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ABSTRACT

AN INSTRUMENT TO ASSESS INDIVIDUAL
CAPACITY FOR SYSTEMS THINKING

Ra’ed M. Jaradat
Old Dominion University, 2014
Director: Prof. Charles B. Keating

The purpose of this research was to develop and deploy a new systems thinking
instrument to assess individual capacity for systems thinking using an inductive research
design. While technology has been increasing exponentially, the corresponding methods
to harness those technological advances, and the problems they have spawned. is lagging.
While there is a broad collection of systems based methods, techniques, technologies. and
tools that can be used in dealing with complex problems, these are predicated on an
individual's capacity for engaging a level of systems thinking commensurate with their
eftective deplovment. Research based methods to determine individual capacity for
systems thinking were not found in the literature.

This research addressed the literature gap by developing an instrument to
determine the individual capacity for systems thinking. To establish the characteristics
for systems thinking, over 1000 systems based articles were analyzed and coded.
Following grounded theory, as articulated by Strauss and Corbin (1990), a rigorous
methodology was executed to inductively build the framework for systems thinking
characteristics. Specialized software to support grounded theory, Nvivo (QRS
International, version 10, 2014) was used to navigate and manage the large amount of
qualitative and quantitative data for the research. A mixed method approach was used to

collect and analyze qualitative and quantitative data in the initial instrument development.



After deriving the set of systems thinking characteristics, a non-domain specific systems
thinking (Sc) instrument was constructed to capture and measure the state of systems
thinking at the individual level. The instrument consists of 39 binary questions with
fourteen scored scales to measure seven main systems skills preferences.

Following a pilot study for application of the instrument, it was administered to
242 participants. To establish validity, multiple validity checks including face validity,
internal validity, conclusion validity and content validity were performed. Reliability
testing was also conducted, including Cronbach’s Alpha Test and Parallel Test, with
excellent results.

The results of the research show significant promise for the instrument to capture
the capacity of individuals to engage in systems thinking. The document concludes with
directions for future research and implications for practitioners related to the capacity of

individuals for systems thinking.
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CHAPTER1

INTRODUCTION

Dealing with complexity and its associated problems is a reality for engineering
solutions to complex problems of the 21st century. There is a special class of systems,
and their representative problems, of particular interest. This class, referred to as system
of systems (SoS), has been receiving increased attention in the literature, including
emergence of a journal, International Journal of System of Systems Engineering, which is
devoted to the study of this field and associated phenomena. At a most basic level, SoS is
concerned with the integration and coordination of multiple systems, considered a unity,
that functions to achieve performance, purpose, or behavior that none of the individual
constituent systems is capable of independently. The SoS problem domain is exacerbated
by limitations of ‘hard’ technology based solutions developed without due considerations
for the ‘soft’ non-technology aspects of holistically developed solutions. To better
grapple with this emerging SoS domain, many organizations attempted to address system
of systems related issues which have become the focus of many organizations (e.g.
National Centers for System of Systems Engineering). Concepts of systems of systems
have a multidisciplinary applicability, ranging from healthcare to defense.

Traditional approaches to engineering of systems (e.g. traditional systems
engineering) has been challenged as suspect (Keating, et al. 2003; Checkland,

1993; Weinberg, 1975; Chen and Clotheir, 2003) for application to this new class of
problems marked by high levels of ambiguity, uncertainty, and emergence. As mentioned

above, the traditional science based approach (system engineering) for dealing with



problems is to reduce (reductionism) the problems into parts and derive solutions as a
function of the understanding of the parts. This approach is sufficient in systems where
problems are well bounded and relationships can be understood in direct correlation to
performance (outputs). However, this is not the case in large, complex, multidimensional
problems.

Despite being successful for many years, traditional systems engineering (TSE) is
not intended to address problems that are mired in: “ i) turbulent environmental
conditions; ii) ill-defined problem conditions; iii) contextual dominance; iv) uncertainty
of appropriate approach; v) ambiguous or changing expectations and objectives; vi)
unclear integration concerns for multiple complex systems; and, finally, vii) excessive
complexity” [Keating, (2009), p. 177]. In sum, the ability of traditional reductionist based
approaches to dealing with the emerging class of “system of systems” problems is in
doubt. For engineers and managers who must operate on these problem domains, it also
suggests that a different level of thinking is necessary.

This chapter provides an introduction to the nature of this research by explaining
the significance and the purpose of the study. Following this, the research questions and
hypotheses are presented with an explanation of the intent of each question. The last
section of this chapter provides research definitions and limitations necessary to fully

appreciate the research.



RESEARCH SIGNIFICANCE

System of systems is still an emerging field and currently there are insufficient
tools and techniques purposefully designed for large socio-technical applications
(Keating, 2009). With the exponential increase in technology and the emerging complex
problem domain characteristic of modern society, engineers, managers, decision makers
and other professionals are frequently faced with the challenge of making decisions at
various levels of their systems. The complex problem domain is marked by (1) increasing
complexity, (2) the exponential rise in information, (3) ambiguity, (4) emergence and (5)
high levels of uncertainty. Dealing effectively with problems exhibiting these
characteristics requires knowledge not only of technological issues but also of the
inherent human/social, organizational/managerial, and political/policy dimensions that
solutions to these issues must consider. In effect, a holistic perspective integral to systems
thinking is necessary for professionals to effectively navigate this problem domain.

Currently, there are insufficient tools and techniques purposefully designed to
deal with complex problems domains. At best, there are emerging methodologies and a
selection of existing tools from related fields (e.g. stakeholder analysis, objective tree,
lean sigma, etc.). Most of these tools and techniques focus more on the technical
perspective of the problem domain. This is not a criticism of these techniques or the
fields from which they are derived. On the contrary, this suggests that these techniques,
while they might currently satisfy a need, have not been designed and specifically
structured as techniques for facilitation of socio-technical problem solutions. Effective

tool selection and utilization requires appreciation of the uniqueness of the problem



domain, context, and the design of an appropriate methodology as well as matching the
corresponding tool(s) to the specific application. Without a thorough appreciation of this
unique confluence of context, problem domain, and methodology, the conditions are set
for incompatibility or mismatch between problem, context, and appropriate
approach/tools. The result is most often a failure to produce desirable or sustainable
solutions or feasible actions in the complex problem domain. The ability to determine
this mismatch is a function of higher order ‘Systems Thinking’. Keating (2005) stipulates
that in consideration of SoS applications “it is important to note that the determination of
appropriateness is a function of the other levels [views], the context, and the system of
system problem” (p.4). This certainly applies also to the selection of supporting tools for
SoS efforts. Thus, there is a present concern, amplified in the evolving SoS literature,
focused on the lack of adequate supporting tools to effectively engage SoS problems and
the problem domain within which they are embedded. This does not suggest that SoSE
cannot be performed or have satisfactory results. On the contrary, it suggests that SoS
may be better served by specific purposefully constructed tools that have been built for
SoS§ applications rather than those that have been modified from other fields.

Large complex problems are principally philosophically, axiomatically, and
conceptually driven, suggesting the importance of a systemic worldview. Therefore, the
capacity of individuals to engage in a level of systems thinking that permits a sufficiently
robust worldview to be effective in the complex problem domain is essential. Thus, there
is significant utility for tools capable of determining the individual's level of thinking
(worldview) appropriate to engage the systems thinking essential to effectively deal with

complex problems. After an extensive review of the complex systems/system of systems,



systems theory and systems engineering literature, it must be concluded that such a tool
to determine the level of systems thinking for an individual does not currently exist.
Therefore, the significant original research is suggested to:
develop and test an instrument to capture the state of systems thinking at the
individual level that would indicate predisposition for effective engaging in the complex
problem domain. This research derived instrument will generate an individual systems
thinking profile.
This research is driven by three primary points of emphasis:
¢ There is a significant gap in the complex systems/SoS literature that can be filled by
the development of an instrument to determine the level of systemic thinking for
individuals who must deal with complex problems. The intent is to show that the
current methods and instruments are insufficient for determining the capacity for

systems thinking necessary to be successful in complex system problem domains.

o The proposed systems thinking instrument will capture the state of systemic thinking
at the individual level. This offers a starting point to better understand individual

capacity to engage complex multidimensional problems.

e The proposed instrument will examine the predisposition of engineers, managers,
decision makers, and other professionals for systems thinking necessary for higher
level functioning in dealing with complex multidimensional problems.

As the problems that individuals deal with evolve and become more complex, the
need to establish new tools to enhance effectiveness becomes critical. The primary goal
of this research is to advance the development of an appropriate method that can support

individuals who must deal with complex problems domains. Table 1.1 below shows the



contributions of this research across theoretical, methodological, and practice dimensions.

Table 1.1: Anticipated Contributions of the Research

Aspect

Contribution

Theoretical

A framework for systems based complex
systems attributes.

Methodological

Systems thinking instrument to classify
and represent the level of systemic
thinking for individuals who deal with
complex problems.

Creation of an instrument to support the
larger application of the systems based
methodologies (e.g. SOSE methodology).
Provide an instrument to develop a profile
that assesses the level of systems thinking
for an individual.

Practical

Implications for training and applications
for development of managers, engineers
and professionals.

Match individual potential with job
requirement by assessing the level of
systems thinking for an individual.

Help engineers, business leaders,
managers, and others to determine
capacity to engage complex problem
problems domains.

Provide better understanding of the
different types of systems thinkers
required for specific job classifications.

RESEARCH PURPOSE

In system of systems (SoS) there are a broad collection of methods, techniques,

technologies, and tools (Keating, 2009) that can be used. The current development of the

systems thinking instrument is focused on the necessity of developing designed and




structured tools and techniques for facilitation of a complex problem domain. There is
currently a lack of knowledge and development of purpose built and tested techniques
supportive of this complex system problem domain. In particular, SoS relies heavily on
fitting an appropriate team to the problem (Adams & Keating, 2011). Unfortunately,
there is not currently a set of implementation tools specific to SoS to assist in this team
design activity with respect to determination of the capacity of individuals to engage in
the level of systems thinking necessary for successfully navigating the complex system
problem domain.

There are two broad assumptions that offer a challenge in maturing SoS research.
First, SoS is sufficiently different from SE such that a direct extrapolation of SE tools to
the SoS domain is questionable. Second, the nature of the socio-technical problem
domain is such that systemic thinking of team members is critical and will impact the
effectiveness of a systems based effort. Developing new approaches for understanding
the level of systemic thinking among prospective team members, supported by
corresponding methods and tools, is a significant challenge to further the development of
the systems based approaches dependent upon the systems thinking capacity of individual
participants.

This research 1s proposed in response to the new realities facing future engineers,
managers, and decision makers who must deal with a complex problem domain. The
research is targeted to further develop and apply a systems thinking instrument to assist
with identification of individuals with capabilities to more successfully navigate the
complex problem domain. This new survey instrument supports better understanding of

the individual capacity to effectively deal with problems that are complex in nature and



would benefit from systems thinking that is independent of specific domain knowledge,
skills, or abilities. The anticipated outcome of this research will provide a profile that
presents the systems thinking characteristics held by an individual. These are the very
characteristics that are needed for individuals to effectively deal with these problems. The
systems thinking instrument will help identify the level of systems thinking for
individuals and their potential capacity to successfully engage complex system problems.
In effect, the instrument will develop the degree to which their particular systems
worldview is compatible with the complexity, uncertainty, ambiguity, and emergence

inherent in the complex problems domains

The purpose of this research is to develop and deploy a systems thinking
instrument to capture the state of systemic thinking at the individual level to deal with
complex problem domains.

Figure 1.1 shows the overall structure of the inquiry. The research purpose was
supported by the research significance and answered by the two primary questions in the

next section.



Figure 1.1: Structure of the Inquiry

Research Purpose

Develop and deploy a systems thinking instrument
to capture the state of systemic thinking at the
individual level. This research instrument will
generate an individual systems skills profile

1

Research Significance

Develop and test an instrument to capture the state of systemic
thinking at the individual level that would indicate predisposition
for engaging the complex problem domain

Research Questions

What systems thinking
characteristics are needed
for individuals to effectively

deal with the complex

problem domain?

How can systems thinking
characteristics be
examined to classify an
individual's level of
systemic thinking related to
a complex problem
domain?
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RESEARCH QUESTIONS

For this research there are two primary questions:

Question one: What systems thinking characteristics are needed for individuals to
effectively deal with the complex problem domain?

[t is imperative to mention that system theory and systems thinking are the key to
understanding complex systems problems. The key to this research question is building
these characteristics from the systems literature. The rigorous examination and response
to this question will provide a set of characteristics which can provide an intellectual
foundation to support development of an instrument in response to question two.
Question two: How can systems thinking characteristics be examined to classify an
individual’s level of systemic thinking to deal with a complex problem domain?

There is not currently an approach, method, or supporting tool, grounded in the
system theory body of knowledge, to determine the state of systems thinking for an
individual. The response to this question will determine the feasibility of constructing an
instrument capable of determining the level of systems thinking that exists for an

individual.

RESEARCH HYPOTHESES

The alternative hypothesis of this research is:
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Hi: There is a statistically significant relationship between the proposed Systems
Thinking Characteristics (Sc) and the state of systems thinking at the individual level that
would indicate predisposition for engaging in the complex problem domain.

Which is tested against the null hypothesis:

Hy: There is no statistically significant relationship between the proposed Systems
Thinking Characteristics (Sc) and the state of systems thinking at the individual level that
would indicate predisposition for engaging in the complex problem domain.

In effect, the hypothesis to be tested attempts to test the relationship of the
systems thinking characteristics (developed inductively from the system literature) to the
level of systems thinking for an individual. In this first attempt to establish such a
relationship, the research synthesizes the literature from systems and proceeds to test this

against the level of systems thinking for an individual.

DEFINITIONS OF TERMS FOR RESEARCH

The following definitions and perspectives are provided to clarity the concepts
that will be used throughout this study. Although some of the concepts have multiple
definitions and interpretations, the following literature based perspectives will be used for

this research.

e Complex System Problems/ System of Systems (SoS)
There are numerous definitions and perspectives of SoS. Multiple authors have

elaborated on the meaning of SoS (Keating et al. 2003; De Laurentis et al. 2007;
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Hitchins, 2003; Sage and Cuppan, 2001; Ring and Madni, 2005; Kaplan, 2005). Sousa-
Poza et al. (2008) mentioned that this variety of perspectives, particularly early in the
development of the SoS field, is healthy. However, as the field matures it is desirable, as
the field stabilizes, to come to some level of consensus around accepted knowledge. For
purposes of this research, the following definition for systems of systems will apply:
“Systems of systems exist when there is a presence of a majority of the following five
characteristics: operational and managerial independence, geographic distribution,
emergent behavior, and evolutionary development.” [Sage and Cuppan, (2001), p. 326]
While there are other definitions, this definition enjoys a significant following in the
literature. With respect to complex system problem domain, the following
characterization, consistent with earlier works of (Keating and Katina, 2011, Katina et al.
2014) and the notion of Ackoff’s (1997) ‘messes’ and Rittel and Webber’s (1973)

‘wicked problems’ provides the following table:

Table 1.2: Complex System Problem Domain Perspective (Keating, et al. 2014)

Characteristic Perspective

Proliferation The information explosion has created unparalleled levels of quantity as well
of information | as access to information, creating an overabundance of information that
individuals must accommodate.

Conflicting Given the abundance of information and varying degrees of interpretation,
perspectives conflicts in perspectives concerning situations, and the appropriate path

and divergence | forward for their resolution, are inevitable. This requires that individuals be
in stakeholder | capable of dealing with multiple, potentially conflicting, worldviews.

views

Scarce and Resources have always been scarce and constrained. However, the short

dynamically view and demands for immediate response to emergent issues creates a

shifting climate of instability in assurance of continuing resource availability. This

resources requires that individuals be capable of dealing with high levels of uncertainty
in resources as well as emergence in a situation.

Unintended High degrees of uncertainty and incomplete knowledge exacerbate the

consequences | occurrence of behaviors that were not intended. Therefore, individuals
operating in this domain must deal with emergent conditions.
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Table 1.2: Continued

Ambiguous Boundaries are essential to determine what is included and excluded in a

boundaries complex system. They can be arbitrary, permeable, and dynamically shifting.
Dealing with ambiguity, and particularly ambiguity in boundaries, is
essential for individuals to operation in this domain.

Politically Politically charged environments for complex systems are marked by

charged attempts to pursue strategies to influence decisions, actions, and

positions interpretations. This implies that individuals operating in this problem
domain appreciate and adapt to the inevitable political dimensions of the
domain.

Solution There has always been an urgency to resolve issues related to complex

urgency system problems. However, current environments are increasing the
demands for instant gratification and resolution of system problems. As
such, individuals not only must deal with the inevitable time dimension, but
also the creation of responses that are ‘satisficing’ to the situation.

Unclear entry | The degree of complexity for modern systems and their resulting probiems

point or occur on a continuous basis. There is no prescription or clear point of entry

approach or exit to address the issues. This requires a significant degree of flexibility

by individuals in dealing with the problem domain in which novelty is the
norm.

¢ Systems Thinking

Bertalanffy (1968) stated that systems thinking plays a dominant role in a wide

range of fields from industrial enterprise to esoteric topics of pure science. Checkland

(1999) provided a useful definition of systems thinking (Table 2.9, chapter II) that will be

used as a cornerstone for this research:

“An epistemology which, when applied to human activity is based upon the four

basic ideas: emergence, hierarchy, communication, and control as characteristics of

systems. When applied to nature or designed systems the crucial characteristic is the

emergent properties of the whole” [Checkland, (1999), p. 318].

For the purpose of this research, systems thinking is used to describe the language

and design to address complex problem domains.
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¢ Systems Thinking Characteristics

The domain of studying the characteristics of systems professionals is still in the
early stages (Frank, 2006). Frank (2006) has presented a comparison of three different
studies (Frank, 2006; Frampton et al. 2005; Di Carlo et al. 2006) exploring the desired
characteristics of systems professionals including systems engineers, systems architects,
and information technology (IT) architects. They found these characteristics could be
classified and consolidated in four primary areas:
(1) cognitive characteristics, (2) abilities characteristics, (3) knowledge and background
characteristics, and (4) personal traits.

The perspective taken for systems thinking characteristics for this research is
taken as the set of abilities, preferences and skills characteristics that individuals exhibit

in dealing with a complex problem domain.

LIMITATIONS OF THE RESEARCH

This section addresses the main limitations concerning the present research
endeavor. The main limitation of the current research is that the proposed research
instrument is new, and there are no current techniques or tools with which it can be
compared for a ‘validation’ in the true sense of external validation.

The proposed research instrument is completely new. There is no similar too! or
method that can be used as a point of reference for comparison. As mentioned earlier, there
are insufficient tools and techniques purposefully designed to deal with complex problem

domains. At best, there are emerging methodologies (Adams and Keating, 2011) and
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selection of existing tools from related fields (e.g. stakeholder analysis, objectives tree,
etc.). Thus, this imposes a limitation with respect to the establishment of external validation
for the ‘new’ instrument, as it has no other reference point against which it can be gaged.

Another limitation of this research is the use of a personality theory based
instrument as a surrogate ( Myers -Briggs Type Indicator). In fact this limitation has no
effect on the current research because MBTT used to provide inputs for future research.
The personality theory literature is a dense field. Thus, while the systems thinking
characteristics mapped to the MBTI (Appendix F) the current research was not intended
to make inference or contribution to personality theoty. The only purpose of the
mapping process was to provide inputs to study the correlations between personality
profile and systems thinking profile in the future. As such, the researcher conducted a
preliminary scan of the literature on personality, trait theories, type theories, and
cognitive theories, as they are representative of some theories pertaining to the study of
personality. For this research, personality theory was beyond the scope of the inquiry.
Therefore, since the research was not about examination of personality type, the MBTI
was used strictly to map and link systems thinking characteristics (Appendix E).
Although interesting topics, the research makes no claims concerning either: (1) the
relationship of personality type to systems thinking, (2) contributions to the personality
type field, or (3) extension of systems thinking into the personality type field.

Below are the strategies that the researcher has developed to provide a responsive
research design based on limitations:
e Since the proposed systems thinking instrument is new to the field, phases Il and 111

were developed for validity and reliability based on the current state of knowledge. In
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addition, the researcher conducted factor analysis and Monte Carlo simulation to test
the validity and reliability of the new systems thinking instrument.

o Exploratory factor analysis and Monte Carlo Parallel analysis were conducted to test
and examine the degree to which the systems thinking instrument provides a level of
validity and reliability, but it is limited by the first instantiation of the instrument for

testing.

SUMMARY

This chapter has explained the significance of this research and the anticipated
contributions across theoretical, methodological, and practical dimensions. To achieve
the purpose of the research, two main questions were addressed to support the scope of
the research (Figure 1.1).The structure of the inquiry works as boundaries that shaped the
scope of the research. After presenting the research significance, purpose, questions, and
terms/definitions the chapter paves the way for the next chapter. The next chapter will
present the background literature supporting this research. This literature is organized
around three major streams including, complex systems/System of Systems (SoS), system

theory, and systems thinking.
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CHAPTER 11

LITERATURE REVIEW

The purpose of this chapter is to set up the foundation for the research, define the
scope of literature for review, and to establish the relationship of the present research
within the larger body of knowledge. In the development of the literature, the researcher
focused on achieving several objectives. First, the literature review schema is identified.
Second, a thorough review of three primary streams of literature are reviewed, including
system theory, complex systems/SoS, and systems thinking. Third, the current themes of
the literature were identified. Fourth, a detailed critique of the literature was conducted.
Fifth, the main gaps in the literature were explored through rigorous scholarly
consideration. Finally, the researcher summarizes the map of the literature to illustrate the

position for this research as an original contribution to the complex systems field.

LITERATURE REVIEW SCHEMA

The background literature supporting this research consists of three main sections:

system theory, complex systems/SoS, and systems thinking (Figure 2.1).
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Figure 2.1: Background Literature of the Research

Systems Thinking Complex Systems/System of Systems

Narrow the literature down

I ! |

Purpose Purpose Purpose

| l l

Themes
Critiques
General Overview
Highlights the seminal
works and focus on the
principles and laws Gaps
\ Boundary of the Literature /

The first section .for review is systems theory, which starts with a general
overview on system theory then highlights the seminal works related to system theory.
The purpose of this section is to show how system theory encompasses the underlying
theoretical foundation to better understand complex problem domains and why system
theory is valid for all systems. Providing detailed discussions of system theory is beyond

the scope of this research. The second section is complex systems including SoS which
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considers the focal point in the background literature supporting this research. Stemming
from an extensive review of complex systems, a detailed discussion of the themes,
critique and gaps is presented. The aim is to explain why traditional systems engineering
tools and methods have not enjoyed the same level of success when applied to complex
problem domains. The last section is systems thinking, which starts with a general review
of systems thinking then highlights the pioneering works in this field. The intent of this
section is to show the specific role systems thinking plays in understanding complex

problems domains.

SYSTEMS THEORY

System theory is the first thread in the development of the literature (Figure 2.1).
Over decades we have witnessed a rapid growth in technology that forced humans to deal
with innumerable problems and complexities. Dealing with complexity and the
associated problems is a reality. Bertalanffy’s (1968) explorations in general systems
theory exemplified that the progress and improvement in fields such as social sciences
and biology suggested that the applications of existing sciences, such as physics, were
insufficient to provide more universal language and laws that crossed multiple fields with
a much more universal applicability. In fact, general system theory was developed before

other related fields such as cybernetics.
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HISTORY OF SYSTEM THEORY

Ludwing Von Bertalanffy is considered the father of system theory, but there are
several related works and theories that had been completed prior to his seminal efforts.
These works did not mention general system theory directly; however, they pointed out
the importance of general system theory (GST) and might certainly have been
foundational forerunners to the emergence of von Bertalanffy’s work. Kohler (1924)
pointed out the need for general system theory, but it was restricted to the field of
physics. Kohler “raised the postulate of a system theory, intended to elaborate the most
general properties of inorganic compared to organic systems.” [Bertalanffy, (1968), p.
11] The theory of formal organization appeared in sociology. This theory is reframed
from a philosophical scholar who mentioned that it is imperative to study an organization
as a system to gain a better understanding of the structure of an organization (Scott,
1963). Thus this theory leads into the discussion of general system theory. In (1925)
Lotka came closer to the discussion of system theory. He attempted to treat systems in
general without restrictions to any field.

In (1964), Boulding postulated five points for developing general system theory
(GST) in terms of order. In one of these points he mentioned that to avoid chaos in
systems, it is better to establish some common variables. Bertalanfty (1968) portrayed the
idea of having a general system theory for all systems. He provided a universal language
and laws that crossed multiple fields with a much more universal applicability. Some
highlights of von Bertalanffy’s perspective include:

e The inability of many mathematical models in physics, chemistry and other fields to

adequately capture the nature of phenomena. Concepts such as wholeness, control, etc.



occur in various fields where these concepts are alien in mathematical models. In
social sciences such concepts are prevalent and exist beyond the capability of
mathematical models to address.

e The move towards generalization makes it necessary to think in new ways such
that a theory to capture general principles for all systems, regardless of the nature of
the system, might be developed with a level of universality. This was the basis for
Von Bertalanffy’s development of the novel field he called “General System
Theory”.

o Similar approaches and models appeared synchronously in many disparate fields.
Von Bertalanffy posited that there were many identical principles appearing in
different fields and that system theory could integrate this knowledge to avoid
unnecessary duplication and ambiguities between fields.

¢ Some physics and mathematical laws had become inadequate to understand, describe,
or explain the increasing complexity of systems.

e In social sciences there are many problems that need new tools and methods to be
solved. Physics and mathematical models have not succeeded in solving social-

technical problems.

MOVEMENTS IN SYSTEMS THEORY

A trend towards generalized theories in biology, physics, psychology, social
science, and other fields has appeared. This postulates the legitimacy of having valid
general principles for all systems. In the 1940s general system theory was new and

became popular. Presentations, conferences, symposiums and journals flourished in such



publications as the Mathematical System Theory Journal. In (1954) the International
Society for General Systems Research (ISGST) was launched. The founders of this
society are Bertalanfty, a biologist; Ralph Gerarad, a physiologist; Anatol Rapoport, a
mathematician, and Kenneth Boulding, an economist. Later, this society became known
as the International Society for System Sciences (ISSS). The primary role of this
emerging systems research was “to investigate the isomorphy of concepts, laws, and
models in various fields, and to help in useful transfer from one field to another”
[Bertalanffy, (1968), p.15]. Thus, the development of general system theory was intended
to be a language and set of universal laws that would be applicable independent of the
particular field within which they might be applied. Skyttner (2001, p. 37) mentioned that
system theory is not a new discipline; however, “it is a theory cutting across most other
disciplines linking closely e.g. generalized concept of organization, to that of information
and communication.”

Following the notions of general systems theory, different theories emerged that
were consistent with the tenets and mutually supportive of general system theory. Some
of these theories certainly caught on, including: cybernetics theory ( Norbert Wiener,
1948), game theory (Neumann and Morgenstern, 1947), information theory (Shannon
and Weaver, 1949) and net theory (Rapoport, 1949). The impact of cybernetics theory
has been carried over into many diverse disciplines, including extrapolation to the social
sciences. While there is certainly an argument to be made for the separation of
cybernetics from system theory, their overlap and influence in the SoS field is evident for
some quarters of the emerging development of the field. Review of the development of

these theories in detail would pre-empt the consideration of this research, so this
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dissertation mentions only the ones (cybernetics theory and Viable System Model)
related to the current research.

There is a misunderstanding regarding cybernetics theory. Some argue that
system theory can be identified as cybernetics. In fact, this is incorrect; cybernetics
theory is just a part of system theory. Bertalanffy (1968, p.21) said that cybernetics is a
“theory of control systems based on transfer of information between system and
environment and within the system, and control (feedback) of the system’s function in
regard to environment.” Negative or positive feedback is the main element of cybernetics.
This feedback helps systems to tackle unexpected events that might occur after systems
operate. The feedback plays a necessary role in the structure of systems. The impact of
cybernetics theory has been carried over to many diverse disciplines, including
extrapolation to the social sciences.

The Viable System Model (VSM) is a methodology that deals with complex
systems (Beer, 1981). The aim of VSM is to understand the structure analysis of complex
system problems. Thus, there are five functions or system components (S1-85):
productive function, coordination function, operation function, development function,
and identity function. The idea of these functions is to keep systems viable and provide a
language of thinking that crosses multiple domains of application. One of the main
elements of VSM is communication. Beer identified seven communication channels that
move information among system entities. The communication channels in VSM are
command, accountability, operation, coordination, audit, algedonic, and environmental
scanning channels. These system components and channels are necessary for any

complex system to remain viable.



A significant contribution to the GST came from Bowler (1981). He mentioned
that all systems, no matter how diverse, have some common characteristics. He used the
term “‘universe” to synthesize “system of systems and disintegrating systems of systems”

[as cited in Skyttner, (2001), p.32].

SYSTEM THEORY AND TRADITIONAL SCIENCES

Systems Theory, in contrast to traditional views of physics based science, rejected
the notion of addressing problems by reducing them into units and studying each element
in isolation — traditional reductionism. Although reductionism has had success in dealing
with simple systems and physics based relationships, the appropriateness of this paradigm
for application to the complexities of modern day systems has been questioned
extensively (Senge, 1990). The principle of classical science, “the whole is more than a
sum of its parts” from philosopher Aristotle, was widely known until the Scientific
Revolution of the 19" century. Although this principle has had success in dealing with
systems that have weak or simple interactions between entities and the relationship
among them is linear, the appropriateness of this principle for application to systems that
have wicked interactions among entities and nonlinear relationship has been questioned.

In response to reductionist thinking and classical science principles, Bertlanlantfy
(1968) positioned the role of system theory as providing more general principles that can
be applied holistically and with a degree of universality across all systems, natural or
manmade. This assertion was in stark contrast to the prevailing sentiments of the
reductionist perspectives taken by the classical science approach. The principal aim of

system theory is to “state principles which apply to systems in general...even its



particular nature, parts, relations, etc., are unknown or not investigated™ [Bertalanffy,
(1968), p.19].

It is essential to mention that Smuts (1926) is the first to use the term “holon”
(holism) in his well-known book (Holism and Evolution). Later, several researchers
postulated the importance of moving to holistic approaches.

The following example shows how some physics laws disappeared or have been
neglected with the increasing complexity of systems. In closed systems which are
considered to be bound off, the environment entropy works well. Entropy, the second
principle of thermodynamics, is the measure of disorder in the system. Closed systems
tend to maximize their entropy, so there is randomness. When entropy tends to maximize
their disorder, the system becomes static. There is no more energy, or exchange will
happen within the system. However, in an open system entropy becomes negative.
Adding structure and order to the system from the surrounding environment will affect

the randomness in the system. Thus, system theory came to deal with such issues.

SYSTEM THEORY AND COMPLEX SYSTEMS/ (SoS)

Proceeding from the arguments in support of systems theory, Adams and Keating
(2011, p.11) suggest that “system theory encompasses the underlying theoretical
foundation for understanding systems”. This system theory foundation is critical to
understanding and dealing with complex systems. Therefore, this underlying worldview
of systems is suggested as essential to engagement of the complexities inherent in the
SoS problem domain. It is imperative to better understand the fit of individuals to the

general principles and laws which form the essence of the holistic systems perspective —
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or systems thinking. Thus, the role played by system theory in this research is to draw the
underlying linkage between the constituent principles of system theory as appropriate for
complex problems domains. True to the tenets of systems theory, this research is focused
on development of this linkage through understanding the principles and laws that
underlie all systems, regardless of the nature of the system.

Systems Engineering is considered the foundation of SoS. “Among the strengths
of systems engineering that SoS must draw upon are: first, the linkage to systems theory
and principles for design, analysis, and execution, second, interdisciplinary focus in
problem solving and system development and third, emphasis on disciplined and
structured processes to achive results.” [Keating, et al. (2003), p.40]

The aim of GST is to describe systems with general laws and principles. Skyttner
(2001) proclaimed that to understand complex systems, it is necessary to understand the
foundation of GST which helps to apply a systems thinking paradigm. In the section to
follow, the researcher examined the history of complex systems. The purpose of the
history is to : (1) identify the common themes and perspectives, (2) provide detailed
criticism of the literature, (3) identify the main gaps, and (4) position this research as a
unique contribution to the literature.

The research concept of system theory and systems thinking focuses primarily on
the principles and laws that are necessary to understand complex problems. Listing these
principles and laws in detail would preempt the consideration of the research. These
principles and laws are compiled by Skyttner (2001, pp.92-96) and Clemson (1984,

pp.199-257).
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COMPLEX SYSTEMS/SYSTEM OF SYSTEMS

This is the second thread in the development of the literature (Figure 2.1) which
represents the focus of the research. In this section a histogram analysis is constructed to
understand the development of complex systems/SoS.

There are multiple definitions, characteristics and methodologies pertinent to the
body of SoS. Throughout the short history of SoS there have been many terms used to
describe what today is called “system of systems”. The current state, as well as future
directions for the field, can be informed by exploration and appreciation of where the SoS
concept emerged as well as the shape of the distribution for its development.

This section synthesizes the variety of commonly cited definitions, characteristics,
and methodologies of complex systems by tracing the history of development for the SoS
field. This section is focused on the conceptual development of the SoS domain as
evidenced through the published literature of the field. The existence of the array of
definitions and perspectives of SoS is not a criticism of the field. On the contrary, it
suggests that the field is early in development and continues to embrace a variety of
formulations, each adding value from a particular perspective and conceptual
development as well as appropriateness for utility in a given context. In fact, “a variety
of perspectives is a powerful resource in dealing with a dynamic environment
because it is not possible to anticipate which perspective will be needed for
some new set of conditions” [Clemson, (1991), p.206].

The researcher has traced the history of SoS from 1926-2011. To do this the

researcher has reviewed and analyzed over five hundred different resources including
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peer reviewed journal articles, peer reviewed conference proceedings, books and book
chapters and then constructed a histogram to display the shape of distribution for the
evolving SoS history. The object of the histogram is to: (1) determine the significant
contributions to the body of SoS knowledge (2) show the peak knowledge production in
the development of the SoS field, and (3) display the relative frequency of the SoS
history into class intervals.

There are two fundamental questions that must be asked in considering
applicability of SoS to a particular problem domain. First, ‘what is a SoS’? While this
seems straight forward, as seen in the literature, the answer is far from straightforward
and has implications for the appropriateness of the SoS frame of reference to address
complex problems. Second, ‘what are the characteristics or attributes that are most
essential to describe a SoS’? In SoS a helpful perspective is that, if you cannot understand
what a SoS is, you cannot deal with it’. A deeper examination of these questions might be
informed by understanding the historical development of the SoS field. The essence of
the still maturing SoS field is held in the potential ability of SoS based approaches to
more holistically address complex system problems marked by increasing complexity,
excessive information, ambiguity, emergence and high levels of uncertainty.

Dealing with problems exhibiting these characteristics requires knowledge of not
only technological issues but also of the inherent human/social,
organizational/managerial, and political/policy dimensions that developers of solutions
would be well advised to consider. While there is nothing approaching concurrence on
the nature and meaning of the field, SoS has certainly recognized the need to holistically

examine complex problem domains.
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Since it is difficult, if not impossible, to include all the research and works
regarding complex systems/SoS, the researcher developed criteria that guided the
selection of materials for inclusion. Central to this criteria were selection of those that
contributed most to the field as evidenced by the frequency of citation for the work. The
researcher is confident that, while not all works are included, the insights generated from
the analysis are representative of the field as a whole. It is important to mention that the
researcher did not provide detailed discussion for all the references, but all the 500+
resources are included in the analysis. Nvivo software (QSR International, Version 10,
2014) was used to support the cataloging, organizing, and synthesizing of the set of data
(over 500 different resources) used in the analysis.

In the section to follow, the researcher provided a description of the construction
of the histogram analysis (providing an organization of literature) and showed some of

the main contributions to the body of SoS.

HISTOGRAM ANALYSIS CONSTRUCTION

As with any analysis, the researcher began by setting the boundaries for what
would be included. The researcher has selected the following criteria to bound inclusion
in the histogram analysis: (1) definitions for complex systems/SoS, (2) characteristics for
SoS, (3) methodologies for SoS, and (4) principles and axioms for SoS. It should be
noted that the histogram analysis is not organized or differentiated by the different

application domains for SoS (e.g. healthcare, transportation, defense, critical
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infrastructure, etc.). This level of analysis, while interesting, is beyond the present scope
of coverage for this research effort.

To construct a histogram analysis, the first issue was to determine the range- the
difference between the largest value and the smallest value in the data. Since the
researcher has traced this concept from 1950 until 2011, the range is 61 years. This
coverage provides a historical context, dating back to the earliest beginnings of the
forming SoS field. The next step was to divide the range into intervals (classes). In
statistics, there are some rules of thumb used to determine the number of classes in a
histogram. The most important rule is to have almost equal widths for each class for a
better visual description of the data. Therefore, the researcher identified 3 main intervals
classified as shown in Table 2.1. A chronological order to show the history of SoS has

been used.

Table 2.1: Interval Classifications

Intervals for Histogram

1950-1969 1
1970-1989 2
1990-2011 3

The object of constructing a histogram (Figure 2.4) is (1) to obtain quantitative
information about the shape of distribution for complex systems/SoS history from 1950-

2011 focused on determining the peak of the development of SoS and (2) calculate the
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relative frequency for each interval which shows the activity for contributions in the
development of SoS. The horizontal axis in the histogram represents the number of years
(classes), and the vertical axis represents the frequency and relative frequency of
contribution activity for each class. After identifying the main intervals, the next sub-

sections discuss each interval in detail.

INTERVALS (HISTORY OF COMPLEX SYSTEMS)

This subsection discusses the three main intervals in the literature. Three intervals
were established to trace the history of SoS. The first interval is from 1950-1969, the
second from 1970-1989 and the last one is from 1990-2011. For each of the intervals the
researcher identified some of the major contributions to the body of SoS. It is important
to mention that these intervals did not provide detailed discussion for all the references,
but all the 500+ resources are included in the analysis. Nvivo software is used to organize

the set of data (500 different resources) in the analysis.

Interval 1 from 1950-1969

After reviewing the literature within this interval, the researcher found that the
earliest roots to SoS can be found in Smuts (1926). He is the first to use the term “holon”
to describe the “whole and the parts of a system”. In the last two decades, the perspective
invoked from this term is considered one of the characteristics of system of systems.
Boulding, in his book 'General Systems Theory - the Skeleton of Science' (1956),
emphasized that there is a need to move away from pure mathematical techniques and to

shift our thinking to better understand complex systems. He suggested the “theoretical
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systems hierarchy of complexity” [Boulding, (1956), p. 202]. In the hierarchy the degree
of complexity varies from level 1 to level 9 where level 1 represents a static system and
level 9 the most complex structure. He used the term “gestalt” to describe what we would
presently refer to as a SoS. Simon (1955-1956) asserted that achieving optimization in a
turbulent, complex, and dynamic environment is a daunting task. Instead, he suggested
satisficing “good enough” solutions are most appropriate. Ranging through 1950 to 1959
the researcher found that the trend was on recognizing the nature of complex systems and
there was no definition or perspective that specifically describes SoS. However, the
researcher can ascertain that the ‘systems movement’ and recognition of the difference in
complexity and levels of systems was in full formulation.

The earliest definition of SoS can be found in Berry (1964) where he described
cities as ‘systems within systems’. Von Bertalanffy (1968) is considered one of the
systems theory pioneers who challenged the efficacy of reductionist approaches in
complex systems. He portrayed the idea of having a general system theory for all
systems. He provided a universal language and laws that spanned multiple fields with the
goal of universal applicability. In section one (systems theory) the researcher highlighted
some of his perspectives which, both directly and indirectly, have influenced the
development of the SoS field.

Following the notions of general systems theory, different theories emerged that
were consistent with the tenets and mutually supportive of general system theory. Some
of these theories certainly caught on, including: cybernetics theory ( Norbert
Wiener, 1948), game theory (Neumann and Morgenstern, 1947), and information theory

(Shannon and Weaver, 1949). The impact of cybernetics theory has been carried over to
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many diverse disciplines, including extrapolation to the social sciences.

A survey of the literature from (1960-1969) shows that: (1) late in the 1960s the
focus toward holistic approaches to deal with increasingly complex systems, and their
constituent problems, became apparent, (2) there was an early glimpse of the evolution of
complex systems and corresponding level of thinking, and (3) there was only one
definition for SoS. Although the term SoS itself was not used at this time, the need for
improvements and development to address complex system problems accelerated. The
researcher labeled this interval Recognition of Complex Problems (Figure 2.2). Table 2.2

shows the main critical themes for this interval.

Table 2.2: Main Themes for the 1950-1969 Interval

Critical themes for the first interval

e The term “holon” has been introduced which eventually support a
major tenet in SoS

o Recognition of the difference in complexity levels

e One definition of SoS was introduced

¢ Limitations of the traditional reductionist approaches in complex
problems were recognized
¢ The idea of general system theory was introduced

Interval 2 from 1970-1989

Following Von Bertalanffy’s proposal for GST, Ackoff in (1971) challenged the
idea of analyzing systems by breaking the systems into parts. Instead, he proposed that
the focus should be on treating the systems as a whole. Ackoff believed that the

interactions among entities within systems are aggregated and dependent on one another.
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Therefore, reductionist approaches were not deemed adequate in understanding these
interactions. Furthermore, Ackoff identified many shortcomings and limitations in
reductionist approaches whenever they are applied to real life complex situations. Ackoff
used the term “integrated set” to describe what we would come to call SoS as “a set of
interrelated (or integrated) elements” (p. 662). A concrete system is an example of a
complex system where the relationships between the elements can be traced with a high
level of confidence. A system should consist of at least two elements with direct or
indirect relationships between the elements or the sub-elements (Ackoff, 1971). While
Ackoff did not directly propose SoS, his thinking was foundational as he questioned the
traditionally held reductionist approaches to dealing with systems. This thread would
continue and be foundational to the evolution of the SoS field.

In 1975 Weinberg, among other authors, (Checkland, 1993; Beer, 1979) also
recognized the limited capabilities of traditional systems engineering (TSE) to deal with
real world complex problems. They asserted the need to move toward more holistic
approaches. Several authors asserted the need to deal with the increasing complexity in
systems and to move beyond traditional SE processes and practices toward a more
holistic paradigm (Flood and Carson, 1993; Beer, 1979; Checkland, 1993; Weinberg,
1975). This early break, suggesting the limitation of addressing complex systems and
their problems from a purely reductionist (technical) perspective, was instrumental to an
evolution toward more ‘holistic’ considerations for the SoS field.

In (1972) Beer introduced the term “metasystem” to describe the integration of
systems using a cybernetic perspective. Beer made a significant contribution to

understanding the structure of a complex system. He developed the viable system model
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(VSM), comprised of five main functions necessary to assure the viability (continued
existence) of a complex system. These functions together provide a better understanding
of the interactions among entities. These five functions included: (1) the productive
function which produces the output of the system, (2) the coordination function which
provides coordination among the subsystems to prevent oscillations in the system, (3) the
operation function which is responsible for the operational decisions in the day to day
concerns of the system, (4) the development function which scans and explores the
surrounding environment and ensures that the system is properly poised to continue
existence into the future, and (5) the identity function, the last function in the VSM,
which links the preceding functions together and provides the vision, mission and
purpose of the entire system. Beer also provided insight into required communication
channels in complex systems. Beer’s model is instructive “for effectiveness in SoS
communications to deal with emergence.” [Keating, (2009), p. 184]. While Beers
contributions to SoS are not necessarily mainstream in references to SoS based
development, it provided an important cybernetic foundation that has been significant in
some corners of development for the SoS field.

Jackson and Keys (1984) explained that pluralism is a concept at the individual
and enterprise levels and acknowledged that the multitude of different methodologies for
addressing complex systems problems could be conceptualized in a ‘system’ of *systems
methodologies’ categorization framework. They based classification of different systems-
based methodologies and the particular approach advocated in relation to real world
problems. They categorized systems methodologies according to distinctions as ranging

from unitary (there is an agreement on the set of goals) or pluralist (pursuit of multiple,
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potentially divergent, objectives). Unitary assumptions are appropriate when the problem
context is relatively well bounded (simple system) and can be solved using a
deterministic approach or model. In unitary problem contexts for simple systems, SE
tools and/or techniques are appropriate. In contrast, system of systems problems are more
pluralistic in nature where there 1s not necessarily agreement on a common set of goals
and cannot readily be considered to be simple systems.

In the same year Clemson (1984) emphasized the importance of multiple
perspectives (emphasizing the complementarity principle from cybernetics). In 1986,
Perrow made a notable contribution by studying the unexpected events of large complex
systems. While there was still not direct references being attributed to SoS, it is easy to
see the ‘uneasiness’ that was developing with traditional reductionist approaches and
their limitations for addressing an emerging class of problems. Although not directly
attributed to the ‘SoS’ problem domain, the limitations to traditional approaches were
being firmly set.

A survey of the literature within this interval (1970-1989) demonstrates that: (1)
there was a necessary need to shift beyond traditional reductionism based thinking and
approaches to address complex system problems, (2) the notion of system of systems was
acknowledged, sometimes indirectly, (3) there were some definitions and perspectives of
SoS that focus on treating the system as a whole beginning to emerge, and (4) some
systems-based methodologies to address the emerging SoS problem domain had been
proposed. Although there was recognition of SoS, there was limited research on SoS in

terms of definitions and characteristics, with much of the developing literature indirectly
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acknowledging SoS. The researcher labeled this interval as Exploratory of SoS. Table 2.3

shows the main themes in this interval.

Table 2.3: Main Themes for the 1970-1989 Interval

Critical themes for the second interval

o Focus on the whole, rather than isolated elements

¢ Limitations of traditional systems engineering (TSE) in
addressing complex problems

e The need to move toward holistic approaches to deal with
increasingly complex systems and problems

¢ Indirect acknowledgement of SoS, without direct use or definition
of the term

* Some perspectives and methodologies capable of addressing SoS
problems were in the formative stages

Interval 3 from 1990-2011

This interval witnessed the revolution of SoS especially in the second decade
(Figures 2.2 & 2.4). Several perspectives and articulations were presented, and the field
was in full development during this period. Many studies and works attempted to
distinguish SE from SoS characteristics. Several studies focused on such wide ranging
topics such as integration versus autonomy, optimizing versus “satisficing” solutions,
complex systems versus single systems, holism versus reductionism, technical problems
versus socio-technical problems, multiple perspectives versus single perspective,
centralization versus decentralization, the goal of pluralistic versus unitary, turbulent
environment versus static environment. Presentations, conferences, symposiums and
journals with respect to complex problems/SoS flourished, including initiation of an

IEEE annual conference titled System of Systems Engineering. In this interval the
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researcher found that several studies and works appeared to emerge around the following
perspectives:

(1) Definitions and types for SoS,

(2) Characteristics for SoS,

(3) Methodologies, approaches, and tools for SoS, and

(4) Foundational principles and axioms for SoS.

The following shows the major contributions in each category.

First Category: Definitions and Types of SoS

This category identifies some important works that provide definitions and types
for SoS. Senge (1990) asserted the importance of the whole by stating that breaking
problems into discrete manageable elements then proceeding to solve each elemental
problem is an insufficient concept when applied to real life situations. Following Simon
(1955-1956), Richardson (1991) proclaimed the idea of satisficing solutions by using the
term “Synthesis” (satisficing). Further still, Mitroff and Linstone (1993) proposed
employing holistic approaches versus reduction, suggesting that future techniques should
involve multiple perspectives, to include as much of the ‘richness’ of the situation as
possible, and recognition of the enormity of interactions that exist in social-technical
systems. In 1995, Ackoff developed “the ‘system of systems’ concept by defining the
elements of a system and the changes that occur within them.” [as cited in Clegg and
Orme, (2012), p. 59]. Northrop et al. (2006) mentioned that large scale systems should be
taken as a whole to satisfy a specific mission. In the same vein, Jamshidi (2009b) labeled

control as one of the main issues for SoS. He presented different types of control
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paradigms for SoS namely hierarchical, decentralized, consensus, cooperative, and
networked controls.

Another definition came from Eisner (1993) who described SoS as “large
geographically distributed assemblages developed using centrally directed development
efforts in which the component systems and their integration are deliberately, and
centrally, planned for a particular purpose.” {as cited in Wells and Sage, (2008), p. 49].
From a different perspective, Shenhar (1994) described SoS as a network of systems.
The purpose of this network is to accomplish a common purpose. The diversity of
perspectives, but seemingly congruent threads, marked acknowledgement of the need to
integrate multiple systems into something beyond the simple aggregate of individual
systems.

Owens is considered the pioneer in the use of the term SoS in military application.
In 1996 he asserted that SoS alleviated some of the military issues that traditional system
engineering practices were incapable of resolving. SoS also provided new capabilities
that would be helpful in increasing the ability (now and in the future) of defending and
understanding the messy and chaotic complex situations, suggesting they could “Reduce
the fog and friction of conflict opponents” (p.4) In the same year, Manthorpe (1996) used
the term “jointness” to link and describe SoS.

In 1997 Kotov introduced a term “large scale systems” which are complex
systems themselves. Lukasik, (1998) mentioned that SoS Engineering involves the
integration of systems into systems of systems that ultimately contribute to evolution of

the social infrastructure (as cited in Lane and Valerdi, 2007b). It is evident that these
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formulations directed SoS to the entire range of issues, technical and nontechnical,
related to integration of multiple ‘existing’ systems into larger systems of systems.
Krygiel (1999), based on two case studies (National Imagery and Mapping Agency and
U.S. Army), extrapolated some lessons that supported categorization for SoS. Krygiel
provided a “classification of systems that shows the relationship between conventional
systems, system of systems, and federations of systems” (p.328). He described SoS as a
group of individual complex systems connected together to produce a new behavior
which is not achievable by the individual systems. In an analogous perspective, Crossley
(2004) described SoS as the integration of a mix of multiple large scale systems that must
interact together to achieve a generic goal.

From 1998-2001 the definition of SoS began to take on a new shape with
emphasis on the types of SoS as described by Allison and Cook (1998) and Cook (2001),
suggesting that there are two types of SoS: dedicated SoS and virtual SoS. Dedicated SoS
are large complex systems which are themselves comprised of individual constituent
large systems working together to accomplish a specific need. In contrast, virtual SoS
(Owens, 1996) fits military environments where multiple complex systems need to
integrate (but were never designed to be) to accomplish an emergent mission. A good
example is a command and control (C2) system for a coalition peacekeeping operations
(Cook, 2001). Dedicated SoS is a ground-up systems (planned integration). In contrast,
virtual systems are unprepared for integration (Cook, 2001).

From an historical perspective, the evolution of SoS was accelerating, with the
definitions taking shape and differentiations appreciating different ‘types’ of SoS

emerging. In 2001 there were two main contributions from Sage and Cuppan and Cook
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concerning SoS. Sage and Cuppan emphasized that “modern systems are not monolithic”
(p. 326); rather, they follow notions of federalism. “Enterprise Systems Engineering”
(ESE) is the term that Carlock and Fenton used to describe large complex SoS.

An interesting definition of SoSE can be found in Keating et al., (2003). They
defined SoSE as “The design, deployment, operation, and transformation of metasystems
that must function as an integrated complex system to produce desirable results. These
metasystems are themselves comprised of multiple autonomous embedded complex
systems that can be diverse in technology, context, operation, geography, and conceptual
frame.” (p 40) On the other hand, Hitchins (2003) mentioned that in fact a SoS is just a
system, and there is no one unique definition for SoS. For the SoS field, despite the
agreements on complex system problems not being adequately addressed, the
fragmentation in different perspectives and formulations of SoS in response was
emerging.

In 2004 Bar-Yam and his interdisciplinary group offered additional characteristics
of SoS (i.e. self-organization, synergy, and individual specialization) that should be
included in a more comprehensive and generalized definition. According to Bar-Yam et
al., Sage and Cuppan’s (2001) definition is the most appropriate one among others, but
still there is a need for a more comprehensive definition. It is noteworthy to mention that
these comprehensive characteristics arose from three primary domains: biology,
sociology, and the military. From a biological perspective, SoS is a struggle between the
autonomy of individual systems and the need for interdependency from membership in a

larger entity. From a social point of view, the individual systems voluntarily integrate to
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constitute a SoS. From a military point of view the integration increases the effectiveness
among the individual systems.

Delaurentis, (2005) added the term “trans-domain networks of heterogeneous
systems” to the taxonomy of SoS. Again, the fragmentation of the SoS field was evident
during this period. This is not a particular criticism of the field but a recognition that
with increasing attention a corresponding increase in variety of perspectives should be
expected. In the early development of a field, this diversity of perspectives is not a
deterrent. Instead, it is healthy to resist the urge to quickly narrow the field and resist the
possibility of excluding potentially new and insightful discoveries.

A major contribution to the SoS field came from Maier (2005). He defined SoS as
a collaborative network-centric assemblage. He classified the collaborative SoS network
into three categories (1) closed control where the Lead System Integrator (LSI) controls
the elements of the SoS; (2) open control where there is control but it is limited; and (3)
virtual where there is no control. He portrayed that the research problems and challenges
associated with SoS are not the same as those associated with conventional systems. The
first challenge is the social and technical problems inherent in SoS. The second challenge
is that current methods show weaknesses dealing with the messy interaction among the
network elements of SoS (upper layer). The third challenge is with regard to
optimization.

In SoS, true optimization is not achievable since there are many possible
solutions that can provide an acceptable design solution. The last challenge is the
uncertainty and limited central control in SoS. Even though the SoS works did not make a

direct linkage to the earlier criticisms of traditional systems engineering based
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approaches, they illuminated the inherent need for formulations of the SoS problem
domain to reach beyond the purely technical aspects of complex system problems.

According to Kovacic et al., (2006) the best way to define SoS is based on the
complexity level of the situation. They viewed SoS as wicked problems. These wicked
problems have unique characteristics not found in the characterization of a traditional
problem approachable from established methods. Wojcik and Hoffman (2006) treated
SoSE as an element of enterprise activities to deal with complex systems. Delaurentis et
al. (2006) developed a three-phase approach for SoS namely, definition, abstraction, and
simulation phases. These phases work in concert to help the investigator understand the
technical and social components in SoS. The first phase is to define the SoS problem with
its context. In the second phase the inputs are identified and mapped (people, things, and
others) and the last phase is for simulating the inputs and providing decisions. This is an
interesting formulation that amplifies the preoccupation of this SoS time interval with
defining approaches to deal with SoS problems.

An interesting definition of SoS came from Sahin (2007a, 2007b) who described
SoS as heterogeneous systems working together to produce capabilities that are not
conceivable by traditional systems. He defined SoS as “large-scale concurrent and
distributed systems that are comprised of complex systems.” (p.1376) An analogous
definition by Azarnoush et al. (2006) mentioned that SoS are comprised of
heterogeneous, large independent systems. Similarly, DiMario et al. (2008) explained that
system of systems (SoS) are comprised of large, numerous constituent systems. The
heterogeneity of these individual systems produces unintended consequences that do not

originate from any one individual constituent system. Again, there is a constant need to
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‘define’ SoS. Interestingly, although the definitions vary, there was some emerging
commonality, and even some easily traced roots to the origination and development of
the early systems movement.

Sousa-Poza et al. (2008) emphasized that SoSE needs to be considered as a meta-
discipline approach. Therefore, they identified several ontological conditions pertinent to
SoSE as well as some methodological attributes. An important contributor to the
development of SoS is Jamshidi (2008) who compiled two main books dedicated directly
to the field of SoS. In these books he provided several definitions and detailed literature
reviews of SoS. Heterogeneous, large-scale, independent, network are the terms Jamshidi
used to describe SoS. However, it should be noted that the works on SoS were focused on
a ‘collection’ of perspectives and some applications, not on the underlying conceptual or
intellectual foundations for the field.

McCarter and White (2009) provided some treatments for the unexpected
behavior (emergence) in complex systems engineering which include and describe SoS.
This emergence occurs because of the integration of multiple autonomous individual
systems. This integration does not only include systems but also multiple perspectives
(human cognition and perception). Similarly, Clark (2009) clarified that SoSE is not a
technical problem. If it is, it can be solved using SE processes. Instead, it is a managerial
problem in terms of integrations and acquisitions. Lane et al. (2010) described SoS as a
mix of individual systems gathered together to accomplish a specific need. These
individual systems evolve over time. Again, the definitions and the applications of SoS
are vast (Keating et al. 2003; Keating, 2005; Gorod et al. 2008). Table 2.4 below

enumerates some representative definitions within the three intervals.



Table 2.4: SoS Definitions

Author

Definition/Perspective

Achoff (1971)

Considered system- of systems as a set of integrated elements of the
systems concept.

Jackson and
Keys (1984)

Explain that pluralism in SoSE is a systems’ concept which recognizes
that there may be multiple purposes/objectives at play at the individual,
entity, and enterprise levels.

Eisner et al.
(1991, p.125)

“A set of several independently acquired systems, each under a
nominal systems engineering process; these systems are interdependent
and form in their combined operation a multifunctional solution to an
overall coherent mission. The optimization of each system does not
guarantee the optimization of the overall system of systems.”

Manthorpe
(1996, p.308)

"In relation to joint warfighting, system of systems is concerned
with interoperability and synergism of Command, Control, Computers,
Communications, and Information (C4I) and Intelligence,
Surveillance, and Reconnaissance (ISR) Systems"

Maier (1998)

He defined five key principles in distinguishing large and complex but
monolithic systems from true systems-of-systems. These principles are
operational and managerial elements, evolutionary development,
emergent behavior, and geographic distribution.

Kotov (1997, p.1)

“By system of systems (SoS) we mean large-scale concurrent and
distributed systems that components of which are complex
systems themselves.”

Sega and
Cuppan (2001)

Systems of systems exist when there is a presence of a majority
of the following five characteristics: operational and managerial
independence, geographic distribution, emergent behavior, and
evolutionary development.

Keating et al.
(2003, p.36)

Present SoSE as “The design, deployment, operation, and
transformation of metasystems that must function as an integrated
complex system to produce desirable results. These metasystems are
themselves comprised of multiple autonomous embedded complex
systems that can be diverse in technology, context, operation,
geography, and conceptual frame.

DeLaurentis
(2005, p.12)

Describes SoS as “a collection of trans-domain networks of
heterogeneous systems that are likely to exhibit operational and
managerial independence, geographical distribution, and emergent
and evolutionary behaviors that would not be apparent ¢ if the
systems and their interactions are modeled separately.”




Table 2.4: Continued
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Boardman and
Sauser (2008,
p-118)

Present distinguishing characteristics “(i.e. autonomy, belonging,
connectivity, diversity, and emergence), that can help us to recognize
or to realize a System of Systems (SoS).”

DoD (2008, p4)

SoS systems engineering deals with planning, analyzing, organizing,
and integrating the capabilities of a mix existing and new systems into a
SoS.

This category has demonstrated that SoS development has had some extensive

elaboration of the meaning and types of SoS. While this has provided some insightful

discussions, the researcher observes:

1. Fragmentation in the variety of different perspectives put forward,

2. With very few exceptions, an absence of linking of early work in system theory or

other theoretical grounding for the evolving field.

Second Category: Characteristics of SoS

The second emergent perspective the researcher found in the literature focuses on

providing taxonomies and characteristics for SoS. One example is by Shenhar and Bonen,

(1997) who presented 2-D taxonomy to distinguish large and complex systems from

simple systems. Their taxonomy was based on two dimensions:

1. Level of complexity, and

2. Level of technological uncertainty.

They used the concept of “array” for a large and complex system (SoS): “A large

widespread collection or network of systems functioning together to achieve a common

purpose.” (p.140). Maier (1996;1998) made a significant contribution to SoS by
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providing key principles in distinguishing large and complex but monolithic systems
from true systems-of-systems. He mentioned that SoS are not monolithic systems because
of their evolutionary development and emergent behaviors.

In 1998, Maier provided a unique taxonomic distinction, introducing concepts of
operational and managerial independence as the two main properties for SoS, as well as
the categorization of SoS as a collaborative system. He argued that no matter how
complex and dynamic the subsystems are, without these two properties the complex
system cannot be treated as a SoS. He also clarified that even though geographic
distribution may be considered as a characteristic for SoS, there are many instances that
showed SoS can be formed with or without the geographic distribution. In the
development of SoS he suggested three categories based on control: directed systems
(central authority), collaborative systems (voluntarily integration), and virtual systems
(no central authority). He also emphasized the preceding characteristics in his book
(2000) “The Art of Systems Architecting”.

Many studies from several authors have followed and used these characteristics to
describe SoS, and they have become somewhat of an accepted set of characteristics for
the community. For example Ira and Wessel (2005), based on Maier’s characteristics for
SoS, mentioned that autonomy in SoS consists of operational and managerial autonomy.
In the same year, DeLaurentis (2005) asserted that there are two main characteristics of
SoS; evolutionary development and emergence.

In the same sense, DeLaurentis and Crossley (2005b) suggested that to design
suitable methods for SoS it is necessary to have a clear taxonomy and lexicon. Thus, they

proposed three-axis taxonomy based on three dimensions, namely connectivity, autonomy
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and system type for SoS. This taxonomy is a prerequisite for selection of appropriate
methods. In 2008 they validated their taxonomy by providing three different
transportation case studies. However, previous to this taxonomy, DeLaurentis and
Callaway (2004) proposed a lexicon which serves as a prerequisite for the taxonomy.
This lexicon is comprised of

1. Level of organization.

2. Four hierarchy level system categories (alpha, beta, gamma, delta).

The purpose of this lexicon is to facilitate the communication in SoS. In the same year,
Gideon et al. (2005) presented another taxonomy for SoS based on

1. The problem domain of SoS.

2. Operation and acquisition of SoS.

The maturation of SoS clearly demonstrates the desire to provide clarity of terms
and their usage through proliferation of taxonomies and corresponding lexicons. The
unfortunate elaboration of these independently developed ‘worldviews’ of SoS, achieved
through the language developed, did not provide a level of significant convergence for
the field. This was cautioned by Keating (2005) who suggested that, while initial
divergence in perspectives are constructive in the early formulation of a field, continued
divergence acts to muddle the field and makes eventual convergence problematic, if not
altogether impossible.

Along the same vein, Boardman and Sauser in (2006) moved from providing a
definition for SoS toward distinguishing characteristics for SoS. Their noteworthy

characteristics distinguish SoS from traditional systems. These characteristics are
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1. Autonomy where constituent systems within SoS can operate and function
independently and the capabilities of the SoS depends on this autonomy.
2. Belonging (integration), which implies that the constituent systems and their parts
have the option to integrate to enable SoS capabilities.
3. Connectivity between components and their environment.
4. Diversity (different perspectives and functions).
5. Emergence (foreseen or unexpected).

To have clarity for development of methodologies for SoS, it is necessary to have
a distinguishable set of characteristics to support classification. Thus, Bjelkemyr et al.
(2007) mentioned that the characteristics of SoS are divided into two categories
1. Boundaries of SoS and
2. Internal behavior of SoS.
The former includes operational and managerial independence, geographic distribution
and trans-domain applicability. The latter includes emergence, evolutionary development,
and networks. To demonstrate the appropriateness of the characteristics Boardman and
Sauser (2006) proposed for SoS, Baldwin and Sauser, (2009) analyzed 40 different
definitions for SoS, and they determined 5 main characteristics for SoS (autonomy,
belonging, connectivity, diversity and emergence). Thus, this effort does demonstrate
some confluence of perspectives concerning the characteristics of a SoS.

Another major contribution came from Sage and Cuppan (2001). They used the
term “federations of systems” (FOS) to describe large SoS where there is decentralized
power and authority rather than centralized authority. They mentioned that systems

should not be monolithic but, rather, FOS. They adopted five main characteristics to
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describe FOS. These characteristics are adopted from Handy (1992) and endemic to
federalism. The five main principles are subsidiarity, interdependence, uniform,
separation power, and dual citizenship. Federations of systems have the same
characteristics as SoS but are:

1. “much more heterogeneous along trans-cultural and transnational sociopolitical
dimensions.” [as cited in Wells and Sage, (2008), p. 51]

2. Much more geographically dispersed.

3. Much more autonomous for constituent systems.

Jamshidi (2005) compiled several definitions and characteristics of SoS across
several fields and perspectives. The diversity in these definitions is predictable because
they are taken from multiple viewpoints. However, it does point to the continued
fragmentation of the SoS field. In his book, consistent with Maier’s earlier articulation,
he provided five main properties for SoS:

1. Geographic distribution,

2. Emergent behavior,

3. Evolutionary development,
4. Managerial independence,
5. Operational independence.

To distinguish SoS from SE, Carlock et al. (1999) showed that in traditional
systems engineering the focus is primarily on the technical and operational dimensions,
while the focus on agency level systems (SoS) are on the political and economic
dimensions. So the traditional SE process applied to traditional systems should be

different than the process applied to SoS, due to the SoS being extended to multiple



51

levels beyond traditional SE. In an interesting study, Cook and Sproles (2000) showed
the attributes of SoS from a military perspective (i.e. autonomy, evolutionary
development, large scale system, and open systems) and suggested the necessity to
differentiate SoS from simple military systems, concluding that SoS requires new
thinking in terms of acquisition methodologies.

Chen and Clothier (2003) provided some evolution scenarios for SoS (joint
evolution, emergent evolution, and self-evolution). Each scenario requires different
engineering environments. These evolution scenarios are presented as a main challenge to
SE practices. Standard SE practices need to be modified, improved, and developed to
accommodate SoS evolutions. Otherwise, SE practices will create additional challenges
and result in a mismatch to the necessities of a SoS effort. To lessen these challenges and
to advance SE practices for SoS, they proposed a three-layer paradigm (evolutionary
layer, SoS layer, and organization layer).

In 2005, Ring and Madni proclaimed that the current SE practices are insufficient
to deal with SoSE. Thus they asserted the need to shift the paradigm and develop a new
mindset for building SoS. The consensus in the development of the SoS field was clearly
supporting the claim that SoS is different that SE and that a ‘different’ level of thinking
was necessary.

Lane and Boehm (2008) made a noteworthy contribution by presenting the
different activities between the SoS lead system integrators (LSI) and traditional systems
engineer. Shah et al. (2007) mentioned that what differentiates SoS from a regular system
is the autonomy of the individual systems. Another study came from Wang et al. (2007)

who clarified that SoSE is different than TSE where SE focuses on optimizing individual
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systems, while SoSE seeks to provide good enough solutions or near-optimization of
networks of systems. They proposed a 5 layer-planning system to facilitate the SoSE
process. Again, the field distinguished itself from traditional SE and seeking to provide
frameworks to guide thinking and execution appreciative of those differences.

An important contribution came from Lane and Valerdi (2007b) where they
analyzed 16 definitions and then determined a set of SoS characteristics that can be used
to better estimate the cost (SoS cost model) of SoSE activities. After analyzing the 16
definitions they found the most predominant characteristics are emergent behavior,
synergistic/higher level purpose, complex, interoperable systems, and mix of existing,
new, or diverse systems. (p. 301). Kovacic et al. in (2007) conducted a case study to
provide lessons from a project facilitated by the National Center for System of Systems
Engineering (NCSOSE). The project identified the characteristics (wicked problems)
associated with complex problems and how an agency can suffer from these wicked
problems. As lessons learned, the authors showed the ramifications of not appreciating
the nature of complex problems and the corresponding implications for addressing them.

To alleviate the issues of cost and schedule in SoS, Kasser, (2002) mentioned that
the presence of fluid boundaries is one main characteristic of SoS. Bjelkemyr et al.
(2009) provided a classification to the generic term SoS. The redundancy of higher level
subsystems is used for their classification. The characteristics (evolutionary development,
self-organization, emergence, network, and heterogeneity) are based on several
definitions for SoS. Again, the evolution of the field suggests the need to differentiate
from existing conceptualizations of systems and provide a different logical level for

addressing SoS.
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In 2008, Sauser et al. presented the paradoxical forces of the SoS characteristics
which were adopted from Boardman and Sauser (2006). These paradoxes are examined
in response to distinguishing systems from SoS. In the same vein, Gorod et al. (2008b)
developed a “holarchical view” methodology to “identify the balance between the
opposing forces” (p.5) (paradoxes) and therefore enable one to effectively engineer a
SoS.

In terms of systems requirements, Hooks (2004) mentioned that the current
requirements management process is insufficient for SoS. Thus, to better understand the
requirements for SoS, it is essential to identify the scope of SoS. The scope involves the
needs, goals, operational concepts, stakeholders, and objectives (Hooks, 2004).

In 2008, Keating et al. mentioned that in SoSE it is necessary to reframe our
thinking (while at the same time continuing to appreciate the nature of requirements in
SE) in regard to the role and nature of SoS requirements based on a distinctly different
paradigm than SE. They proclaimed that SoS attributes (i.e. holism, complementarity.
and fluid boundaries) preclude the success of the traditional requirements paradigm direct
extension to SoS. To understand the context of SoS, it is necessary to look at the higher
level SoS context rather than simply the local contexts of constituent systems. The
primary reason is that the context of SoS emerges from the interaction of the constituent
systems and therefore contains elements not relevant to the constituent’s context (Shah et
al. 2007).

Again, the theme of separation of the SoS field from traditional SE based
formulations is apparent. However, the forms of that separation are as diverse as the

authors exploring distinctions. While these distinctions are important, there are some
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commonalities in SoS characteristics. However, the evolution of the differences is not
grounded in a conceptual or theoretical basis but rather finds a basis in the practical

domain.

Third Category: Different Methodologies

The third emergent perspective in the development of SoS focuses on developing
methodologies, approaches and tools. Soft system methodology (SSM) is a significant
contribution that came from Checkland and Scholes (1990). Looking at multiple
viewpoints (complementarity) and developing multiple conceptual models helps to
inform appropriate decisions and actions undertaken to understand the problem situation.
The idea of multiple models is to allow engagement in a high level of inquiry. Although
not directly targeted at SoS, the extension of the SSM to SoS is certainly merited. In
another study, Eisner et al. in (1991) and Eisner, (1994) developed a meta-systems
framework (S2 Engineering for SoS) that was designed to help in formulating the
approach to SoS. Three main categories constitute the framework
1. Integration engineering.

2. Integration management.
3. Transition engineering.

Since SE practices are not suitable to SoS, Hitchins (1992, 2003) proposed a
methodology that emphasizes promoting variety to subsystems of the SoS (system of
interest) to be able to deal with a changing environment. Checkland (1993) mentioned
that a system “is perceived to be a mental model of something as opposed to a physical

entity” [as cited in Cook, (2001), p. 3]. In a similar vein, Maier in (1994) argued that



55

rational (traditional) methods are insufficient to analyze architectural problems that have
inherently socio-technical components. Thus, he proposed a heuristic method that
provides guidance to make decisions in such problems. In 1997, Kotov used the term
large-scale concurrent complex systems to describe SoS. To lessen the complexity in
modeling SoS, he developed hierarchical communicating structures based on data traffic
and communication. In addition, Nodes, Memory, Links and items are the components
that were used by Kotov to synthesize and model SoS.

From a military perspective, Manthorpe (1996) highlighted and analyzed the
findings of a study conducted by the Naval Warfare Analysis Department. The thrust of
the study was to gain a better understanding about the development and implementation
of jointness (joint war fighting) among systems. This new structural and operational joint
emphasis and interaction among systems (warfighting) have provided substantial benefits
to battlefield awareness.

In a similar study, Pei (2002) pointed out the need to integrate complex systems.
In order to achieve overall optimization of C412WS (Command, Control,
Communications, Computers, Intelligence, Information Warfare, and Sensor) systems, a
new program was established (System of Systems Integration). The main goal of the
program was to provide overall development, interoperability, and solutions for C412WS
integrated systems. This program was projected to be a benefit for the entire U.S. Army
community. In the evolution of SoS, the particular contributions and dominance of the
military perspective is considerable. One effect of this military perspective is the focus
on practical applications, with little patience or emphasis on more theoretical or

conceptual grounding for SoS methodologies. This is a constant theme in the
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evolutionary history of SoS — sacrifice of rigorous conceptual grounding for the

immediate aims of improving practices related to development, deployment, and

improvement of SoS.

Another significant contribution to the development of SoS came from Carlock
and Fenton (2001). They addressed enterprise systems engineering (ESE) within the
system of systems context. They identified three levels to effectively understand the
development of large complex legacy systems (i.e. SoS). The ESE hierarchy processes is
comprised of three main levels:

1. A top level that identifies the concepts and requirements needed for a SoS ESE,
focused primarily on the context that meets user needs.

2. A middle level that navigates among system solutions provided from the top level and
chooses the best solution (best investment) that is not necessarily the ‘best’ solution
for individual systems, but rather optimal for the SoS.

3. The bottom level that implements the best systems solution obtained from the middle
level, relying on the traditional systems engineering process.

These three levels are offered as an extension to classical SE processes. Of significance is

the continuing theme of the SoS field desire to differentiate from traditional SE and the

offering of conceptual approaches, rooted in practice but void of any philosophical or
theoretical underpinnings.

Keating et al. (2003) contributed to the field of SoSE by scrutinizing existing
systems-based methodologies and their attributes in relationship to the SoS problem
domain. These attributes serve as a guideline to deal with and view SoS problems. In

addition, Keating et al. (2003, 2008) made critical distinctions between SE and SoS. They
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developed a research model for SoS which consists of three levels, namely methodology,
implementing processes, and techniques. The idea of the model is to facilitate the
development of the SoS field. In the same manner, Keating et al. (2004) contributed to
development of the field by developing a SoSE methodology with six phases and showed
the appropriate applicability of the methodology to complex system problems. The
development of methodology was consistent with the perspective of Checkland (1999)
where it provides a guideline and perspective as an approach to deal with complex
problems. The main purpose of the methodology is to help the practitioners to better take
actions, make decisions, and develop consistent interpretations for SoS problems. The
methodology was built based on:

1. Systems engineering,

2. System theory,

3. Systems philosophy,

4. Practice.

Noteworthy in this methodological development was the attempt to ground the
methodology in systems theory.

In 2005, Keating provided a critique and challenge to the developing SoS field by
offering a framework to better understand the source of divergence in the SoS field. The
source of divergence was suggested as stemming from confusion, and failure to develop
the field across five main developmental levels, including philosophical, axiomatic,
methodological, method, and application dimensions. The author emphasized that to
move the field forward would require a rigorous development across all the five levels

and avoiding confusion generated by the thinking across different logical levels.
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A very insightful development came from the Department of Defense (DoD) in
2006. DoD provided “16 technical and management processes to help sponsors, program
managers, and chief engineers address the unique considerations for DoD SoS.” [as cited
in Valerdi, et al. (2007), p.12]. In the same year, Brooks and Sage (2006) made an
observation regarding the integration of SoS. They clarified that the integration of SoS
must include not only the technical processes but also the human aspects. They proposed
a SoS approach to reduce the risk generated by the integration. The object of this
approach was to define the risks early in the processes related to SoS.

In 2007b, Sahin et al. developed a framework for simulation of SoS. “They have
presented an SoS architecture based on extensible markup language (XML) in order to
wrap data coming from different systems in a common way.” {as cited in Jamshidi,
(2008), p. 6]. With another study, Sahin et al. (2007a) presented XML language to
represent the communications without compatibility (hardware or software issues) among
systems within SoS. To understand SoS practices, Valerdi et al. (2007) structured three
different models namely a normative model, a descriptive model, and a prescriptive
model. The first two models are concerned with the cultural standards and the behavior of
the decision makers. The latter focuses on improving decisions from the former models.
Sobieski in (2008) proposed an algorithm methodology for SoS to provide multi-
optimization solutions. This set of works demonstrates the continuing struggles of SoS to
focus on technical integration, but also appreciate concerns generated from the ‘softer’
aspects inherent in the SoS problem domain.

In a very interesting study, Gorod et al. (2008) developed a management

framework to capture the academic and industrial perspectives to better understand and
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manage SoS. The framework is based on Boardman and Sauser (2006) SoS
characterization (autonomy, belonging, connectivity, diversity, and emergence). The
Fault Management, Configuration Management, Accounting Management, Performance
Management, and Security Management (FCAPS) principles of information technology
(IT) were used as a foundation for developing the SoS management framework. The
framework is comprised of five main areas, namely Risk Management, Configuration
Management, Business Management, Performance Management, and Policy
management.

Along the same lines, Lane and Dahmann (2008) highlighted the findings of
research conducted by the university of Southern California (USC) Center for Systems
and Software Engineering (CSSE). The findings showed two main approaches that can be
used to engineer and design SoS, namely, the SoSE model and the Incremental
Commitment Model (ICM). The former is based on some SE practices (seven elements)
that can be used in SoS. The latter deals with the risks endemic to the SoS life cycle. The
purpose of ICM is to develop desirable system capabilities in a cost-effective manner.
Again, the struggle of SoS to develop models and corresponding methodologies to
support practice is evidenced in these developments.

Another study by Gorod et al. (2008¢) used Boardman and Sauser’s SoS
characteristics to build a conceptual model to define and understand the role of flexibility
in SoS. To enable dynamic flexibility in SoS, it is fundamental to design for:

1. Autonomy,
2. Decentralization,

3. Diversity,
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4. Connectivity,
S. Unexpected behaviors.

In contrast, it was suggested that overwhelming flexibility will lead to chaos.
Dagli and Ergin in (2008) emphasized that the applications of business and government
should be integrated as a network to achieve desired goals. Thus, they developed a
framework to articulate SoS. As evidenced by the development of the literature, SoS
field development has shown a continuing emphasis on discovery of the practical
applications of SoS. This is particularly the case with the military perspectives of SoS.

Rebovich (2008; 2009) made a distinction between classical systems engineering,
SoS engineering, and enterprise systems engineering. He asserted that SoS represents a
new mode of systems engineering and the focus is not on the single system but rather on
the multiple constituent systems that comprise the SoS. For SoS, the technological
integration aspect continues to be increasingly complex and therefore challenges our
capabilities of understanding SoS from a technology perspective. Thus, he presented
seven mega-processes tailored to SoS problems. The interrelationships among these
seven mega-processes help engineers to view and frame SoS problems. Again, the
‘practical” emphasis of the developing SoS field, with yet another articulation that
provides (in this case processes) practitioners with assistance in dealing with SoS.

DiMario et al. (2009) contributed to the body of SoS by proposing a collaborative
mechanism framework (coordination, cooperation, and collaboration). The framework
suggested dealing with the new emergent behaviors as a result of collaborations and
interactions between the constituent individual systems that form SoS. The SoS utility

function is determined based on weighting the benefits versus cost for constituent
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systems. In the same year, Mansouri et al. (2009) studied the Maritime Transportation
System (MTS) from a complex SoS perspective. The purpose of the study was to enhance
resilience in Maritime Transportation SoS by applying a “Systemigrams” technique
(storyboard).

In an interesting study, Adams and Keating (2011) proposed a SoSE methodology
that is comprised of nine attributes and 7 main perspectives with 23 constituent elements.
The applicability of the methodology depends heavily on framing and understanding the
problem to be solved and the domain of the problem. The intent of the methodology is to
provide a guide that helps practitioners in taking action, making decisions, and
interpretations for SoS problems. The methodology is consistent with Checkland’s (1993)
perspective of a methodology. They clarified that system-based methodologies must
provide guidance rather than detailed or prescriptive tools.

Following this study Keating (2011) provided an analysis of the second
perspective, called designing the unique methodology, of the SoSE methodology (Adams
and Keating, 2011). Designing the unique methodology relies on the (1) the nature of the
SoS problem (2) context, and (3) the compatibility of the approach to the problem and
context. This particular methodology for SoSE was different in that it was grounded in
systems theory as the underlying theoretical basis. However, again the desire to provide
approaches to facilitate the practice of SoS was evident. In the same year Jaradat and
Katina (2011) proposed a terminology based on the SoS/E literature to lessen the

confusion related to the use of SoSE terms.
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Fourth Category: Principles and Axioms for SoS

The last emergent perspective focuses on articulating principles and axioms for
SoS. In (1991) Rechtin identified some architectural design principles for complex
systems known as heuristics (e.g. Policy Triage and Leverage at the Interfaces).
However, in (1994) Maier refined these principles and showed how some of these
principles can work as a guide for SoS (e.g. Policy Triage).

Jackson (1993) emphasized the need to have new approaches and methods to deal
with growing SoS problems. Hayes, in (1988), argued that there is no clear distinction
between different systems labeled as SoS. DeLaurentis et al. (2007) proposed a
consortium to alleviate the ambiguities and provide remedies to SoS problems. The
mission of the ICSOS (The International Consortium for System of Systems) “is to create
a community of interest among science and engineering researchers and to foster
proposals and solutions to advance the enhancement of SE to SoSE.” (p.68)

Along the same vein, Gorod et al. (2007) contributed to the body of SoS
knowledge by proposing the Systems of Systems Operational Management Matrix “‘best
practices” based on the modified Fault, Configuration, Accounting, Performance, and
Security (FCAPS) management principles to support and reduce the complexity for SoS.
To effectively manage SoS, Sauser and Boardman (2008b) proposed four main principles
that underline SoS thinking; legacy assessment, state-space solutioning, demystification
and integration framework. Boxer et al. (2007) used the term “Double Challenge” to
propose systems practices for building SoS with respect to collaboration.

Keating (2009) mentioned that to effectively deal with emergence (unanticipated

events) in SoS requires full attention and appreciation of the philosophical,
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methodological, and axiomatic predispositions. “Divergence at the philosophic level can
result in conflict with respect to how emergence is viewed and dealt within in a SoS
endeavor.” (p.176) Since the axiomatic foundations for SoS are still in the early stage of
development, Keating et al. (2008, 2005 ) provided the application of ten systems
concepts drawn from system theory (Clemson, 1984; Skytter, 2001) to the SoS problem
domain. In addition, he presented three primary themes to tackle emergence. Similarly,
Sheard and Mostashari (2009) presented some key principles for complex systems. They
presented the key differences (i.e. integration, rapid evolutionary development, and
unmanageability) between complex systems and SoS.

The researcher labeled this interval in the development of SoS as revolutionary.
There was a significant generation of new concepts, approaches, and other developments
aimed at enhancing the field and practical applications in SoS. Adams in (2011) showed
how systems theory and systems thinking can help systems engineers frame and apply a
holistic perspective with regard complex systems problems. He organized and grouped
the different laws and principles of systems theory based on their utilities for SoS. This
was a fundamental effort, and singular line of development for SoS, attempting to ground
the field in an underlying systems theoretic foundation. However, the greatest mass of
the field development for SoS has not shown the fortitude to engage either philosophic or
theoretic grounding. Empbhasis has been placed on developing pragmatic approaches,
formulations, and guidance to perform SoS at higher levels.

In review of the development of the SoS field, there is a noticeable absence of the
deeper level grounding, and derivative understanding, from foundations in systems

theory. In one respect this is not unexpected. Since there is a natural linkage to SE, SoS
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has similarly not favored theoretical and deeper conceptual development. On the
contrary, emphasis in SoS field development has been targeted to practice enhancement.
The concept of systems theory and systems thinking in this research focuses primarily on
the principles, concepts, and laws that are necessary to understand complex problems as
they exist at the individual level. While tools, methods, and methodologies for SoS will
certainly increase in the future, grounding the field in a coherent set of underlying
philosophical and theoretical foundations might provide an integration that would
enhance viability (continued existence) and sustainability (long term propagation) of the
field. Irrespective of field advances, there will be a necessity of individuals capable of
executing in practice that which requires an implicit underlying grounding in systems

thinking. Table 2.5 shows the main critical themes in this last interval.

Table 2.5: Main Themes for the 1990-2011 Interval

Critical themes for the third interval

e Revolution of the development of SoS with significant developments

e Multiple definitions, taxonomies, perspectives, foundational principles
and methodologies proposed

e Symposiums, journal and conferences focusing on SoS flourished

e Achievement of some convergence regarding the characteristics of SoS

After analyzing over five hundred different resources, the researcher found there
are some patterns endemic to the nature and development of SoS history. Although this

articulation is not presented as absolute or definitive, it is offered as an effort to organize
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the evolution of the field. Figure 2.2 below shows the timeline for SoS history from
(1926-2011) as well as the milestones for each interval. In Figure 2.2 the researcher

attempts to provide a frame of reference for a field that is both diverse and fragmented.

Figure 2.2: Milestones of SoS (1926-2011)

History of System of Systems — Milestones

S0S development

Recognition of theg Early glimpse of - Shift the thinking Methodologies for SoS Several studies and
 nature of complex } the evolutionof  ; beyond the traditional havebeen proposed W°"f$ fOCUS on

! systems : complex systems | reductionism ; i providing

i i H : ¢ taxonomies and

i characteristics for

i 508

. .
H ’

The notion of So$

sesenemunen

became popular

Wik ' ’ 1989) (1990 - 2011)

Recognition of coplex systems Exploratory of Sa5 Revolution of S0

: Focus on holistic : One definition for A few definitions
i “Holon” to describe approaches 505 {systems forSoS with a Several definitions
i the whole. : became apparent; within systems) i focus on the whole and perspectives

As can be seen from Figure 2.2, the researcher has identified three major periods
in the development of the SoS field. These include Recognition of SoS, Exploration of

SoS and Revolution of SoS. From 1950-1969 there was recognition of the nature of
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complex systems, but there was also a lack of research pertinent to SoS. During this

period, there was only one definition that described SoS. From 1970-1989 a few

definitions were proposed, and the notion of SoS gained in popularity. The last interval

(1990-2011) is considered the peak of SoS development (Figure 2.4). During this period

the applications and formulations of SoS were extensive. However, also evident during

this development was:

1. The relative absence of philosophical and theoretical grounding for the field;

2. An empbhasis on development targeted almost exclusively to improving practices
related to SoS;

3. A fragmentation and lack of coherence for the field.

This review of the literature for SoS/E serves as a major thrust for the current
research. It provides a foundation for the problem domain that individuals are, and will

continue, to be required to address.

HISTOGRAM ANALYSIS DISCUSSION

After an extensive review of the literature, the researcher found that three main
intervals can trace the nature and development of SoS (Figure 2.2 & 2.4). In the last
interval (1990-2011) the researcher identified common themes that appear to mark the
development of SoS through writings and studies focused on:
¢ Providing definitions for complex systems (SoS) with a focus

on treating a system as a whole.

o Identifying characteristics for SoS.
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o Contributing to the field targeted to developing tools,
frameworks and methodologies targeted to enhance practice.

¢ Distinguishing complex systems from traditional systems
engineering.

¢ Limiting identification of principles and axioms for SoS.

e Palpable absence of philosophical and theoretical development
of the field.

Although the field of SoS has evolved over the three intervals, it is important to
mention again that Ludwig Von Bertalanffy (LVB) is considered the father of general
system theory, but his work has somehow not figured prominently in the development of
the SoS field. Von Bertalanffy’s, coupled with subsequent development of the systems
related fields (e.g. systems theory, cybernetics) have eluded the SoS field, as well as the
SE field. This is unfortunate because this natural fit might provide the philosophical and
theoretical grounding that has been identified as largely absent from the SoS field
development. Von Bertalanffy provided a universal language and laws that crossed
multiple fields with a much more universal applicability. The universal language and
laws might provide an effective foundation of complex system domains. System theory
and systems thinking are key to understanding complex problem domains and their
inclusion might be a significant contribution to future integration and development of the
field.

Stemming from a thorough review of these intervals (1950-2011) we found that
several researchers use different terminologies to describe SoS. Figure 2.3 below depicts

these terms and concepts in chronological order.



Figure 2.3: Different Terminologies for SoS (1950s-2011)
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From these terms and definitions, along with attributes in the literature, the

researcher draws some conclusions with respect to the current state of complex
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systems/SoS. First, there is some generalized agreement on the characteristics which are
present in complex systems/SoS (e.g. operational independence, managerial
independence, geographical separation, emergent behavior and evolutionary development
(Sage and Cuppan, 2001; Maier, 1998; Keating, 2011). Second, the literature is
fragmented. This is evident from the lack of consensus in terms, approaches, or accepted
fundamentals of the field. Keating et al.,(2003, p.2) state that “although continued
fragmentation will serve to increase dialogue, at some point the dialogue will need to
provide convergence around accepted perspectives of the phenomena associated with
SoSE.” Third, systems engineering, at least in the preponderance of thinking reflected in
the literature, is a primary foundation of SoS. Systems theory, systems thinking, and
advances in related fields such as cybernetics have not been part of the mainstream
development of the emerging field of complex systems/SoS. Table 2.6 below shows the

explanation for each of the aforementioned terminologies.

Table 2.6: SoS Terminologies (1926-2011)

Term Explanation Author
Holon “Holon” describes the whole and parts of | (Smuts, 1926)
a system
Gestalt In his complexity hierarchy level 9 (Boulding,
represents SoS 1956;keating et al.
2003)
Systems within | Cities within cities (Berry, 1964)
systems

Integrated set the relationships between the elements (Ackoff, 1971)
are difficult to trace

Meta-system Integration of systems (Beer,1972)

Open systems SoS are pluralistic in nature (Jackson and Keys,
1984)




Table 2.6: Continued

Social-technical

Systems that involve both technical and

(Mitroff and Linstone,

systems (array)

purpose

systems social components 1993; Maier, 2005;
McCarter and White,
2008; Clark, 2009;
Delaurentis et al.2006)

Network of Net of systems to achieve specific (Shenhar, 1994)

Coalition of
system

C2 systems in military

(Owens, 1996)

Jointness

Link of systems

(Manthorpe, 1996)

Large-scale

Large concurrent complex systems

(Kotov, 1997)

systems

Federations of Group of systems connected together to | (Krygiel et al. 1999;

systems produce new behavior Sage and Cuppan,

(decentralized 2001)

power)

Dedicated Large complex systems consist of large | (Allison and Cook,

systems complex subsystems 1998)

Agency level Multi-extension systems levels of SE (Carlock et al. 1999)

systems

Virtual systems | Integration of systems (military) to (Cook, 2001)
accomplish emergent need

Modern systems | Not-monolithic systems (Sage and Cuppan,

2001; Maier, 1996)

Legacy systems

Large complex SoS (Enterprise systems
engineering )

(Carlock and Fenton,
2001)

Assemblage of

Collaborative network systems

(Maier, 2005)

systems

Large-scale Integration of multiple systems and their | (Northrop et al. 2006)
systems subsystems

Family of Integrated systems Clark, 2009

system
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While this listing is certainly not complete, it demonstrates that the breadth of SoS

and related thinking has been around in multidisciplinary forms for a significant period.
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The histogram below (Figure 2.4) depicts the shape of the distribution for development of
complex systems/ SoS as evidenced by the publication activity during the periods. As
mentioned earlier, the researcher used several criteria to be included in the analysis.
These criteria are

1. Definitions for complex systems/SoS,

2. Characteristics for complex systems,

3. Methodologies for complex systems/SoS,

4. Principles and axioms for complex systems/SoS,

There are three interval classifications (1950-1969), (1970-1989), and (1990-2011)

(horizontal axes) as shown in Figure 2.4.



Freguency

L3

=

—
L

10

Figure 2.4: Histogram Analysis for SoS

Histogram

TN S| W S . | W—

72

12000%

100.00%

80.00%

ook CFrequency

o= (umulative %

40.00%

0.00%

0.00%

Intervals from 195¢-2041



73

The finding of the histogram analysis shows that the last interval (1990-2011),
identified in Figure 2.2 as Revolution of SoS, contains the highest frequency as well as the
highest cumulative values. This means that this interval is considered to be the peak of
SoS development. This interval has witnessed a rapid development in the body of SoS.
Studies, works, presentations, conferences, symposiums, and journals with respect to SoS
abound in publications such as the IJSSE journal. In 1990, The International Council on
Systems Engineering (INCOSE) organization was founded to deal with complex
problems, and in 2002 the National Centers for System of Systems Engineering
(NCSOSE) was formally established to focus on SoS problems. Other centers such as the
Southern California for System and Software Engineering (CSSE) and the School of
Engineering at Purdue were established for the same purpose. In addition, the end of this
period shows a decline in activity related to SoS. What this portends for the future of the
SoS field is questionable, but the palpable reduction cannot be denied.

The 1970-1989 interval, identified in Figure 2.2 as Exploratory of SoS, showed an
interesting movement toward the development of SoS; the shape fluctuates but the end of
this interval showed more contributions to the body <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>