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Foreword

PHILOSOPHICAL AND HISTORICAL
PERSPECTIVES ON UNDERSTANDING
COMMONALITIES CHARACTERIZING
COMPLEXITY

The growing interest by the systems modeling com-
munity in the concept and in the literature on com-
plexity deserves a fresh reflection on its essence and
on its evolving definitions and characterizations. For
systems modelers, the starting point begins by focus-
ing on what constitutes complexity and how to under-
stand, model, and manage it. The English language
fails to provide a succinct definition of the term com-
plexity in one short or long sentence. This is because
each of the two words – “modeling and managing” –

used in the title of this book has multiple connota-
tions, interpretations, and associations of the term
complexity depending on the individuals using the
terms and the specific context in which they are used.

We define and model complexity in this book via
the interdependencies and interconnectedness (I-I)
characterizing complex systems of systems (SoS)
(Complex SoS). We further model and quantify the
I-I by building on the shared/common states and other

essential entities (shared decisions, resources, func-
tions, policies, decision makers, stakeholders, and
organizational setups) within and among the subsys-
tems that, in their totality, constitute Complex SoS.
Indeed, the above, along with hierarchical decompo-
sition and higher-level coordination, encompass the
essence of the modeling, theory, methodology, and
practice espoused in this book. We build on the fact
that all outputs from a system are functions of the
states of that system and thus also of the decisions
and all other inputs to the system. This fact is of par-
ticular significance to modeling Complex SoS. For
example, Chen (2012) offers the following succinct
definition of state variable: “The state x(to) of a system
at time to is the information at to that together with the
input u(t), for t ≥ to, determines uniquely the output y
(t) for all t ≥ to.”

Indeed, the states of a system are commonly a mul-
tidimensional vector that characterizes the system as a
whole and plays a major role in estimating its future
behavior for any given input. Thus, (i) the behavior
of the states of the system as a function of time enables
modelers to determine, under certain conditions, the
system’s future behavior for any given input, or

xiii



initiating event – and (ii) the shared states and other
essential entities within and among the subsystems
and systems constitute the essence of the multifarious
attributes of the I-I characterizing Complex SoS.

Thus, in modeling Complex SoS, we exploit the I-I
characterizing Complex SoS that are manifested via
shared states and other essential entities in multiple
ways. The following sample of modeling methodolo-
gies beyond Chapter 1 includes (i) decomposition
and multilevel-hierarchical coordination (Chapters 2
and 4) with a primer on modeling risk and uncertainty
in Part II of Chapter 2; (ii) hierarchical holographic
modeling (HHM) (Chapter 3); (iii) multiple conflict-
ing, competing, and noncommensurate goals and
objectives and the associated tradeoffs (Chapter 5);
(iv) hierarchical coordinated Bayesian modeling of
Complex SoS (Chapter 6); (v) hierarchical-
multiobjectivemodeling and decisionmaking of Com-
plex SoS (Chapter 7); (vi) modeling economic interde-
pendencies among Complex SoS (Chapter 8);
(vii) guiding principles for modeling and managing
Complex SoS (Chapter 9); (viii) modeling cyber–
physical Complex SoS – four case studies
(Chapter 10); (ix) global supply chain as Complex
SoS (Chapter 11); (x) understanding and managing
the organizational dimension of Complex SoS
(Chapter 12); (xi) software engineering – the driver
of cyber–physical Complex SoS (Chapter 13);
(xii) infrastructure preparedness for communities as
Complex SoS (Chapter 14); and (xiii) modeling safety
of highway Complex SoS via fault trees (Chapter 15).

Throughout this book, we introduce the reader, via
examples and case studies, to decomposition, hierar-
chical modeling, multilevel decision making, and opti-
mization and to multiobjective tradeoff analyses.
Decomposition is employed to decouple the I-I char-
acterizing Complex SoS. We postulate that decisions
made at the subsystem’s lower levels of the hierarchy
can serve as a pretext that they are “independent.”
The discrepancies and conflicts, fundamental differ-
ences, and the associated tradeoffs are harmonized
at the highest levels of the model’s hierarchical deci-
sion-making process.

Starting in the 1960s, many scholars aimed at identi-
fying the fundamental commonalities that characterize
modeling andmanagingComplexSoS.Most of the the-
ory and methodology that were developed employed
decomposition using pseudo-variables at the lower

levels of the hierarchical models and were ultimately
harmonized at a higher level of the hierarchy. Over
the years, we continued to study and improve ourmod-
eling perspectives supported by new tools and meth-
odologies that led to a better understanding and
moreusefulmodelingof theI-I that constituteComplex
SoS. In the past, modeling the I-I was directed at the
coupled decisions and decision makers that character-
ized Complex SoS. This was mostly achieved by the
deployment of pseudo-variables, which enabled the
reliance on decomposition at lower levels of the hierar-
chy, and a higher-level hierarchical coordination of
tightly interdependent and interconnected systems
and subsystems.

Previous methods developed for modeling Com-
plex SoSwere aimed at advancing theory andmethod-
ology for uncoupling the I-I that characterize them. In
this book, we will also study and identify interdepen-
dencies and interconnections by seeking a better com-
prehension of their essence and their dominant
contributions to thecomplexityofSoS.Weaddress this
challenge by identifying the I-I of Complex SoS mani-
fested via shared states andother essential entities.We
also embrace the fact that all outputs froma systemare
functions of the states of that system and the latter are
functions of all decisions and all inputs to the system.
This notion is alsoof particular significance and central
to modeling Complex SoS. For example, to determine
the reliability and functionality of a car, onemust know
the states of the fuel, oil, tire pressure, and other
mechanical and electrical systems. All systems are
characterized at anymoment by their respective states
and the conditions thereof, and these conditions are
subject to continuous variation and fluctuation. Simi-
larly, the states of health of a human are multifaceted,
including blood composition and pressure, among
myriad others, and the I-I that exist among the states
of biological systems.

The time frame has always been recognized as a
major driver of what we term complexity. This is
due to the fact that all systems continue to evolve,
emerge, and thus change, while the capability of our
modeling tools to keep pace with these changes con-
tinues to lag behind. Our inability to model the
dynamic changes that characterize Complex SoS
remains an impediment that characterizes and impairs
our modeling and managing the I-I characterizing
Complex SoS. We embrace the fact that complexities
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cannot, by their essence and definition, be com-
pounded, packaged, understood, or modeled via
one “straightjacket” modeling schema. Rather, we
have to keep building on what we have learned from
past contributions developed by other scholars,
researchers, and practitioners, and augment this past
knowledge into our current thinking, thereby creating
new and improved theories and methodologies. Fur-
thermore, seeking to discover what makes the I-I of
Complex SoS so difficult to model will ultimately help
us better manage them. This is not a fatalistic view of
modeling complexity, rather a sober understanding of
the reality characterizing Complex SoS.

COMPLEXITY, INTERDEPENDENCY,
INTERCONNECTEDNESS, AND REINVENTION
OF FAULT TREES

For decades engineers and scientists have explored
the modeling power of fault trees in their quest to
study and discover connections between two or
among several systems that may lead to catastrophic
failure of safety-critical systems. The fundamental dif-
ference characterizing the previous use of fault trees
and our present reinvention stems from the basic
characteristics of the two approaches. In this book
we investigate and identify the genesis of the I-I by
exploring the shared/common states and other essen-
tial entities within the systems and subsystems that
comprise Complex SoS. By doing so, we also discover
and quantify the genesis of potential failure of the
entire Complex SoS, whether the interdependencies
and interconnections are manifested by connections
in series and/or in parallel. In this book we also benefit
from decades of experience that engineers and scien-
tists have gained from the intrinsic power of fault
trees. Furthermore, to model and improve our under-
standing of the I-I that characterize Complex SoS,
we have reinvented the use of fault trees via an inno-
vative interpretation of the contributions that they
offer systemsmodelers.We further exploit the I-I char-
acterizing Complex SoS by tracing (via fault trees) pro-
spective and inevitable failures due to their inherent
specific connections via shared states and/or other
shared essential entities. This process enables us to
determine early in the modeling cycle “what not to
do” during planning, design, and future decision

making. By investigating the essence of the I-I charac-
terizing Complex SoS, we can discover future failures
that could be avoided. In the parlance of fault-tree
analysis, the shared states and other essential entities
are translated into systems connected in series or in par-
allel, rather than being seen as completely independent.

There exists an insightful correlation and lesson to be
learned from the spread of disease in the human body
due to the I-I that are enabled by the continuous flow of
blood nourishing every cell (subsystem) of every organ
(system) and ultimately of the entire body as Complex
SoS. Similarly, all cyber–physical infrastructures are, in
their essence, Complex SoS, and their modeling, under-
standing, and management can be characterized by
using their shared states and other essential entities
(e.g. communication channels, decisions, decision
makers, resources, and organizational setups). Our abil-
ity to observe, study, and learn from the behavior of the
animal kingdom as Complex SoS and develop knowl-
edge based on lessons learned have been central to
the insight from which we benefit today.

Although the above observations, as well as the the-
oretical discoveries, seem obvious to us now, they do
shed light on, and provide insightful understanding of,
the genesis of the I-I characterizing both living entities
and cyber–physical Complex SoS. This finding constitu-
tes another building block in the repertoire of the the-
ory, methodologies, and tools that enable modelers of
Complex SoS to gain invaluable insight into decipher-
ing the genesis of the I-I that characterize Complex SoS.

Consider the nearly two-decade-old perspectives
on complexity offered by scholars in the 1999 Special
Issue of the journal Science:

Goldenfeld and Kadanoff (Science, 1999, p. 87) state:

“To us, complexity means that we have structure and
variations. Thus, a living organism is complex because
it has many different working parts, each formed by
variations in the working out of the same genetic cod-
ing…a complex world is interesting because it is highly
structured. A chaotic world is interesting because we
do not know what is coming next.”

Whitesides and Ismagilov (Science, 1999, p. 89) state:

“Complexity is a word rich with ambiguity and highly
dependent on context (citing Mainzer, 1977). Chem-
istry has its own understanding of this word. In one
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characterization, a complex system is one whose evo-
lution is very sensitive to initial conditions or to small
perturbations, one in which the number of independ-
ent interacting components is large, or one in which
there are multiple pathways by which the system can
evolve.”

Weng et al. (Science, 1999, p. 92) state:

“Biological signaling pathways interact with one
another
to form complex networks. Complexity arises from
the large number of components, many with isoforms
that have partially overlapping functions; from the
connections among components; and from the spatial
relationship between components. The origins of the
complex behavior of signaling networks and analyti-
cal approaches to deal with the emergent complexity
are discussed here.”

Koch and Laurent (Science, 1999, p. 96) state:
“Advances in the neurosciences have revealed the
staggering complexity of even ‘simple’ nervous sys-
tems. This is reflected in their function, their evolu-
tionary history, their structure, and the coding
schemes they use to represent information. These
four viewpoints need all play a role in any future sci-
ence of ‘brain complexity.’”

Parrish and Edelstein-Keshet (Science, 1999,
p. 99) state:

“One of the most striking patterns in biology is the
formation of animal aggregations. Classically, aggre-
gation has been viewed as an evolutionarily advanta-
geous state, in which members derive the benefits
of protection, mate choice, and centralized informa-
tion, balanced by the costs of limiting resources. Con-
sisting of individual members, aggregations
nevertheless function as an integrated whole, display-
ing a complex set of behaviors not possible at the level
of the individual organism. Complexity theory indi-
cates that large populations of [biological] units can
self-organize into aggregations that generate pattern,
store information, and engage in collective decision
making. This begs the question, are all emergent
properties of animal aggregations functional or are
some simply pattern? Solutions to this dilemma will
necessitate a closer marriage of theoretical and mod-
eling studies linked to empirical work addressing the

choices, and trajectories, of individuals constrained
by membership in the group.”

In September 1999, the author of this book organ-
ized a three-month-long seminar series and invited
nine experts on complexity and complex systems to
participate in and contribute to it. The following
themes were presented and discussed:

•Modeling Risk in Infrastructures of Large-Scale
Complex Systems

• Yacov Y. Haimes

• Adaptive Complexity Theory and the Engineering
and Management of Large Systems

•Andrew P. Sage

•What is Complexity andWhat CanModels Tell Us
About It?

•Mitch Waldrop

• Life Beyond Chaos: Non-linear Dynamics in
Ecology

• Carl Zimmer

• Autonomous Control of Complex Systems

•Mohammed Jamshidi

•Origins of Complexity in Cell Signaling Networks

• Ravi Iyengar

• Complexity and Critical Infrastructures

• Steven Rinaldi

• Complexity in Optimization

• Leon Lasdon

• Understanding and Managing Complex Systems

•Mihajlo Mesarovic

• Patterns in Nature: The Epiphenomenology of
Aggregation

• Julia Parrish

• Epilogue

In sum, the multifarious interpretations of com-
plexity by the many scholars, who have studied it dur-
ing the last several decades, attest to its intricacy and
the associated challenges it affords to its modeling.
This book is dedicated to the understanding of
complexity through the discovery of its specific attri-
butes, thereby enhancing our ability to effectively
manage complexity with new analytical models
and help us improve our understanding and manage-
ment of Complex SoS. For pedagogical purpose, con-
cepts, theory and methodologies are introduced
throughout the book via case studies, including trans-
portation, cyber-physical infrastructure, bridges,
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software engineering, electricity, communications,
water resources, and others.
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1
Modeling and Managing

Interdependent Complex Systems of
Systems: Fundamentals, Theory and

Methodology

PART I: AN OVERVIEW

1.I.1 INTRODUCTION

What does it mean to label systems as interdepend-
ent and interconnected complex systems of systems
(Complex SoS)? Do we measure their complexity
in terms of their subsystems’ multiple attributes
and perspectives, their functionalities and resources,
the number of shared states and decisions, resources,
decision makers, and stakeholders, or in terms of
their culture and organizational structure, etc.? Mod-
eling is an amalgamation or symbiosis of the arts and
the sciences. As the artist reconstructs images and
ideas, scenes, people, and structures, so do the mode-
lers of Complex SoS when they decompose and
restructure the subsystems “from the inside out and
from the outside in” and relate the components to
each other through their natural, physical, organiza-
tional, and functional attributes, recreating the inter-
dependent and interconnected entity. Using the
building blocks of mathematical models (to be dis-
cussed in subsequent sections) and ultimately by
exploiting the shared states and other essential

entities among the subsystems, the modeler and
other users are able to better understand Complex
SoS. The term other common/shared essential enti-
ties includes shared decisions, decisionmakers, stake-
holders, resources, organizational behavior and
norms, policies and procedures, management, cul-
ture, and others. We adopt the premise that models
are built to answer specific questions; they must be as
simple as possible and as complex as required. Thus,
modeling the natural environment and the con-
structed environment such as organizations, or a
combination thereof, represents a similar challenge.
Namely, how many perspectives of a single system
must be considered by modelers to achieve close-
to-a-holistic model(s) in response to the required
needs? And are we able to conceive of and discover
all the essential attributes, characteristics, and per-
spectives of Complex SoS? Such open-ended ques-
tions reinforce the notion that the modeling
process is a journey of discovery, imagination, and
creativity. When we think we have succeeded, we
are likely to be proven wrong. This assertion ought
to be interpreted constructively and philosophically,
but never fatalistically. In other words, the modeling
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process is an open-ended continuous journey of
learning and exploration that is characterized by suc-
cesses and failures through which progress is made
and, eventually, models are declared representative
and valuable.

What does it mean to characterize systems as Com-
plex SoS? Indeed, the emergence of the complexity
characterizing Complex SoS requires a reevaluation
of their modeling, management, and communication.
The evolution of the terms complexity and complex
systems, their differing connotations during the last
50 years, and the ways in which they have led us to
model and manage complexity are the subject of this
book. Current models for Complex SoS are insuffi-
cient because too often they rely on the same model-
ing schema used for single systems. These models
commonly fail to incorporate the complexity derived
from the networks of interdependencies and intercon-
nectedness (I-I) characterizing Complex SoS.

In their essence, most cyber–physical, organiza-
tional, and governmental enterprises, now and in the
future, belong to Complex SoS. Understanding their
complexity and being able to characterize them can
lead us to reevaluate our theory and methodologies
as applied to single systems; more specifically being
cognizant of and responsive to the emergent nature
of Complex SoS, given the Evolving Base. The Evol-
ving Base, discussed in Chapter 9, is represented by
the following dynamic shifting rules and realities for
each subsystem and for the entire Complex SoS:
(i) goals and objectives; (ii) stakeholders, decision
makers, and interest groups; (iii) organizational, polit-
ical, and budgetary baselines; (iv) reorganization and
reallocation of key personnel; (v) emergent technology
and its deployment; and (vi) requirements, specifica-
tions, delivery, users, and clients (Haimes, 2012b).

In modeling Complex SoS, holism must be equally
applied to natural and constructed environments, as
well as to human and community activities and be-
haviors. The challenge is how to model the interface
and the interplay among these activities that are not
independent; rather, their I-I are one manifestation
of Complex SoS.

The above discussion is harmonious with the philos-
opher Jacob Bronowski’s (1978) seminal statements:

The world is totally connected.Whatever explanation
we invent at any moment is a partial connection, and

its richness derives from the richness of such connec-
tions as we are able to make. (p. 96)

There is no nerve without the muscle and no muscle
without the nerve in the total animal. This is the same
statement as the one I made about the total connec-
tion of the world…. (p. 99)

Of the human senses, Bronowski argues that arts
mediated by the sense of light, like sculpture and
painting, and arts that mediated by speech and sound,
like the novel, drama, and music, dominate our out-
look. Most of the time we use vision to give us infor-
mation about the world and sound to give us
information about other people in the world. How
do we translate and build on Bronowski’s “vision”
and “sound” in our modeling of Complex SoS? What
kind of “instruments” do we need to model Complex
SoS? In modeling, we commonly build on (i) domain
knowledge, (ii) human and organizational behavior,
(iii) the role of cyber–physical infrastructure in
today’s quality of life of communities and individuals,
(iv) systems engineering theory and methodology,
(v) databases, and (vi) modeling experience, among
others. What is the role of inference and perception
in translating a system and its environment from real-
ity into an abstract vision that is built on Bronowski’s
and on other philosophers’ ideas in support of the fun-
damentals of state-space theory (Bellman and Drey-
fus, 1962, Nise, 2014)? The art and science of
modeling is but an interpretation of the common mul-
tiple perspectives of Complex SoS used by modelers,
namely, natural, physical, structural, organizational,
or human behavior.

Fundamentally, this construable process represents
a mental translation that implies a subjective cognitive
understanding of each of the multiple perspectives of
each system and their integration as a Complex SoS.
Conceivably, two different modelers would interpret
and perceive systems, subsystems, and, ultimately,
the integrated Complex SoS, differently, given the
amalgamation of the arts and sciences on which the
modeling process is built. It is here where state-space
theory contributes to harmonizing the modeling
process of Complex SoS. In particular, given the large
number of states (variables) required to model and
represent the multiple subsystems and their
multitude of perspectives, as well as the necessity
for brevity yet representativeness, modelers from
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different disciplines, and thus different perspectives,
will naturally tend to be influenced by their unique
personalities and backgrounds.

Furthermore, the large number of states that might
be generated through the iterative, learn-as-you-go
modeling process necessitates the selection of a repre-
sentative subset of shared states and other essential
entities. Recall that we define essential entities to con-
note shared/common decisions, decision makers, sta-
keholders, resources, organizational setups, and
history, among others. This selection of a minimum
number of shared states and other essential entities with
which to identify critical I-I is the first step in identifying
invaluable precursors to future impending failures.
Note that the I-I within Complex SoS constitute the
essence of the sources of risk thereto. This step con-
verts systems that heretofore were marginally con-
nected in parallel to becoming connected in series.
This process is pivotal for discovering one of themajor
sources of risk facing Complex SoS and the most
important result of modeling the I-I within and among
systems and subsystems. Working together collabora-
tively, modelers can develop better models by aug-
menting the ingenuity of other modelers and
scholars, as they collectively focus on and interpret
the genesis of the I-I characterizing the subsystems
and, eventually, the entire Complex SoS. Alterna-
tively, it is possible to envision separate modeling
efforts by multiple modelers with a subsequent
attempt to integrate the models to yield a better and
more representative set of attributes of the overall
Complex SoS. We ought to not overlook the mode-
lers’ inherent ingenuity, background, talent, experi-
ences, and innovativeness, contributing to the
iterative modeling process that is characterized by a
trial-and-error and a learn-as-you-go process. In other
words, the multipath exploration process that charac-
terizes the modeling effort necessarily implies and
even requires the intellectual creativity and energy
of modelers of Complex SoS – a process that com-
monly yields to a better representation of the model-
ing efforts.

In his book Ageless Body Timeless Mind, the phy-
sician, philosopher, and author Deepak Chopra
(1994) suggests the following three “models” of
humans: physiology, mental capacity, and spirituality.
No one would negate the notion that the human body
is an interdependent and interconnected Complex

SoS. Indeed, each organ is by itself a system of systems
composed of multiple subsystems. The basic question
is, can we model or represent a complete understand-
ing of a person when we ignore one of the above three
attributes identified byChopra? The same principle of
completeness/representativeness must apply to the
natural and constructed Complex SoS. From several
perspectives, Complex SoS are opaque. Our observa-
tions, studying and reading documents, consulting
with knowledgeable experts, and exploring and
exploiting all sources of information relevant to Com-
plex SoS are important and invaluable. Nevertheless,
this tedious and essential modeling process does not
reduce the inherent intricacy characterizing Complex
SoS. Moreover, the above solicited and collected
information ought not lead us to the illusion that what
we have observed and learned constitute the entire
reality. Rather, we ought to augment our acquired
knowledge with an endless learn-as-you-go modeling
process. Thus, our notion in this book is that the mod-
eling of Complex SoS is an intricate amalgamation of
the arts, sciences, and engineering, guided by the inge-
nuity of systems modelers. This amalgamation of the
visible and invisible, and the interplay between the
arts and the sciences in the modeling of Complex
SoS, is in many ways analogous to the architectural
design of high-rise buildings and the ultimate transla-
tion of the design into the reality of a physical struc-
ture. Indeed, architects and systems modelers share
some similarity in building on the arts and sciences
in their specialties, although each discipline uses dif-
ferent crafts in its work. Modelers of systems and
Complex SoS use the building blocks of mathematical
and simulationmodels, among others, while architects
use in their crafts of drawing and scale models to
reflect weight, force, and balance as well as aesthetics,
among other things. Both address the essential
sequence of translating their conceptual, analytical,
or other models into their ultimate realization.

Furthermore, the fact that all single systems and
Complex SoS – natural or the constructed environment
– are dynamically changing and evolving necessarily
requires consideration of the time frame in modeling,
implicitly or explicitly. Modeling such changing sys-
tems requires the use of dynamic models. This
requirement adds an enormous challenge to mode-
lers, who often revert, when possible, to steady-state
models, taking cover under the adage that “models
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must be as simple as possible, but as complex as
required.” In other words, since the essence of mod-
eling is an amalgamation of art and science, imagina-
tion, judgment, and experience, then “assumptions”
become an essential instrument that modelers use to
navigate between the grace of static simplicity and
the harshness of dynamic complexity, with the
required and challenging balance between the two.
Of course, the choice between static and dynamic
models is only one of the challenges facing modelers
of Complex SoS. Not all submodels of subsystems nec-
essarily require the same inherent characterization,
e.g. linear vs. nonlinear, static vs. dynamic, determin-
istic vs. stochastic–probabilistic, lumped parameter vs.
distributed parameter, or discrete vs. continuous.
Here again, modelers necessarily resort to the essen-
tial guidance provided by the arts and sciences,
namely, the creativity and imagination that constitute
the foundation of the modeling process. This never-
ending process of tradeoffs is necessarily resolved
with justified assumptions by the modelers and by
their ultimate users.

1.I.2 CAPTURING THE ESSENCE OF A SYSTEM
VIA MODELING

There is an unfortunate imbalance in the curricula of
most undergraduate and graduate programs in sys-
tems engineering and in industrial engineering and
operations research that is driven by a focus on system
optimization versus systemsmodeling. Such imbalance
in education and subsequent experiences could lead
to optimizing a system with a poorly constructed or
misrepresentative model. In system optimization, we
assume knowledge of the systems model under spe-
cific assumptions, where for each set of inputs we
can generate, or probabilistically estimate, the out-
puts. For example, in the context of risk management,
no effective risk management policy options can be
developed, nor can the associated tradeoffs among
all critical costs, benefits, and risks be evaluated, with-
out having constructed a model, or a set of interde-
pendent models, that represents the essence of the
system, or of the Complex SoS.

Students and other professionals often ask: “What
is systems engineering?” Indeed, systems engineer-
ing is distinguished by a practical philosophy

that advocates holism in modeling and cognition in
decision making. This philosophy is grounded in
the arts, natural and behavioral sciences, and
engineering. Hence, the systems engineering disci-
pline is supported by a complement of modeling
methodologies, tradeoffs among multiple non-
commensurate, competing, and conflicting objec-
tives, optimization and simulation techniques,
data management procedures, and decision-making
approaches. The ultimate purpose of systems engi-
neering is to (i) build an understanding of the nature
of systems and Complex SoS, their functional
behavior, and interaction with their environment;
(ii) improve the decision-making process in planning,
design, development, operation, and management;
(iii) collect appropriate databases with which to pop-
ulate the systems models; and (iv) identify, quantify,
and evaluate risks, uncertainties, and variability
within the decision-making process.

One way to gain a better understanding of systems
engineering is to consider the well-publicized ideas of
Stephen R. Covey in his best-selling book, The Seven
Habits of Highly Effective People (Covey, 1989), and
to relate these seven habits to various steps that con-
stitute systems thinking, or the systems approach to
problem solving. Covey’s journey for personal devel-
opment, as detailed in his book, has much in common
with the holistic systems concept that constitutes the
foundation of the field of systems engineering.
Viewed in parallel, the two philosophies – Covey’s
and the systems approach – have a lot in common.
Analyzing a system cannot be a selective process, sub-
ject to the single perspective of the analyst who is
responsible for deciphering the maze of disparate
databases and knowledge. Rather, a holistic approach
is one that encompasses the multiple visions and per-
spectives at play, supported by vast pools of data and
other information. Such a systemic process is impera-
tive to successfully understand and address the natu-
ral and the constructed environment, including
organizational systems, which at their core are com-
posed of interconnected, interactive, and interde-
pendent Complex SoS – the theme of this book.

Systems engineering cannot be practiced
effectively, if at all, without models – analytical,
conceptual, or simulation. Models, experiments, and
simulations are conceived and built to answer specific
questions. A mathematical model is a set of equations
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that describes and represents the essence of the real
system. The Merriam-Webster Dictionary defines
essence as “The most significant element, quality, or
aspect of a thing” (2017). The equations describe
the various aspects of the problem; they identify the
functional relationships among all of the system’s
components, elements, and its environment; they
establish measures of effectiveness and constraints
and, thus, indicate what data should be collected to
deal with the problem quantitatively. These equations
could be algebraic, differential, linear, or nonlinear or
take other forms depending on the nature of the sys-
tem being modeled.

In general, models can help us assess the conse-
quences of a course of action, given what we know,
or what we think we know, what we need to know,
or what and where additional knowledge is needed
to build a more effective model for decision making.
Furthermore, mathematical models are the impera-
tive mechanisms with which to perform quantitative
systems engineering. They are built and used to help
systems engineers, managers, and decision makers
better understand and manage a system using its rel-
evant and/or critical interdependent and intercon-
nected subsystems; namely, a Complex SoS. In the
medical sciences, for example, there are mathematical
models that use various states of the patient, e.g. tem-
perature and blood pressure, to help in a diagnosis.
Such models are important to correctly understand
the human body as a Complex SoS.

Modeling has a strong element of art because suc-
cessful models must build on the artistic traits of
experimentation, imagination, creativity, independ-
ent thinking, vision, and entrepreneurship. Systems
modelers must possess and merge values and traits
offered by both the arts and the sciences. However,
in contrast to scientific knowledge, whose validity
can and must be proven, mathematical models cannot
always be successfully subjected to such metrics. In
fact, the more complex the system to be modeled,
the lower the modeler’s ability to verify or validate
emerging models. Some scholars even argue that no
complex model can be verified or validated, which
is due, in part, to the dynamic and probabilistic char-
acteristics of all natural and constructed Complex
SoS. Heisenberg’s (1930) uncertainty principle is at
work here as well, namely, once the system’s model
is deployed, the essence of the system will change.

Models can help answer limited questions about
the behavior of systems under both steady-state con-
ditions and dynamic forced changes. The multiple
perspectives that characterize each system, and the
entire Complex SoS, require developing models that
represent the essence of the multiplicity of perspec-
tives, attributes, functions, and dimensions of the sys-
tem. Physical, chemical, biological, and other natural
laws serve as the first principles and the foundation
for such models. Although mostly necessary, these
natural laws are not sufficient for model construction
because of the intricacy of systems and of Complex
SoS. Furthermore, the influence of organizational
and other emergent forced changes (EFCs) from
within or outside the Complex SoS affects it posi-
tively or negatively. The term EFCs connotes inter-
nal or external changes that may positively or
negatively affect one system, or the entire Complex
SoS. The multiple perspectives of any system,
whether it is the human body, the environment, a
bridge, a building, or an airplane, cannot be ade-
quately modeled using a single model – a fact that
presents a challenge to modelers. Thus, what is
needed is a mechanism or a systemic framework,
with which to augment natural and physical laws with
human and organizational behavior, imagination,
inventions, innovation, entrepreneurship, out-of-
the-box thinking, and boundless experimentation.

Natural and constructed environments and organi-
zational systems are, at their core, composed of inter-
dependent and interconnected Complex SoS.
A wildlife refuge in Alaska and a large suspension
bridge over the Bosporus in Istanbul connecting
Europe with Asia are two examples of such Complex
SoS. The wildlife refuge may support ample species
with diverse life cycles; their interdependency consti-
tutes a complex ecosystem. The bridge over the Bos-
porus may be perceived merely as an infrastructure
that is constructed of steel, asphalt, cement, and light
fixtures. Nothing could be further from the truth. The
suspended cables in the bridge are 60 cm in diameter
and contain countless numbers of bundled steel wires.
Similarly, the hanging cables, the towers, the bridge
itself, and the myriad supporting invisible physical
infrastructures all constitute an interdependent and
interconnected Complex SoS. Clearly, there is a need
to understand the science and engineering that ulti-
mately determine the reliability, sustainability, and

CAPTURING THE ESSENCE OF A SYSTEM VIA MODELING 5



safety of Complex SoS, including bridges. Such under-
standing may employ expertise in civil and structural
engineering and systems engineering, the arts and
sciences, and organizational and behavioral sciences,
among other fields of study. Systems engineers are
commonly the integrators of contributions made by
experts in these diverse disciplines. Indeed, systems
integration, where Humpty Dumpty is put together
so that the system can function as intended, cannot
be successfully performed in earnest without a heavy
reliance on systems modeling.

1.I.3 A BRIEF HISTORY OF MODERN SYSTEMS
ENGINEERING

Systems engineering hasmany parents.During his dis-
tinguished career, Albert Einstein attempted to
develop a unified theory that embraced all forces of
nature as a system. Feynman et al. (1963) described
a hierarchy or continuum of physical laws as distinct
systems or disciplines that are cooperating and inter-
dependent. Modern systems foundations are attribu-
ted to various scholars. Among them is Norbert
Wiener, who in 1948 published his seminal book
Cybernetics. Wiener’s work was an outgrowth or
response to the development of computer technology,
information theory, self-regulating machines, and
feedback control. In the second edition of Cybernetics
(Wiener, 1961), Wiener commented on the work of
Leibniz:

At this point there enters an element which occurs
repeatedly in the history of cybernetics – the influ-
ence of mathematical logic. If I were to choose a
patron saint for cybernetics out of the history of sci-
ence, I should have to choose Leibniz. The philoso-
phy of Leibniz centers about two closely related
concepts – that of a universal symbolism and that of
a calculus of reasoning. From these are descended
the mathematical notation and the symbolic logic of
the present day.

Ludwig von Bertalanffy (1968) coined the term gen-
eral systems theory around 1950, which is documented
in his seminal book General System Theory:
Foundations, Development, Applications (Bertalanffy,
1976). Of particular interest (pp. 9–11):

In the last two decades we have witnessed the emer-
gence of the “system” as a key concept in scientific
research. Systems, of course, have been studied for
centuries, but something new has been added….
The tendency to study systems as an entity rather
than as a conglomeration of parts is consistent with
the tendency in contemporary science no longer to
isolate phenomena in narrowly confined contexts,
but rather to open interactions for examination and
to examine larger and larger slices of nature. Under
the banner of systems research (and its many syno-
nyms) we have witnessed a convergence of many
more specialized contemporary scientific develop-
ments. So far as can be ascertained, the idea of a “gen-
eral system theory” was first introduced by the
present author prior to cybernetics, systems engineer-
ing and the emergence of related fields …. Although
the term “system” itself was not emphasized, the his-
tory of this concept includes many illustrious names.
As “natural philosophy”, we may trace it back to
Leibniz; to Nicholas of Cusa with his coincidence of
opposites; to the mystic medicine of Paracelsus; to
Vico’s and ibn-Kaldun’s vision of history as a
sequence of cultural entities or “systems”; to the dia-
lectic of Marx and Hegel, to mention but a few names
from a rich panoply of thinkers.

Kenneth Boulding, an economist, published his
1953 work General Empirical Theory (Boulding,
1953) and claimed that it was the same as the general
systems theory advocated by Bertalanffy. The Society
for General Systems Research was organized in 1954
by the American Association for the Advancement of
Science. The society’s mission was to develop theoret-
ical systems applicable to more than one traditional
department of knowledge.

Several modeling philosophies and methods have
been developed over the years to address the com-
plexity of modeling large-scale systems and to offer
various modeling schema. In his book Methodology
for Large-Scale Systems, Sage (1977) addressed the
need for value systems that are structurally repeatable
and capable of articulation across interdisciplinary
fields that can be used to model the multiple dimen-
sions of societal problems. Blauberg et al. (1977)
pointed out that, for the understanding and analysis
of a large-scale system, the fundamental principles
ofwholeness (representing the integrity of the system)
and hierarchy (representing the internal structure of
the system) must be supplemented by the principle
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of “the multiplicity of description for any system.” To
capture the multiple dimensions and perspectives of a
system, Haimes (1981) introduced Hierarchical Holo-
graphic Modeling (HHM), which is the subject of
Chapter 3 and is applied throughout this book. Recog-
nizing that a systemmay be subject to a multiplicity of
management, control, and design objectives. Zeigler
(1984) addressed such modeling complexity in his
book Multifaceted Modelling and Discrete Event Sim-
ulation. Zeigler introduced the term multifaceted “to
denote an approach to modeling that recognizes the
existence of multiplicities of objectives and models
as a fact of life” (p. 8). In his book Synectics, the Devel-
opment of Creative Capacity, Gordon (1968) intro-
duced an approach that uses metaphoric thinking as
a means to solve complex problems. Hall (1989)
developed a theoretical framework, which he termed
metasystems methodology, to capture the multiple
dimensions and perspectives of a system. Other early
seminal works in this area include Social Systems –

Planning and Complexity on societal systems and
complexity by Warfield (1976) and Systems Engineer-
ing (Sage, 1992). Sage identified several phases of
the systems engineering life cycle. His analyses
embraced multiple perspectives including the struc-
tural definition, the functional definition, and the
purposeful definition. The multiple volumes of the
Systems and Control Encyclopedia: Theory, Technol-
ogy, Applications (Singh, 1987) offer a plethora of
theories and methodologies for modeling large-scale
and complex systems. Thus, multifaceted modeling,
meta-systems, HHM, and other contributions in the
field of large-scale systems constitute the fundamen-
tal philosophy upon which systems engineering
is built.

Indeed, several modeling philosophies and meth-
ods have been developed over the last seven decades
to address the complexity of modeling large-scale sys-
tems and to offer various modeling schema. They are
included in the following volumes: Views on General
Systems Theory (Mesarović, 1964), General Systems
Theory (Macko, 1967), Systems Theory and Biology
(Mesarović, 1968), Advances in Control Systems
(Leondes, 1969), Theory of Hierarchical, Multilevel
Systems (Mesarović et al., 1970), Methodology for
Large-Scale Systems (Sage, 1977), Systems Theory:
Philosophical and Methodological Problems
(Blauberg et al., 1977),Hierarchical Analyses ofWater

Resources Systems: Modeling and Optimization of
Large-Scale Systems (Haimes, 1977), andMultifaceted
Modelling and Discrete Event Simulation (Zeigler,
1984). Haimes (1981) developed Hierarchical Holo-
graphic Modeling (HHM) for Complex SoS;
Gheorghe (1982) presented the philosophy of systems
engineering as it is applied to real-world systems.
Haimes and Macko (1973), Hall (1989), Macko and
Haimes (1978), Haimes et al. (1990), and Haimes
(2007, 2008, 2012a) developed a theoretical frame-
work to capture the multiple dimensions and perspec-
tives of a system and (Lasdon, 1991) published a
seminal book on optimization theory for large sys-
tems; indeed, Lasdon is among the pioneers who con-
tributed to decomposition and hierarchical
coordination of large-scale systems. Other works
include those by Sage (1977, 1992, 1995), Shenhar
(1994), and Sage and Rouse (1999). Eisner (1993),
Maier (1998), and Sage and Cuppan (2001) together
provide valuable insights into SoS and definitions of
emergent behavior of complex systems in the context
of SoS.

Most of the works on systems of systems have been
devoted to their organizational, functional, and struc-
tural nature. There has been comparatively little
inquiry into the problem of modeling Complex SoS,
and most of the contributions within the last two dec-
ades have focused on their description, classification,
and characterization. For example, Ottino (2003)
reviewed three major tools for quantitative modeling
and studying complex systems: nonlinear dynamics,
agent-based models, and network theory. Shalizi
(2006) reviewed the main methods and techniques
of complex systems, which include tools for analyzing
data, constructing and evaluatingmodels, andmeasur-
ing complexity. Chang and Harrington (2005) pro-
vided a comprehensive description of agent-based
models of organizations. Amaral and Ottino (2004)
described network theory and its importance in aug-
menting the framework for the quantitative study of
complex systems. Lloyd and Lloyd (2003) presented
a general method for modeling complex systems in
terms of flows of information. Page (1999) discussed
robust computational models. In an analysis of the
challenges associated with complex systems engineer-
ing, Johnson (2006) provided a comprehensive review
of emergent properties and how they affect the engi-
neering of complex systems. Bar-Yam (2003a)
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reviewed past lessons learned from problems with sys-
tems engineering historically and suggested adopting
an evolutionary paradigm for complex systems engi-
neering. Within the application of complex systems
theory to a multiscale analysis of military littoral war-
fare, Bar-Yam (2003b) suggested the necessity of con-
sidering the specific organizational and technological
requirements needed to performeffectively in a highly
complex environment. In health care, Funderburk
(2004) presented a brief survey of several formal
dynamic and/or network-based models that are rele-
vant for health-care policy development and evalua-
tion. Tivnan et al. (2007) described the formulation,
successful replication, and critical analysis of
Levinthal’s model of emergent order for economic
firms. Jamshidi (2009a, b) edited two volumes on sys-
tems of systems engineering. In the preface to the first
volume (2009a), he wrote: “The SoS [Systems of Sys-
tems] concept presents a high-level viewpoint and
explains the interactions between each of the inde-
pendent systems. However, when it comes to engi-
neering and engineering tools of SoS, we have a
long way to go. This is the main goal of this volume”
(p. ix). Indeed, Jamshidi confirmed the need for con-
certed efforts in modeling Complex SoS.

Sage and Biemer (2007) argued that no universally
accepted definition of SoS is currently available. Sage
and Cuppan (2001) built their analyses on five proper-
ties of SoS suggested byMaier (1998). During the past
decade, several disciplines have recognized the impor-
tance of addressing the management, and thus the
modeling, of their SoS including finance, health care,
defense, and physical–cyber infrastructure systems.
De Laurentis (2008), Lewe et al. (2004), Parker
(2010), and Dahmann and Baldwin (2008) all suggest
that SoS problems require a new modeling paradigm
that can account for the multiplicity of stakeholders,
objectives, interdependencies, and emergent out-
comes. Fisher (2006) argued that emergent behavior
is inherent in SoS and traditional software and sys-
tems engineering methods are inadequate for inter-
pretation of SoS. De Laurentis and Callaway (2004)
discussed the need to focus the modeling effort on
SoS interdependencies, and they suggested that the
evaluation of an individual entity at its own level is
of less importance than how it affects the higher levels
of the organization of which it is a member. Similarly,
Thissen and Herder (2003) claimed that efforts to

increase understanding at the overall SoS level are
much needed. Aktan and Faust (2003) called for the
need for SoS modeling approaches for civil engineer-
ing researchers and practitioners. They maintain that
an integrated modeling of large-scale infrastructure
SoS encompassing engineered, human, and natural
elements has been unsuccessful thus far.

The emerging roles of systems engineering in the
design, implementation, and management of Com-
plex SoS have resulted in increased interest in engi-
neering systems as SoS and as an emerging
multidiscipline. Sousa-Poza et al. (2009) and Keating
(2005) articulated several of the critical research chal-
lenges that SoS must address and identified a prelim-
inary set of critical research areas for a more
integrated research agenda. Maier and Rechtin
(2009) indicated that SoS pose specific challenges
for design and development, which are distinct from
those of conventional systems. The principal chal-
lenges include designing for social and technical equi-
librium, promoting sequential decision making for
technology, and creating system roadmaps with large
uncertainty.

Gorod, Sauser, and Boardman (2008) identified
distinguishing characteristics as a foundation onwhich
to build an effective SoS management framework.
Dahmann et al. (2011) proposed a time-sequenced,
incremental development “wave”modeling approach
using an implementers’ view of systems engineering
for SoS. In order to achieve a common purpose, an
SoS approach is essential in resolving issues involving
heterogeneous, independently operable systems. Suc-
cessful operation of SoS requires communication,
coordination, and negotiation among appropriate
individuals and groups across enterprises using an
effective protocol (De Laurentis et al., 2007).Multiple
criteria decision analysis and conflict resolution using
graph models were discussed extensively in Hipel
et al. (1993), Li et al. (2004), and Kilgour and Hipel
(2005). An application of Extensible Markup Lan-
guage (XML) to represent data communicated among
systems was proposed by Sahin et al. (2007).

The mathematical methods used in the studies of
Complex SoS include nonlinear dynamics, graph
and network theories, and agent-based modeling
and simulation (ABMS) (Barabási and Albert,
1999; Ottino, 2003; Baldwin et al., 2017). Bifurcation
and catastrophe theory (Arnold, 1994) have also
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