
  

 
 

Flexible and Intelligent Learning Architectures for SoS (FILA-SoS) 

Volume 3 – Fuzzy Genetic Optimization Model 

Technical Report SERC-2015-TR-021-4 
February 28, 2015 

 

Principal Investigators  

Dr. Cihan H. Dagli, Missouri University of Science and Technology  

Research Team 

Co-PI:  Dr. David Enke, Missouri S&T 

Co-PI:  Dr. Nil Ergin, Penn State University 

Co-PI:  Dr. Dincer Konur, Missouri S&T 

Co-PI:  Dr. Ruwen Qin, Missouri S&T 

Co-PI:  Dr. Abhijit Gosavi, Missouri S&T 

Dr. Renzhong Wang 

Missouri S&T Graduate Students 

Louis Pape II, Siddhartha Agarwal and Ram Deepak Gottapu 

 

Report No. SERC-2015-TR-021                                                                                February 28, 2015 



Copyright © 2014 Stevens Institute of Technology, Systems Engineering Research Center 
 
This material is based upon work supported, in whole or in part, by the U.S. Department of Defense 
through the Systems Engineering Research Center (SERC) under Contract H98230-08-D-0171 (Task Order 
033, RT 48). SERC is a federally funded University Affiliated Research Center managed by Stevens Institute 
of Technology 
 
Any opinions, findings and conclusions or recommendations expressed in this material are those of the 
author(s) and do not necessarily reflect the views of the United States Department of Defense. 
 
 
NO WARRANTY 
THIS STEVENS INSTITUTE OF TECHNOLOGY AND SYSTEMS ENGINEERING RESEARCH CENTER MATERIAL IS 
FURNISHED ON AN “AS-IS” BASIS.  STEVENS INSTITUTE OF TECHNOLOGY MAKES NO WARRANTIES OF ANY 
KIND, EITHER EXPRESSED OR IMPLIED, AS TO ANY MATTER INCLUDING, BUT NOT LIMITED TO, WARRANTY 
OF FITNESS FOR PURPOSE OR MERCHANTABILITY, EXCLUSIVITY, OR RESULTS OBTAINED FROM USE OF 
THE MATERIAL.  STEVENS INSTITUTE OF TECHNOLOGY DOES NOT MAKE ANY WARRANTY OF ANY KIND 
WITH RESPECT TO FREEDOM FROM PATENT, TRADEMARK, OR COPYRIGHT INFRINGEMENT. 
 
This material has been approved for public release and unlimited distribution.. 
 

 
  

ii 
 



 
TABLE OF CONTENTS 

Executive Summary ............................................................................................................... 1 

Introduction .......................................................................................................................... 7 
Motivation for Research .................................................................................................................7 
System of System Challenges .........................................................................................................9 
How Does FILA-SoS Address SoS Pain Points ................................................................................. 12 

Overview of the FILA-SoS integrated model ......................................................................... 16 
Definition of Variables for SoS ...................................................................................................... 16 
Independent modules of FILA-SOS ................................................................................................ 19 

Fuzzy Genetic Architecture Generation Model ..................................................................... 23 
Sociotechnical System Complexity ................................................................................................ 23 
The SoS Meta-Architecture ........................................................................................................... 23 
Aims of Fuzzy Genetic Architecture Generation Model .................................................................. 27 
Proposed Modeling Approach ...................................................................................................... 27 
Summary of Findings .................................................................................................................... 29 

Previews Research Work ..................................................................................................... 30 
Systems of Systems (SoS) ............................................................................................................. 30 
SoS Attributes .............................................................................................................................. 31 
Netcentricity of SoS ..................................................................................................................... 33 

Feasibility of Interfaces Arises from Communication Systems .......................................................... 34 
Special Treatment for ‘Linking’ Systems ............................................................................................ 35 

Fuzzy Linguistic Analysis for SoS Attributes ................................................................................... 36 
Working with Fuzzy Multiple Objectives ....................................................................................... 37 
Genetic Algorithms ...................................................................................................................... 39 
SoS Architecting Challenges .......................................................................................................... 40 
Scarcity of Documented SoS Examples for Study ........................................................................... 42 
Summary of Previous Research .................................................................................................... 43 

Fuzzy Genetic Optimization Model....................................................................................... 45 
Capability Improvement of a Proposed SoS................................................................................... 46 
Architecture Space Exploration .................................................................................................... 48 
Individual Systems’ Information ................................................................................................... 49 

Cost, Performance and Schedule Inputs of Component Systems ...................................................... 49 
Membership Functions ...................................................................................................................... 49 
Mapping Attribute Measures to Fuzzy Variables ............................................................................... 50 
Exploring the Meta-architecture Space to Set MF Crossing Values ................................................... 52 

Need for Multi-Objective Optimization (MOO) ............................................................................. 54 
Non-Linear Trades in Multiple Objectives of SoS ........................................................................... 55 
Combining SoS Attribute Values Into an Overall SoS Measure ....................................................... 56 
Exploring the SoS Architecture Space with Genetic Algorithms ...................................................... 58 
Combining the Fuzzy Approach with the GA Approach .................................................................. 58 
Heuristics ..................................................................................................................................... 61 
Displaying the Results of Complex SoS Analyses............................................................................ 61 

iii 
 



Modularizing the Method ............................................................................................................ 64 
Using the SoS Models with Agent Based Models ........................................................................... 64 

Domain Data Gathering ....................................................................................................... 65 
Historical Example – Gulf War ISR Domain model ......................................................................... 65 
Search and Rescue (SAR) Domain Example ................................................................................... 73 

A model building basis for SAR ........................................................................................................... 81 
MITRE Aircraft Carrier Performance Assessment Problem ............................................................. 83 

Results ................................................................................................................................ 90 
Sensitivity Analysis....................................................................................................................... 90 
Results of Gulf War ISR Modeling ................................................................................................. 90 
Results of SAR Modeling .............................................................................................................. 97 
Results of Aircraft Carrier Performance Assessment SoS ............................................................. 100 

Concluding Remarks .......................................................................................................... 103 

Appendix A:  List of Publicas Resulted and Papers Submitted from FILA-SoS Research ........ 104 

Appendix B:  Cited and Related References ........................................................................ 106 
 
LIST OF FIGURES 

Figure 1 Schematic Drawing of Four Classical Types of SoS Based on Degree of Control and Degree 
of Complexity .......................................................................................................................... 8 

Figure 2 ISR System-of-Systems for Testing FILA-SoS ................................................................... 14 

Figure 3 SAR System-of-Systems for Testing FILA-SoS ................................................................. 14 

Figure 4 Aircraft Carrier Performance Assessment for Testing FILA-SoS ..................................... 15 

Figure 5 The Wave Model of SoS initiation, Engineering, and Evolution ..................................... 17 

Figure 6 Integrated modules within FILA- SoS .............................................................................. 20 

Figure 7.  Linear representation of the generalized SoS meta model .......................................... 24 

Figure 8.  Partial linear display of a SoS chromosome with 22 systems, extending far to the right
............................................................................................................................................... 24 

Figure 9.  SoS Meta-Architecture layout ....................................................................................... 24 

Figure 10.  Various network connection topologies with corresponding representations in the 
meta-architecture upper triangular form; the second row is for an alternate node numbering 
scheme .................................................................................................................................. 25 

Figure 11.  SoS evaluation method determines the fitness of each architecture, or (system + 
interface) SoS arrangement, from the meta-architecture and domain dependent 
information ........................................................................................................................... 28 

Figure 12.  Concept of interface feasibility depending on common communication systems 
interface ................................................................................................................................ 35 

iv 
 



Figure 13.  Kiviat charts are sometimes used to compare the satisfaction of multiple objectives
............................................................................................................................................... 39 

Figure 14.  Given an Evaluation Model that depends on a chromosome from the meta-
architecture, the genetic algorithm can optimize within a multidimensional space of 
attributes............................................................................................................................... 47 

Figure 15.  Matlab Fuzzy Toolbox printout of membership function shapes used in this analysis
............................................................................................................................................... 50 

Figure 16.  Map from fuzzy variable on horizontal axis to probability of detection on left ......... 51 

Figure 17.  Attribute values, mapped to fuzzy variables .............................................................. 52 

Figure 18.  Setting the membership function edges for the attributes with value exploring ...... 53 

Figure 19.  Example of nonlinear SoS fitness versus Affordability and Performance .................. 56 

Figure 20.  Exploring the meta-architecture - 25 chromosomes, 22 systems, Example 1 ........... 59 

Figure 21.  Exploring the meta-architecture to map membership function edges, Example 2 ... 60 

Figure 22.  Exploring large populations to set the membership function edges ......................... 61 

Figure 23.  Upper triangular form of chromosome, with color codes for used and feasible 
interfaces .............................................................................................................................. 62 

Figure 24.  Color coded feasible/infeasible interfaces for SAR SoS .............................................. 63 

Figure 25.  Four equivalent methods of showing the systems and interfaces in a SoS ............... 63 

Figure 26.  ISR domain specific input data .................................................................................... 69 

Figure 27.  Binary matrix of capabilities vs. systems .................................................................... 73 

Figure 28.  Operational View 1 for Search and Rescue scenario .................................................. 74 

Figure 29.  Conceptual SAR Operating Radius (Google Maps, 2013) ........................................... 75 

Figure 30.  The fuzzy assessor model inputs for the SAR SoS ....................................................... 77 

Figure 31.  Execution timeline example for SAR model ................................................................ 82 

Figure 32.  Activity diagram matching the CONOPS of the SAR model ........................................ 83 

Figure 33.  MITRE Aircraft Carrier Performance Assessment SoS problem as originally proposed
............................................................................................................................................... 84 

Figure 34.  Reconfigured Aircraft Carrier Performance Assessment SoS problem for FILA-SoS .. 84 

Figure 35.  Input domain data for FILA-SoS configured Toy problem .......................................... 85 

Figure 36.  Intermediate progress through GA generations showing SoS fitness improvement . 91 

Figure 37.  Typical 50th generation output graphs for ISR ........................................................... 91 

Figure 38.  An ISR run of 200 gens with 300 in population .......................................................... 92 

Figure 39.  This shows an ISR assessment still improving at generation 150 ............................... 92 

v 
 



Figure 40.  SoS chromosome display for 200 generations ........................................................... 93 

Figure 41.  Biased number of ones in chromosome shows exploration of the space to confirm that 
MFs are defined appropriately ............................................................................................. 94 

Figure 42.  SoS GA with population =100, gens=50, showing convergence occurs by about gen = 
17 .......................................................................................................................................... 97 

Figure 43.  Another convergence with population = 40, .............................................................. 97 

Figure 44.  Snapshots of fifty typical GA generations of 29 system SAR convergence ................ 98 

Figure 45.  Convergence and final SAR SoS configuration, first wave epoch ............................... 98 

Figure 46.  Architectural Waves .................................................................................................... 99 

Figure 47.  Robustness MF edges are changed between these two runs .................................... 99 

Figure 48.  SoS (crisp) values on left max out at about 2.6 ........................................................ 100 

Figure 49.  Output performance for Ground station input performance of 100 ....................... 101 

Figure 50.  Output performance for Ground station input performance of 75 ......................... 101 

Figure 51.  Output performance for Ground station input performance of 25 ......................... 102 

 

LIST OF TABLES 

Table 1 System of Systems and Enterprise Architecture Activity ................................................. 10 

Table 2.  Proposed method's approach to SoS Pain Points .......................................................... 41 

Table 3.  List of SoS and component systems’ variable meanings within the meta-architecture 45 

Table 4.  Explanation of value exploring graph pages .................................................................. 54 

Table 5.  Example of a few powerful Fuzzy Inference Rules for combining attribute values....... 57 

Table 6.  ISR SoS domain example characteristics ........................................................................ 66 

Table 7.  Domain model of SoS with 22 Systems:  Capabilities, Costs, and Schedules ................ 68 

Table 8.  Trapezoidal Membership Function crossover values .................................................... 69 

Table 9.  Mathematical definition of variables for ISR domain example ..................................... 70 

Table 10.  Possible SAR scenarios ................................................................................................. 74 

Table 11.  Characteristics of a SAR SoS ......................................................................................... 75 

Table 12.  MF edge crossover points for SAR ............................................................................... 77 

Table 13.  Mathematical definitions for SAR model ..................................................................... 77 

Table 14.  MF edge crossover points for TOY problem ................................................................ 85 

Table 15.  MITRE Toy problem SoS domain datasheet ................................................................. 85 

vi 
 



Table 16.  Mathematical definition of variables for Aircraft Carrier Performance Assessment SoS
............................................................................................................................................... 86 

Table 17.  Correlations between population, number of systems and interfaces ....................... 95 

 

 

vii 
 



 

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 
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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 

12 
 



 

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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FUZZY GENETIC ARCHITECTURE GENERATION MODEL 

SOCIOTECHNICAL SYSTEM COMPLEXITY 

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. 

THE SOS META-ARCHITECTURE 

A meta-architecture is an organization of other architectures.  The SoS meta-architecture for this 
analysis consists of a list of all the potential component systems, followed by the first order 
interfaces of each system with every other system.  Next to each of these labels is a single bit 
representing presence (1) or absence (0) in a particular architecture.  One binary bit to indicate 
the presence of a system, and other binary bits to indicate the presence of the interface between 
that system and each other system. 

The interfaces are assumed to be bidirectional for simplicity; an interface of system i with system 
j is the same as the interface from system j to system i.  Furthermore, this participation 
architecture – the presence of the system is the same as the decision of the system to participate, 
and is represented as a ‘1’ in the architecture.  The decision of the system to have an interface 
with another system is also represented by a ‘1.’  If the system or interface is not present (or 
participating), it is represented by a zero.   

An instance of an architecture may be represented as a binary string, i.e. a string of ones and 
zeroes indicating the presence or absence of each system or interface within the SoS.  Figure 7 
and Figure 8 shows this representation as a long string of bits, where the position indicates which 
element is indicated.  An instance of an architecture is one particular binary string, which is also 
known as a chromosome when used in the genetic algorithm (GA) context.  There are m(m-1)/2 
interfaces for an SoS with m systems, plus the m systems themselves, so the total number of bits 
in the meta-architecture chromosome for  systems is m(m+1)/2.  The meta-architecture consists 
of all possible chromosome bit strings of this length. 
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X1 X2 Xi … Xm X1 with 2 X1 with 3 X1 with m X2 with 3 … Xi with j … X(m-1) with m 

Systems Interfaces 

Figure 7.  Linear representation of the generalized SoS meta model 

 

Figure 8.  Partial linear display of a SoS chromosome with 22 systems, extending far to the right 

The linear representation of the chromosome representing one instantiation of an architecture 
from the meta-model as shown in Figure 7  or Figure 8  is relatively cumbersome.  It is difficult to 
decide what any particular bit represents without extensive counting, labeling or other effort to 
keep track of it.  An alternative representation of the chromosome was found to be as an upper 
triangular matrix.  The advantage of the form shown in Figure 9 is that the interfaces are 
identified ‘correctly’ by their conventional matrix element row and column position labeling.  This 
form of representation is close to, but not the same as what is sometimes called an adjacency 
matrix.  The interfaces could be considered a non-directed graph where the nodes are the 
systems.  Usually, the diagonal of the adjacency matrix would be zeroes, but there are advantages 
to putting the systems on the diagonal in this representation, so it is not quite the same as an 
adjacency matrix. 

 

Figure 9.  SoS Meta-Architecture layout 

The meta-architecture allows representation of many network architectures.  The well-known 
star, ring, fully connected mesh, partly connected mesh, and hierarchical branch and leaf network 
connection topologies are shown with a corresponding representation within the meta-
architecture in Figure 10. 
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Figure 10.  Various network connection topologies with corresponding representations in the meta-
architecture upper triangular form; the second row is for an alternate node numbering scheme 

The proposed meta-architecture framework may be used to represent any acknowledged SoS.  
All candidate component systems are represented along the diagonal, and all potential interfaces 
are represented in the elements in the upper triangular matrix above the diagonal.  Large 
numbers of component systems and interfaces may need to be examined in designing a typical 
SoS.  A system or an interface may be excluded by using a zero in the appropriate place in the 
matrix. 

Resource availability may limit either the installation of interfaces by their cost (whether 
measured in money, downtime, weight, drag, etc.), or the use of interfaces by their bandwidth, 
detectability, or power consumption, for example.  Those are only a few of the most easily 
imagined limitations.  Choosing appropriate attributes to measure the SoS against must consider 
the most important or significant limitations in the algorithms if they depend on the SoS 
architecture.  The problem in designing an SoS is to select from the very large range of 
possibilities, while simultaneously trading off among the numerous, important criteria that 
participants and sponsors need to be satisfied about to join the SoS.  Finding the balance of how 
many considerations to count, but keeping the algorithms simple enough to understand and 
explain is an art.  There may be potential goodness in some new interfaces outside the existing 
ones in an imagined SoS as well – the systems might open themselves up to accomplishing other 
missions more effectively, either alone or in another SoS to which it contributes some of its 
capability.  It is the facilitator’s task to ferret these possibilities out of stakeholder and subject 
matter experts (SME) interviews.  These types of issues certainly impact the cooperativeness of 
the system when negotiating its joining this SoS. 

The solution approach must aid the understanding of the impacts of tradeoffs among the various 
elements and attributes of the SoS.  The solution also must account for the behavior of the 
individual component systems and their motivations in negotiating to participate in, and 
contribute to, the SoS.  Many stakeholders, each with their own system’s day-to-day, as well as 
strategic, management issues, are involved with the issues that affect these decisions.  Some 
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stakeholders care about multiple systems or even the larger SoS issues.  They naturally have at 
least slightly different perceptions of what is important, and even the definition of the terms used 
to describe the attributes of the SoS, their own systems, and others.  The ambiguous linguistic 
terms commonly used by the stakeholders to describe their needs and wants may be handled 
with fuzzy logic. 

A partial membership function overlap is one way to handle the uncertainties at the edges and 
overlaps of these ambiguous usages.  Fuzzy approaches are often used in decision support 
problems (Pedrycz, Ekel, & Parreiras, 2011), but previously have not been widely used in SoS 
architecting.  Commercial architecting tools such as Core, Sparx, MagicDraw, Rhapsody, or Aris, 
working in UML, SysML, or BPMN, for example, do not generate alternative architectures, but 
must be provided the system and data to be modeled (Hunt, Lipsman, & Rosenberg, 2001) 
(Sumathi & Surekha, 2010).  The proposed method provides an approach to meeting many of the 
ambiguity and uncertainty concerns for the variety of architectures, key performance attributes 
(KPAs), and stakeholders possible within a SoS.  In this method, the KPAs, which make up the 
evaluation criteria of the SoS, are defined in terms of the meta-architecture of possible 
combinations of systems and interfaces.  The method must propose an algorithm using the 
architecture and information about the selected systems and interfaces to produce a value for 
each KPA.  The various attribute algorithms are explained and vetted among the stakeholders to 
reach consensus on their definition.  The rules for combining KPA evaluations to arrive at the SoS 
evaluation are discovered, explained and vetted through interaction with the stakeholders in the 
same way.  At the end of the method, all stakeholders should understand how the model works 
and how architectures are evaluated. 

The need is for an approach to handle the ambiguities in the selection of the SoS design based 
on consensus on the KPAs quality assessments over the majority of their range.  Few 
disagreements occur for the very, very bad or the very, very good assessments.  Disagreements 
typically occur at the edges of the granularity regions.  This is an excellent application of the 
partial membership function principle of fuzzy logic.  Some people think a particular KPA value is 
very bad, others think it is simply far below par, or perhaps only at the low end of average.  The 
solution:  let that point be a small portion of each evaluation. 

An advantage of representing the SoS in the form of a binary string is that the chromosome may 
be used in a genetic algorithm (GA) approach to exploring the values of various instances of the 
SoS architecture.  Optimization might be a bit too strong a word for what the genetic algorithm 
can do in this case.  Due to the multiple layers of uncertainty in  

• The cost and performance estimates for various aspects of the systems 
• The truncated binary (fully present or completely absent) nature of the model 
• The simplifications inherent in the high level of abstraction used in the KPA 

algorithms 

The GA approach primarily helps one explore, in an unbiased way, the influence of rule changes 
or component changes.  Some KPAs of the SoS remain ambiguous even after extensive 
discussions among the stakeholders.  Fuzzy logic approaches may be used to compare relative 
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scores among many attributes, criteria, and alternatives through algorithms using the presence 
or absence of the systems and interfaces as input.  If an attribute cannot be described in such a 
way that it depends on the meta-architecture, then it may not be useful in describing the value 
of the makeup and organization of the SoS as represented by the meta-architecture. 

Finally, there is an inherent difficulty simply in the size of the mass of data about the systems, 
interfaces, attributes, and the resultant desired versus delivered SoS.  It is difficult to comprehend 
and analyze this mass of data for even one, much less for many proposed SoS architecture 
alternatives.  The modular fuzzy genetic approach proposed here allows simplified models to be 
used to explore relationships, improving understanding so that one can know where lies the 
benefit of improving the fidelity (and possibly the complexity) of individual attribute models and 
rule sets in future efforts. 

AIMS OF FUZZY GENETIC ARCHITECTURE GENERATION MODEL 

The aims of this research are to develop and explore a model building method that can handle 
the inherent ambiguities of a SoS of independent systems (described in Volume 4 of this report), 
combined with a fuzzy genetic approach for selecting ‘good’ SoS architectures among the 
universe of possibilities represented by the meta-architecture, as described in this volume of the 
report.  This research discusses the meta-architecture generation segment of FILA-SoS.  A 
secondary goal is to increase the understanding of the relevant trade-space issues and 
possibilities for selecting the design of SoS under multiple objectives.  The method itself is domain 
independent; it is applicable across a wide range of domains with very little ‘tuning’ required.  
The method is comprised of several independent modules.  It is demonstrated on several 
hypothetical SoS, and on a classic MITRE suggested SoS which is described in volume 17. 

Since acknowledged SoS are typically complex, with multiple stakeholders and continuing 
missions for the component systems, a multi-objective optimization (MOO) approach is selected 
to derive a suggested architecture from the meta-architecture.  A fuzzy genetic approach is one 
form of MOO that may be applied in the creation and analysis phases of an acknowledged SoS 
development over a wide range of problem domains.  This approach lends itself to handling the 
evolution of the SoS over time as proposed in the wave model, which is currently a problem of 
great interest (Dahmann, Rebovich, Lane, Lowry, & Baldwin, 2011). 

The architecture selected by the GA may be used to begin negotiations between SoS manager 
and the selected component systems’ managers to find a realizable SoS architecture.  In the next 
epoch of the wave model, the solution may be further developed to evolve the design of the SoS.  
The current state-of-the-art in system of systems engineering (SoSE), fuzzy, linguistic analysis, 
multi-objective optimization and the gaps that this research fills are detailed in the literature 
review. 

PROPOSED MODELING APPROACH 

The GA 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 
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on the shape of a reasonable solution.  The method starts, as shown in Figure 11, 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 assessment 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.  This is the main element of the fitness function in the GA, to sort and 
select chromosome instances of the SoS architecture for propagation to the next generation.  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. 

 

Figure 11.  SoS evaluation method determines the fitness of each architecture, or (system + interface) 
SoS arrangement, from the meta-architecture and domain dependent information 

Figure 11 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.  The method for building the assessment model is covered in Volume 4.  
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 
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rules, definitions of capabilities, performance models, membership function shapes, 
environment, budgets, etc. that drive aspects of the development and evolution of SoS. 

SUMMARY OF FINDINGS 

The proposed method was demonstrated successfully to find SoS architectures for a hypothetical 
ISR SoS in a Gulf war scenario, for a search and rescue (SAR) scenario, and a variation to a 
previously studied SoS model from MITRE called the Aircraft Carrier Performance Assessment 
Problem.  Several variations of the method were used to look for Pareto surfaces, conduct 
sensitivity analyses across a number of tunable parameters in the attribute models, and to 
examine the impact of changing parameters within the GA.  Several useful visualization 
techniques were successfully implemented during the research. Earlier SERC Research Tasks 37, 
44c sponsored this and related research into a wave model for acquisition of DoD acknowledged 
SoS (Dahmann, Rebovich, Lane, Lowry, & Baldwin, 2011) (Dagli, et al., 2013). 
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PREVIEWS RESEARCH WORK 

SYSTEMS OF SYSTEMS (SOS) 

Most of the work on understanding or developing SoS has ‘approached from the side,’ or looked 
at relatively narrow aspects of the problem as opposed to trying to understand SoS in their 
entirety.  One of the problems with understanding SoS is that they frequently cross traditional 
domain boundaries.  They either address broad a new problem area that is not traditionally 
understood as being connected, or they develop because of changes in technology that allow for 
novel connections and unprecedented capabilities.  Either way, analyzing this type of problem 
requires extensions to the old ways of thinking about problems.  Simply describing the 
characteristics, boundaries, expectations, or governance of a SoS is difficult, being fraught with 
no commonly accepted terms for the new capability, little agreement on what constitutes 
success, nor even a good theory of SoS (Trans-Atlantic Research and Education Agenda in Systems 
of Systems (T-AREA-SOS) Project, 2013).  The acknowledged SoS that is the focus of this effort 
only acerbates these problems because of the inherent limits in the responsibility, authority and 
accountability between the SoS manager and the system program offices that participate in the 
SoS formation (Director Systems and Software Engineering, OUSD (AT&L), 2008), (Pitsko & 
Verma, 2012).  The literature describing SoS engineering (SoSE) is growing in coverage, but it is 
still relatively sparse.  

The differences between SoSE and systems engineering are discussed by Flanagan and Brouse 
(Flanagan & Brouse, 2012), pointing out that different sorts of trade spaces open up in SoS.  Some 
of the concepts about flexibility used here to the discussion of options and limiting risk in DoD 
programs from Giachetti (Giachetti, 2012).  Countering some of these difficulties in describing 
SoS architectures are the advances in describing complex systems with fuzzy sets (Gegov, 2010). 

There have been few attempts to describe architecting methods for acknowledged SoS.  One such 
approach is based on the federated architecture (FA) (Ahn, 2012).  FA is a pattern that describes 
the construction of a meta-architecture.  This approach emphasizes features to allow 
interoperability and information sharing between component systems and the centralized 
controller.  Another approach has been to model the interdependencies of systems and impacts 
of failures using Bayesian networks.  An example is the outcomes of the Bayesian analysis with 
failure rates modeled as beta distributions providing a knowledge base for decision makers to 
control risk in development of a SoS with complex interdependencies (Han & DeLaurentis, 2013).  
These examples still look at relatively narrow aspects of the SoS development problem. 

Warfield introduced the concept of using binary matrices to describe system components’ 
relationship with each other (Warfield, 1973).  That paper described how to construct 
reachability matrices using graphs representing directed interfaces, and a number of 
mathematical techniques to find compact regions in a general system representation of 
subsystems, but the last few paragraphs mention that this approach could also be used to show 
“objectives, events, activities, motors, generators, radars, etc.”, or in this case, capabilities of 
elements of the SoS, or non-directed interfaces.  There is undoubtedly more that can be done by 
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extending the present research to directed graphs, however, the concept was borrowed for use 
here only to do the display of a much simpler approach to SoS architecting.   

The SoS acquisition environment may be affected by external factors such as changes in the 
national priorities, changes in the SoS funding, or changes in threats to the nation, the business 
climate, or existing commercial arrangements.  Clearly, foreseeable events should be 
accommodated through planning.  The environmental changes spoken of herein are changes 
outside the framework of expectations.  One traditional way to be ready for unexpected change 
is to have an abundance of spare capacity or capability, but that costs something.  It costs 
something not only in resources devoted to carrying and maintaining the capacity beyond 
immediate need, but also in opportunities forgone.  Introduction of this method may help 
allocate scarce resources better in the future cost constrained environment. 

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. 
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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 
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 

32 
 



 

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): 

• 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 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). 

 

NETCENTRICITY OF SOS 

The acknowledged SoS being considered herein are netcentric.  This approach heavily weights 
the presence of interfaces to promote interoperability and collaboration in addition to simply 
summing the systems’ individual capabilities.  The purpose of the concept of netcentricity is to 
achieve increases in performance greater than linear in the number of systems (Alberts, Garstka, 
& Stein, 1999).  In other words, the SoS exploits the potential synergy of the combined systems 
to achieve greater performance through their working in a coordinated way.  This coordination 
comes through exchanging information on sensor data, intentions, positions, etc., between 
systems, so that previously independent systems can coordinate their activities to be more 
effective (Alberts, 2011) (Cloutier, Dimario, & Polzer, 2009).  This concept may flow into other 
types of acknowledged SoS such as supply chains, intermodal transportation systems, health 
care, etc.  In general, more interconnections mean more powerful synergies in the SoS (not taking 
this argument to the point of clogging the network/roads/etc. with too much traffic –that is a 
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different issue than having the pathway merely exist between the nodes).  One way to handle 
this improvement in performance from interconnections is to allow a slight ‘delta’ in the SoS 
performance from each interface in the meta-architecture.  It is not a very accurate model, but 
it makes some intuitive sense and shows a general trend.  This can be represented by the 
following equation, which is an instance of equations 17 and 24 in Table 3:   

𝑷𝑷𝑺𝑺𝑺𝑺𝑺𝑺 =  ∑𝑷𝑷𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 ∗  (𝟏𝟏 + 𝒅𝒅𝑺𝑺𝒅𝒅𝑺𝑺𝒅𝒅)∑𝑰𝑰𝑰𝑰𝑺𝑺𝑺𝑺𝑰𝑰𝑰𝑰𝒅𝒅𝑰𝑰𝑺𝑺𝑺𝑺 (1) 

Whatever performance the systems can bring individually, the performance of the SoS is 
increased by a small amount when multiple systems act cooperatively through an interface.  This 
delta is a small fraction, on the order of 0.1% to 1% of increase in the SoS capabilities before 
accounting for interoperability.  This does not seem unreasonable:  the addition of one interface 
does not change the overall SoS performance very much.  However, when larger numbers of 
component systems are present, potential interfaces increase proportionally to the square of the 
number of systems.  Therefore, the impact of large numbers of interfaces within the SoS can be 
significant.  This is the intent of the netcentric warfare movement, even though it ignores several 
criticisms and problems.  It has the advantage of providing a performance difference in the model 
that depends on the meta-architecture.  If better models of the impact of adding networked 
systems are developed, they can be substituted into this very simplified, generalized SoS model. 

FEASIBILITY OF INTERFACES ARISES FROM COMMUNICATION SYSTEMS 

To prevent this SoS analysis method from being a simple counting exercise, a further 
complication is introduced through a new concept of ‘feasibility of an interface.’  Here, feasibility 
means requiring a common communication link to enable a feasible interface between systems.  
In this way, the concept of a netcentric performance improvement is modified through only 
rewarding the use of feasible interfaces.  Attempted use of infeasible interfaces, by having a ‘1’ 
bit in a position in the architecture that is not supported by the appropriate communications 
links, is now penalized.  The reward or penalty depends both on the intention of having an 
interface (a ‘1’ in the meta-architecture between systems), but also on the existence of a 
common communication link through which the information exchange takes place.  The possible 
communication links are enumerated as component systems within the SoS.   

The meta-architecture is filled with random bits during the genetic algorithm approach to explore 
the SoS architecture space, so there may be ‘interfaces’ that are not supported by 
communication links – therefore they are infeasible.  Within a real SoS, a system program office 
may have spent resources to develop an interface.  They might install equipment, antennas, make 
software changes, test the new configuration, etc.  If the system on the other end of the interface 
did not also install the interface, there is no real interface there.  If both systems do the 
development work for the interface, but the communications system is not available during 
operation, say from jamming, not having a relay system, or lack of cryptographic compatibility 
today, then again – there is no real interface, i.e., no information exchange is feasible over that 
interface.  The communication system might be down for maintenance, filled with higher priority 
messages, compromised by hackers, a system might lack the encryption keys they need to use it, 
or any of a number of other problems.  In all these cases of infeasible interfaces, any equipment 
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a system carries to attempt to make this link possible also carries a penalty to normal 
performance.  A size, weight, power or cooling, fuel, payload, range, throughput, or memory 
penalty is paid to carry the unusable interface.  Therefore, having the reward or penalty 
performance delta depend on the feasibility of the interface seems quite reasonable. 

In netcentric SoS, the interfaces are normally through communication links.  The communication 
links, or radio types, are a special type of system within the meta-architecture.  Since the location 
and number of ones in the chromosome are the independent variable in the GA approach, a pair 
of systems may say they have an interface, when there is no possibility of achieving it, because 
there is no common communication system between them.  Therefore, the ‘feasible’ interface is 
one where the two systems must interface through a communication system in common.  In 
order to get credit for an interface as a performance improver, both systems must be present, 
their interface bit must be a one, and in addition, both systems must also have an interface with 
a communications system in common as shown in Table 3 and in Figure 12. 

 

 

Figure 12.  Concept of interface feasibility depending on common communication systems interface 

 

SPECIAL TREATMENT FOR ‘LINKING’ SYSTEMS 

One of the primary ways that systems interface with each other is through communications links.  
A transportation SoS may link through switching yards or intermodal transshipment points; a 
chemical refinery SoS might interface through manifolds and valves.  These elements could be 
considered systems in their own right, or nodes in the graph of a network.  Most of the systems 
considered here accomplish their interfaces by exchanging information.  The acknowledged SoS 
is normally created by joining independent, existing, mobile systems that achieve an interface 
primarily by exchanging information.  Therefore, they do so through communications links.  Most 
systems can use multiple communication systems, as well.  The simple, general meta-
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architecture model discussed so far is modified by adding a rule for placement of the 
communications systems, and another rule for the interfaces between the remaining systems as 
follows: 

1. Gather the communication systems to the bottom in the list of systems 
2. Insist that a ‘claimed’ interface between system I and system j (Xij =1 in Figure 13) be 

supported by mutual interfaces to a common communications link (system k) from both 
system i and system j ( ∃ k, Xkk=1, Xik=1, Xjk=1).  If so supported, Xij =1 is called a feasible 
interface; if not so supported, it is infeasible. 

Rule 2 allows postulating a boost in the measure of an attribute for using feasible interfaces in 
the netcentric SoS, and penalties for infeasible interfaces.  This conception of the interface matrix 
separates even further from the adjacency matrix paradigm, because it is not a simple graph with 
the addition of the second rule.  It might be possible to break the matrix into separate simple 
graphs, but this is not a graph-theoretic discussion, so there will be no further speculation in that 
direction.   

Given the meta-architecture, with the above additional rules on interfacing through a 
communication system, the netcentric SoS as defined here is a reasonable model of an 
acknowledged SoS.  Using the concept of feasibility described above, a reward or penalty function 
may be defined to recognize the impact of netcentricity (or implemented interoperability) on 
performance or other attributes of the SoS.  This allows for an evaluation of at least some SoS 
attributes directly from the meta-architecture.  This approach is not previously found directly in 
the literature. 

FUZZY LINGUISTIC ANALYSIS FOR SOS ATTRIBUTES 

Mendel notes that there are numerous fuzzy approaches to allow ‘computing with words’ and to 
extract meaning even from the degree of our lack of knowledge to be included in the solution of 
a large variety of problems (Mendel, 2013).  Some problems with highly nonlinear relationships 
from many potential noisy inputs may be approached with fuzzy methods (Lin, Cunningham III, 
Coggshall, & Jones, 1998).  Li and Chiang (Li & Chiang, 2013) introduce the concept of complex 
fuzzy sets, which even replace the ‘if-then’ rules of Mamdani fuzzy systems.  Selva and Crawley 
use fuzzy sets to describe system attributes, along with artificial intelligence style rule based 
systems (up to hundreds of rules) to reason about potential architectures, but still largely see the 
result as binary – meeting requirements or not (Selva & Crawley, 2013).  They also recognize that 
stakeholders themselves, and being able to report results to them in easily understandable form, 
are important to the process.  In systems acquisition, capabilities are usually contractual 
requirements.  Systems are traditionally acquired through contracts, and it is unreasonable to 
change this process.  However, in acknowledged SoS, the capabilities are mostly already 
available, with only small changes potentially being contracted to add interfaces.  The 
agreements to participate between system program offices (SPOs) and the SoS manager are 
usually not contractual but informal, in Memoranda of Understanding (MOU) or Agreement 
(MOA).   
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Many of the techniques mentioned above are more applicable to extremely large data sets, such 
as those of ‘big data’ in social media where sampling a huge population can detect trends and 
shifts in public opinion on the time scale of hours.  Using them on a few dozens of SME opinions 
on engineering tasks or even the slightly more numerous list of stakeholders discussed later 
seems inefficient, but they remain a viable approach for larger problems.  Simpler, more basic 
techniques were used for this first modeling demonstration, leaving the obvious extensions to 
improved techniques for later (Agarwal, Pape & Dagli, 2014).  The attributes were defined during 
brainstorming sessions among SMEs with facilitation to determine consensus on fuzzy 
membership function shapes and bounds. 

Much of the recent literature on fuzzy systems deals with treating uncertainty explicitly with Type 
2 fuzzy systems.  Type 2 systems treat the thickness of the membership function edges as an 
additional parameter in fitting a solution.  There is a contention that adding parameters (and 
rules) to Type 1 fuzzy systems can be made equivalent to the extra degrees of freedom Type 2 
systems allow for describing solutions.  Several of these concepts were used in the definition of 
the membership functions and variable maps from real world variables to fuzzy variables (Cara, 
Wagner, Hagras, Pomares, & Rojas, 2013).   

For the types and sizes of systems, capabilities, and missions involved in a typical SoS, there are 
substantial numbers of stakeholders and SMEs who would be interviewed, numerous discussions 
to be undertaken over a wide range of facets of the proposed SoS.  These discussions should 
provide a reasonable amount of data upon which to exercise the linguistic fuzzy analysis (Pape, 
et al., 2013).  Wang and Zhang provide a possible approach to include the degree of uncertainty 
in the derived membership function definitions with Antonov’s intuitionistic fuzzy sets (Wang & 
Zhang, 2013).  These concepts helped shape the discussion herein, but definitions were kept as 
simple as possible to remain focused on the overall method rather than fine points of possible 
improvements. 

WORKING WITH FUZZY MULTIPLE OBJECTIVES 

Satisfying the desires of many stakeholders over many attributes of the SoS is a multi-objective 
optimization (MOO) problem.  A common method in the literature for solving a MOO problem is 
to use a genetic algorithm approach with a fuzzy fitness assessor as the chromosome sorter 
between generations (Pedrycz, Ekel, & Parreiras, 2011).  Good chromosomes are more likely to 
be propagated to the next generation.  This technique solves multiobjective or multicriteria 
problems by changing them into a single equation that can be optimized more easily.  The 
combination of MOO with fuzzy approaches is discussed by Cara et al. (Cara, Wagner, Hagras, 
Pomares, & Rojas, 2013).  Their problem was to fit surfaces with minimum error and minimize 
fuzzy rules while comparing Type-1 vs. Type-2 fuzzy sets, but several of their ideas are 
incorporated here, such as minimizing the number of rules in the fuzzy rule base.  This has the 
advantage of making the architecture of the SoS easier to explain to stakeholders.  (Type 2 fuzzy 
sets add uncertainty bands around the edges of the membership functions.)  They also showed 
that Type 1 fuzzy systems are better in low noise (except for the input itself) situations, and Type-
2 works better where the noise comes from the rest of the system.  This effort uses the simpler 
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Type 1 fuzzy systems, but an obvious extension to noisier, real world stakeholder linguistic inputs 
is possible.  Wang and Zhang discuss incomplete information and weighted sets, but also include 
the concept of the penalty function as a more subtle method to push the fuzzy set solution off 
unwanted or infeasible solutions (Wang & Zhang, 2013).  A penalty function is incorporated in 
the FILA-SoS approach.  Sanz et al. (Sanz, Fernandez, Bustince, & Herrara, 2013) present the 
method used here of tuning the membership functions and rules to fit the data as only the first 
part of their paper.   

This method for selecting SoS architectures attempts to simplify and modularize the treatments 
of  

• The SoS description - purpose, goals, constraints, etc.  
• The definition of what is important to the stakeholders and how consensus is reached 
• Selecting SoS attributes for evaluation  
• Development process and funding within each system (cost and schedule are always 

a factor)  
• Interactions between contributing systems when the SoS is fielded, and  
• The negotiation between the SoS manager and the systems managers or SPOs to 

develop a realizable SoS. 

A major effort was the segmentation of the models in an intelligent way, so that a variety of 
techniques could be tested with each other by ‘dropping in’ compatibly interfaced performance, 
evaluation, or display modules with different functionality.  This was done by using well defined 
data files to exchange information between segments of the method.  The modularity was also 
desired because it was not known what techniques would work best together, nor if different 
types of problems would require partially different approaches. 

A fuzzy associative memory (FAM), normally generated by a fuzzy inference system (FIS), is a 
method of decision support that can satisfy, or select a compromise for, many objectives 
simultaneously.  The multiple objectives may be thought of as dimensions of a curve fitting 
problem.  One common way to illustrate comparisons between approaches to a problem is by 
using a Kiviat chart (Microsoft Excel calls it a Radar chart), shown for example in Figure 13.  The 
FAM is designed so that all possible combinations of attribute values can be ranked – this is the 
assessment at the SoS level.  When created from the consensus stakeholders needs/desires 
through the method described in Volume 4, it is more justifiable than attempting to decide which 
of the two irregular polygons in Figure 13 is better.  Genetic algorithms can explore such a ‘space’ 
very effectively, possibly without depending on heuristics to simplify the solution approach.  
When the space is the meta-architecture of a new SoS, the combination of a fuzzy and genetic 
approach is a small step forward in the area of SoS engineering.  The next sections discuss a fuzzy 
genetic approach to meeting some of the societal needs mentioned above. 
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Figure 13.  Kiviat charts are sometimes used to compare the satisfaction of multiple objectives 

 

GENETIC ALGORITHMS 

There are a large number of genetic algorithm techniques (Fogel, 2006), (Sumathi & Surekha, 
2010), from the very simple constant mutation rate on all chromosome members of the 
population, to sexual crossover, to variable size but ‘gene’ specific transpositions.  In selecting 
chromosomes for reproduction to the next generation, techniques range from simple 
tournament selection of the best few, to roulette based ‘higher fitness gives a greater chance of 
random selection (but not a guarantee)’ for reproduction (Sumathi & Surekha, 2010).   

The drivers for the selection of a modeling approach are: 

• The choice of representation of the problem  
• The size of the domain  
• Whether the gene components of the chromosome are possible (or worth it) to 

distinguish and treat differently 
• The form of the fitness function used to select ‘good’ chromosomes from each 

generation.   

The meta-architecture structure for the SoS problem here was already selected in FILA-SoS.  With 
one small exception for the communication initialization there are no privileged gene 
components in the SoS meta-architecture.  One could treat the systems separately from the 
interfaces, as two genes within the chromosome, or certain combinations of systems’ interfaces 
as a gene deserving special treatment.  This was not found to be necessary in this treatment.  The 
remaining driver to a solution is the choice of membership functions.  The fuzzy logic system 
approach is well suited to the type of judgments made about ‘good’ SoS architectures (Pedrycz, 
Ekel, & Parreiras, 2011), but certainly not the only possible approach.   

Numerous programs or subroutines are published in C++ and Matlab for solving problems with 
GAs.  Due to the fact that that the FILA-SoS established the file interchange format for the various 
elements of the overall approach to modeling the evolution of the SoS, a unique set of routines 
was coded for assessment for incorporation into a special purpose GA.  Two mutation processes 
are imposed on the sorted population of chromosomes.  The best chromosome is always 

39 
 



 

retained, along with less good chromosomes down to about the 20th percentile of the population.  
The lowest three retained chromosomes are replaced by the chromosome at the 40th, 60th, and 
80th percentile.  Position of the chromosomes in this selected quintile is then randomized except 
for the best one.  This group of chromosomes is then replicated 4 times to fill out the next 
generation’s population.  A selectable parameter, Delta, typically around 1% or 2%, is the 
threshold for a uniformly distributed random number generator to decide to mutate each bit of 
each chromosome in the first quintile of the population.  In the second quintile, the decision to 
mutate a bit is made twice as likely.  Sexual crossover is performed at a random position between 
the third and fourth quintile of chromosomes to generate the population segments for the next 
generation.  In the last quintile of the population, a string of random length, starting at a random 
position, is transposed with the following bit string within each chromosome.  Since there is no 
known reason for preferring any bit positions or genes within the meta-architecture 
chromosome, the choice of all three methods of mutation was deemed appropriate to insure a 
broader exploration of the space by the GA.  The size of Delta, Population and number of 
Generations may be selected to complement each other to yield fuller coverage of the space.  It 
is felt that the selection of a linearly biased number of one bits in the initial population speeds 
up the convergence over a purely random set of initial chromosomes. 

SOS ARCHITECTING CHALLENGES 

The first challenge is getting agreement on what constitutes a SoS.  There is a continuing debate 
on this in systems engineering (SE) social media (such as the LinkedIn Community of Practice:  
Systems Engineering), over whether a SoS is merely a larger system, and even a debate over 
whether a SoS must be a complex system.  This might have been slightly less of a challenge if 
systems engineers could decide what systems engineering itself is.  There has apparently never 
been an INCOSE International Symposium, or Workshop, over the past two dozen years where 
the definition of the SE profession did not become a significant topic of conversation.  There is a 
definition in the INCOSE Handbook, but many practitioners are dissatisfied with it.  If the premier 
professional SE organization cannot satisfy themselves about what SE means, what hope is there 
of deciding what SoS Engineering is?  There is a sub argument that even if SoS may be slightly 
different from systems, there is no need to change normal SE processes because ‘pure’ SE is 
robust enough to take any differences into account.   

This challenge can be answered by the authority of the US Department of Defense, an 
organization familiar enough with SoS to have a valid opinion, through their release of Systems 
Engineering Guide for Systems of Systems (Director Systems and Software Engineering, OUSD 
(AT&L), 2008).  They describe a continuum of types of SoS, from tightly, centrally controlled (such 
as a military formation like a naval battle group) to extremely loosely controlled, voluntary, 
collaborative groups.  They use the term ‘virtual’ for this end of the spectrum, but that term has 
taken on additional connotations since the Guide’s publication, so that it requires clarification for 
this context.  The Guide addresses many differences between what might have been considered 
a simple (but large) system, such as a weapons system in acquisition, and SoS.  The European 
Union is also firmly behind efforts to develop methods for handling SoS, at least through the 
COMPASS (Coleman, et al., 2012) and DANSE (Arnold, Boyer, & Legay, 2012) programs.  The 
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European programs have the  stated goal of becoming the premier practitioners of SoSE research 
and implementation in the world. 

The next challenge is to attempt to describe and/or model a SoS in a succinct yet sufficient 
manner, especially to non-experts.  SoS are almost always large and complicated, implying that 
it takes a correspondingly large amount of information to adequately characterize and explain 
them.  Three key features of the proposed method help address this challenge: 

1. The treatment is limited to only that type of SoS called ‘acknowledged  
2. The meta-architecture is limited to a binary participation model of systems and their 

interfaces, and  
3. The purpose of this SoS analysis is limited in time and space to a single or at least a small 

range of scenarios. 

The purpose of keeping the applicability of the method limited in this way is to see what one can 
learn from a simplified approach.  Methods for collecting and organizing data for component 
systems, capabilities and interfaces are devised, with relatively simple models for performance 
and related ‘-ilities’ used to evaluate and compare arbitrary SoS architectures.  This method is 
intended to be modular, so that competing or better models may easily be substituted.  Other 
challenges for SoSE include crafting display techniques for architectures in different domains and 
evaluation criteria for SoS in those domains, displaying solutions, exploring sensitivity of the 
solutions to small perturbations, as well as summarizing relevant data for component systems in 
a concise presentation suitable for all stakeholders.   

The International Council on Systems Engineering (INCOSE) initiated a SoS Working Group in 2012 
to address some of the specific challenges of SoSE.  Dr. Judith Dahmann, co-chair of the INCOSE 
SoS Working Group (WG), has consolidated seven ‘SoS Pain Points’ over a period of several years, 
in conjunction with the National Defense Industry Agency (NDIA) SE WG, annual Conference on 
Systems Engineering Research (CSER), the Complex Adaptive Systems Conference (CAS), and the 
Trans-Atlantic Research and Education Agenda in System of Systems (T=AREA-SoS) (Dahmann J. , 
2014).  While this research does not answer all the pain points in general, it does at least address 
some facet of each of them as shown below in Table 2 and discussed in the earlier chapters of 
this report. 

Table 2.  Proposed method's approach to SoS Pain Points 

SoS Pain Points Questions FILA-SoS Approach 

SoS Authorities What are effective 
collaboration patterns in SoS? 

First order undirected interfaces, but 
counts communication links as systems 
too 

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

SoS Manager is the creator of the SoS 
vision & controller of a small budget for 
minor system changes;  
SPO managers negotiate for 
available/needed development funds 
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SoS Pain Points Questions FILA-SoS Approach 

Constituent Systems What are effective approaches 
to integrating constituent 
systems? 

Assumed to be through information 
exchanges over comm links which are 
regarded as component systems 

Capabilities & 
Requirements 

How can SE address SoS 
capabilities and requirements? 

An MBSE-like documentation approach 
to algorithmically account for system 
capability contributions to the SoS 

Autonomy, 
Interdependencies & 
Emergence 

How can SE address the 
complexities of SoS 
interdependencies and 
emergent behaviors? 

Flexibility attribute asks for multiple 
contributors to each SoS capability 
Robustness attribute accounts for single 
missing systems 
Emergence arises from netcentric 
reward/penalty 

Testing, Validation & 
Learning 

How can SE approach SoS 
validation, testing, and 
continuous learning in SoS? 

Costs, capability contributions, 
membership functions, and fitness rules 
may be varied for sensitivity analysis;  
Observed performance could be 
inserted into attribute evaluation 
algorithms to improve fidelity  
Wave model evolution can be explicitly 
modeled as systems/capabilities are 
added over time 

SoS Principles What are the key SoS thinking 
principles? 

Fuzzy multiobjective optimization can 
handle large numbers of attributes 
Negotiations for realization of the 
suggested architecture 
Sensitivity analysis of input conditions, 
attribute membership function 
definitions and SoS assessment rule 
base 

SCARCITY OF DOCUMENTED SOS EXAMPLES FOR STUDY 

Institutional pressures make it difficult to find discussions of what works and what does not work 
in SoS.  For one thing, such frankness is relatively rare.  DoD examples of SoS typically: 

• Do not follow the normal DoDI 5000 series management processes, so normal 
reporting is not always enforced, and therefore detailed records are unusually sparse 

• Are not programs of record (in the U.S. Congress acquisition terminology), so there is 
less than normal oversight by watchdog agencies 

• Usually have relatively small budgets, or are started as pilot programs, not entailing 
the detailed oversight normally given to the bigger ticket items or Programs of Record 
(PORs) 

• Frequently begin in an ad hoc way or as quick reaction efforts, so if they don’t work, 
they are simply abandoned quickly for another ad hoc but more promising approach 
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• Are occasionally classified or have significant classified components, which make it 
exceedingly difficult both to record as well as to discover what happened in an 
accessible format 

Commercial SoS efforts frequently fall under proprietary disclosure rules, which makes finding 
documented examples difficult in that arena, as well.  Studies of failures are infrequently 
objective, more commonly regarded as ‘the search for scapegoats;’ the participants surveyed 
after the fact frequently sense that agenda, and consciously or unconsciously, become reticent 
to share or at least remember their part favorably.  Another barrier to finding good post-mortems 
on ‘problem’ projects is that those ‘lessons’ might be embarrassing to those most likely to know 
what occurred, so they frequently are not reported with full disclosure to protect the reputation 
of the organization.  All these facets of SoS projects make it difficult to perform accurate case 
studies or to find valid SoS lessons learned.  The INCOSE SoS WG is actively engaged in finding 
SoS examples on which to do case studies, but even if they succeed, this will still be a small 
sample. 

Finally, it is often the case that no one really knows why a large project fails or succeeds.  SoS are 
by definition complicated, therefore hard to understand, and normally have authority issues.  The 
personnel assigned to the independent component systems have little motivation to understand 
the overall SoS architecture and purpose, hoping only to adequately fulfill their part.  The 
relatively few SoS engineers are normally sent off to other assignments as soon as a SoS failure 
is declared.  No one stays around long enough to conduct a proper post mortem.  It may simply 
be that an SoS success was an idea whose time had finally come, as much as one would like to 
ascribe to it a more helpful lesson of cause and effect, or even a rare example of excellent 
management.  Another reason for success/failure might be that key stakeholder’s personalities 
made the project work (or not).  It is a painful yet obvious truth that personalities have a great 
deal to do with success in complex projects.  The next chapter explains more of the unique 
underpinnings for applying a simplified meta-architecture model to acknowledged SoS. 

SUMMARY OF PREVIOUS RESEARCH 

None of the concepts presented in this report are particularly new or unique, with the possible 
exception of the binary interface participation meta-architecture representation of the SoS.  
However, it is hoped that the following concepts and different application of existing concepts 
do represent an addition to the growing body of knowledge in system of systems architecting: 

• Directly handling the ambiguity inherent in combining multiple systems into an 
acknowledged SoS, with its distributed authority and non-contractually binding 
requirements 

• Creation of the upper triangular matrix representation of the binary participation in 
the SoS meta-architecture chromosome 

• Treatment of the communication links between systems as members of the list of 
systems 
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• Creating the concept of feasible and infeasible interfaces and equating that to reward 
and penalty functions for the SoS netcentric improvement 

• Using fuzzy, linguistic analysis on discussions with stakeholders to help define key 
performance attributes and explicitly handle the ambiguity in acknowledged SoS due 
to the lack of central control 

• Providing a method to display the SoS interoperability architecture data including the 
concept of feasibility 

• Biasing the number of ones in the initial population of the genetic algorithm to show 
an exploration of a representative region of the meta-architecture space 

• Applying the developed method across a number of SoS in different domains, 
addressing each of the seven SoS pain points to some extent 
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FUZZY GENETIC OPTIMIZATION MODEL 

The list of data required, and the variable names used throughout this effort, for the generic SoS 
model is shown in Table 3.  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 3.  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 

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 
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Name or description of variable Expression  

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 

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 

 

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 
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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. 

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. 

 

Figure 14.  Given an Evaluation Model that depends on a chromosome from the meta-architecture, 
the genetic algorithm can optimize within a multidimensional space of attributes 

 

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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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 3).  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 hundred 
to 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. 

48 
 



 

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. 

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 15 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 15.  All the variables in the Fuzzy Tool Box 
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 
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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 15, 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 15.  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 15 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 
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 
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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 16. 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 17 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. 

 

Figure 16.  Map from fuzzy variable on horizontal axis to probability of detection on left 
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Figure 17.  Attribute values, mapped to fuzzy variables 

 

EXPLORING THE META-ARCHITECTURE SPACE TO SET MF CROSSING VALUES 

To explore the entire meta-architecture space for the demonstration of the method, a novel 
approach to defining the membership functions is used.  After defining the draft attribute 
calculation algorithms to depend on the meta-architecture, a random selection of chromosomes 
with a wide variation in the number of ones is evaluated.  The range of attribute values is 
examined to re-set the edge values of each fuzzy gradation of evaluations in each attribute to 
allow a solution.  The MF edge values also need to be adjusted for attributes that depend on 
other attributes, such as robustness being dependent for absolute size on the performance 
range.  With real world data, for a given set of rules, there is no guarantee that a solution is 
possible.  In order to demonstrate the method, there must be feasible solutions.  By exploring 
the values of each attribute over a range of chromosomes, the modeler may be able to find 
compromises that will work.  This may require changes to the rules or desired values in the 
outcome.  With real world problems, another round of discussions with the stakeholders may be 
required to vet the model, rule, or MF definition changes required to make the solution method 
converge.  This is called the value exploration phase of the model development.  An example of 
this exploration approach is shown in Figure 18, with the explanation of the eight graphs in Table 
4.  These charts show that there are feasible solutions within this architecture model: 

1. A general trend toward more performance, robustness, and affordability with increasing 
numbers of interfaces 

2. The penalty peaks in the middle of the range 
3. There are several good starting points on the graphs. 
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Figure 18.  Setting the membership function edges for the attributes with value exploring 
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Table 4.  Explanation of value exploring graph pages 

1) On the first row of graphs, the number of ones in the whole chromosome (in blue) and five times the 
number of systems in the chromosome (in red) plotted together on the same scale  

2) The overall SoS assessment on the 1 to 4 scale of unacceptable to exceeds expectations 

3) The performance of each of the population chromosomes, with dashed lines of different colors 
representing the edges of the membership functions 

4) The flexibility attribute evaluation of each chromosome 

5) On the second row of graphs, the maximum loss in performance by successive individual system 
removal of each participating system – that is, the robustness attribute 

6) The value of the penalty/reward function for using infeasible/feasible interfaces for each chromosome 
in the population 

7) The total cost for each chromosome, and  

8) The affordability attribute, which is the total cost modified by (one minus the delta) raised to the 
penalty/reward power 

 
By running a few thousand random chromosomes (with the biased total number of ones, but still 
randomly selecting systems and interfaces) through the fuzzy assessment algorithm, one can 
settle on adequate values for the membership function edges to show there are good solutions 
possible within the model, as shown in Figure 18.  This is not yet the ‘finding the best 
chromosome’ part of the method, but only finding a set of membership function edges so that 
one can be sure of finding some acceptable chromosomes during the GA from which to select 
better mutations from each generation.  One can also see similar shapes of the functions for each 
of the attributes and the penalty function.  One important feature is that tiny changes in the 
chromosome can have wide swings in the values of each of the attributes.  The search for a ‘good’ 
chromosome is really that, a search for it – it is not obvious that there will be a single optimum 
from the model so far. 

It takes only a few minutes to run 1000 ‘almost’ random chromosomes through the exploration 
phase.  Several iterations on selecting the mapping values for the boundaries between 
membership functions may be required.  If one selects values that are too tight, such as 
demanding a high performance, the robustness limits may need to be adjusted.  When the 
membership function edges change, the input domain specific costs and performances, and the 
limits for the robustness function are selected so that there are at least some chromosomes that 
are performing well, the next step is to run the full fuzzy model through the GA for 60 to 100 
generations. 

NEED FOR MULTI-OBJECTIVE OPTIMIZATION (MOO) 

Since there are so many stakeholders in SoS, there might be dozens to hundreds of concerns that 
must be tracked, traded among, and optimized to create a good SoS architecture.  Using the 

54 
 



 

proposed meta-architecture, the independent variable is the presence or absence of the system 
or the interface.  The architecture may be changed at first blush only by either adding or 
subtracting a system or interface.  System costs or other attributes may be changed, and the 
algorithms for modeling the attributes may be changed, but that is a second order effect 
compared to changing a one to a zero in the meta-architecture.  The SoS evaluation may be 
changed in highly non-linear and discontinuous ways by the change of a single bit in the 
architecture.  For most of the analysis, the number of one bits in the chromosome is used as a 
shorthand for the independent variable.  One could pursue this in many ways, such as number of 
systems, or number of interfaces, or exactly which bit changes, but it seemed the most real to 
have an individual system or its interface be present or absent either during development (when 
an irrevocable decision is made for this epoch whether not to participate in the negotiation phase 
of SoS development) or independently again during employment due to the operational concerns 
mentioned above.  Even if a system manager decides to participate during acquisition and 
development, on the day the system is needed by the SoS it may still be unavailable due to 
maintenance or being assigned to another mission, for example.  This problem is more likely in 
acknowledged SoS composition, where the systems still have their continuing missions as 
individual systems or components of overlapping SoS missions competing for resources.   

It is not feasible to try to find or construct Pareto dominant surfaces under these conditions, 
while holding ‘other variables’ constant.  On the other hand, some variables, such as how much 
increase in performance might arise by increasing interfaces among component systems, may be 
analyzed in this way, but the desired performance may also need to be changed in that case to 
have the model make sense.  This is because the range of possible performances could change 
so much for small changes in NCO advantage ‘delta’.  This again violates the ‘all other things the 
same’ assumption that one likes to have for describing a Pareto front.  Finding the Pareto non-
dominated solutions within a small region of the input space is difficult because it is hard to know 
what one means by ‘within a small region’ in the meta-architecture.  Shall it be defined as being 
within a small Hamming distance by changing the ones present within one or two rows and 
columns of each cell in the upper triangular matrix of interfaces within a chromosome?  Or is it 
within a Hamming distance by allowing bits anywhere in the starting chromosome to change?  If 
one of the bits being changed represents a system, then whole rows of interfaces change from 
being feasible to infeasible or vice versa.  If the bit represents a communications system, then 
many more interface bits change from feasible to infeasible or the reverse. 

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 
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scaling is purely arbitrary.  The actual scaling is through linguistic variables discovered through 
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 19.  Example of nonlinear SoS fitness versus Affordability and Performance 

 

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 15 also allows considerable tuning of the mapping of input attribute values (depending on 
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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 
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 

57 
 



 

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 
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 20.  Exploring the meta-architecture - 25 chromosomes, 22 systems, Example 1 
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Figure 21.  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 22.  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 22.  The exploration phase allows the 
setting of the membership function edges to take advantage of the variability in the evaluation 
functions to drive the GA search toward regions that look more likely to produce a decent 
compromise from among the competing attributes. In Figure 22 on the left, too many good SoS 
are shown whereas on the right, performance, robustness and affordability membership 
functions are mapped better. Although a fewer SoS are in the acceptable range. 
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Figure 22.  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. 

HEURISTICS 

Heuristics may help find solutions more quickly, and the discovery of heuristics is important to 
finding better and/or faster solutions to many types of problems (Maier & Rechtin, 2009).  
However, by definition, the reason a heuristic works is not strictly known (Blanchard & Fabrycky , 
2010).  Heuristics may bias the discovered solution by discarding possibilities in unknown ways.  
Even though many heuristics are known to be biased, they are used both intentionally and 
unconsciously (Taleb, 2004).  There are no guarantees that any particular heuristic will continue 
to be useful (as it has been in the past) on a new problem.  Heuristics are common sense 
derivations from experience in solving similar problems, but if the reason they worked was fully 
understood, they would be part of the formal solution method and not classed as an heuristic.  
The methods of solution worked out here attempt to avoid heuristics because we do not yet 
understand the nature of a ‘good’ SoS solution enough yet to trust any heuristics.  The example 
problems are not large enough to require extensive use of heuristics to reach a reasonable 
solution in quite reasonable times, either, which is a standard reason for relying on an heuristic 
to narrow the search space and reduce the time in computing a solution (Blanchard & Fabrycky , 
2010). 

DISPLAYING THE RESULTS OF COMPLEX SOS ANALYSES 

A key feature of understanding problems of this nature is to be able to visualize the solution.  
While the architecture framework was easy to describe in text, and even to draw pictures of what 
was meant, until the upper triangular visualization was discovered, it was difficult to see patterns 
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or to compare two solutions in a meaningful or easy to use manner.  Figure 23 shows the format 
of a chromosome, color coded to show used/unused systems and interfaces as colored versus 
the dark brown color for unused.  The red and yellow colors show where ones exist; Green for a 
feasible and used interface or system.  Red is for attempting to use an infeasible interface, and 
blue is for an unused interface that would have been feasible, if it were used.  Figure 24 shows 
this display for the 29 system SAR SoS.  It is not automatically true that the overall fitness of a 
chromosome would be enhanced if the blue interfaces were used.  It costs money and time to 
develop interfaces (normally), so the cost could go up if they were used.  It is difficult to predict 
how the other attributes would be affected by using the blue (feasible but unused), or deselecting 
the red (infeasible but selected) interfaces.  Another reason not to discard selected interfaces 
arbitrarily is that the model is intended to be used to mimic the wave model evolution of the SoS 
over several epochs, when new systems might be persuaded to join, or longer term modifications 
come to fruition, and previously infeasible interfaces now switch to feasible ones. 

 

Figure 23.  Upper triangular form of chromosome, with color codes for used and feasible interfaces 

 

62 
 



 

 

Figure 24.  Color coded feasible/infeasible interfaces for SAR SoS 

The four representations in Figure 25 are equivalent ways for showing identical participating 
systems and interfaces in a SoS.  The upper triangular matrix on the upper left also shows the 
feasibility/infeasibility of the interfaces through color coding.  The ‘ojo de dios’ display in the 
upper right shows the systems’ presence by the number at a vertex, while the interfaces are 
shown by the connecting lines between the vertices.  The triangular matrix at the lower right only 
shows presence of the systems or interfaces through the color coding.  Finally, the linear 
representation at the bottom shows the highly compressed systems and interfaces presence by 
the color coded downward pointing ‘teeth,’ and the alternating color bands along the top show 
the systems on the far left and the interfaces of each system in the same order as the rows of the 
triangular matrices.  The triangular matrices are far superior for identifying the interfaces to the 
higher numbered systems. 

 

Figure 25.  Four equivalent methods of showing the systems and interfaces in a SoS 
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MODULARIZING THE METHOD 

Each component of the FILA-SoS approach, and each attribute model was designed to be 
modular, so that if the definition of performance or other evaluation factors, such as cost, time 
to deliver, etc. changes due to new information or the development of an improved algorithm, 
the other components do not need to be changed.  If it seems that reasonable results are 
produced through the process from simple models, model parts may be replaced with more 
accurate models, or models validated by a standards agency.  The combined model, with its input 
data, algorithms for combining system capabilities to SoS capabilities, evaluation criteria, and GA 
tuning factors must be independently validated, then tested together to insure that the whole 
process produces reasonable SoS architectures. 

This part of the FILA-SoS effort produces architectures to be handed off via a well-defined Excel 
spreadsheet interface to the negotiating team of agent-based models to achieve a realized SoS 
each epoch.  Those models test various negotiation strategies and policy incentives in the 
creation of the final SoS from the suggested component system/interface architectures produced 
here. 

USING THE SOS MODELS WITH AGENT BASED MODELS 

In addition to the architecture definition itself, budget, schedule, and performance functions are 
assigned to the individual systems.  The chromosome tells each system what interfaces to 
develop.  The budgets and schedules are the SoS manager’s best estimate with limited 
knowledge.  It is assumed the systems may know better what performance they can deliver 
within the proposed funding and schedule.  Therefore, the systems negotiate with the SoS 
manager to update the existing cost, performance, or other attribute estimates.  The negotiation 
model assumes the individual systems do not share information with other systems during 
negotiations.  Individual systems may be negotiating for funds to create an interface with another 
system, while that other system may be refusing to participate in this epoch.  It is another 
simplification to not allow systems to share information during negotiations, but not that far 
removed from reality, either.  System modification possibilities and funding are frequently closely 
held information, or even classified, so that normally the systems do not freely share that 
information among themselves.  The negotiations attempt to achieve the GA proposed SoS 
architecture.  Sometimes the systems decide they cannot agree to the proposed funding for a 
performance commitment, and drop out, or become non-participants.  Sometimes they decide 
they can actually deliver a little more performance than was requested, or for less funding. 

If updates are made to the systems’ cost, performance and schedule inputs during negotiations, 
those should be fed back to the evaluation inputs.  At first order, one can simply rerun the original 
evaluation model with the negotiated systems and interfaces, because any negotiated changes 
are generally small deltas to the initial estimates and any particular system’s data forms only a 
small contribution to the answer. 
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DOMAIN DATA GATHERING 

HISTORICAL EXAMPLE – GULF WAR ISR DOMAIN MODEL 

A guiding physical example is taken from relatively recent 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.  Approximately 50-60 TELs were hidden 
in the western Iraqi desert, from which Iraqi forces launched somewhere between 100 – 200 
missiles during the 43-days of intense combat.  The Iraqi forces had developed new techniques 
called ‘shoot and scoot’ that allowed them to reduce the TEL vulnerability time to half an hour.  
This included the time to come out of hiding, set up, launch, and return to their hiding places.  
This was only one third of pre-war intelligence estimates of 90 minutes, and a great surprise to 
Coalition planners (Thompson, 2002).  While the relatively inaccurate Scuds were not a tactically 
significant factor in the war, their potential for carrying chemical or biological warheads meant 
that they had a significant strategic impact on morale and cohesiveness of the Coalition.  Israel 
had been persuaded to stay out of the conflict, but that decision was threatened by Scud attacks 
on their cities.  The Coalition included many Arab countries, who threatened to withdraw if Israel 
joined the conflict.  It was, in fact, a very successful tactic for the Iraqi forces, deflecting significant 
combat and diplomatic power from the central purpose of the Coalition.  Therefore, the TELs 
became a “high value, fleeting” target for Coalition forces (Rostker, 2000).   

Existing intelligence, surveillance, and reconnaissance (ISR) assets and processes were 
inadequate to find the TELs during their shortened setup and knock down time of visibility.  The 
‘uninhabited and flat’ terrain brought to mind by the term ‘western desert’ was in fact neither of 
those things, with a significant population of Bedouin herders and their families, significant traffic 
(100,000 vehicles), and thousands of wadis with culverts and bridges in which to conceal the TELs 
and obscure their movement.  In addition, the Iraqi forces produced some very fine camouflage 
and realistic decoys, again surprising Coalition planners (Rosenau, 1991).  Even though several 
thousand sorties were flown against hundreds of TEL firing opportunities, TELs were spotted only 
11 times, and the contacts were lost before completing an attack eight of those 11 times.  The 
average time between spotting and arriving at a potential target  with a strike aircraft was about 
90 minutes, which might have been marginally acceptable before development of the shoot and 
scoot tactic (Thompson, 2002).  This offers a clear example of existing systems being inadequate 
to address a highly important mission.  Potentially, some relatively low cost, quick changes, and 
the joining together of existing systems might have been able to create an SoS capability to 
perform the mission better. 

Applying the method described in the Gulf War ISR problem with a small team of subject matter 
experts (SMEs) resulted in hypothetical input domain parameters for treating this as a SoS 
problem.  The characteristics of the SoS reached by consensus of stakeholders and SMEs are 
listed in Table 6.  Most of the suggested important requirements of the ISR SoS was distilled down 
through the SME discussions to the following four attributes, measurable by operations on the 
chromosome describing the SoS: 
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• Performance is simplified to the sum of the square miles of terrain able to be  searched 
by the SoS divided by the total search area; equivalent to targets found per day.  A 
marginally good performance for reasonable SoS would be a probability of finding and 
destroying a single TEL per day.  This is far better than the actual performance during the 
war.  An original performance model was developed in great detail, but the details were 
too arcane to explain for most reviewers. 

• Affordability depends on the sum of the total cost ranges of development and operation 
of the SoS; less cost is more affordable 

• Flexibility in terms of development – multiple sources (systems) are available for each 
required capability contributed to the SoS; less sources means less flexibility 

• Robustness, defined as the smallest maximum loss of performance by successive removal 
of each participating system (Pape & Dagli, 2013) (Deb & Gupta, 2006) 

Performance and affordability are adjusted by a NetCentric factor depending on the 
interconnectedness (number of interfaces), and proper use of feasible interfaces, as represented 
in the chromosome. 

Table 6.  ISR SoS domain example characteristics 

Overarching Purpose of SoS ISR & Targeting of Gulf War Iraqi Scud Missile TELs 
Unique value of SoS Existing non-networked systems not doing the job 
SoS Measures of 
Effectiveness 

Probability of successful engagement per day 

Issues that might limit 
effectiveness 

SCUD TEL concealment and countermeasures 
Short time of exposure of TEL before and after launch 

SoS features that might 
greatly increase effectiveness 

Improved probability of detection in presence of concealment 
Significantly Improved speed of response 

Desired Effectiveness About 1 successful engagement per day or more 
Stakeholders Operating commands, system operators/crew/maintainers, intel 

agencies, coalition partners, regional states, system program offices, 
troops in theater, contractors, Congress, DoD, enemy forces 

ROM Budget: Development About $40 Million 
ROM Budget: Operations About $40 Million 
Attributes of the SoS, and 
range limits for fuzzy 
evaluation 

Performance – from about 0.5 to 1.0 successful targetings per day 
Affordability – a few dozens of millions of dollars 
Robustness – less than 15% loss of capability for loss of one system 
Flexibility – prefer no single sources for component capabilities 

Capabilities of contributing 
systems 

EO/IR     Command & Control 
Synthetic Aperture Radar  Communications 
Exploitation 
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The capabilities of the ISR SoS, contributed by the component systems, were broken down as: 

• Electro-Optic/InfraRed (EO/IR) search capability 
• Side looking, synthetic aperture radar (SAR) 
• Command and control facilities 
• Exploitation centers (smaller ones in theater and a large one in the continental US. 

(CONUS)) 
• Communication capabilities, both line of sight (LOS) limited to in-theater, and beyond line 

of sight (BLOS) for reach back to CONUS 

Taking some poetic license with respect to the historical example, the following are the proposed 
types of systems within this SoS, with the non-communication systems limited to one primary 
capability plus communications. 

• Fighters, some equipped with an EO/IR capability, some with SAR 
• Remotely Piloted Aircraft (RPA), equipped with better EO/IR capability 
• U-2 aircraft, primarily equipped with EO/IR capabilities, but limited to film, so that system 

is not timely, but can help reduce the overall search area for the other systems, if it 
participates 

• Defense Support System (DSP), that can surveil the entire area, but only provide notice 
on actual launch, reducing the time for the fighters to arrive before the TELs are hidden 
again 

• JSTARS, with large SAR 
• Control Stations for the RPAs or Air Operations Center (AOC) 
• ISR data Exploitation and fusion centers 
• Communication systems, LOS and BLOS, that enable the interaction between systems 

that make the SoS work. 

A possible set of capabilities and costs of systems and interfaces for a SoS to address the Gulf 
War TEL problem are shown in Table 7.  This resulted in an ISR SoS with 22 potential systems of 
nine types, with five different capabilities among them, with at most two capabilities per system.  
Later examples had more capabilities per platform. 
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Table 7.  Domain model of SoS with 22 Systems:  Capabilities, Costs, and Schedules 

System Type 
Sub-
System 

Cap 
ability 
Number 

Coverage 
sq mi/hr;  

Develop 
$M/ 
epoch/ 
interface 

Operate 
$K/hr 
per 
system 

Time to 
Develop, 
Epochs 

Number 
possible 
in SoS 

System 
Number 

Fighter EO/IR 1 500 0.2 10 1 3 1-3 
RPA EO/IR 1 2000 2 2 1 4 4-7 
U-2 EO/IR 1 50000 0 15 0 1 8 
DSP IR 1 100000*.0

1 
1 1 1 1 9 

Fighter Radar 2 3000 0.7 10 1 3 10-12 
JSTARS Radar 2 10000 0.1 18 1 1 13 
Theatre Exploit 4 5000 2 10 1 2 14-15 
CONUS Exploit 4 25000 0.2 0 0 1 16 
Control 
Station/ 
AOC 

Cmd & 
Control 

5 1 1 2 1 2 17-18 

LOS Link Comm 3 1 0.2 0 1 2 19-20 
BLOS 
Link 

Comm 3 1 0.5 3 1 2 21-22 

 
The inputs from Table 7 were adjusted slightly to simplify the model by scaling all the capability 
contributions to be relative to square miles searched per hour.  This allowed a simplified 
performance algorithm to be implemented in the fuzzy fitness assessor.  The equivalent input 
data from Table 7 are shown in the Excel input sheet shown below in Figure 26.  The modularity 
allows higher fidelity models for either capabilities or attributes to be substituted relatively easily 
if they are available. 
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Figure 26.  ISR domain specific input data 

 
Table 8.  Trapezoidal Membership Function crossover values 

Lower Bound 
Attributes 

1 
Unacceptable 

1.5 
Marginal 

2.5 
Acceptable 

3.5 
Exceeds 

4 
(upper) 

Performance 0.4 0.75 1.5 2 5 
Affordability -200 -100 -85 -65 -40 
Flexibility 1 1.5 2.5 3.5 4 
Robustness -0.9 -0.6 -0.4 -0.2 -0.05 

 
 
  

Name ISR
NumSys 22 m 
NumCap 5 n sys has capability, costs, perf, deadline 1 2 3 4 5
SysNo Type Capability I/FDevCosOpsCost/hPerf DevTime EO/IR SAR Exploit C2 Comm

1 fighter 1 0.2 10 10 1 x x
2 fighter 1 0.2 10 10 1 x x
3 fighter 1 0.2 10 10 1 x x
4 RPA 1 0.4 2 10 1 x x
5 RPA 1 0.4 2 10 1 x x
6 RPA 1 0.4 2 10 1 x x
7 RPA 1 0.4 2 10 1 x x
8 U2 1 0 15 3 0 x
9 DSP 1 1 0.1 8 1 x

10 ftrSAR 2 0.7 10 15 1 x x
11 ftrSAR 2 0.7 10 15 1 x x
12 ftrSAR 2 0.7 10 15 1 x x
13 JSTARS 2 0.1 18 40 1 x x
14 ThExp 3 2 10 10 1 x x
15 ThExp 3 2 10 10 1 x x
16 ConUS 3 0.2 0.1 15 0 x x
17 CmdCont 4 1 2 12 1 x x
18 CmdCont 4 1 2 12 1 x x
19 LOS 5 0.2 0.1 10 1 x
20 LOS 5 0.2 0.1 10 1 x
21 BLOS 5 0.5 3 10 1 x
22 BLOS 5 0.5 3 10 1 x
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Table 9.  Mathematical definition of variables for ISR domain example 

Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for ISR Model 

Name of SoS:   sos 1 ISR 

Number of potential 
systems:   m 2 22 

Number of types of 
systems:   t 3 11 

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

sys_typ1 = fighter 

sys_typ2 = RPA 

sys_typ3 = U2 

sys_typ4 = DSP 

sys_typ5 = ftrSAR 

sys_typ6 = JSTARS 

sys_typ7 = ThExp 

sys_typ8 = CONUS 

sys_typ9 = CmdCont 

sys_typ10 = LOS 

sys_typ11 = BLOS 

Number of component 
capabilities:   n 5 5 

Names of component 
capabilities:   sys_capi  : i ϵ {1,…n} 6 

sys_cap1 = EO/IR 

sys_cap2 = SAR 

sys_cap3 = Exploitation 

sys_cap4 = Cmd & Control 

sys_cap5 = Communication 

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

interfaces between them 
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Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for ISR Model 

Individual systems of the 
SoS 

Aij : i ϵ {1,…m},  j =i , also 
simetimes written as  Aii , 
or simply  Ai 

8 Numbered systems  up to 
m=22 

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 

Depends on both system 
interfaces with joint comm 
systems, and systems’ 
presence in the architecture 

SoS main capability:   C 10 Detection of TELs 

SoS performance in its 
large capability:   PSoS 11 Expressed as probability per 

day of finding a TEL 

Component capabilities of 
systems:   

cij ::  i ϵ {1,…n}, j ϵ {1,…m} 
(binary) 

12 Whether each system 
posseses each capability 

Performance of a 
particular system in its 
key capability:   

Pi
Ss  :  i ϵ {1,…m} 13 

Depends on the system; 
simplified down to a single 
gestalt number for this 
example; shown in Figure 26 

Estimated funding to add 
an interface to an 
individual system:   

FIFi
Ss :  i ϵ {1,…m} 14 Shown in Figure 26 

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

Di
Ss  :  i ϵ {1,…m} 15 Shown in Figure 26 

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

FOPi
Ss :  i ϵ {1,…m} 16 Calculated for each 

chromosome 

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 

�𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡𝑆𝑆𝑚𝑚𝑆𝑆

∗  (1

+ 𝑎𝑎𝑒𝑒𝑑𝑑𝑚𝑚𝑚𝑚)
(∑ 𝐹𝐹𝑆𝑆𝑚𝑚𝑆𝑆.  𝐼𝐼𝑛𝑛𝑡𝑡𝑆𝑆𝑟𝑟𝐼𝐼𝑚𝑚𝐼𝐼𝑆𝑆𝑆𝑆− 

∑𝐼𝐼𝑛𝑛𝐼𝐼𝑆𝑆𝑚𝑚𝑆𝑆.  𝐼𝐼𝑛𝑛𝑡𝑡𝑆𝑆𝑟𝑟𝐼𝐼𝑚𝑚𝐼𝐼𝑆𝑆𝑆𝑆) 

Function for combining 
system capabilities into 
SoS capability C:   

𝐼𝐼 =  ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖𝑚𝑚
𝑖𝑖 𝑐𝑐𝑖𝑖𝑖𝑖𝑛𝑛

𝑖𝑖     18 See the Matlab code in 
Appendix B 
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Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for ISR Model 

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

g 19 4 

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

Attk :  k ϵ {1,…g} 20 

Performance 

Affordability 

Flexibility 

Robustness 

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

hk  :  k ϵ {1,…g} 21 4 Each 

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

FMFab  a ϵ {1,…hk},  b ϵ 
{1,…g} 22 

a=1:  Unnaceptable 

a=2:  Marginal 

a=3:  Accepable 

a=4:  Exceeds  

For all b 

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 See Table 8 

Overall SoS performance 
in an Attribute 

( ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖𝑚𝑚
𝑖𝑖 𝑐𝑐𝑖𝑖𝑖𝑖𝑛𝑛

𝑖𝑖  ) * F (Aii,  Aij, 

j≠i,  ) 
24 See the Matlab code in 

Appendix B 

Total cost of developing 
and using an SoS 

𝑇𝑇𝐼𝐼 =  ∑ ∑ 𝐹𝐹𝑖𝑖𝑗𝑗FIF𝑖𝑖Ss𝑚𝑚
𝑖𝑖

𝑛𝑛
𝑗𝑗  

+ ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖FOP𝑖𝑖Ss𝑚𝑚
𝑖𝑖

𝑛𝑛
𝑖𝑖   

25 See the Matlab code in 
Appendix B 

 
The binary matrix of capabilities contributed by systems is shown in Figure 27.  It is equivalent to 
the x’s in the cells on the right side of Figure 26.  The ISR model with 22 systems is implemented 
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further in the Agent Based Model (ABM) portion of the SoS wave development model (Acheson, 
et al., 2012). 

 

 
Figure 27.  Binary matrix of capabilities vs. systems 

 

SEARCH AND RESCUE (SAR) DOMAIN EXAMPLE 

The method was applied to a non-military ISR domain to insure the fuzzy evaluation and GA 
would continue to work as hoped.  A Coast Guard Search and Rescue (SAR) problem serving the 
Alaskan coast region was selected.  When there is a vessel in distress, the law of the sea requires 
other mariners to go to its aid, which means that a large number of disparate systems join in an 
ad hoc SoS.  The Coast Guard has numerous systems with differing capabilities such as cutters, 
aircraft, helicopters, communication systems, and control centers available from several stations 
in the area.  In addition, fishing vessels, civilian craft, and commercial vessels join in this ad hoc 
SoS to provide assistance when a disaster strikes.  To develop improved services in the face of 
budget cutbacks and changing technologies, it is assumed that adding some communication 
systems to fishing boats with their now ubiquitous UAVs to provide better search capability for 
less total funding.  Background information was gathered from numerous Coast Guard 
documents and news stories about maritime rescues; several SMEs were consulted.  A sample 
SAR SoS with 29 systems of 9 types, with 10 total capabilities, with as many as 9 capabilities per 
system was constructed as shown in Table 11 and Figure 30 below.  The concept graphic or OV-
1 is shown in Figure 28. 

The Search and Rescue (SAR) mission aims to minimize loss of life, injury, and property damage 
or loss at sea by finding and providing aid to those in distress. The SAR mission framework is 
inclusive of many activities from conducting search planning and coordinating SAR response, 
actual searching for, locating, and rescuing mariners and others in distress, providing necessary 
medical advice, assistance, or evacuation, and provide, when necessary, persons in distress safe 
transport to shore.  Various components, such as Coast Guard cutters and helicopters, 
commercial and private sea vessels, Unmanned Vehicles (UVs), and private pilots and aircraft 
have some reconnaissance capability that may be brought together in a SoS construct to assist in 
this ever evolving mission; (Contag, et al., 2013) (Johnston, Mastran, Quijano, & Stevens, 2013). 

Capability CapName Cap-Sys1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
1 EO/IR 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
2 SAR 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0
3 Exploit 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0
4 C2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0
5 Comm 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 28.  Operational View 1 for Search and Rescue scenario 

As defined in the National Search and Rescue Plan, ref (a), and Supplement, ref (b), participating 
search and rescue organizations may obtain permissible assets within the required SAR regions 
at any notice. These regions include all waters subject to U.S. jurisdiction and international waters 
in the Atlantic, Pacific, and Arctic Oceans and the Gulf of Mexico. Additional regions include 
identified Department of Defense (DoD) Area of Responsibilities (AORs).  Partnerships exist 
among maritime industry in the Automated Mutual-Assistance Vessel Rescue (AMVER) system, 
and coordination among Federal, state, local, and tribal authorities to coordinate SAR operations 
is extensive.  This section describes an example operational context for SAR missions, for which 
optimal SoS configurations can be determined given specific mission parameters and tradeoffs 
among SoS attributes such as performance, flexibility, robustness, and affordability.  

Use of the Bering Sea and the Arctic by commercial fisheries, oil exploration and science is 
increasing.  With the rise of the number of people and vessels in the area, the likelihood increases 
of a large SAR scenario occurring.  Possible missions related to this setting may include those in 
Table 10.  The corresponding domain information formats are shown in Table 11 and Figure 30 
below. 

Table 10.  Possible SAR scenarios 

Possible SAR Scenarios  

1 A large sinking ship, cruise liner, or commercial freighter.  Rescue of 
passengers, and/or a potential exposure of hazardous material (oil). 

2 A ship stuck in the ice in the arctic ocean. 
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3 A private or commercial plane crash with survivors. 

4 An oil rig disaster (fire, explosion, medical emergency, etc.). 

 
The basic conceptual radius of operation for the purposes of this application will include the 
Bearing Sea and the Gulf of Alaska as represented in Figure 29 below.  Evolving extended loiter 
radii for airborne ISR mission profiles may extend the conceptual SAR mission profile to include 
the North Pacific Ocean, Chukchi Sea, Beaufort Sea, and Artic Ocean. 

 
Figure 29.  Conceptual SAR Operating Radius (Google Maps, 2013) 

 
Table 11.  Characteristics of a SAR SoS 

Overarching 
Purpose of SoS 

Maritime Search & Rescue (SAR) of Bering Sea small airliner crash at sea 
Stranded Cruise Ship in ‘Other Territorial’ Waters 
Find two people in a small boat 

Unique value of 
SoS 

Greatly enhanced SAR Capability 

SoS Measures of 
Effectiveness 

Time to search 100,000 Sq Mi 
Probability of detection of survivors within 2 hours/within 12 hours 

Issues that might 
limit 
effectiveness of 
the SoS 

Weather 
Availability of participant systems 
Language barriers 
Number of Survivors 
Sovereignty questions 

SoS features that 
might greatly 
increase 
effectiveness 

Speed of discovery 
Improved coordination of resources 
Ability to Prioritize resources(?) at time of event, or during development 
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Desired 
Effectiveness 

Find someone very fast and/or help lots of people relatively fast 

Stakeholders Federal, State, Local, Tribal governments NGOs, Foreign Nation, Crews, Mariners, 
travel/shipping/fishing/oil/research/insurance corporations, Survivors, Military, 
Coast Guard, Public 

ROM Budget: 
Development 

Around $15M 

ROM Budget: 
Operations 

Around $10M 

Attributes of the 
SoS, and range 
limits for fuzzy 
evaluation 

Performance – time to find and pick someone up before death by exposure or injury 
Affordability – budgetary pressures, small civilian investment 
Robustness – still works with only partial complement of systems 
Flexibility -  many choices of partners 

Capabilities of 
contributing 
systems 

EO/IR 
Night Vision 
Maritime Radar 
Emergency Locator Beacon System Tracking 
RF direction finder 
Deliver Paramedic/medical aid 
Remove survivor(s) to Emergency Medical Care 
Provide major medical capability 
Speed – Fast (around 300 kt)/Slow (around 15 kt) 
Time on Station 
Command and Control/Coordination 
Communications 
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Figure 30.  The fuzzy assessor model inputs for the SAR SoS 

Table 12.  MF edge crossover points for SAR 

Lower Bound 

Attributes 

1 

Unnacceptable 

1.5 

Marginal 

2.5 

Acceptable 

3.5 

Exceeds 

4 

(upper) 

Performance 0 0.12 0.24 0.36 0.45 

Affordability -50 -40 -33 -22 -10 

Flexibility 0 1 2 3 4 

Robustness -0.25 -0.18 -0.12 -0.06 -0.01 

 
Table 13.  Mathematical definitions for SAR model 

Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for SAR Model 

Name of SoS:   sos 1 SAR 

Number of potential 
systems:   m 2 29 

Number of types of 
systems:   t 3 8 

Name SAR A
NumSys 29
NumCap 10 1 2 3 4 5 6 7 8 9 10
SysNo Type Capability I/FDevCosOpsCost/hPerf DevTime IR – range  Night Visio     Visual – ra   Maritime R     RF Directio      Deliver Me      Remove su     Speed 300 Speed 15 mCommunic

1 Cutter 7 0.03 2 12 1 x x x x x x x x
2 Cutter 7 0.03 2 12 1 x x x x x x x x
3 Helicopte 6 0.1 2 20 1 x x x x x x x x x
4 Helicopte 6 0.1 2 20 1 x x x x x x x x x
5 Aircraft 8 0.1 5 10 1 x x x x
6 Aircraft 8 0.1 5 10 1 x x x x
7 UAV 1 0.1 0.1 7 1 x x x x x x
8 UAV 1 0.1 0.1 7 1 x x x x x x
9 UAV 1 0.1 0.1 7 1 x x x x x x

10 UAV 1 0.1 0.1 7 1 x x x x x x
11 UAV 1 0.1 0.1 7 1 x x x x x x
12 UAV 1 0.1 0.1 7 1 x x x x x x
13 UAV 1 0.1 0.1 7 1 x x x x x x
14 UAV 3 0.1 0.1 7 1 x x x x x x
15 UAV 3 0.1 0.1 7 1 x x x x x x
16 UAV 3 0.1 0.1 7 1 x x x x x x
17 UAV 3 0.1 0.1 7 1 x x x x x x
18 Fish Vesse 3 0.03 0.5 4 1 x x x x x x
19 Fish Vesse 3 0.03 0.5 4 1 x x x x x x
20 Fish Vesse 3 0.03 0.5 4 1 x x x x x x
21 Fish Vesse 3 0.03 0.5 4 1 x x x x x x
22 Fish Vesse 3 0.03 0.5 4 1 x x x x x x
23 Civ Ship 7 0.05 2 8 1 x x x x x x
24 Coord Ctr 5 0.05 0.5 5 1 x x x x
25 Coord Ctr 5 0.05 0.5 5 1 x x x x
26 Communic 10 0.02 0.03 1 0 x
27 Communic 10 0.02 0.03 1 0 x
28 Communic 10 0.02 0.03 1 0 x
29 Communic 10 0.02 0.03 1 0 x
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Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for SAR Model 

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

sys_typ1 = Cutter 

sys_typ2 = Heilcopter 

sys_typ3 = Aircraft 

sys_typ4 = UAV 

sys_typ5 = Fish Vessel 

sys_typ6 = Civ Ship 

sys_typ7 = Coord Ctr 

sys_typ8 = Communications 

Number of component 
capabilities:   n 5 10 

Names of component 
capabilities:   sys_capi  : i ϵ {1,…n} 6 

sys_cap1 = IR 

sys_cap2 = Night Vision 

sys_cap3 = Visual 

sys_cap4 = Maritime Radar 

sys_cap5 = RF Dir Find 

sys_cap6 = Deliver Med Care 

sys_cap7 = Remove Survivor 

sys_cap8 =Speed 300 kt 

sys_cap9 =Speed 15 kt 

sys_cap10 = Communications 

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

interfaces between them 

Individual systems of the 
SoS 

Aij : i ϵ {1,…m},  j =i , also 
simetimes written as  Aii , or 
simply  Ai 

8 Numbered systems up to m=29 
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Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for SAR Model 

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 

Depends on both system 
interfaces with joint comm 
systems, and systems’ presence 
in the architecture 

SoS main capability:   C 10 Find and rescue survivors 

SoS performance in its 
large capability:   PSoS 11 

Expressed as probability of 
finding a survivor within 2-12 
hours in frigid temps 

Component capabilities 
of systems:   

cij :  i ϵ {1,…n},  

j ϵ {1,…m}  (binary) 
12 Shown in Figure 30 

Performance of a 
particular system in its 
key capability:   

Pi
Ss  :  i ϵ {1,…m} 13 

Depends on the system; 
simplified down to a single 
gestalt number for this example; 
shown in Figure 30 

Estimated funding to add 
an interface to an 
individual system:   

FIFi
Ss :  i ϵ {1,…m} 14 Shown in Figure 30 

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

Di
Ss  :  i ϵ {1,…m} 15 Shown in Figure 30 

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

FOPi
Ss :  i ϵ {1,…m} 16 Calculated for each chromosome 

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 

�𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡𝑆𝑆𝑚𝑚𝑆𝑆

∗  (1

+ 𝑎𝑎𝑒𝑒𝑑𝑑𝑚𝑚𝑚𝑚)
(∑ 𝐹𝐹𝑆𝑆𝑚𝑚𝑆𝑆.  𝐼𝐼𝑛𝑛𝑡𝑡𝑆𝑆𝑟𝑟𝐼𝐼𝑚𝑚𝐼𝐼𝑆𝑆𝑆𝑆− 

∑𝐼𝐼𝑛𝑛𝐼𝐼𝑆𝑆𝑚𝑚𝑆𝑆.  𝐼𝐼𝑛𝑛𝑡𝑡𝑆𝑆𝑟𝑟𝐼𝐼𝑚𝑚𝐼𝐼𝑆𝑆𝑆𝑆) 

Function for combining 
system capabilities into 
SoS capability C:   

𝐼𝐼 =  ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖𝑚𝑚
𝑖𝑖 𝑐𝑐𝑖𝑖𝑖𝑖𝑛𝑛

𝑖𝑖     18 See the Matlab code in Appendix 
B 

79 
 



 

Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for SAR Model 

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

g 19 4 

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

Attk :  k ϵ {1,…g} 20 

Att1 = Performance 

Att2 = Affordability 

Att3 = Flexibility 

Att4 = Robustness 

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

hk  :  k ϵ {1,…g} 21 hk = 4  for all k 

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

FMFab  a ϵ {1,…hk},  b ϵ 
{1,…g} 22 

a=1:  Unnaceptable 

a=2:  Marginal 

a=3:  Accepable 

a=4:  Exceeds  

For all b 

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 See Table 12.  MF edge crossover 
points for SAR 

Overall SoS performance 
in an Attribute 

( ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖𝑚𝑚
𝑖𝑖 𝑐𝑐𝑖𝑖𝑖𝑖𝑛𝑛

𝑖𝑖  ) * F (Aii,  
Aij, j≠i,  ) 24 See the Matlab code in Appendix 

B 

Total cost of developing 
and using an SoS 

𝑇𝑇𝐼𝐼 =  ∑ ∑ 𝐹𝐹𝑖𝑖𝑗𝑗FIF𝑖𝑖Ss𝑚𝑚
𝑖𝑖

𝑛𝑛
𝑗𝑗  

+ ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖FOP𝑖𝑖Ss𝑚𝑚
𝑖𝑖

𝑛𝑛
𝑖𝑖   

25 See the Matlab code in Appendix 
B 
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Costs for developing the interfaces are assigned to each system, as well as a cost for operating 
the system for a month in the case of the ISR SoS, or for 3 days in the case of the SAR SoS.  The 
deadline for development of an interface was assigned one of three values: 

• 0 – ready now,  
• 1 – will be ready by the end of this epoch, or  
• 2 – won’t be ready this epoch, but the next.   

A system may spend funds on an interface that will not be ready until the next epoch, but they 
will get no performance increment from that interface until it is complete.  An overall ‘relative’ 
performance value was assigned to each system based on its key capability.  The costs for 
development were rough figures similar to what may be seen in official and informal budgetary 
estimates for interfacing with communications systems and integrating the mission systems to 
be able to interoperate.  The costs to operate aircraft or other systems were determined 
similarly, in units of thousands of dollars per flight hour.  The units are chosen to result in 
numbers usually between 0.1 to 100 because it makes comparisons more intuitive and easier to 
keep straight in one’s head. 

A MODEL BUILDING BASIS FOR SAR 

New tools are being developed that could make the integration of the SoS exploration and 
analysis tools developed here even easier to use.  When building the SAR model, auto generating 
the domain input data from a more general descriptive model of a system or SoS was examined.  
It does appear possible, but additional development would be required.  The activity diagram in 
Figure 32, built using classes that equate to the types of systems used in SAR, is an example of 
the way that today’s SoS architects are being taught at the Naval Postgraduate School.  This is 
the way analysts and systems engineers are being trained to think and communicate architecture 
concepts among themselves and to others.  This relatively new tool can already auto generate an 
execution timeline such as that shown in Figure 31 (SPEC Innovations, 2014).  The point of this is 
not to recommend a tool, but to note that newer tools are evolving to be able to support the 
types of representation and analysis that will make architecting future SoS far more effective and 
efficient.  Competitive pressure will move all the tool vendors in this direction. 
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Figure 31.  Execution timeline example for SAR model 

Multiple executions can be set up in Monte Carlo simulations to obtain analysis statistics as well.  
This type of connection between tools, architectures and analysis might be fruitful to pursue in 
future work.   
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Figure 32.  Activity diagram matching the CONOPS of the SAR model 

 

MITRE AIRCRAFT CARRIER PERFORMANCE ASSESSMENT PROBLEM 

MITRE presents what they call the Toy SoS problem that has been studied extensively within the 
government (DeLaurentis, et al., 2012) and academically (Guariniello & DeLaurentis, 2014). This 
SoS problem was recast in the format used in this research, but it is too small to work properly 
because all component systems must be included and they all have only one capability.  
Therefore, there is really no opportunity to trade different numbers of system types or 
combinations of systems and interfaces among themselves.  The network connection graph is 
directed in the Toy problem, whereas in FILA-SoS only undirected graphs are used.  Finally, the 
performance attribute in the Toy problem was calculated using the functional dependency 
network analysis algorithm, so a different series of input domain data is required (Garvey & Pinto, 
2009).  It assumes the links are always associated with each system, not counted separately as in 
FILA-SoS, but it also has a criticality of dependency (COD) and a strength of dependency (SOD) 
for each link.  For purposes of having a few more systems to choose from, the Toy problem was 
reconfigured as shown in Figure 33.  The corresponding input domain data is shown in Figure 34.  
The additional Missouri modification input COD and SOD data is on page E-13 of Appendix E.  The 
MF data shown in Table 18 uses the ratio of original COD data to the COD when systems are 
reduced in efficiency by maintenance failure or by attack.  The affordability MF is set so that too 
many or too few systems will be selected out of the solution. 
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Figure 33.  MITRE Aircraft Carrier Performance Assessment SoS problem as originally proposed 

 

Figure 34.  Reconfigured Aircraft Carrier Performance Assessment SoS problem for FILA-SoS 
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Figure 35.  Input domain data for FILA-SoS configured Toy problem 

 
Table 14.  MF edge crossover points for TOY problem 

Attributes 1 1.5 2.5 3.5 4 

PerformanceRatio 0 0.8 0.9 0.98 1 

Affordability -50 -6 -5.5 -5 -4.8 

Flexibility 0 0.25 0.5 1 2 

Robustness -0.25 -0.18 -0.12 -0.06 -0.01 

 
 

Table 15.  MITRE Toy problem SoS domain datasheet 

Overarching 
Purpose of SoS 

Relay commands and ISR data from ground station and UAV to a Carrier 
Battle Group 

Unique value of 
SoS 

Provide redundant paths for data important to the Carrier Battle Group 
(CBG) 

SoS Measures of 
Effectiveness 

Reliability of data links 
Latency of data 

Name TOY A
NumSys 22 com1 23
NumCap 5 sys has capability, costs, perf, deadline 1 2 3 4 5
SysNo Type Capability I/FDevCosOpsCost/hPerf DevTime Ground SatA UAV SatB Carrier

1 Ground 1 0 1 100 0 x
2 SatA1 2 0 1 100 0 x
3 SatA2 2 0 1 100 0 x
4 SatA3 2 0 1 100 0 x
5 SatA4 2 0 1 100 0 x
6 SatA5 2 0 1 100 0 x
7 SatA6 2 0 1 100 0 x
8 SatA7 2 0 1 100 0 x
9 SatA8 2 0 1 100 0 x

10 UAV0 3 0 1 100 0 x
11 UAV1 3 0 1 100 0 x
12 UAV2 3 0 1 100 0 x
13 UAV3 3 0 1 100 0 x
14 UAV4 3 0 1 100 0 x
15 UAV5 3 0 1 100 0 x
16 SatB1 4 0 1 100 0 x
17 SatB2 4 0 1 100 0 x
18 SatB3 4 0 1 100 0 x
19 SatB4 4 0 1 100 0 x
20 SatB5 4 0 1 100 0 x
21 SatB6 4 0 1 100 0 x
22 Carrier 5 0 1 100 0 x
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Issues that might 
limit 
effectiveness of 
the SoS 

Weather 
Availability of participant systems 
Cyber attacks on elements of system 
Jamming of communications links 

SoS features that 
might greatly 
increase 
effectiveness 

Similarity of data link formatting 
Over the horizon communications links 
Frequency diversity 
Redundant messages 

Desired 
Effectiveness 

99.999% up time for end to end communications 
Full bandwidth availability 

Stakeholders Carrier Battle Group Users  Information Generators 
Satellite operators   Other potential Users of links 
UAV controller   Ground Station Operators 
UAV owner 

ROM Budget: 
Development 

About $10M 

ROM Budget: 
Operations 

About $5M 

Attributes of the 
SoS, and range 
limits for fuzzy 
evaluation 

Performance – redundancy of comm links (individual links all perform the 
same in Toy problem) 

Affordability – budgetary pressures, small investment (basically all 
acceptable for Toy problem) 

Robustness – still works with only partial complement of systems 

Flexibility -  many choices of partners 

Capabilities of 
contributing 
systems 

Ground station uplinks 

Relay capability of satellites 

Relay capability of UAV 

Receive capability of Carrier Battle Group 

 
Table 16.  Mathematical definition of variables for Aircraft Carrier Performance Assessment SoS 

Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for Toy Model 

Name of SoS:   sos 1 TOY 

Number of potential systems:   m 2 22 

Number of types of systems:   t 3 5 
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Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for Toy Model 

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

sys_typ1 = Ground 

sys_typ2 = SatAx, x ϵ (1 - 8) 

sys_typ3 = UAV x, x ϵ (0 - 5) 

sys_typ4 = SatB x, x ϵ (1 - 6) 

sys_typ5 = Carrier 

Number of component 
capabilities:   n 5 5 

Names of component 
capabilities:   sys_capi  : i ϵ {1,…n} 6 

sys_cap1 = Ground 

sys_cap2 = SatA 

sys_cap3 = UAV 

sys_cap4 = SatB 

sys_cap5 = Carrier 

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

interfaces between them 

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

8 Numbered systems  up to 
m=22 

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 

All feasible except the Ground 
system does not interface 
with the Carrier,  and systems 
of type SatA do not interface 
with type Sat B 

SoS main capability:   C 10 Performance ratio of 
Connection Ground to Carrier 

SoS performance in its large 
capability:   PSoS 11 Continuity of connection 

Component capabilities of 
systems:   

cij :  i ϵ {1,…n},  

j ϵ {1,…m}  (binary) 
12 Whether each system 

posseses each capability 
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Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for Toy Model 

Performance of a particular 
system in its key capability:   Pi

Ss  :  i ϵ {1,…m} 13 
COD and SOD for each system 
are shown on page E-13 of 
Appendix E 

Estimated funding to add an 
interface to an individual 
system:   

FIFi
Ss :  i ϵ {1,…m} 14 Shown in Figure 26; all the 

same 

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

Ss  :  i ϵ {1,…m} 15 Shown in Figure 26; all the 
same 

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

ΣFOPi
Ss :  i ϵ {1,…m} 16 

Calculated for each 
chromosome’s selected 
systems 

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 

�𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡𝑆𝑆𝑚𝑚𝑆𝑆

∗  (1

+ 𝑎𝑎𝑒𝑒𝑑𝑑𝑚𝑚𝑚𝑚)
(∑ 𝐹𝐹𝑆𝑆𝑚𝑚𝑆𝑆.  𝐼𝐼𝑛𝑛𝑡𝑡𝑆𝑆𝑟𝑟𝐼𝐼𝑚𝑚𝐼𝐼𝑆𝑆𝑆𝑆− 

∑𝐼𝐼𝑛𝑛𝐼𝐼𝑆𝑆𝑚𝑚𝑆𝑆.  𝐼𝐼𝑛𝑛𝑡𝑡𝑆𝑆𝑟𝑟𝐼𝐼𝑚𝑚𝐼𝐼𝑆𝑆𝑆𝑆) 

Function for combining system 
capabilities into SoS capability 
C:   

𝐼𝐼 =  ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖𝑚𝑚
𝑖𝑖 𝑐𝑐𝑖𝑖𝑖𝑖𝑛𝑛

𝑖𝑖     18 See the Matlab code in 
Appendix B for Toy problem 

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

g 19 
1; other attributes are used 
only to select out undesired 
chromosomes 

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

Attk :  k ϵ {1,…g} 20 

Att1 = PerformanceRatio 
(before and after attacks) 

Att2 = Affordability 

Att3 = Flexibility 

Att4 = Robustness 

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

hk  :  k ϵ {1,…g} 21 hk = 4  for all k 
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Name or description of 
variable 

Expression or Variable 
Name 

Eq. 
no. Value for Toy Model 

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

FMFab  a ϵ {1,…hk},  b ϵ 
{1,…g} 22 

a=1:  Unnaceptable 

a=2:  Marginal 

a=3:  Accepable 

a=4:  Exceeds  

For all b 

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 
See Table 14.  MF edge 
crossover points for TOY 
problem 

Overall SoS performance in an 
Attribute 

( ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖𝑚𝑚
𝑖𝑖 𝑐𝑐𝑖𝑖𝑖𝑖𝑛𝑛

𝑖𝑖  ) * F (Aii,  
Aij, j≠i,  ) 24 

See the Matlab code in 
Appendix B; it is unique for 
the Toy problem 

Total cost of developing and 
using an SoS 

𝑇𝑇𝐼𝐼 =  ∑ ∑ 𝐹𝐹𝑖𝑖𝑗𝑗FIF𝑖𝑖Ss𝑚𝑚
𝑖𝑖

𝑛𝑛
𝑗𝑗  

+ ∑ ∑ 𝐹𝐹𝑖𝑖𝑖𝑖FOP𝑖𝑖Ss𝑚𝑚
𝑖𝑖

𝑛𝑛
𝑖𝑖   

25 

See the Matlab code in 
Appendix B; used only to 
confirm a feasible 
chromosome 
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RESULTS 

In the discussion of the results in this section, the definitions of the eight sub-graphs presented 
in Table 4 for each run during the GA have been changed as follows: 

• The third graph on the top now has both the performance and flexibility attributes 
plotted in different colors to make room for the heat map 

• The fourth graph now has a ‘heat map’ presentation of the frequency of ones in each 
chromosome position for the better performing half of the population. 

• The penalty graph was removed to make room for the best chromosome graph 
• The last graph now has the best chromosome of the population plotted in the color 

coded upper triangular form 

SENSITIVITY ANALYSIS 

The range of items that were varied for sensitivity analysis included: 

• The value of the netcentric performance increment (Delta); from about 0.1% to 2% 
per feasible interface; ratio of penalty to reward was also varied through a range of 
0.3 to 3 

• Changing Delta requires adjustment of membership function limits to account for 
changes to average performance of SoS architectures, as well as the robustness limits 
because they correlate moderately with performance  

• Cost and performance inputs for various system elements, over a range of about 0.5 
to 2 for the ratio of changes of key systems contributors 

• Protecting prior negotiated systems during mutation in the GA, to model a succeeding 
epoch of the wave model of SoS development where some systems with their 
interfaces had already negotiated their inclusion in the SoS and were not open to 
random selection.   

• Mutation rate and the number of generations in the GA 
• Minor rule changes in the way attributes values contributed to SoS evaluation 

In addition, coefficients of correlation between the number of systems, number of interfaces, all 
attribute evaluations, and the SoS assessment were run for each final population and for some 
initial populations as well. 

RESULTS OF GULF WAR ISR MODELING 

Representative generational snapshots in a GA run of 50 generations is shown in Figure 36 and 
Figure 37.  All populations have been sorted by overall SoS fitness in the second graph.  One can 
see the gradual improvement of the SoS fitness for the whole population from generation to 
generation.  The first generation still has the distribution forced from few to many ones, but when 
sorted by the fitness, the correlation is lost in the first graph.  In subsequent generations the 
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distribution is not forced, but governed by the mutation rate about the best few chromosomes 
selected for propagation. 

 

Figure 36.  Intermediate progress through GA generations showing SoS fitness improvement 

Some runs were made with relatively large populations and many generations.  Figure 39 shows 
an improvement at generation 150 of 200, with 300 in the population as shown in Figure 38.  This 
example has relatively few top performing chromosomes, with a plateau at about 98% of the 
best value, as shown in the second subgraph on the top row. 

 

Figure 37.  Typical 50th generation output graphs for ISR 
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Figure 38.  An ISR run of 200 gens with 300 in population 

 

 

Figure 39.  This shows an ISR assessment still improving at generation 150 
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Figure 40.  SoS chromosome display for 200 generations 

Figure 41 shows the result of a small valueExplore run to insure that the MFs are set in reasonable 
areas for each attribute, and that even with only a few samples, there are some acceptable SoS 
assessments. 
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Figure 41.  Biased number of ones in chromosome shows exploration of the space to confirm that MFs 
are defined appropriately 

The correlation coefficients between all the variables for one run are shown in Table 22.  Most 
variables are not cross correlated, and the highest correlation of attribute evaluations with SoS 
assessment is only 26%.  This means that the fuzzy assessor is picking architectures that satisfy 
several of the desires simultaneously, as it is intended to. 

Table 22 represses the values of SoS assessment, attribute evaluations and penalty for infeasible 
Interfaces. It also calculates the small correlation of each attribute to SoS assessment means it 
does not weight any more heavily than it should. 
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Table 17.  Correlations between population, number of systems and interfaces 

 Po
p # 

Sum 
I/F 

SoS 
Asses
s 

Perf Flex Robus
t 

Sum 
Sys 

Penalty Total $ Afford
-
ability 

Pop # 1.0 0.993
6 

0.033
1 

0.871
8 

0.750
2 

0.461
5 

0.934
7 

0.4904 0.9874 0.969
1 

Sum 
I/F 

 1.000
0 

0.032
7 

0.871
8 

0.758
2 

0.445
3 

0.933
8 

0.4816 0.9921 0.975
6 

SoS 
Assess 

  1.000
0 

0.132
4 

0.265
8 

0.062
5 

0.134
0 

0.1483 0.0490 0.069
9 

Perf    1.000
0 

0.771
9 

0.665
6 

0.956
2 

0.1847 0.9070 0.821
7 

Flex     1.000
0 

0.460
0 

0.791
2 

0.2999 0.7789 0.751
3 

Robus
t 

     1.000
0 

0.560
8 

0.0496 0.4840 0.411
3 

Sum 
Sys 

      1.000
0 

0.3846 0.9584 0.916
9 

Penalt
y 

       1.0000 0.4573 0.624
7 

Total 
$ 

        1.0000 0.975
5 

Afford
-
ability 

         1.000
0 

 
The first generation, of very randomized population by number of ones in the chromosome, of 
the GA model showed fewer relatively good chromosomes than the other models, but otherwise 
behaved very similarly to the others.  When large numbers (>50) were used in the population, 
there tended to be faster and smoother convergence to the ultimate arrangement.  Since the GA 
kept the best one and three other ‘stray’ chromosomes to build the next generation, there was 
no usefulness to populations less than 20.  Forty was the smallest population used in this 
research.  That allowed a minimum of 4 of the better chromosomes aside from the best to be 
kept for replication, mutation, crossover and transposition.  Populations of 80, 100, or 120 were 
frequently used; a few times 1000 members were used in the population. 
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Figure 43 is showing the convergence (blue line) and it takes about the same number of 
generations, but not as smoothly as compared to the green line. In addition, the blue line does 
not reach quite to the same level as the larger population (the green line is the 20th percentile 
chromosome in each generation). 
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Figure 42.  SoS GA with population =100, gens=50, showing convergence occurs by about gen = 17 

 

 
Figure 43.  Another convergence with population = 40, 

 

RESULTS OF SAR MODELING 

The SAR model did not have exactly the same characteristics as the ISR model.  There seemed to 
be a plateau of SoS architectures right at the average level.  The remainder of the evaluation 
functions operated quite similarly to the other SoS examples, with the most commonly used 
systems also being the cheapest to operate. 
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Figure 44.  Snapshots of fifty typical GA generations of 29 system SAR convergence 

 

 

Figure 45.  Convergence and final SAR SoS configuration, first wave epoch 
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Figure 46.  Architectural Waves 

Figure 46 presents the first wave on bottom while the second wave is on top. The second wave 
is not as good as the first wave because more systems joining in the second wave cost more, 
causing affordability to go down by a lot. 

 

Figure 47.  Robustness MF edges are changed between these two runs 

The result of changing the membership function ranges to get more attribute results into the 
above average MF is shown in Figure 48.  In a real example, coordination among the stakeholders 
would be necessary to alter the evaluations, but for demonstration purposes it was only 
necessary to alter the input domain data for robustness to get different results in the 
valueExplore function, confirming that the GA could then be run successfully. Figure 47 shows 
after easing the robustness MF limit (lower left graph), sample on right has many more 
population members around 3.6.  SoS value is much better after the simple adjustment to the 
robustness MF. 
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Figure 48.  SoS (crisp) values on left max out at about 2.6 

 

RESULTS OF AIRCRAFT CARRIER PERFORMANCE ASSESSMENT SOS 

The Missouri Toy problem admitted only a few choices; it requires one of each of the five types 
of systems; there were only choices for the 3 central ones:  SatA, UAV, and SatB.  There were only 
8x6x6 = 288 choices possible.  These were easy to exhaustively list and evaluate, as shown in 
Figure 49 to Figure 51.  Here the chromosome has successive selections of SatA1 – SatA8, UAV0 
– UAV5 and SatB1-SatB6 selected in a nested loop to run through all 288 chromosomes.  The 
output at the Carrier is the green line on each of the graphs.  When Ground has all its capability 
of 100 in Figure 49, there is no dependence on selection of intermediary systems in the result.  
When Ground capability is reduced, then one can see there is impact to the result at the Carrier 
that is dependent on selected path, frequently showing large changes for one system’s different 
choice. 
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Figure 49.  Output performance for Ground station input performance of 100 

 

 

Figure 50.  Output performance for Ground station input performance of 75 
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Figure 51.  Output performance for Ground station input performance of 25 
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CONCLUDING REMARKS 

Building models of acknowledged SoS architectures can be helpful in discovering and defining 
issues, satisfying conflicting stakeholder needs, and showing the impact of policies (through the 
rules) on architecture selection.  Key performance attributes that depend on the selection of the 
architecture can be discovered through facilitated interactions with stakeholders and SMEs.  A 
subset of all, but still useful group of KPAs can be defined in a way that depends on the proposed 
meta-architecture.  Relatively simple fuzzy rule-based systems can combine the KPA evaluations 
to an overall SoS assessment.  A fuzzy genetic approach is viable for finding solutions to several 
SoS architecting problems under a restrictive meta-model of undirected network graphs 
representing the system interfaces.  Setting the boundaries of the membership functions, and 
scaling them independently is a good way to get fast answers about the problem.  The variable 
scaling shows how the mapping between fuzzy and real world variables can be accomplished 
quickly and easily.  This also allows all the solutions to look similarly shaped while in the fuzzy 
domain, if that helps compare solutions quickly.  By following the map, it is fairly easy to switch 
back to the real values if that is a better approach for answering the questions being asked of the 
analysis. 

On the path to providing the fuzzy genetic method of SoS assessment for FILA-SoS, a generic 
process for developing models dependent on the meta-architecture of the SoS in several 
attribute or ‘-ility’ areas was discovered and documented.  This method generally follows the 
architecture development method of the DoDAF 2.02 extended to SoS.  Several examples were 
solved by following the method to show its viability.  Extensions in the areas of partial (or perhaps 
half-hearted) participation by systems, instead of binary (all or nothing) participation seem to be 
possible, as well as introducing more uncertainty in the attribute membership functions through 
the use of Type II fuzzy sets or differently shaped membership functions.  The process of finding 
“good” suggested architectures through application of the fuzzy genetic approach appears to be 
useful for proposing an architecture and evaluation steps following the wave model of evolution 
of an acknowledged SoS. 
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