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Earlier sections of this thesis pointed out that complexity challenges appear in many
different fields and are tackled by a variety of strategies and methods. The lack of
knowledge, which is often associated with complex problems, has been addressed in
literature by several authors. Craig Read claims that industry has no understanding of
complexity. Neither the origins nor the effects of it are addressed, and approaches to
complexity are missing [1]. Sheard and Mostashari urge that future work should fill in
gaps in understanding complexity, especially if related to systems engineering [2].

As systems engineering is about realizing successful systems, dealing with complexity
seems to be inevitable. In fact, in many publications in this field the authors complain about
the increasing complexity. This led to the proposition of a new sub-discipline called
“complex systems engineering” [3].

Whereas in engineering the relevance of complex system interactions is obvious, the
meaning of complexity and complexity management is still indistinct. In order to provide
transparency over existing approaches and methods, this chapter presents a map of fields in
systems engineering and complexity management topics and approaches within these
fields. The map further depicts overlaps between the fields based on similarity in complex-
ity management practices. The sheer amount of publications makes it impossible to depict
all trends and developments. Therefore, this chapter describes selected works of authors
who significantly contributed to and influenced their scientific fields. This shall illustrate
the evolution of different research fields and their interconnectivity regarding complexity.
And it shall facilitate the transfer of methods and procedures of complexity management, as
the application of new methods is often inspired by transferring them from other fields.

Because of the high popularity of the term complexity in a multitude of research fields,
the search was restricted to publications with technical, engineering or systems engineering
background. Initially a variety of terms connected to the topic of complexity, e.g. complex
systems, complexity management or complex engineering were identified. Then relevant
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topics and authors were identified and grouped, and dependencies between topics were
highlighted as overlaps. Such an overlap mean that an identified publication belongs to at
least two different main topics. Observing the overview map does not only show overlaps
between topics—also missing overlaps can be of interest, as such “blind spots” can
represent important future research topics.

5.1 A Map of Complexity Management Approaches

By a literature review, seven disciplines could be identified in the engineering field which
have a direct relevance to issues of complexity.

Figure 5.1 shows these seven disciplines as circles in a Venn diagram. “Complex
systems” is depicted in the center of the diagram and by a larger circle than the other six
disciplines. This is a result of the many overlaps of this discipline with all the other ones. It
should not intend to convey a higher importance of this discipline. Section 5.2 describes the
seven disciplines, key authors and their complexity management approaches.

Besides the main disciplines, the research unveiled overlaps between the various
disciplines and in turn helped to expose voids or blind spots between the disciplines.
Eleven overlaps between disciplines are depicted in Fig. 5.1 and indicated with Roman
numerals. Nine overlaps result from the interaction between two disciplines, and two

Fig. 5.1 Complexity overview Venn diagram
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overlaps from even three disciplines. Section 5.3 describes the overlaps in detail, referring
to the numerals of the diagram. And Sect. 5.4 addresses blind spots on this map and
discusses the findings.

It must be mentioned that a diagram, especially a simple Venn diagram, can hardly cope
with the many aspects of complexity. That means that Fig. 5.1 can only depict a partial
view. As well, the enormous amount of publications dealing with many different aspects
and perspectives of complexity cannot be comprehensively visualized in one picture.
Consequentially, Fig. 5.1 must be incomplete. And depending on one’s personal perspec-
tive, different classifications can be more relevant. Nevertheless, the chosen visualization
of complexity disciplines can be helpful for understanding this highly important topic. The
figure facilitates the interpretation and discussion of complexity aspects. By providing a
picture that is easy to understand, it may provoke the reader to challenge, adapt and extend
it. So this chapter and the included descriptions and explications should be seen as a work
in progress, with the objective of better understanding complexity management in
engineering.

5.2 The Main Research Areas of Engineering Complexity

5.2.1 Product Development

The complex nature of today’s engineering systems often brings forth the issue of com-
plexity in product development. Eppinger states that “Development of complex products
and large systems is a highly interactive social process involving hundreds of people
designing thousands of interrelated components and making millions of coupled decisions”
[4]. He introduces “three views of product development complexity: a process view, a
product view, and an organization view”, and explains that one can “learn about the
complex social phenomenon of product development by studying the patterns of interac-
tion across the decomposed elements within each view”. That means that Eppinger
considers structural complexity that emerges from large numbers of dependencies between
system elements, which results in hardly predictable interactions within those complex
(sub-)systems.

Focusing on the structure of the product, process and organizational views allows for
decomposing “in order to manage the complexity”. Thus, decomposing the product into
several subsystems makes its complexity more understandable as smaller problems can be
solved more easily, hence speeding up the problem-solving and solution identification
process. According to Eppinger, decomposing and analyzing these three system views can
lead to the following benefits when designing complex systems [4]:

The product view comprises dependencies between technical components. A detailed
analysis of these dependencies can point to more effective module and sub-system
boundaries, which can make the whole system easier to handle. Furthermore, the
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analysis can support interface management, as critical interfaces can be discovered. And
as a result of well-known module boundaries, appropriate opportunities for outsourcing
can be identified.

The investigation of the process view can be helpful for streamlining process steps, which
then can lead to reduced process times. Design iterations can also be identified by
analyzing the process view. And if these iterations can be avoided or at least reduced,
this can further accelerate the design process. Eppinger further mentions that failure
modes within the process can be seen from the process view and that chaotic informa-
tion flows, when identified, can be replaced by more effective formal procedures.

Finally, the decomposition and analysis of the organizational view can allow for more
effective team arrangements. And system engineering functions can be applied for better
integration of the overall product [4].

Not only the consideration of the three isolated system views can help manage the system
complexity. Also analyzing the comparison views between two system views can “serve to
help diagnose cultural and dynamic causes of process-related and organizational failures to
efficiently develop the selected product architecture” [4]. The complexity of the process is
directly proportional to the complexity of the product architecture; therefore, more complex
architectures require more complex processes for their development. The organizational
structure domain synchronizes the product development activities; hence, the organiza-
tional structure itself is split into different organizational groups with different skills.
Eppinger’s considerations are in line with an earlier finding known as “Conway’s law”,
stating that the product design structures result from the organizational structures because
of the interactions by communication [5].

Ulrich focuses on product architecture development and states that unlike modular
product architecture “an integral architecture includes a complex (non one-to-one) mapping
from functional elements to physical components and/or coupled interfaces between
components” [6]. He further mentions that component standardization represents a possi-
bility for reducing complexity, but this has to be balanced with potential deficits
e.g. associated with product performance and costs. Ulrich links the skills required in an
organization structure to the product architecture and emphasizes that “highly modular
designs allow firms to divide their development and production organizations into
specialized groups with a narrow focus” and thus require better systems engineering and
planning skills, whereas integral architectures require better coordination and integration
skills [6].

Like Eppinger, also Ulrich investigates issues of structural complexity, in his case
mostly the product architecture view, which is linked to other system parts like process
and organizational view. Because of these links, constellations or measures in the product
architecture can e.g. result in an increase in management complexity.

Structural complexity results from system elements, e.g. components, process steps or
organizational units, which are interrelated by e.g. communication flows, change propaga-
tion or material flow. Dependency modeling (see also Sect. 3.4.4) provides several methods
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and tools, which have been successfully applied in numerous projects. Besides well-
established visualization and computation approaches for process and organizational
structures (e.g. flowcharts or event-driven process chains), the Design Structure Matrix
(DSM) has especially gained popularity as a generic method for system structure modeling
and optimization [7]. An extension of the DSM, called Multiple Domain Matrix (MDM),
allows for integrated consideration of several product views, as it has been proposed by
several authors, [4, 8, 9]. Lindemann et al. introduced an approach using an MDM and
guiding the user from acquiring structural information until the identification of structural
improvements—and called it “Structural Complexity Management” [10].

Complexity management approaches in product development consider different aspects
of the product generation and mostly focus on structural complexity. Many methods and
tools for its visualization, analysis and optimization get applied. And many approaches,
e.g. modular design and interface management comprise those methods.

5.2.2 Systems Engineering

Systems engineering is an interdisciplinary field that emerged to manage complex engi-
neering systems, hence it has strong link to the field of complex systems. From a historical
point of view, the Guide to the Systems Engineering Body of Knowledge states: “We can
view the evolution of systems engineering (SE) in terms of challenges and responses.
Humans have faced increasingly complex challenges and have had to think systematically
and holistically in order to produce successful responses to challenges. From these
responses, generalists have developed generic principles and practices for replicating
success” [11].

Several definitions of systems engineering are available, e.g. by [12, 13], and complex-
ity is often mentioned in this context. For a structured discussion about the management of
complexity in systems engineering, Sheard states “that what people have been calling
‘systems engineering’ can be split into three basic implementations or types of systems
engineering: Discovery, a discipline or specialist type that involves significant analysis,
particularly of the problem space; Program Systems Engineering, a coordination or gener-
alist type that emphasizes the solution space and technical and human interfaces; and
Approach, a process type that can (and should) be performed by any engineer” [14]. In
these three types of systems engineering, complexity management play different roles and
is realized with different approaches.

“The models and analyses created in Discovery implementations include requirements
modeling, system behavior modeling, environmental and system simulation, reliability or
survivability analysis, orbital analyses (for space systems), and contingency scenarios, to
name a few” [14]. Many modeling approaches also known in other areas get applied, and
methods for managing structural complexity are of significant importance. Behavioral
modeling and simulations largely deal with dynamic complexity and apply approaches
from the field of system dynamics.
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In Program Systems Engineering “the problem space is more precedented (commercial
communication satellites, for example), and the unprecedented aspect is how the pieces fit
together to provide a new variation on a type of service.” “The emphasis in Program
Systems Engineering is on producing cost-effective solutions that meet quality and sched-
ule criteria. Organizational processes can be defined and improved to standardize this type
of systems engineering” [14]. This type of systems engineering has to deal with architec-
tural, structural and interface questions and is very close to the complexity-managing
approaches of product development. Therefore methods for modeling, analyzing and
optimizing system structures can get applied successfully.

“Approach is the systems engineering that every engineer must perform on the product,
including understanding risks, understanding the operational need, clarifying requirements
before jumping to a solution, doing at least informal trade studies to make decisions, and so
on through the process or focus areas of the chosen capability model” [14]. For this systems
engineering approach, complexity challenges apply to the actions in the responsibility of an
engineer. Thus, methods and tools that create transparency and help understanding the
impact and consequences of decisions can be applied.

Abbott states that systems engineering is the engineering of complex systems as a result
of the multi-scale interaction among the system components due to the integration of
hardware, software and services [15]. The systems are designed for uncertainties and
include adaptation strategies that enhance reliability and robustness.

Sheard stresses that the traditional trend of systems engineering is metamorphosing into
complex systems engineering, and suggests that systems engineering bodies such as
INCOSE can contribute by modifying themselves to enable engineers to use complex
systems ideas [16].

5.2.3 Complex Systems

Bar-Yam states that the “importance of complex systems ideas in technology begins
through the recognition that novel technologies promise to enable us to create ever more
complex systems.” And he continues saying that “the conventional boundary between
technology and the human beings that use them is not a useful approach to thinking about
complex systems of human beings and technology” [17]. Complex systems are represented
in almost every field of science. Hence this discipline is linked to all other disciplines in
Fig. 5.1 and therefore is centered in the diagram. The field of complex systems itself can be
subdivided into three sections: complex adaptive systems, biological systems and complex
products and systems (CoPS), as shown in Fig. 5.2. These sections all mutually overlap.

Goldberg and Holland mention the “robust complexity that evolution has achieved in its
three billion years of operation”. And further: “The ‘genetic programs’ of even the simplest
living organisms are more complex than the most intricate human designs” [18]. And in
another publication the authors state that “Adaptive processes, with rare exceptions, are far
more complex than the most complex processes studied in the physical sciences. And there
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is as little hope of understanding them without the help of theory as there would be of
understanding physics without the attendant theoretical framework” [19].

“A Complex Adaptive System (CAS) has no single governing equation or rule that
controls the system. Instead, it has many distributed, interacting parts, with little or nothing
in the way of a central control. Each of the parts is governed by its own rules. Each of these
rules may participate in influencing an outcome, and each may influence the actions of
other parts” [20]. All complex adaptive systems share three characteristics: evolution,
aggregate behavior and anticipation [20]. Ecosystems, and the global biosphere, are
prototypical examples of CASes [21].

Ecosystems and the biosphere are also biological systems. Regarding such systems,
Holling mentions “that the complexity of living systems of people and nature emerges not
from a random association of a large number of interacting factors rather from a smaller
number of controlling processes. These systems are self-organized, and a small set of
critical processes create and maintain this self-organization” [22]. He further explains that
“‘Self-organization’ is a term that characterizes the development of complex adaptive
systems, in which multiple outcomes typically are possible”. Holling introduces a “theo-
retical framework and process for understanding complex systems” that shall be “as simple
as possible but no simpler”, “be dynamic and prescriptive” and “embrace uncertainty and
unpredictability” [22]. Albin focuses on humans and their social interactions as biological
systems and states that “The program of reducing complex physical interactions to com-
putable models, which has had such striking success in the physical sciences, has much
narrower conceptual limits in the context of social interactions, precisely because the
constituent subsystems of societies, human beings, are themselves emergent, complex
adaptive systems” [23]. And in this context Folke summarizes that “Not only adaptations
to current conditions and in the short term, but how to achieve transformations toward more
sustainable development pathways is one of the great challenges for humanity in the

Fig. 5.2 Categories of complex
systems
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decades to come” [24]. In their publication titled “Complexity of Coupled Human and
Natural Systems” Liu et al. discovered based on several case studies that “Some
ecosystems can only be sustained through human management practices, whereas many
conservation efforts preclude such human interference” [25].

Advances in technology and science resulted in designing more and more complex
systems. Around the turn of the millennium scientists started to talk about Complex
Products [and] Systems (CoPS) which are “high cost, engineering-intensive products,
systems, networks and constructs” [26] (according to [27]). “They are business to business
capital goods used to produce consumer goods and services” [26]. Considering the specific
challenges of CoPS, Gann and Salter mention that “Key issues for makers of complex
products and systems in the built environment are not solely the management of projects or
the management of business processes per se, but rather the integration of project and
business processes within the firm” [28]. The same authors highlight the importance of
knowledge management on all enterprise levels for successfully manage CoPS challenges.
And Hobday explains that “Technical progress, combined with new industrial demands
have greatly enhanced the functional scope, complexity, pervasiveness, and performance of
CoPS e.g., business information networks, tailored software packages, and internet super-
servers. The nature of CoPS can lead to extreme task complexity, which, in turn, demands
particular forms of management and industrial organisation” [29]. And as a further
challenge the author mentions: “Complex and changing clients needs are not unusual in
CoPS; therefore, a pre-emptive, pro-active approach is essential to minimising risks”. In
general, complex systems cannot be completely modeled and described, so measures for
their management must have other targets. Booker et al. formulate that “A complex
environment will contain concepts that cannot be specified easily or precisely even with
a powerful logic” [19]. These authors postulate that managing complexity should reduce
uncertainty. And Sterman proclaims that we have to learn in and about complex systems in
order to be able to manage them. And “Overcoming the barriers to learning requires a
synthesis of many methods and disciplines, from mathematics and computer science to
psychology and organizational theory. Theoretical studies must be integrated with field
work. Interventions in real organizations must be subjected to rigorous follow-up
research” [30].

5.2.4 Software Engineering

According to ISO/IEC/IEEE, software engineering is “the systematic application of scien-
tific and technological knowledge, methods, and experience to the design, implementation,
testing, and documentation of software” [31]. In this engineering discipline, an important
question is the measurement of complexity as a metric that can e.g. trigger measures of
system change and optimization.

In 1976, McCabe “describes a graph-theoretic complexity measure and illustrates how it
can be used to manage and control program complexity” [32]. His mathematical approach
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is built to “measure and control the number of paths through a program”. McCabe used his
approach for answering the question: “How to modularize a software system so the
resulting modules are both testable and maintainable?” Thus, the objective is not only to
obtain knowledge about the program complexity, but to use this knowledge for program
optimization, decision-making and management.

The software engineering question of how to modularize software systems is similar to
architectural questions in product development and systems engineering. Therefore, similar
methods can be applied using discipline-specific objects and optimization parameters as
model components. For example, interface management can be used for identifying
suitable software modules when trying to streamline information flows and minimize
change impact. McCabe and Butler provide three measures, “module design complexity,
design complexity, and integration complexity” and explain that those are important
complexity management tools [33].

Complexity of software applications increased dramatically since the early days of
computer science. Thus, software programs evolved towards complex projects, which
explains the overlap between modern software engineering and systems engineering (see
Sect. 5.3). In several aspects, e.g. model-based engineering and testing, software engineer-
ing drives progress in systems engineering [34].

5.2.5 Management Science

Management science describes the way management faces organizations and their com-
plexity. The organization represents the system with groups, units or departments as its
subsystems. Those subsystems (and the included people) are interconnected by information
flows and build a highly dynamic and complex system.

Schein shows that “organizational culture is a complex phenomenon” and tries to
provide a better understanding of behavior and effects observed in organizations. However,
he summarizes that there is still a lack of understanding concerning many aspects of this
organizational complexity [35]. Stacey links the management of organizations with com-
plexity as follows: “First, why should organizational theorists pay attention to the science
of complexity? The answer is that organizations are nonlinear, network feedback systems
and it therefore follows logically that the fundamental properties of such systems should
apply to organizations.” The author further states that “Organizations are clearly feedback
systems because every time two humans interact with each other the actions of one person
have consequences for the other, leading that other to react in ways that have consequences
for the first, requiring in turn a response from the first and so on through time.” And the
“long-term outcomes [from interventions conducted by members of the organization]
emerge from a process which is basically self-organizing” [36]. Stacey proclaims to
adopt findings made from managing complex systems in other disciplines to better manage
organizations. So, he explains that when organizations operate in a stable equilibrium,
where they can change in predictable ways to different equilibriums then the shift to
another stable state is difficult, because the organization and its members try to stay in
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the original equilibrium. This behavior is not fruitful for innovation or creativity, because
the outcome of these changes is unforeseeable. Stacey concluded that “The science of
complexity demonstrates that for a system to be innovative, creative, and changeable it
must be driven far from equilibrium where it can make use of disorder, irregularity, and
difference as essential elements in the process of change” [36].

5.2.6 Complexity Theory

The field of complexity theory aggregates the scientific approaches towards a general
understanding and modeling of complexity. These approaches are inspired by observations
from nature and represent the starting point for managing complexity in various fields of
application. The historical aspects of developing complexity theories are described in detail
in Chap. 4. Here, recent aspects of general complexity understanding are indicated.

In 1995, Kauffman stated that “The past three centuries of science have been predomi-
nantly reductionist, attempting to break complex systems into simple parts, and those parts,
in turn, into simpler parts”. And furthermore: “How do we use the information gleaned
about the parts to build up a theory of the whole? The deep difficulty here lies in the fact
that the complex whole may exhibit properties that are not readily explained by under-
standing the parts. The complex whole, in a completely nonmystical sense, can often
exhibit collective properties, ‘emergent’ features that are lawful in their own right” [37].

It is interesting to see how the reductionistic approach towards complexity was revived
several times after its initial creation (see also Sect. 4.1.2). And even recent definitions and
perspectives in the engineering context show a partly reductionistic focus on system
decomposition into distinct components (see Sect. 3.2). Obviously, the success of this
approach towards complexity is based on its successful application. However, it only works
for a subset of complexity challenges, and Kauffman mentions “The reductionist program
has been spectacularly successful, and will continue to be so. But it has often left a
vacuum” [37].

Kauffman mentions that from the twentieth century on, science is confronted with
organized complexity and “nowhere is this confrontation so stark as in biology”
[38]. Other authors connected complexity to topics like economics [39]. He also describes
a concept of inductive reasoning, which is applied by humans when interacting with
complex systems or in complex environments [40]. This approach is used for agents in
financial markets as well.

McKelvey refers to thermodynamics and evolutionary processes in his publication titled
“What is complexity science? It is really order-creation science”. He criticized that
“attention to the basic causal process underlying emergence has largely been ignored in
most managerial and organizational applications of complexity science”. He claims that
“The classic concept of external (Bénard) energy differentials (as control parameters) that
cause emergence ‘at the edge of chaos’ is at the heart of complexity science, but is
frequently missing in much of the complexity science literature and particularly in organi-
zational applications” [41].
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Kauffmann also uses thermodynamic analogies for describing aspects of complexity
theory: “when water freezes, one does not know where every water molecule is, but a lot
can be said about your typical lump of ice. It has a characteristic temperature, color, and
hardness—‘robust’ or ‘generic’ features that do not depend on the details of its construction.
And so it might be with complex systems such as organisms and economies. Not knowing the
details we nevertheless can build theories that seek to explain the generic properties’” [37].

5.2.7 Complex Networks

Complex networks represent networks with non-trivial topological features. And typically,
the investigation of complex networks has fallen into the field of graph theory [42]. Com-
plex networks contain vertices and edges. They occur in all fields of complexity,
irrespective of societal, biological or engineering systems.

The World Wide Web is a famous and supposedly well-known example. Another
exemplary, complex network has been described by Barabási and Albert and is “formed
by the citation patterns of the scientific publications, the vertices standing for papers
published in refereed journals, the edges representing links to the articles cited in a
paper” [43]. A similar project is the so called Erdős number, indicating a scientist’s distance
to Paul Erdős, measured by (co-)authorship of mathematical publications [44].

There is a great number of networks surrounding us. Most of them are complex even if
their structure can be described in one sentence as the example above has shown. Jeong
et al. describe in their publication titled “Error and attack tolerance of complex networks”
that “Many complex systems display a surprising degree of tolerance against errors. For
example, relatively simple organisms grow, persist and reproduce despite drastic pharma-
ceutical or environmental interventions, an error tolerance attributed to the robustness of
the underlying metabolic network. Complex communication networks display a surprising
degree of robustness: while key components regularly malfunction, local failures rarely
lead to the loss of the global information-carrying ability of the network” [45]. Although
there are innumerous attacks against computers, or in other words against vertices of the
World Wide Web, the network itself is unaffected and still fully operative.

5.3 Discipline Overlaps

Besides the seven fields of engineering complexity, Fig. 5.1 shows eleven overlaps
between these fields. The field of complex systems is centrally located and is involved in
most of these overlaps. That seems to be understandable, as complex systems play an
important role in almost any engineering domain. Figure 5.1 further indicates overlaps
between the fields of complexity theory and complex networks, product development and
system engineering, as well as systems engineering and software engineering. For these
overlaps, the following sections shall briefly mention selected authors and some of their
significant statements that contribute to research in those areas.
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I: Complex Systems and Systems Engineering
Several research works can be placed in the intersection of the two fields complex systems
and systems engineering. Bar-Yam analyzes early success stories of systems engineering,
the Manhattan Project and space projects in the US, and compares them with more recent
projects, e.g. the modernization of the US air traffic control. Assessing the success of the
old pioneering projects of systems engineering he states that “Many projects end up as
failed and abandoned. This is true despite the tremendous investments that are made”. And
when looking into more recent projects he concludes that “A fundamental reason for the
difficulties with modern large engineering projects is their inherent complexity. Complex-
ity is generally a characteristic of large engineering projects today. Complexity implies that
different parts of the system are interdependent so that changes in one part may have effects
on other parts of the system. Complexity may cause unanticipated effects that lead to
failures of the system”. Bar-Yam then mentions feedback loop models as a possible
approach for managing those undesired effects [3].

Furthermore, Bar-Yam states that “While the complexity of engineering projects has
been increasing, it is important to recognize that complexity is not new”. And he refers to
the existing approaches towards complexity management modularity and abstraction as
being “useful, but at some degree of interdependence [. . .] become ineffective”. He claims
that a “concept of incremental design is one step towards a more complex systems oriented
approach” for modern, complex projects. Therefore, Bar-Yam proposes “that complex
engineering projects should be managed as evolutionary processes that undergo continuous
rapid improvement through iterative incremental changes performed in parallel and thus is
linked to diverse small subsystems of various sizes and relationships” [3].

Abbott states that “it has become increasingly clear that systems engineering is the
engineering of complex systems” and “although complex systems ideas, tools, and
techniques have been applied to systems engineering problems for some time, there has
been little effort to date to bring the two fields [. . .] together in a more formal and explicit
way”. Abbott describes the approach towards installing a working group with workshops
held at conferences from both research fields with the objective “to introduce these
communities to each other and to embark on what we expect to be an extended dialog”.
Abbott presents an initial catalog of 28 areas of interest for bringing the two fields closer
together and planned to initiate discussions within the structures of the associations IEEE
and INCOSE [15].

Norman and Kuras “introduce a new set of processes which complement—and do not
replace—the processes that constitute traditional systems engineering” and call the result
complex systems engineering. The authors formulate the motivation for this evolution of
systems engineering as follows: “Among the characteristics one would require to have a
successful, or at least a low risk outcome, there are a few which are absolutely required to
ensure success using traditional Systems Engineering. These serve as boundary conditions
for applying T[raditional ]S[ystems ]E[ngineering]”. These boundary conditions, the desired
outcome known a priori, a central resource allocation and change management, as well as
“fungible” resources are violated when dealing with a complex system like an enterprise [46].
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Norman and Kuras state that traditional systems engineering methods do not scale in
order to be applicable to complex systems and therefore propose a simultaneous applica-
tion: “Traditional and complex system engineering can (and should) be applied concur-
rently in the realization and evolution of a complex system. Traditional system engineering
is appropriate for managing the decision making processes of individual autonomous
agents in a complex system. Complex system engineering must be added when multiple
autonomous agents must be a part of any solution and/or when multiscale analysis becomes
essential to a sufficiently complete characterization of an evolving problem and its
solution” [46].

Table 5.1 shows a high-level comparison of traditional systems engineering and com-
plex systems engineering as seen by Norman and Kuras. In their publication, the authors
also provide a detailed description of a complex systems engineering application in a large-
scale military project.

In her publication “Bridging Systems Engineering and Complex Systems Sciences”,
Sheard is investigating complex software projects and states that “Systems engineering,
meaning our ability to engineer increasingly more complex systems, is in crisis at the start
of this third millennium”. She sees the reason therefore in increasing complexity and
proposes a closer connection between the fields of systems engineering and complex
systems. “Complex systems are discovering principles that directly apply in many ways
to the problems of systems engineering, yet for the most part the bridge between these
systems sciences and systems engineering is inadequate”. Sheard describes her view on
how different systems engineering stakeholders are familiar with complex systems and
how knowledge and methods from the field of complex systems could help deal with
principles of systems engineering [16].

Table 5.1 Comparing traditional systems engineering and complex systems engineering, according
to [46]

Traditional systems engineering Complex systems engineering

Products are reproducible No two enterprises are alike

Products are realized to meet pre-conceived
specifications

Enterprises continually evolve so as to
increase their own complexity

Products have well-defined boundaries Enterprises have ambiguous boundaries

Unwanted possibilities are removed during the
realizations of products

New possibilities are constantly assessed
for utility and feasibility in the evolution of
an enterprise

External agents integrate products Enterprises are self-integrating and
re-integrating

Development always ends for each instance of
product realization

Enterprise development never ends—
enterprises evolve

Product development ends when unwanted
possibilities are removed and sources of internal
friction (competition for resources, differing
interpretations of the same inputs, etc.) are removed

Enterprises depend on both internal
cooperation and internal competition to
stimulate their evolution
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II: Complex Systems and Product Development
Amari et al. consider complex systems from a product development perspective. The
authors propose two objective complexity measures to be applied to product design.
They mention the importance of having clear knowledge about design complexity for
three main reasons: “First, it helps design engineers to develop a better understanding of
various aspects of complexity thereby evolving toward simpler design solutions. Second, it
enables design automation tools to systematically evaluate different design alternatives
based on their inherent complexities. [. . .] Finally, it provides engineering design
researchers with a theoretical framework for rigorous and unambiguous characterization
of complexity in design” [47].

Craig Read also highlights that “Complexity is a significant factor in the development of
new products and systems”. He identifies aspects from a product development view that are
linked to complexity from a system perspective. These aspects are “interoperability;
upgradability; adaptability; evolving requirements; system size; automation requirements;
performance requirements; support requirements; sustainability; reliability; the need for
increased product lifespan; and finally, the length of time systems take to develop”. Read
aims at developing a better “understanding of systems complexity” by describing “com-
plexity within engineered systems” [1].

Sharman and Yassine address complex product architectures and present “three methods
for describing product architectures”. Their objective is to “describe and grasp the structure
of the product” and to “facilitate[e] product modularization”. The authors indicate that
complex product architectures require methods of abstraction in order to become manage-
able. And they state that the three methods they introduce “can be used to qualitatively or
quantitatively characterize any given architecture spanning the modular-integrated
continuum” [48].

III: Complex Systems and Complexity Theory
The overlap of the two fields complex systems and complexity theory seems to be
obligatory. Findings from observing complex systems build the basis for research in the
field of complexity theory. And the scientific approaches towards understanding and
modeling complexity then can be applied to model, understand and interact with complex
systems. Thus, principles of self-organization were observed in complex biological
systems, which became an important research topic in complexity theory and get applied
for modeling complex systems.

When modeling complex adaptive systems, basic aspects from the fields of complexity
theory and complex systems get applied [37]. According to Holland, “Cas are systems that
have a large numbers of components, often called agents, that interact and adapt or learn”
[49]. He further declares that “many difficult contemporary problems center on complex
adaptive systems” and introduces the following exemplary list of problems, which can be
modeled as complex adaptive systems: encouraging innovation in dynamic economies,
providing for sustainable human growth, predicting changes in global trade, understanding
markets, preserving ecosystems, controlling the Internet (e.g. controlling viruses and spam)
and strengthening the immune system [49].

102 5 Classification of Complexity Management Approaches in Engineering



Holland introduces that all complex adaptive systems “share four major features”:
Parallelism, conditional action, modularity and adaption and evolution [49]. Dealing with
these features can be supported by approaches from complexity theory and methods and
procedures applied to manage complex systems.

Rosser applies an approach of dynamic complexity for explaining economic phenomena
[50]. Especially the “phenomenon of emergence, the appearance of new forms or structures
at higher levels of a system from processes occurring at lower levels” is located in the field
of complexity theory [50]. The computational means then can be anchored to concepts in
the field of complex systems.

IV: Complex Systems and Complex Networks
Many approaches of modeling and visualizing complex systems apply possibilities
emerging from the field of complex networks. With findings from the field of complex
networks, identified or observed systems can be acquired and depicted. And new
observations can motivate new approaches of network modeling. The mathematical
fundaments of graph theory provide powerful means for describing, analyzing and
interacting with networks representing complex systems.

For example, Albert and Barabasi propose a method that “can serve as a roadmap for
understanding the dynamics of large interacting systems in general”, applying Boolean
networks for modeling complex networks [51]. In 2001, the same authors provide a
comprehensive introduction to different types of systems forming complex networks in
their publication “Statistical Mechanics of Complex Networks” [42]. For visualizing the
interconnectivity between complex system elements, graph representations are the domi-
nant approach. Due to the availability of high computational power and associated dynamic
representations, a large variety of graphs are in use for representing even large-scale
complex systems with several attributes in networked format. Lima provides a comprehen-
sive overview of network types with many examples [52].

V: Complex Systems and Management Science
Because solving economic challenges was among the early applications of system thinking
and cybernetics, it is not surprising to see strong overlaps between the fields of complex
systems and management sciences. Many formal management approaches apply
techniques, methods and modeling forms taken and adapted from work in complex
systems.

In management science, decision-making and learning how to come to optimal
decisions in dynamic environments is of major relevance. Several authors describe the
necessity of training possibilities for managers comparable to a flight simulator for pilots,
e.g. Senge and Sterman. These authors further mention the importance of organizational
learning for managers in dynamic enterprises and propose a simulation-based learning
laboratory [53]. With such a laboratory they want to allow more rapid learning and
increased flexibility in a world of growing complexity and change. They also state that
“For systems theorists, the source of poor performance and organizational failure is often to
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be found in the limited cognitive skills and capabilities of individuals compared to the
complexity of the systems they are called upon to manage”. And that “Dynamic decision
making is particularly difficult, especially when decisions have indirect, delayed, nonlinear,
and multiple feedback effects” [53]. For these statements, Senge and Sterman refer to
earlier publications dealing with topics at the intersection of research fields, i.e. by Jay
Forrester and Dietrich D€orner [54, 55].

Management science deals with human beings and their limited capability of under-
standing complex systems. Diehl and Sterman describe an experiment where test subjects
had to make decisions in a dynamic, complex environment. The test subjects’ “perfor-
mance deteriorated dramatically with increasing time delays and feedback effects” despite
perfect knowledge of the system’s structure and its parameters [56].

Uhl-Bien et al. focus on leadership and state that “complexity science suggests a
different paradigm for leadership”. They “develop an overarching framework for the
study of Complexity Leadership Theory, a leadership paradigm that focuses on enabling
the learning, creative, and adaptive capacity of complex adaptive systems (CAS) within a
context of knowledge-producing organizations”. The framework comprises three leader-
ship functions—adaptive, administrative and enabling leadership—and are dynamically
“intertwined”. The authors conclude that “leadership is too complex to be described as only
the act of an individual or individuals; rather, it is a complex interplay of many interacting
forces” [57].

In modern industries the management of supply networks became an increasingly
complex challenge. Choi et al. describe how “managers have struggled with the dynamic
and complex nature of supply networks (SNs) and the inevitable lack of prediction and
control”. They explain that “in the current literature, a deterministic or deliberate approach
to managing the SN has been emphasized” and why such an approach “may be effective
only to a certain extent” and “may eventually stagnate”. As an alternative to conventional
supply chain management, Choi et al. highlight “the need to recognize supply networks as
a complex adaptive system”, to apply concepts and principles of complex adaptive systems
to supply networks management and to discuss the consequences [58].

Project scheduling represents a management task that can become a complex challenge
when a large number of interlinked project activities have to be managed. Many approaches
for measuring the complexity of such activity networks have been developed, mainly
depending on the number of network nodes and arcs/edges connecting them. Some
advanced approaches make use of means of graph theory and also take into account the
embedding of activities into the network. For example, such approaches determine the
number of preceding and succeeding activities or the adjacency between nodes, and use
this information to deduce the behavior of the networks. A summary of network complex-
ity measures can be seen in [59].

In the context of project planning, Lévárdy and Browning mention that conventional
project planning with its a priori specification and scheduling of project activities can be
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inadequate when dealing with highly complex projects. Therefore, they propose an adap-
tive product development process (APDP) modeling framework “that views the PD
[product development] process as a complex adaptive system”. “Rather than presuming
that a particular set of activities and interactions is necessary and sufficient to achieve a
project’s goal, the model accounts more broadly for a superset of potentially relevant
activity modes and interactions. From this “primordial soup,” we explore what types of
processes emerge and their comparative fitness (or value, in terms of risk reduction) in
achieving the goals” [60].

VI: Complex Systems and Software Engineering
Since the beginning of software development its complexity has increased tremendously. In
many product systems the majority of functionalities is realized by software. And not only
software modules, but also software-enabled products interact in increasingly complex
systems. Besides questions of modularity and integral design, larger software projects have
to deal with additional complexity in additional system views, e.g. process networks and
organizational structures.

The increasing size of software systems made it necessary to adopt findings from the
field of complex systems in software engineering. For example, Jennings mentions that
“Agents are being advocated as a next generation model for engineering complex,
distributed [software] systems” [61]. In the publication titled “An agent-based approach
for building complex software systems”, Jennings addresses explicitly the need for com-
plexity management when developing software systems and states that “Industrial-strength
software is complex: it has a large number of parts that have many interactions [. . .].
Moreover this complexity is not accidental [. . .], it is an innate property of large systems.
Given this situation, the role of software engineering is to provide structures and techniques
that make it easier to handle complexity” [61]. In addition to this systems perspective on
software engineering Jennings describes decomposition, abstraction and modularization
(Jennings calls this “organization”) as “fundamental tools [. . .] for helping to manage
complexity”. This is congruent with a structural description of complex systems.

VII: Systems Engineering and Software Engineering
Also the fields of systems engineering and software engineering show many
commonalities. In fact, nowadays both fields are widely merged, so that software engineer-
ing applications make a significant part of the contributions to systems engineering
conferences and journals (see e.g. contributions made to the INCOSE Symposium or the
journal “Systems Engineering”).

However, Boehm explains that software engineering and systems engineering started
with different premises and the trend towards “increasing integration of software engineer-
ing and systems engineering” is a more recent development [62]. He describes that
“systems engineering began as a discipline for determining how best to configure various
hardware components into physical systems [. . .]. Once the systems were configured and
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their component functional and interface requirements were precisely specified, sequential
external or internal contracts could be defined for producing the components. When
software components began to appear in such systems, the natural thing to do was to
treat them sequentially and independently as Computer Software Configuration Items”
[62]. Boehm describes that in the beginning of software engineering a “reductionist”
development of software components was focused. With projects becoming more
software-intensive, “software people were recognizing that their sequential, reductionist
processes were not conducive to producing user-satisfactory software, and were developing
alternative software engineering processes (evolutionary, spiral, agile) involving more and
more systems engineering activities. Concurrently, systems engineering people were com-
ing to similar conclusions about their sequential, reductionist processes, and developing
alternative “soft systems engineering” processes” [62].

VIII: Systems Engineering and Product Development
The development of a technical product comprises part of many systems engineering
projects. Thus, an overlap between both fields in terms of complexity management
suggests itself. Approaches and methods of product development can be applied in several
parts of the systems engineering process, and they can be adopted and transferred to others.
For example, modularization can not only be used for product structure optimization, but
also for associating tasks to organizational units.

On the other hand, strategies of complexity management originating from application in
the systems engineering process can be helpful in the specific context of product develop-
ment. Information and risk management can be named by examples. From a systems
engineering perspective on product development, Browning et al. state that “Progress is
made and value is added by creating useful information that reduces uncertainty and/or
ambiguity. But it is challenging to produce information at the right time, when it will be
most useful. Developing complex and/or novel systems multiplies these challenges”
[63]. The authors state “that making progress and adding customer value in P[roduct]D
[evelopment] equate[s] with producing useful information that reduces performance risk”.
Therefore they propose an approach that “integrates several concepts and methods, includ-
ing technical performance measures (TPMs), risk reduction profiles, customer preferences,
and uncertainty” [63].

Most definitions of systems engineering mention risk management as a key element for
successful system creation. Browning and Eppinger state that “firms that design and
develop complex products seek to increase the efficiency and predictability of their
development processes” for gaining “competitive leverage”. They model the product
development process including several characteristics and create a possibility to compare
“Alternative process architectures [. . .] revealing opportunities to trade cost and schedule
risk” [64].

Browning highlights that “A process, as a kind of system, derives its added value from
the relationships among its elements (e.g. activities)” [65]. He emphasizes that engineering
processes are “especially complex because of the large number of interdependencies
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among the activities” and that “The systems engineering ‘V’ model applies to processes as
well as to products”. Within this systems engineering context, Browning presents the
design structure matrix as “a powerful technique for representing and analyzing complex
processes” [65]. Backed by means of operations research, Ahmadi et al. present a similar
approach for structuring product development processes [66].

Browning et al. investigate “process modeling in a systems engineering context” and
mention that “while product systems must be created, the process systems for developing
complex products must, to a greater extent, be discovered and induced”. The authors
present important concepts and a framework for modeling product development
processes [67].

IX: Complexity Theory and Complex Networks
While the field of complexity theory comprises the scientific approaches towards under-
standing of complexity, the field of complex networks investigates possibilities of
modeling complex systems. This modeling is often assigned to graph theory. The depiction
of conventional, static networks consisting of nodes and edges is well-established and can
be enriched with the modeling of additional parameters. This serves many applications of a
reductionistic complexity model, e.g. decomposition, modularization or integration
approaches.

Complexity characteristics like dynamics and self-organization require more enhanced
modeling possibilities than a simple node-and-edge diagram can provide. Anderson
describes how close progress in computing has been linked to modeling and studying
complex systems. He specifically mentions cellular automata, neural networks and genetic
algorithms as powerful approaches [68].

X: Complex Systems and Complexity Theory and Complex Networks
The overlap of the three fields is best explained with a specific example. Merali and
McKelvey call their research complexity science, and describe it “as a source of concepts
for enabling the trans-disciplinary exploration of complex organization in the network
economy and network society, and for explaining the dynamics of networked systems at
different levels of description ranging from the micro- to the macro-level” [69].

One can argue that such new concepts belong to the field of complexity theory, where
scientific approaches towards the understanding of complexity are investigated. Complex
organizations can be observed in the field of complex systems. And the consideration of
such systems by network approaches belongs to the field of complex networks.

XI: Complex Systems and Systems Engineering and Product Development
While the mutual overlaps between the fields of systems engineering, product development
and complex systems have been described above, a common merging of all three fields can
also be argued. For example, concurrent engineering approaches can be seen applied in the
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field of systems engineering as well as in specific applications to (technical) product
development. Yassine and Braha propose a complex system modeling approach for such
concurrent engineering [70]. Specifically, the authors propose the application of design
structure matrices, which are useful for depicting and analyzing static networks.

5.4 Discussion

The classification of complexity management into seven research fields in this chapter is
one approach of structuring this tremendously large and steadily growing field. And the
indicated overlaps do not necessarily represent the only merging points where research has
been done. Especially, the application of different vocabulary, terms and definitions can
make it difficult to see similarities, correlations, but also transferability between
approaches.

Several authors stated that managing a complex system is a complex challenge in
itself—with dynamic system behavior as one of its characteristics. The same accounts for
the classification of complexity management research in engineering. So, the descriptions
in this chapter can only represent a starting point and guideline for further perspectives and
specific investigations. The graphic depiction of the Venn diagram in Fig. 5.1 serves the
additional purpose of easy accessibility to the classification. This facilitates discussions,
criticism and improvement of the classification.

The contributions mentioned in the categories and their overlaps are simply examples
that were chosen, and many more works could easily be added in all areas. Nevertheless,
the indicated publications represent useful starting points for acquiring knowledge about
specific fields and relevant topics.

As mentioned above, categorizing the fields of engineering complexity is a complex
challenge comprising dynamic behavior. And as they did in the past, the challenges,
technical possibilities and associated approaches will change in the future. Therefore it is
an interesting task to think through to the future importance and development of the
categories and overlaps. For example, the trend in the field of systems engineering towards
the consideration of increasingly comprehensive and complex systems of systems may
suggest that this category will adopt many approaches from other categories in the future.

Besides questioning the categories and overlaps depicted in Fig. 5.1, the consideration
of possible overlaps in general is interesting—which have not been indicated in this
chapter. Basically, an overlap of categories means the transfer of expertise from one field
of research or application to another. And besides a mere adoption, the transfer of expertise
does often also represent the origin of new approaches.

The main objective of the descriptions in this chapter is to provide closer insight into the
diversified field of complexity management research in engineering. And this helps in
reducing the lack of knowledge about complexity, its challenges and possibilities to
manage—as it has been highlighted by many authors in the past.
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