes to the goals of the SoS over its lifecycle.  An ideal place for this information is 
in the OV-4 part of the DoDAF.  Capability managers (or at least communities of interest) may be 
defined in the Capability Taxonomy viewpoint (CV-2).  These are cross referenced and mapped 
in the Capability Dependencies viewpoint (CV-4) among the component systems and 
stakeholders.  An ideal SoS would have a variety of ways to achieve each of its required 
capabilities, perhaps with varying efficiencies.  Having only a single way to achieve a required 
capability is an exceedingly poor way to design a SoS; due to the independent nature of the 
component systems’ missions, there is no guarantee that all possible systems will always be made 
available to the SoS.  The concerns expressed in terms of the US DoD programs are equally 
applicable to any complex set of entrenched bureaucracies, such as companies in supply chains, 
divisions of corporations, or elements of intergovernmental enterprises. 
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The desired capabilities of the SoS, as well as those of the component systems must be carefully 
defined and accounted for both as a function of participating numbers of systems but also over 
time, as the SoS plans to mature.  An ideal architecture should handle not only incremental 
improvements over time as capabilities evolve, but also a range of numbers of component 
systems.  This accounts not only for technological improvements but also for the availability of 
systems.  The number of systems can change on any particular day due either to logistic 
availability or to higher priorities outside the SoS.  The attribute models of the SoS must be 
developed as functions of these variables.  A SysML approach could allow parametric definition 
of capabilities and effectiveness to be explicitly built into the model.  Other approaches may 
require additional math models, which ideally will be based on architectural data from the SoS 
model and the participation represented in the meta-architecture model. 

Linguistic analysis (‘computing with words’) (Singh & Dagli, "Computing with words" to support 
multi-criteria decision-making during conceptual design, 2010) of the stakeholder discussions 
allows one to deduce a set of attributes, potential membership function shapes, and rules for 
combining attribute values to create an overall SoS fitness evaluation.  It may be necessary to 
iterate definitions of membership function shapes and rules to get a reasonable set that works 
together.  Working together here means that the attribute measures do not overlap, nor 
correlate too well, among themselves (i.e., they are orthogonal, or nearly so).  If they were 
duplicative, it would tend to give too much weight to a subset of issues, instead of optimizing 
over the broadest range of attributes. 

Attribute characteristics and desirable ranges identified in the linguistic analysis are combined 
with fuzzy evaluation and a set of rules to derive a meta-architecture based, overall fitness value 
from the participating systems and interfaces.  Level setting and model checking runs may need 
to be performed to insure the story is self-consistent.  Then the model can be sampled for 
stakeholders’ validation.  These steps are as shown in Figure 11. 

The following variables are identified for the SoS model development: 

39 
 



 

 
Figure 11.  Domain independent method to gather domain dependent data for SoS architecture model 

development and analysis, with output of a ‘good’ architecture at the lower right 

 

UNDERSTANDING STAKEHOLDERS VIEWS 

A DoD acknowledged SoS is a very large, complex endeavor.  SoS by definition create cross-
functional organizations.  They bring together functions that may have been built up through 
separate, large systems (and their program offices) that were developed over many years for 
many reasons, and only recently appear to have the potential to improve the effectiveness of a 
process or create a new capability by the joining together of these previously disparate systems.  
The new capability is highly desired, but not of overriding importance in the acknowledged SoS.  
Many stakeholders are inevitably involved in a SoS.  The stakeholders include at least the 
following recursive classes of interested parties: 

• Component Systems (System Program Offices (SPOs) in the DoD or management 
agencies or corporations, and all the single system stakeholders that they represent) 

• The SoS Manager or management agency 
• Payers/funders (typically Congressional Committees, DoD, and Services for military 

systems, but also finance offices of other state or federal agencies, or CEOs of 
corporations) 

• Congressional committees/watchdog agencies 
• National or Theater Command Authority for military 
• Users/beneficiaries of the SoS 
• Operators of the SoS 
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• Competitors of the SoS 
• Enemies/threats/targets of the SoS 
• Allies of the U.S. 
• Press/public opinion 

A similar list could be made for other types of SoS in the civil or commercial domains.  
Occasionally individual stakeholders may be members of several groups simultaneously.  
Additional stakeholders may be professional organizations, industry groups, standards 
organizations, municipalities, rulemaking agencies, shareholders of corporations, charities, 
entrenched bureaucracies, unions, non-governmental organizations, etc.  ‘Due diligence’ is the 
term for doing the work to identify the stakeholders of a proposed SoS, their degree of influence, 
and their level of concern about changes to their existing systems to make the SoS work. 

RELATIONSHIPS TO ESTABLISHED DECOMPOSITIONS:  TASK LISTS, JOINT CAPABILITY AREAS, ISO 
STANDARDS 

When the domain is military, the Universal Joint Task List, the Service specific task lists, and the 
Joint Capability Areas provide excellent vocabulary for defining the missions and capabilities 
required for military tasks, independent of the systems used to achieve them (Joint Staff, 2010) 
( j7jcaa@js.pentagon.mil, 2009).  This vocabulary of capabilities and tasks (activities in UML or 
SysML style modeling) is aggregated in the SoS AV-2 and model behavior definitions, so that each 
time that a term, word or concept is used in the architecture, reports, or performance models, it 
is consistent and clear to every stakeholder or participant.  Other domains than military typically 
have manuals, corporate, industry or government standards, scholarly, or professional guidance 
documents, or even textbooks to provide this background of vocabulary and definitions.  The ISO-
10303 series of standards is another source of guidance, particularly AP233, Systems Engineering 
Data Representation.  In fact, there are usually so many possible sources that it is highly advisable 
to maintain source tracking within the AV-2, with priorities assigned to each source to prevent 
confusion when a term is overloaded by multiple definitions depending on context. 

The DoD task lists contain suggested very high level definitions of measures of effectiveness for 
evaluating the performance of the capabilities.  These are potentially valuable sources for 
determining membership function shapes and edge values.  These are typically ‘improved upon’ 
for specific system solutions, but they serve as an excellent starting point for drafting evaluation 
criteria for the SoS, especially in performance.  For the first pass through a fuzzy analysis, the 
membership function shapes are not too important; triangular or trapezoidal shapes work well 
enough to get started.  At the preliminary stage of analyzing choices with crude, initial models, it 
is more important to get the terminology, ordering, and trade space rules agreed to among the 
stakeholders than to have highly accurate membership function shapes. 

Other ‘-ilities’ models may contribute to SoS attributes – reliability, availability, affordability, 
survivability, flexibility, adaptability, agility, ability to be redirected, autonomy, precision, among 
many others (Mekdeci, Shah, Ross, Rhodes, & Hastings, 2014), may be useful in evaluating 
characteristics of a particular SoS meta-architecture.  SoS attributes should be created through 
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reasonable extrapolations of the component systems’ capabilities to each area, with a small 
improvement factor for self-coordination.  (If the SoS has no advantage over the simple sum of 
component systems’ capabilities, then there is no need for the SoS – simply send more systems 
to do the task.)  By the time one has defined the vision, capabilities, stakeholders, components, 
and measures of effectiveness, there should be enough of a basis to decide what additional data 
will be required to develop the architecture evaluation models.  (Step 3 of DoDAF 2.02.) 

CAPABILITY IMPROVEMENT  OF A PROPOSED SOS 

The concept in the FILA-SoS for the buildup and even emergence of capabilities within the SoS is 
that capabilities are brought to the SoS basically intact by the component systems as currently 
existing.  Typically, the SoS improves the sum of the individual component system capabilities by 
a change in the way they work together to provide some unique or even greatly improved 
capability.  Assume the interfacing of those systems together in a new way can be made to 
improve performance by a small multiplier for each connection.  This is a typical approach 
introduced as the concept of netcentricity by Alberts, Garska and Stein in the late 1990s (Alberts, 
Garstka, & Stein, 1999).  This is equivalent to the small delta in performance for each used-
feasible interface.  It is a greatly simplified notion to regard the performance improvement to be 
a simple exponential function of the number of interfaces; there is undoubtedly a plateau effect 
on the lower end whereby a minimum number of systems must be interfaced to be able to see 
the effect.  On the high end there is no doubt also a limit to improvement by the introduction of 
the concepts of information overload, latency, and bandwidth limits.  The simplifying assumption 
that more interfaces is better is nevertheless quite reasonable over a broad range between the 
two extremes, especially since it is limited to a small fraction for each interface. 

DECOMPOSITION OF CAPABILITIES TO FUNCTIONS AND LOGICAL VIEWS  

The high level capabilities described in the AV-2 and OV-1 can be decomposed to lower level 
actions and/or functions allocable to the potential component systems.  This continues 
iteratively, exactly as in normal/standard systems engineering, until both a functional hierarchy 
and behavioral description can be attributed to component systems.  Some systems may need 
upgrades to be compatible with the SoS architecture.  The phasing and organization of the 
capabilities must be agreed to by both the systems and the SoS manager, with performance, 
funding and schedules.  The time phasing of capabilities development is shown in the Capability 
Phasing Viewpoint (CV-3).  If some systems’ capabilities were to be ready before others and they 
could be used together, the timeframes would be noted and this would become a Capability 
Vision Viewpoint (CV-1) that shows how the deployed capability is built up (ASN/RDA, 2009).  
Mapping capability development to operational activities is shown with the Capability to 
Operational Activities Mapping Viewpoint (CV-6).  If some activities are not possible without the 
developing capabilities, then there will be some operational changes over time, as well.  Some 
functions may be logically grouped because they can be reused to support other missions; some 
might be grouped because they are unique to the SoS mission and configuration.  Training and 
tactics may have to be developed to use new capabilities, or even to get the systems to work 
together operationally if the systems don’t already do so in existing, joint missions.  These 
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constraints may be shown in several of the capability views, but especially in the Capability 
Dependencies (CV-4) and Capability to Organizational Development (CV-5) viewpoints. 

The decomposition of capabilities to functions, and the aggregation of functions to higher levels 
of abstraction, eventually to capabilities, are inverse processes.  Sometimes it is easier to 
decompose downward, other times it is easier to aggregate upward.  This depends on what 
information is available when one starts the process.  The important point is to fill in the 
Capability Taxonomy Viewpoint (CV-2), so that it is complete and makes sense to all stakeholders 
(or at least is accepted by all) as the operative definition for the SoS.  The capability taxonomy is 
a subset of the Integrated Dictionary definitions, with the addition of the item’s location within 
the hierarchy.  Naturally, it is best to think through the implications of the definitions for the 
whole lifecycle of the SoS.  This also implies that the vision should be sufficient to sustain a 
lifecycle view for the SoS, not merely the initial use of it.  In practice, this sufficiency of vision is 
rare. 

Many SoS, in spite of being complicated arrangements, are also started as quick reaction 
responses to environmental changes.  Therefore, many SoS are short time frame exercises.  
“Make the required changes quickly, and get them deployed!” is the prevailing attitude in this 
case.  In this extreme, there is scant thought given to planned upgrades, phased deployment, or 
building for growth.  Here, all the changes or new interfaces need to be developed in one time 
period (usually a budget period, called an epoch in FILA-SoS).  When there is planning for 
development over several epochs, the ‘in-work’ interfaces are regarded as not participating until 
their delivery epoch.   

The development of the Architecture Views must be an ongoing, continually updated process 
extending throughout the program life cycle.  The simplest cocktail napkin draft to the most 
detailed, data base driven, multiply approved, fully vetted, graphical interface control definition 
should be documented within a “model,” as the single source of data.  Many of the remaining 
DoDAF viewpoints can be derived from basic Operational Activity Model Viewpoints (OV-5b) 
activity diagrams if they contain both activities allocated to swim lanes (denoting the various 
participants/elements/actors) and sequenced data flows between elements.  This is an addition 
to the basic (minimalist) definition of an activity diagram, but adding these two items is an 
important step in defining how the SoS will operate.  One can vary the amount of back up text 
residing in each object in the model.  This is dependent on the amount of detail required and 
available at each stage of the architecture development.  However, the AV-2 works most 
brilliantly if two conditions are fulfilled:  all participants assiduously define their terms in it, and 
a facilitator continually edits its contents for clarity and consistency.  Consistency is sustained if 
the rest of the documentation uses the AV-2. 

An architecture of the SoS will exist, whether or not it is defined, planned, or understood.  It will 
be a far more useful architecture (and a better SoS) if the architecture is developed intentionally, 
and well documented.  That the documentation might be in a standard, organized framework, 
and maintained throughout the life of the SoS in a central repository, could make it useful to new 
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hires, visitors, and the engineers and managers attempting to upgrade, maintain, or use the SoS 
in the future.  (Step 4 and 6 of DoDAF 2.02.) 

The Integrated Dictionary (AV-2) is the authoritative source for definitions of all elements of the 
architecture or program descriptions.  All acronyms, terms of art, and important concepts must 
be defined there, and the source of the definition is maintained to give context for understanding 
arcane, duplicative, or cross program usages (frequent occurrences in SoS).  Example 
architectural element definitions are shown in Table 4. 

Table 4  Example AV-2, Integrated Dictionary 

Phrase Acronym Definition Source 
Computing 

Infrastructure 
Readiness 

CIR Provides the necessary computing infrastructure 
and related services to allow the DoD to operate 
according to net-centric principles. It ensures that 
adequate processing, storage, and related 
infrastructure services are in place to respond 
dynamically to computing needs and to balance 
loads across the infrastructure. 

DoD IEA 
v2.0 

Concept of 
Operations  

 A clear and concise statement of the line of action 
chosen by a commander in order to accomplish his 
mission. 

Std I/F UCS 
Nato 
STANAG 
4586-3 

Conceptual Data 
Model 

DIV-1  The required high-level data concepts and their 
relationships. 

DoDAF 2.02 

Condition  The state of an environment or situation in which a 
Performer performs. 

DoDAF 2.02 

Confidentiality  Assurance that information is not disclosed to 
unauthorized entities or processes. 

DoD IEA 
v2.0 

Configuration  A characteristic of a system element, or project 
artifact, describing their maturity or performance. 

INCOSE Sys 
Eng Hndbk 
v3.2.1 

 

CONDUCTING ANALYSES OF SOS BEHAVIOR 

The SoS manager and development facilitator must at this point be doing some mental 
estimation of where the required SoS capabilities could be obtained and for what cost.  They 
must be designing questions to elicit both responses and thought from the stakeholders about 
what could be of value in building the SoS.  The stakeholders extend both up and down the chain 
of responsibilities with the SoS manager in the middle.  Are there potential multiple sources for 
most required capabilities?  Are there new ways of putting pieces together in different ways to 
accomplish necessary tasks or functions?  Do new technologies allow for anything more easily 
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that previously envisioned?  What if something did work in a new way, how much better would 
it be?  What functional relationships could be described to evaluate the SoS?  What ranges of 
values of performance would be outstanding, pretty good, acceptable, poor, or awful?  
Answering these questions will allow models to be built that will allow new designs of a SoS to 
be evaluated.  (Step 5 of DoDAF 2.02.  Step 6 is documenting the viewpoints in a self-consistent 
model, which is done during all the previous steps.) 

REVIEW OF THE METHOD STEPS 

Yet another way to look at this model development process is shown in Figure 12Error! Reference 
source not found., using the binary participation meta-architecture model as a starting point.  A 
vision of the SoS, facilitated stakeholder discussions, produces a plethora of linguistic terms and 
definitions.  Linguistic analysis of these discussions may be used to distill the SoS attributes that 
are important to the stakeholders.  Linguistic analysis also may be used to establish ranges of 
values for the attributes that are considered excellent, good, or very bad, as well as the strength 
of the stakeholders, feelings about each of these ranges.  The modeler gets to play a role at this 
point by writing trial algorithms that work on the meta-architecture to deliver an initial trial 
measure of each attribute.  These measures should depend significantly on the meta-
architecture, because they are used to evaluate the goodness of the architecture of the SoS.  
Given this information, establishing membership functions to fit the fuzzy evaluation measures 
is relatively easy.  Rules for combining attribute valuations are also developed from stakeholder 
interviews and discussions.  The rules are embodied in a Mamdani fuzzy inference system or fuzzy 
associative memory in the form.  The measures are used to improve the selection of the SoS 
architecture within the genetic algorithm approach.  The optimized architecture is then proposed 
for implementation and negotiation between the component systems and SoS manager.  The 
negotiations require a reasonably good starting point to have any chance of success, and that is 
what this research is designed to provide – the starting architecture for the agent based modeling 
part of the problem.  The system negotiations are the key to getting a realizable, implementable 
architecture for the SoS, because the systems cannot be forced into the SoS in the case of an 
acknowledged SoS being analyzed in this effort. 
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Figure 12.  Given an Evaluation Model that depends on a chromosome from the meta-architecture, the genetic 

algorithm can optimize within a multidimensional space of attributes 

It is important to devise a method to visualize how the component systems’ capabilities (ci) of 
various architecture instantiations come together to create the SoS capabilities (C).  This helps 
during the level setting exercises, but is vital to describing both the approach and the results to 
stakeholders as well.  Finally, there must be clear explanations of the limitations of the modeling 
approach.  The numerous simplifications mean that the model is not likely to match reality very 
well in detail; the best this model can do is match in terms of broad, general trends in comparing 
high level architectural impacts between different approaches to constructing the SoS. 

For every SoS there will be requirements for component system and capability descriptions.  
Capabilities of each system are denoted by ci, and the way those capabilities are combined into 
the SoS capability C must be described and captured in the model.  When the information is 
gathered and organized, then the domain specific model is described, but the fact that there 
must be some way to build up the required capability as a module in the model is domain 
independent.  For our meta-architecture, there may be sets of capabilities from each system, a 
combination algorithm to describe how the SoS capability is built up from the systems, and costs 
for development of either new capabilities or interfaces, with schedules and costs for operations 
of the systems in the SoS.  More detailed models could be used, for example if the cost of 
discovering and codifying new doctrine or tactics, and training in the new configurations is known 
or can be estimated.  Other desirable attributes and ways of measuring and combining them may 
be discovered during the stakeholder discussions; these may be added to the SoS evaluation, but 
there must be some process such as this regardless of domain.  Initial draft runs of the model 
may also lead the modelers to changes and improvements in the model modules.  This method 
of discovering the domain dependent data that goes into the model is domain independent.  It 
should work for any domain. 

Binary Meta-
Architecture

•Systems and their interfaces are present (1), or not (0)
•An instance of the meta-architecture is a "chromosome" representing one particular arcchitecture

Stakeholder 
Discussions

•Facilitated interviews to draw out input data and value judgments from key stakeholders
•Model building and validation iterations proceed toward consensus

Evaluation 
Model

•Fuzzy SoS attributes created from stakeholder concerns, performance algorithms of collaborating systems, and 
advantages from interfacing

•Fuzzy model can evaluate multiple attributes for each SoS chromosome to arrive at an overall SoS "fitness"

Genetic 
Algorithm

•Can explore large volumes of the potential architecture space
•Can optimize with respect to many attributes using overall fuzzy fitness
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CHOOSING THE SOS KEY ATTRIBUTES 

The facilitators and model builders need some basic knowledge of the domain of the SoS.  
Without that, they will not be able to ask intelligent questions of the stakeholders and SMEs.  
Conversely, if the facilitators know too much about a domain, they may unconsciously pre-select 
a solution, biasing the way they ask questions.  An example questionnaire form for directing the 
interviews with stakeholders, is shown in Table 4.  This is only a very high level starting point; it 
should be adjusted for any specific SoS application. 

Questions such as those in Table 3 are intended to elicit from the stakeholders the key attributes 
(or key performance parameters (KPPs)) that they care about for the development and use of the 
SoS.  The questions are asked from the point of view, and with the intention, of developing 
relatively simple evaluation algorithms that depend strongly on the participating systems and 
their interfaces and how they interconnect in operation.  At the initial stage of development, 
these algorithms may be fairly approximate, using rough estimates.  The goal is to have some 
kind of broadly feasible architecture with which to begin the analysis leading to negotiations 
between SoS manager and individual systems for an agreed to SoS.  It is fully expected that 
individual systems’ performance, cost, schedule and other attributes would be adjusted during 
negotiations.  On the other hand, attribute evaluation algorithms are designed to be modular, so 
that if better models become available, they may be substituted in at any time.  Well 
documented, traceable information trails are invaluable when reviewing, improving, correcting, 
or extending the models (or the SoS itself).  These documented traces are well described by 
DoDAF style views. 

DOMAIN MODEL DATA 

There is a great deal of information potentially available about the components of the SoS – each 
system may be complex in its own right.  The architect must find a better way to share SoS data 
with analysts and stakeholders than dozens or hundreds of columns of numbers.  Color coded 
and textured graphs, multiple and rotatable viewpoints into multi-dimensional data, slices, smart 
filtering, correlations, time series analyses, and animations may all be used to aid the 
understanding of the very large sets of data produced by SoS modeling (Yi, Kang, Stasko, & Jacko, 
2007).  Both large scale trends and significant but tiny artifacts in the data must be easily and 
quickly discoverable in the way the data is conveyed to reviewers.  One needs to be careful of 
the color palette chosen to display results, since different display or printer devices may 
represent them differently, sometimes in surprising ways.  Some in the audience will usually be 
color blind to various degrees, as well.  One must be careful not to assume that color coding data 
artifacts makes them obvious to others.  (For those interested, the website 
http://www.vischeck.com/examples/ simulates the way colorblind people see for people with 
normal color vision, and suggests alterations to color palettes that allow more people see an 
image in a similar way). 
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ARCHITECTURE SPACE EXPLORATION 

This modeling method uses a genetic algorithm (GA) approach to explore the architecture space.  
A population of chromosomes is evaluated and sorted to select the better ones for propagation 
to future generations with genetic modifications.  The ones and zeroes in the chromosomes are 
generated at random during the first generation.  This is normal GA procedure.  However, to 
avoid getting an average 50% ones in the entire initial generation of chromosomes, a bias is 
applied to the random number generator so that the probability of any bit in a chromosome of 
that generation being a one depends on the chromosome’s position in the population.  The 
number of chromosomes in a population for one generation of the GA is variable.  Typically a few 
tens to a few hundred chromosomes are used in the population in each generation.  For the initial 
generation, chromosome number 1 has only a few ones, with mostly zeroes.  The last 
chromosome in a population has mostly ones with only a few zeroes.  Typically, low numbers of 
ones in the chromosome (meaning participating systems and/or interfaces) is associated with 
lower cost and lower performance.  The other attributes could be better or worse, depending on 
their definitions.  Higher numbers of participating systems and interfaces are usually associated 
with higher performance and higher cost (equation 24 and 25 in Table 3Error! Reference source 
not found.).  Costs/affordability and overall performance are almost universally necessary SoS 
evaluation attributes.  Since there is normally a desire for higher performance and lower cost, 
one hopes for a sweet spot between the extremes, where you can get adequate performance, 
and adequate affordability (nearly the inverse of cost) as well as acceptable values of the other 
attributes. 

A key feature of the method is to do an exploration of the architecture space with a few thousand 
sample chromosomes, which cover a large range of participating systems and interfaces.  Each of 
the chromosome’s attribute evaluations is plotted against the membership functions for that 
attribute.  The membership function shapes and/or the algorithms for evaluating the attributes 
may need to be adjusted several times in an iterative process that may include discussions with 
stakeholders to arrive in acceptable SoS model. 

The meta-architecture and associated data model being proposed so far contains many features 
that mimic real-life: 

• There may be multiple copies of the same system 
• There may be slight differences between the otherwise similar systems 
• Each system may have multiple capabilities 
• There is a minimum number of component capabilities required to make up the SoS 

capability. 

If a proposed architecture does not have the minimum capabilities, a penalty is tacked on to its 
performance, to enhance the chances of discarding its chromosome in the fitness comparisons 
at each generation of the genetic algorithm.  No population member or bit position is pre-
selected to be discarded before evaluating it for all attributes. 
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INDIVIDUAL SYSTEMS’ INFORMATION 

COST, PERFORMANCE AND SCHEDULE INPUTS OF COMPONENT SYSTEMS 

The models used here treat the cost of developing a new capability or adding an interface 
separately from the cost of operating the system during a deployment of the SoS.  In real life 
these costs are potentially paid for from different pots of money, such as acquisition vs. 
operations budget lines in DoD, or current vs. future funds.  The development cost is normally a 
onetime cost, while the operations cost of the system is a continuing cost each time the SoS is 
called into action.  Performance enhancement is normally on the order of a few percent for the 
modification requested to fit into the SoS.  For adding an interface, it might require a new radio 
and antennas to be installed on a vehicle, or extending the software data base of messages that 
can be handled by an existing system on a vehicle.  There can be significant costs for a minor 
modification to accomplish retesting of functions that might be affected by any changes to 
fielded systems (called regression testing), in addition to testing of the change itself.  Whatever 
the change, in addition to time to develop and test the change, the system hosting it will be ‘down 
for maintenance’ during the installation of the change.  The time to develop, install and test a 
change is the development time.  This is generally one epoch, or time period, in the wave model.  
If a capability already exists, such as ability to use a specific radio on a platform, the development 
cost and time for that system for that capability will be zero.  However, development of the other 
end of the interface on a different system may still be required and will count toward the cost of 
the interface.  Some complex modifications might take two or more epochs to develop.  In this 
case, since the development is not complete at the end of the first epoch, it is as if the system 
chose not to participate, because it delivers no capability yet.  However, one is still spending 
funds on that development, for which one receives nothing until the development is complete.  
The bottom of Table 3 shows a simplified template to gather the estimated individual system cost 
and performance data. 

MEMBERSHIP FUNCTIONS 

Membership functions (MF) map the fuzzy values to the real world values and show the fuzziness 
of the boundaries between the granularities or grades within each attribute.  The Matlab Fuzzy 
Toolbox has a number of built in shapes for membership functions.  Triangular, trapezoidal, and 
the Gaussian smoothed corners of trapezoidal shapes are available among others; only the 
Gaussian rounded trapezoidal shape shown in Figure 13 was used in this analysis.  It is very 
common when evaluating large projects to have a band of acceptability for each grade in each 
attribute.  A familiar example is the Contractor Performance Assessment Reporting System 
(CPARS).  It assigns one of five colors to a series of common measures of project status.  It is also 
common to have multiple reviewers provide a grade in each area, which is then averaged to get 
the final grade (Department of the Navy, 1997).  This is intended to avoid the issue of unconscious 
bias or error of interpretation of the data by a single reviewer on a borderline issue.  This process 
is very similar to the mathematically more precise fuzzy logic process.  Other MF shapes show 
similar characteristics, but the nonlinearities in the output surface display the concepts better 
with the slightly rounded MF shapes shown in Figure 13.  All the variables in the Fuzzy Tool Box 

50 
 



 

are scaled the same way.  In real space, a further scaling is required to the individual variables.  
The MFs cross each other at the 50% level between each of the numbers in the granularity scale 
from 1 to 4.  For this fuzzy inference system (FIS), 1 = Unacceptable, 2 = Marginal, 3= Acceptable, 
and 4 = Exceeds (expectations) for each attribute:  Performance, Affordability, (Developmental) 
Flexibility, and Robustness.  There is no requirement that the scaling be the same for different 
attributes.  In fact, the Matlab Fuzzy Tool Box allows the MFs to be scaled to real values, and it 
might have been clearer to use that facility, but the graphical user interface (GUI) for changing 
the values is rather tedious, so a method to apply the scaling outside the GUI was developed.  
The process of translating real values to fuzzy values is called fuzzification or fuzzifying.  Multiple 
criteria are combined through the rules in fuzzy space, and the output fuzzy value is de-fuzzified 
to a crisp value for the SoS assessment.  In this fuzzification scheme, values are rounded to the 
nearest integer value for each fuzzy gradation.  In the example in Figure 13, a fuzzy value of 2.35 
would round to 2, and not coincidentally, would fall on the sloping line for Marginal membership 
at a value of about 65%, higher than on the line for Acceptable membership of about 35%.  The 
next section discusses how the real values are mapped to the fuzzy scale. 

 
Figure 13.  Matlab Fuzzy Toolbox printout of membership function shapes used in this analysis 

 

MAPPING ATTRIBUTE MEASURES TO FUZZY VARIABLES 

The generic membership function range is the ‘universe of discourse.’  This typical range must be 
mapped to the real world values of the domain specific SoS.  The mapping can be done inside 
Matlab so that Figure 13 would be scaled in real units, but that requires working in a tedious GUI.  
It can also be done by mapping the key shape points of the scaled MF to the real world values.  
In a real problem, this mapping of ranges for each attribute would come from the problem 
definition and the stakeholders’ beliefs and desires discovered during the model building step of 
the method.  Examples could be estimated values for cost of the SoS, or performance in terms of 
square miles searched per hour, or tons of freight delivered per day in another type of problem.  
The probability of success, or the number of shipments, or other attributes would have desired 
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thresholds that define the levels of performance in each attribute, such as:  unacceptable, 
marginal, acceptable, or exceeds expectations in a four part granularity for each attribute.  The 
judging criteria may take on a wide variety of terminology and of forms, depending on the 
domain.  Any degree of granularity is possible.  An even number of gradations were chosen in 
this instance to avoid the possibility of an evaluation question being answered in the middle.  
Odd numbers of gradations tend to allow stakeholders to answer too many valuation questions 
disproportionately in the middle during the interview process, while even numbers of gradations 
force the choices to be above or below average.  This depends on one’s problem and particular 
stakeholders, of course. 

Figure 14 shows a typical mapping between real world values on the left, and the fuzzy variable 
on the bottom.  Note that there is no requirement for the mappings to be linear.  Figure 15 shows 
affordability and robustness mapped to their fuzzy values.  All the attribute values need to be a 
matched set, for a matched set of attribute models.  In this case, robustness depends on the 
range of the values of performance.  Therefore, if the maximum performance doubles due to a 
change in the model, then the real world robustness map would need to change as well.  The real 
world values for affordability are dollars, and robustness is the maximum loss of performance 
when removing any system, but they are mapped as negative values here, because less is better.  
This allows the fuzzy attributes to be plotted as monotonically increasing.  Minor kinks in the 
mapping lines show that the slopes of the membership function maps do not need to be constant. 
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Figure 14.  Map from fuzzy variable on horizontal axis to probability of detection on left 

                  
Figure 15.  Attribute values, mapped to fuzzy variables 

 

NON-LINEAR TRADES IN MULTIPLE OBJECTIVES OF SOS 

Fuzzy logic can be used to fit highly nonlinear surfaces even with a relatively small rule base.  The 
commonly cited problem of dimensionality for fuzzy logic systems in fitting arbitrarily large input 
sets (Gegov, 2010) does not arise in this problem because the number of inputs are small – 
limited to the KPAs of the SoS design problem.  The combination of membership function shapes 
and combining rules allows one to fit quite nonlinear surfaces in the several required dimensions 
of this problem.  Furthermore, the input variables are generally monotonic, increasing in value 
from the fuzzy value of ‘worst’ to ‘best.’  All the membership functions used in this effort (input 
and output) have been scaled from 1 to 4 for simplicity of display in this document, but that 
scaling is purely arbitrary.  The actual scaling is through linguistic variables discovered through 
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the interactions of the facilitator, SMEs, and stakeholders.  They are typically terms such as “very 
bad,” “good,” “excellent,” etc.  For most attributes, there is a further mapping of the linguistic 
terms, such as ‘excellent affordability is a cost between $8M and $10M,’ or ‘acceptable 
affordability is cost between $10M and $12M.’  If the attribute evaluation elements can be 
categorized in such fuzzy terms as this, then relatively simple rules for combining them can result 
in a straightforward overall SoS evaluation from the resultant fuzzy inference system or fuzzy rule 
based system. 

 
Figure 16.  Example of nonlinear SoS fitness versus Affordability and Performance, based on membership 

function shapes and combining rules 

 

COMBINING SOS ATTRIBUTE VALUES INTO AN OVERALL SOS MEASURE 

A Mamdani fuzzy inference system allows the combination of as many input attributes as desired 
(Fogel, 2006).  Each attribute is equivalent to an objective or dimension in a multi-objective 
optimization problem.  Gegov expanded this concept to include networks of fuzzy systems, to 
cover deep and complicated problems with many dimensions (Gegov, 2010), and uncertainties 
extending to Type II fuzzy sets.  Nevertheless, if rules of the form discussed below (which are 
symmetrical), are combined with rules of the form ‘if attribute one and attribute four are 
excellent, but attribute five is marginal, then the SoS is better-than-average,’ etc., which allows 
for asymmetry or non-uniform weighting among attributes, then very complex evaluation criteria 
may be described for the SoS.  Using membership function shapes other than those shown in 
Figure 19 also allows considerable tuning of the mapping of input attribute values (depending on 
the SoS architecture or chromosome structure in the model) to the output of the overall SoS 
quality or fitness. 

A Mamdani Type I fuzzy rule set may also be called a Fuzzy Associative Memory (FAM) to combine 
the attribute values into the overall SoS fitness score.  Attribute measures are converted to fuzzy 
variables from the mappings the rules are followed to form a fuzzy measure for the SoS 
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architecture (represented by a chromosome).  That measure may be de-fuzzified back to a crisp 
value for final comparison in the GA through an equivalent mapping in the output space.  The 
rules should be kept simple for two reasons:  primarily it is easier for the analyst to understand 
and to explain them to the stakeholders, but also because a few rules within the fuzzy logic 
system can be very powerful in defining the shape of the resulting surface.  Still, some sensitivity 
analysis can be done on the rule sets, and results of minor changes in the rules may be displayed 
for comparison, all other things being kept the same.  Rules are typically of the form: ‘if all 
attributes are good, then the SoS is superb,’ ‘if all attributes except one are superb, then the SoS 
is still superb,’ ‘if any attribute is completely unacceptable, then the SoS is unacceptable.’  A 
dozen or so of these rules can give an excellent estimate of the stakeholders’ intentions, including 
significant nonlinearities and complexity (Gegov, 2010).  The Mamdani FIS allows satisfying two 
contradictory rules simultaneously by simply including them both in the calculation of the 
resultant output value. 

The linguistic form of some of these rules may be easier to express than the mathematical form.  
For example, ‘if any attribute is unacceptable, then the SoS is unacceptable’ can be expressed 
linguistically as a single sentence, but mathematically a separate rule for each attribute is tested 
alone to implicate the unacceptability of the SoS.  If the rule can be expressed as a single sentence 
linguistically, as in Table 5, it will be counted as only one rule.  The rules come out of linguistic 
analysis of the stakeholder interviews, with some normative smoothing by the facilitator.  At 
worst, if consensus cannot be reached on a rule statement among the stakeholders, a version of 
the analysis with the rule expressed both ways can be compared for sensitivity to that rule.  This 
approach can also help explain the issue to the stakeholders. 

Table 5 Example of a few powerful Fuzzy Inference Rules for combining attribute values 

Five Plain Language Rule 

If    ANY   single attribute is Unacceptable, then SoS is Unacceptable   

If     ALL    of the attributes are Marginal, then the SoS is Unacceptable 

If     ALL    the attributes are Acceptable, then the SoS is Exceeds 

If    (Performance  AND  Affordability )   are Exceeds, but    (Dev.  Flexibility and Robustness) are Marginal, 
then the SoS is Acceptable 

If   ALL   attributes EXCEPT ONE are Marginal, then the SoS is still Marginal 

Rules for ISR 

If Clauses Then 

If all attributes are Unacceptable the SoS is Unacceptable 

If all attributes are Marginal the SoS is Unacceptable 
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If all attributes are Acceptable the SoS is Exceeds 

If Performance and Affordability are 
Exceeds 

and Flexibility and Robustness are 
NOT Unacceptable 

the SoS is Acceptable 

If all attributes Except Robustness 
are Marginal 

and Robustness is NOT Exceeds the the SoS is Marginal 

If all attributes Except Flexibility are 
Marginal 

and Flexibility is NOT Exceeds the the SoS is Marginal 

If all attributes Except Affordability 
are Marginal  

and Affordability is NOT 
Unacceptable 

the SoS is Acceptable 

The Surfaces look like this: 

  

With Performance vs. Robustness looking the same as the figure on the right for Flexibility. 

Rules for SAR 

If Clauses Then 

If all attributes are Unacceptable the SoS is Unacceptable 

If all attributes are Marginal the SoS is Unacceptable 

If all attributes are Acceptable the SoS is Exceeds 

If Performance and Affordability are 
Exceeds 

and Flexibility and Robustness are 
Marginal 

the SoS is Acceptable 
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If all attributes Except Robustness 
are Marginal 

and Robustness is Acceptable the the SoS is Marginal 

If all attributes Except Flexibility are 
Marginal 

and Flexibility is NOT Exceeds the the SoS is Unacceptable 

If all attributes Except Affordability 
are Marginal  

and Affordability is NOT 
Unacceptable 

the SoS is Acceptable 

 
Affordability and performance look the same as the previous rule set, but Flexibility and 
Robustness both change shape: 

  
 
Flexibility depended on the distribution of capabilities among systems (set by the input domain 
data sheet, which varied between domains), Robustness was the best remaining performance 
function after removing each system - all it did was use the performance function repeatedly 
after removing each system successively.  Affordability also depended on the input domain data, 
also adjusted independently for each domain. 

EXPLORING THE SOS ARCHITECTURE SPACE WITH GENETIC ALGORITHMS 

Having developed a method of evaluating architectures based on presence or absence of any 
combination of systems and interfaces within the meta-architecture, this evaluation may be used 
as the fitness measure for selection for propagation to a new generation within an evolutionary 
algorithm.  One class of evolutionary algorithm is the genetic algorithm (GA).  The key feature of 
a GA approach is to evaluate the overall fitness of a series of chromosomes in a ‘population.’  One 
then sorts the chromosomes by their fitness, and proceeds to a next generation through 
mutations, crossovers, or ‘sexual reproduction’ of a fraction of the better fitness chromosomes 
in that generation.  Mutation rates, crossover points, special rules for certain sections of the 
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chromosome (genes), or deciding which parents are combined, can all be varied as part of the 
GA approach. 

The GA first generation starts with a population of random arrangements of chromosomes built 
from the meta-architecture, which spans the search space, then sorts them by fitness.  A fraction 
of the better performing chromosomes is selected for propagation to the next generation 
through mutation and/or transposition.  A few poorly performing chromosomes may also be 
included for the next generation, to avoid the danger of becoming stuck on a purely local 
optimum, although proper selection of mutation and transposition processes can also help avoid 
this problem. 

COMBINING THE FUZZY APPROACH WITH THE GA APPROACH 

In order that the GA work with any string of bits within the meta architecture, the algorithms for 
evaluating each attribute must work for any string of bits.  The results of individual attribute 
evaluations may take on a large range of values.  When the desired and tradable values of the 
attributes, and the algorithms for evaluating them, are determined from the SoS stakeholder 
interviews, the range of values of each attribute is pre-determined.  The entire range of values is 
the ‘universe of discourse.’  In each dimension or attribute, the entire range is mapped 
contiguously to the granularity described by the membership functions.  There is no guarantee 
that any arrangement of systems and interfaces will be found to be acceptable.  Because this 
effort was to develop and explore the method, and the example SoS were largely fictional, all the 
model parameters could be adjusted to find examples that would work.  The key to this adjusting 
process was to plot the attribute evaluations against the number of ones in the chromosome. 

Biasing the random number generator to produce a population of chromosomes with varying 
numbers of ones allowed an exploration of chromosomes from various regions of the meta-
architecture.  By iterating adjustments of the attribute membership function edges against a 
population of randomly generated (but biased in the number of ones) initial populations of 
chromosomes, an acceptable picture of the SoS behavior could be determined. 
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Figure 17.  Exploring the meta-architecture - 25 chromosomes, 22 systems, Example 1 

 
Figure 18.  Exploring the meta-architecture to map membership function edges, Example 2 

When a few hundred chromosomes are present in the exploratory population, one can get a very 
good idea of the shape of the behavior of the meta-architecture space as a function of the 
number of interfaces between systems of the SoS, shown in Figure 19.  More systems and 
interfaces generally leads to more of all the attributes:  performance, flexibility, robustness, but 
to more cost as well (= less affordable).  However, one can also see that the trends are noisy, and 
not perfectly correlated in the ISR model shown in Figure 19.  The exploration phase allows the 
setting of the membership function edges to take advantage of the variability in the evaluation 
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functions to drive the GA search toward regions that look more likely to produce a decent 
compromise from among the competing attributes. 

   
Figure 19.  Exploring large populations to set the membership function edges 

One needs to be in a reachable region of the SoS attribute space, or the universe of discourse, 
defined by the membership function edges in the fuzzy inference system.  It is of little value to 
have an architecture that produces $100M solutions when the only acceptable value is less than 
$50M.  Therefore, some level setting of expectations, tuning of algorithms, and of the input 
domain data may all be necessary to reach a reasonable “space” within which to attempt 
optimization with the GA.  This is the function of the exploration phase of the process. 
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CONCLUDING REMARKS 

The research presented has been based on Type-I fuzzy sets.  There are certain benefits of using 
a type-2 Fuzzy Logic system for our particular research problem. Type-2 fuzzy sets allow us to 
handle linguistic uncertainties, as typified by the adage “words can mean different things to 
different people” (Karnik, Mendel & Liang, 1999). The benefits achieved are mentioned as 
follows: During collection of rules by surveying experts, it is very likely to get diverse answers 
from each expert, based on the locations and spreads of the fuzzy sets associated with 
antecedent and consequent terms. This leads to statistical uncertainties about locations and 
spreads of antecedent and consequent fuzzy sets. Such uncertainties can be incorporated into 
the descriptions of these sets using type-2 membership functions. In addition, experts often give 
different answers to the same rule-question; this results in rules that have the same antecedents 
but different consequents. In such a case, it is also possible to represent the output of the FLS 
built from these rules as a fuzzy set rather than a crisp number. This can also be achieved within 
the type-2 framework. Finally the uncertainty during training also exists on both the antecedents 
and consequents. If we have information about the level of uncertainty, it can be used when we 
model antecedents and consequents as type-2 sets. This is presented in the Volume 12. 
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