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Preface

With more complex systems being designed and utilized, understanding con-
cepts of systems and mastering systems engineering methods are of utmost 
importance for systems designers. Complexity exists in all levels of systems 
and their subsystems, even components, which makes the design challenging. 
Guided by systems science, systems engineering applies scientific theories and 
models and incorporates the factors of system elements, including humans, 
machines, and environments, into unified models to analyze the effects of 
various system elements on system behaviors, which, in turn, seek the opti-
mal course of actions to design these complex systems. Systems engineering 
is multidisciplinary in nature, integrating concepts, models, and techniques 
from a number of disciplines, including natural science, social science, and 
engineering, at both basic research and applied research levels. For the past 
several decades, systems engineering has grown rapidly in its scope and appli-
cation and shown significant benefits for the design of large, complex systems.

I have been educating systems engineers for over ten years, teaching 
systems engineering at both undergraduate and graduate levels. My stu-
dents are different from most systems engineering majors, as these under-
graduate and graduate students have backgrounds in a large variety of 
areas, including psychology, physiology, and some engineering fields. With 
my experience teaching students with a variety of backgrounds, I feel that 
a textbook in systems engineering targeted at nontraditional engineers is in 
demand. The current systems engineering textbooks are either too technical 
or at a high conceptual level, giving these students very limited choices. 
Students need a good book that not only gives them exposure to the concepts 
of systems and systems engineering, but also enough technical expertise for 
them to use and apply what they learn on the job. That is the rationale for 
developing this book.

This book is written primarily for students with diverse backgrounds to 
learn about systems and systems engineering, and, more specifically, to be 
able to use and apply the models and methods in the systems engineering 
field. The materials included in the book have been taught for many years in 
the Human Factors and Systems Department at Embry-Riddle Aeronautical 
University; it has integrated feedback from students and colleagues and is 
written at a level appropriate for those groups of students to learn systems 
engineering, especially those nonengineering students who have no prior 
exposure to this subject. Engineering students, on the other hand, may 
also find this book useful and handy, as it provides a comprehensive over-
view of the subjects as well as the relevant analysis models and techniques. 
This book should serve well as a reference book for professional systems 
engineers.



xiv Preface

This book has ten chapters, organized in three parts, including systems 
and systems engineering concepts (Chapters  1 and 2), systems methods, 
models, and analytical techniques (Chapters  3 through 9), and systems 
management and control methods (Chapter 10). The approach leans toward 
process-oriented and model-based systems engineering, with necessary top-
ics covered in different chapters. Chapter 2 describes the system life cycle 
and systems engineering design process. Systems design starts with require-
ments; beginning with a good set of requirements is critical for the success 
of the design, and developing and analyzing requirements are not usually 
covered by a systems engineering book; that is why Chapter 3 is dedicated 
to this subject. It is believed that students will have a solid understanding of 
system requirements after having read this detailed information; a software 
package (CORE) is also used to introduce the requirement management pro-
cess. Chapter 4 describes the design process in greater detail, especially the 
functional models. Chapters  5 through 9 explain the necessary technical 
measures and models that most systems designs will involve, including reli-
ability, maintainability, supportability, usability (human factors), decision-
making models under risks and uncertainty, optimization models, process 
models (queuing models and simulation with Arena software), and cost 
analysis using engineering economy models. The last chapter (Chapter 10) 
gives a comprehensive overview of systems management based on systems 
engineering management plans (SEMP) and systems control based on criti-
cal path method (CPM) and program evaluation review technique (PERT) 
models. In terms of the mathematics involved, it is believed that no specific 
prerequisite requirements are needed, except for fundamental algebra and 
basic probability and statistics theory; Appendix  I is provided at the end 
of the book for readers to review these materials. This book can be used 
as a textbook at either undergraduate upper-level or graduate starting-level 
courses; exercise problems are provided at the end of each chapter for stu-
dents to gain hands-on experience with the concepts.

I thank each individual who has encouraged me and assisted me in the 
process of writing this book. Specifically, I would like to thank Meaghan 
Hart, Julian Archer, and Hemali Virani for their assistance in preparing this 
book. Special thanks go to the senior editor Cindy Carelli, project coordina-
tor Laurie Oknowsky, project editor Richard Tressider, and Michele Smith 
of CRC Press for their assistance, advice, and support throughout the pro-
cess. I would also like to thank Katie Thacker and Bethany Maddox of Vitech 
Corporation and Jon D. Santavy of Rockwell Automation for their coopera-
tion with the project. And finally, I want to express my appreciation to my 
family; their love and support are the inspiration for my career.

Dahai Liu
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3

1
Introduction: Systems and 
Systems Engineering

Systems engineering and systems science has become one of the most 
important, comprehensive, and fundamental fields, and has wide appli-
cation in almost every area of our society; from the macromanagement of 
government to the daily production of manufacturing facilities, from the 
development of spacecraft to the design of small consumer products, sys-
tems engineering is being applied at all times, at different levels. As one 
of the engineering disciplines, systems engineering studies systems; in 
this first chapter of the book, we will review the basic scientific concepts 
of systems, understand the background for systems science, and examine 
the evolvement of systems and systems engineering from a historical per-
spective. This will help readers to understand the origin of systems science 
and the need for systems engineering. In this chapter, we will first define 
systems and systems engineering, describe the unique characteristics of 
systems engineering, and give a brief historic introduction to systems engi-
neering development.

1.1  Systems

The term system is no stranger to us; we have been exposed to different 
kinds of systems since our early school years. According to the Oxford 
English Dictionary, a system is “a set of connected things or parts form-
ing a complex whole,” or “a set of principles or procedures according to 
which something is done; an organized scheme or method.” Although the 
basic definition does not change, the term means slightly different things 
in different disciplines; for example, in physiology, human systems are 
sets of organs working together to serve common human physiological 
functions, such as the human nervous system, which serves as the body 
control center and communications network for the human body; or the 
human digestive system, which turns food into the energy humans need 
to survive and process food residue and waste for disposal. For human 
factor professionals, a system is the combination of human, machine, and 



4 Systems Engineering: Design Principles and Models

the surrounding environment. For systems engineering, we must define 
“system” more specifically:

	 A system can be broadly defined as a set of integrated components that 
interact with each other and depend upon each other, to achieve a complex 
function together. A system can be decomposed into smaller subsystems 
or components and a system may be one of the components for a larger 
system.

The following characteristics are present in all systems:

•	 A system has a main function or a meaningful purpose. To perform a 
function, a system takes input and generates output through the 
mechanism defined in the system structure. Systems’ functions, 
functional models, and analyses are illustrated in greater detail in 
Chapters 3 and 4. In this chapter, we briefly introduce the function’s 
concepts. For example, an automobile system’s function is to trans-
port humans/goods to destinations. To perform this function, the 
system receives inputs and energy that allow the driver to start, con-
trol and drive the system get to the destination location; its inputs 
include the driver’s control and energy provided by the gasoline 
or electricity, and the output of the system is the velocity change 
(momentum).

•	 A system has a hierarchical structure. As seen in the definition, a sys-
tem usually consists of many subsystems that can also be smaller-
scale systems; meanwhile, a system is usually a subsystem of a 
higher-level system. For example, our planet is a large biological 
system, consisting of many smaller systems, such as the ocean and 
continents. Planet Earth is simultaneously a subsystem of the larger 
solar system.

•	 A system has interacting subsystems and components that interact with 
each other. Components’ interactions are necessary for achieving 
the system’s functions. A system is not simply the sum of all com-
ponents, but rather it is an integrated whole package of the sub-
systems and components working in a well-defined hierarchical 
structure.

•	 A system has a life cycle. The system life cycle is the time span 
that starts from the concept of the system, continuing through 
the exploration of the concept, design and development, sys-
tem operation, and maintenance, until the system is retired and 
discontinued.

•	 A system has reliability. No system is 100% reliable and error free. As 
Murphy’s law states, “Anything that can go wrong will go wrong” at 
some point. One of the most important design objectives is to keep 
Murphy’s law in mind and make the system more reliable.
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More formally presented, systems have the following elements:

	 1.	Subsystems and components: These are the fundamental constructs/
functional units for systems. If desired, systems can be decomposed 
almost infinitely, all the way to the microworld level, such as electrons 
and atoms. For most design purposes, it is not necessary to decom-
pose a system to this level of depth. As a rule of thumb, the decomposi-
tion usually stops at the assembly level, that is, at the level at which the 
commercial off-the-shelf (COTS) items can be obtained externally. The 
lowest level of assembly components and the other levels of the system 
are called subsystems. Subsystems are described through a hierarchi-
cal numbering system such as 2.0, 2.1, 2.1.1; by definition, 2.1 is a sub-
system of 2.0, and 2.1.1 is a subsystem of 2.1. The hierarchical modeling 
approach will be illustrated in greater detail in Chapter 4. It is impor-
tant to note that the subsystem and components may sometimes not be 
tangible hardware items. Depending on the nature of the system, some 
components can also be software, human, or even information.

	 2.	Systems components have attributes. These attributes, often called 
design-dependent parameters (DDP), define and specify the systems 
components. For example, the physical dimensions of a component, 
mean time between failures (MTBF), power input and output, and so 
on. The purpose of systems design, to some extent, is to derive these 
quantitative and qualitative attributes from the systems require-
ments, so that specific system components can be built or obtained.

	 3.	Systems components and subsystems interact and regulate system 
behaviors through different relationships. A system starts with user/
customer requirements; requirements are the basis for systems functions; 
higher-level requirements can be refined by lower-level requirements; 
higher-level functions are decomposed by lower-level functions. Each 
function is performed by one or more components. These relationships 
are essential for successfully translating the systems requirements 
into component attributes, providing system rationale, and providing 
traceability for systems design activities. Systems design and model-
ing, including the specification of the system components and their 
relationships, is discussed in greater detail in Chapters 3 and 4.

Let us illustrate the systems concepts above with the example of a fixed-
wing airplane (such as a Cessna 172). The function of a fixed-wing airplane is 
flight. In order to achieve this function, an airplane needs to have the neces-
sary components; these components are used to construct the airplane, and 
they work together and interact, for the airplane to be able to take off, cruise, 
and land safely. Meanwhile, the components must be able to communicate 
with other airplanes and air traffic controllers. Among fixed-wing airplanes, 
major components are the airframe and propulsion systems. The airframe 
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subsystem can be further decomposed into smaller subsystems, such as fuse-
lage, empennage, wing, landing gear and so on. The empennage subsystem 
consists of stabilizers, rudders, tabs, and elevators. Propulsion systems con-
sist of components such as the power-plant subsystem (the engine) and elec-
trical control systems (avionics). These smaller components are themselves a 
system on a smaller scale, which can also be further decomposed into smaller 
components, if desired. All the components work and interact with each 
other to provide some kind of function, in order to serve the bigger system’s 
functions.

1.2  Systems Classification

Depending on the perspectives from which a system is studied, it can be classi-
fied into different categories. Understanding the system categories can help us 
to narrow the scope of the systems and derive common system characteristics. 
In categorizing the system, one has to keep in mind that none of the classifica-
tions makes a clear cut, and furthermore, any subsystem might belong to sev-
eral different categories; for example, a man-made system could be dynamic 
and closed-loop controlled. Generally speaking, a system can be classified into 
one or more of the following categories: natural or man-made system, static or 
dynamic system, conceptual or physical system, and open or closed system.

1.2.1  Natural Systems versus Man-Made Systems

A natural system is a self-organized system that nature formed after millions of 
millions of years’ selection and development. Examples of natural systems are 
the planet, oceans, and natural lakes. A natural system sustains itself by self-
organizing to a state of equilibrium, for example, the food chain in a natural 
lake. Any disturbance to this equilibrium can be devastating for the natural 
system. A man-made system, on the other hand, is made by humans. Man-made 
systems, such as computers or automobiles, cannot be obtained from nature, 
but only through the creative efforts of humans. Systems engineering studies 
man-made systems as objects, with less concern for natural systems. One has 
to keep in mind, however, that there is no absolute isolation between natural 
systems and man-made systems. As a matter of fact, man-made and natural 
systems constantly interact with each other and sometimes make a huge impact 
on each other. Man-made systems often need inputs from nature (i.e., the auto-
mobile needs gasoline, which is made from crude oil from the natural world) 
and rely on nature to process the waste generated (e.g., the greenhouse gases 
from the automobile). With more advances in our technological development, 
man-made systems are becoming more complex and powerful, which requires 
more resources from Mother Nature. Meanwhile, more waste returns back to 
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nature, often polluting and causing the natural environment to deteriorate. 
Industrial pollution is becoming a more serious problem now, and with more 
awareness from humans, environmentally friendly systems designs have 
become part of system competitiveness and advantages.

1.2.2  Static Systems versus Dynamic Systems

Systems can also be classified as static or dynamic. Static systems are those 
structural systems that do not change their state within a specified system 
life cycle, such as a bridge, a building, or a highway. A dynamic system is one 
where its state, or the state of its components, changes over time, either in a 
continuous or discrete manner. A dynamic system’s state can be considered 
a function of time, its change taking place at either a more deterministic rate 
or a more stochastic rate (think of a large service center’s change of state as 
customers arrive in a random pattern). Similarly to natural versus man-made 
systems, the distinction between static and dynamic systems is relative, not 
absolute. Depending on the different perspectives from which a system is 
being analyzed, a system may be considered static or dynamic. For example, 
from Earth, within a short period of time, the Great Wall of China is consid-
ered a static system; however, if one observes it from outer space, the Great 
Wall is certainly moving, although at a very slow speed. While there may 
be no absolutely static systems, within the context of systems engineering, 
we treat some fixtures or structures as static. By doing so, we can simplify 
the problem, as we need to focus only on their dynamic components. For 
example, when we study operations within a production facility, the facility 
building is considered static; we only need to concentrate on the dynamic 
aspects of the system, such as material flows and human activities to investi-
gate the effectiveness of production management.

1.2.3  Conceptual Systems versus Physical Systems

Our world comprises physical systems, and physical systems consist of objects 
that can be seen, touched, and felt. Natural systems such as animals, bacte-
ria, lakes, and humans are all physical systems; physical systems also include 
man-made systems, such as the computers, appliances, tools, and equipment 
that we humans use on a daily basis. Conceptual systems are those consisting 
only of concepts, not real objects, so we cannot visually see or physically touch 
these systems. Conceptual systems illustrate the relationships among objects 
and allow us to understand the system and communicate details about the 
system’s structures and mechanism. A simulation model of a factory operation 
process, a blueprint of the machine assembly, or the information processing 
model of human cognition and perception would be examples of conceptual 
systems. Science and mathematics are the fundamentals of conceptual mod-
els. A conceptual model can be general for a wide range of objects or it can 
be specific for a certain physical system. In systems engineering, conceptual 
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modeling serves as a basis for the physical system. Before the actual physical 
systems are manufactured, parts procured and systems assembled, a concep-
tual model is usually built first to allow us to analyze the feasibility of such 
a system and assess the fundamental characteristics of system performance. 
Data collected from conceptual models helps designers to make the neces-
sary adjustments; it is usually cheaper and quicker to modify a conceptual 
system than a physical system. Conceptual systems design is a very critical 
step for systems engineering design, as most of the systems analysis occurs at 
this stage and most systems specifications will be determined in the concep-
tual model. From a conceptual model, a physical model can be easily derived. 
Conceptual design will be covered in Chapter 2.

1.2.4  Open Systems versus Closed Systems

Systems can be classified based on their interaction with the environment. 
Open systems exchange information, matter, or energy with their surround-
ing environments, while closed systems do not exchange such things. In a 
very strict sense, there is no absolutely closed system existing in the universe, 
while any system can be more or less considered an open system. Generally 
speaking, systems are thought of as closed systems when the exchange of 
matter, information, or energy can be ignored. In physics, closed systems 
are further classified as closed systems or isolated systems. An isolated sys-
tem has no exchange of anything with the outside environment, but when 
only energy is exchanged, the system is closed but not isolated. An isolated 
system is an ideal closed system, which is practically nonexistent, but closed 
systems can be found in our daily life, such as a sealed container of water 
or gas. In thermodynamics, the laws of thermodynamics requires the sys-
tem to be classified exactly as isolated, closed, or open; thus, system energy 
and entropy (the amount of energy used for work) can be determined. Open 
or closed systems concepts also apply in engineering systems and social 
systems, with different components: large numbers of biological objects or 
groups that interact with each other, rather than physical particles or objects. 
In systems engineering, a system is considered open—especially when one 
takes a life cycle perspective—if the system interacts with the environment 
and its impact on the environment is one of competitive advantage that sys-
tem design should include in the early development stages.

Besides the four types of classification, systems can also be classified into 
other different categories. For example, in system simulation, we often dis-
tinguish between continuous systems and discrete systems; in the business 
and management field, there are manufacturing systems and services sys-
tems. The classification is really dependent on the specific system we are 
studying and the objective of the study.

System science and systems engineering have developed along with the 
development of technology. System concepts and systems thinking have 
become more critical in industry, especially after the industrial revolution; 
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manufacturing has been transformed from human labor-based, small-scale 
workshops to large factories using complex machinery systems. The tran-
sition to the machine age enabled many new machines to be developed; 
machines gradually replaced human labor in many areas, freed humans 
from repetitive and dangerous work, increased work efficiency, and in turn 
made more advanced machines to achieve more complex functions and 
tasks. After many decades of machine age development, technology has 
served and replaced almost every aspect of our everyday life, including the 
manufacturing sector. Now, we can build a new machine without worrying 
about the details or the fundamental parts of the machines, as we can find the 
parts to assemble them quickly. The focus has now shifted from the machine 
age to the system age. The new problem is not to make a single device work; it 
is how to use the available technology to build something more complex, more 
powerful, more user friendly, and more efficient. When we begin building 
systems, systems thinking becomes more important than at any time previ-
ously. We need to have the big picture first, just as when we draw a large 
picture, we compose and sketch the system structure first before we put in 
any details and colors. A good design process will ultimately determine the 
success of the system, and the philosophy of the big picture, carried out by a 
structured process, is called systems engineering. In the next section, we will 
define systems engineering, review its fundamental features as well as its 
historical perspective, and introduce the profession of systems engineering.

1.3  Systems Engineering

Before we get into systems engineering, let us first talk about engineer-
ing. Engineering, according to the American Board for Engineering and 
Technology (ABET n.d.), is

the profession in which a knowledge of the mathematical and natural 
sciences gained by study, experience, and practice is applied with judg-
ment to develop ways to utilize, economically, the materials and forces 
of nature for the benefit of mankind.

It is the application of what we discover from science in man-made systems. 
Systems engineering, similarly, applies the knowledge, theories, models, 
and methods of systems sciences, based on the philosophy of systems think-
ing, to guide in designing man-made systems. The International Council on 
Systems Engineering (INCOSE 2012) defines systems engineering as follows:

Systems engineering is an interdisciplinary approach and means 
to enable the realization of successful systems. It focuses on defining 
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customer needs and required functionality early in the development 
cycle, documenting requirements, then proceeding with design syn-
thesis and system validation while considering the complete problem: 
operation, performance, test, manufacturing, cost and schedule, training 
and support and disposal. Systems engineering integrates all the dis-
ciplines and specialty groups into a team effort forming a structured 
development process that proceeds from concept to production to opera-
tion. Systems engineering considers both the business and the technical 
needs of all customers with the goal of providing a quality product that 
meets the user needs.

In all the systems engineering books available, there are some variations 
on the definition of systems engineering, but regardless of what definition is 
being used, systems engineering has the following common characteristics:

	 1.	 It is an applied science. Systems engineering applies scientific 
discoveries and mathematics to make a specific system work. Note 
we say specific here; that is because systems engineering does not 
really address the creation of general scientific theory, nor does it 
work for all systems. Its results only work for a specific system, not 
every system in general.

	 2.	Systems engineering is concerned with the big picture of the sys-
tem: it is top-down design processing, as opposed to starting with 
detailed bottom-up processing. In systems engineering, a system 
starts with a need that comes from the users/stakeholders of the sys-
tem. This need is translated into concepts and is expressed in the 
format of systems requirements. Systems engineering design is driven 
and guided by requirements, which follows a structured iterative 
design process that constantly involves “analysis-synthesis-evalua-
tion.” Through this process, the details of the systems are gradually 
evolved into tangible, visible physical systems. The systems engi-
neering process is a translation process, transforming users’ needs 
into a working system through guided procedures and proper use of 
models and analytical methods. In this process, critical thinking and 
rigorous reasoning (top-down thinking) as well as creative thinking 
are both important for the success of the system. In turn, systems 
engineers are required to have a broader scope of knowledge and 
skills, compared to other traditional engineers; as we will see later, 
systems engineering is a general design philosophy, which can be 
applied to all kinds of complex systems design, including aerospace, 
aeronautics, manufacturing, software, transportation, and so on, to 
name a few, with special tailoring to the system being designed. A 
systems engineer not only needs a good understanding of the nature 
of the system, understanding of the domain knowledge of that spe-
cific system, knowledge of how the system works—at least at a high 
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level—but also have the ability to coordinate with different engi-
neers in the design team. Thus, systems engineers need to have both 
knowledge of big-picture system thinking and good communication 
skills. A good systems engineering team is often the core determi-
nant of a system’s success.

	 3.	Systems engineering is a multidisciplinary field. As we have dis-
cussed the systems engineering process, we have mentioned that sys-
tems engineering is multidisciplinary in nature; it is essentially team 
work. Arthur David Hall III (1969) proposed a three-dimensional 
morphology of systems engineering: time, logic and profession. The 
time dimension defines the major design phrases and milestones 
of the system development processes; the logic dimension defines 
the logical models and steps through which a system would evolve, 
similar to the system’s life cycle status, including problem definition, 
design, synthesis, decision making, optimization, planning and 
actions, and so on. The third dimension, profession, describes the 
different professions that are involved in systems engineering work. 
Systems engineering professions include management, design-
ers and engineers, graphical artists, and supporting technicians. 
Compared to several decades ago, at the present time the extent of 
this range of professions has expanded a great deal, due the scope 
and complexity of systems we are designing, which have arrived at 
a different level. With the advanced development of current technol-
ogy in computing and the Internet, and the fast-growing trend of 
globalization and supply chain management, there are remarkable 
increases in the number and scope of professions. The current disci-
plines and professions involved can be summarized in four different 
categories:

	 a.	 The art and science domain: This is the fundamental scientific 
knowledge pertaining to systems concepts and system analysis 
methods and models, including applied mathematics (opera-
tions research), human-related science (psychology, physiology), 
graphical design, architecture, environmental science, natural 
science, biology, and so on. The main mathematical model used 
in systems engineering is operations research, an applied field in 
mathematics.

	 b.	 The engineering domain: Engineering teams are a core opera-
tional part of any systems design. Depending on different 
types of systems, the relevant engineering disciplines are 
included as a part of the systems design team. Moreover, in 
terms of system-level planning, scheduling and optimization, 
industrial engineering, human factors engineering, and man-
agement science are among the most relevant fields for systems 
engineering.
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	 c.	 The management domain: In the current globalized environment, 
any business faces competition from all over the world. Utilizing 
the global supply chain is an essential part of core competitiveness 
for any business, translating to systems designers making man-
agement a more important role in the design and distribution pro-
cess. For an effective design, management must not only provide a 
framework to manage and control the design team and its efforts, 
but also, more importantly, build a culture and management style 
that encourages and motivates employees, reinforcing user loyalty 
throughout the system life cycle and design process. Almost all 
management functions play a role in the design, including human 
resources, accounting, finance, and marketing. These functions 
provide an external liaison for the systems design teams and 
make the internal operations more efficient as well.

	 d.	 Supporting roles: Besides all the key players in systems design, 
as mentioned above, there are also personnel that support the 
design efforts, sometimes indirectly, such as the information 
technology technicians, legal department specialists, test and 
equipment technicians, and others. These support functions 
make sure the daily design activities are carried out smoothly, 
which is also essential for any design team.

The main professional association for systems engineering is the 
International Council on Systems Engineering (INCOSE). INCOSE is a non-
profit organization dedicated to the field of systems engineering. Founded 
in 1990, INCOSE has over 9000 members (as of December 2013) all over the 
world, representing a wide range of expertise and backgrounds from indus-
try and academia. The main mission of INCOSE is to “share, promote and 
advance the best of systems engineering from across the globe for the benefit 
of humanity and the planet” (www.incose.org). INCOSE offers professional 
training and certification in systems engineering; for more information, 
refer to www.incose.org.

1.4  Brief History of Systems Engineering

Systems engineering is a relatively young field, compared to other engineer-
ing disciplines. However, its fundamental concept, system science, can be 
traced back to ancient literature as early as the eighteenth century, when 
science knowledge exploded, especially in the natural and physical sciences. 
The creation of structure in different areas of scientific knowledge set in 
motion the development of system science. Since then, the fundamental con-
cepts of system science have been presented in many scientific disciplines.
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1.4.1  From Reductionism to System Thinking

There are two major milestones in the development of system science that 
led directly to the growth of the field of systems engineering: the machine 
age and the system age. They are based on different views of systems. The 
machine age is largely based on reductionism. Reductionism is a philo-
sophical view of science. It is based on the principle of causality, that is, a 
system behavior can be explained completely by its fundamental elements 
or components; it holds the premise that the components of a system are the 
same when examined separately. Since the early nineteenth century, with 
the development of new technology, devices and tools, such as the steam 
engine, the industrial revolution has marked a turning point for modern 
manufacturing and production. More and more advanced machinery has 
been developed to replace human power; machines have been developed 
to achieve more sophisticated functionality. The main principle for design-
ing these machine systems are cause-effect control systems, which are the 
main characteristic of the machine age. The focus was on designing the 
control mechanism for the machine; and by integrating different compo-
nents together, a bigger system can be built. In the machine age, the design 
of systems largely depends on the reductionism principle, following a bot-
tom-up process. As the technology for individual machines becomes more 
developed and system development moves toward to a more complex level, 
reductionism has started to show its limitations when dealing with increas-
ing levels of complexity.

Using reductionism, design methods could fail, especially when applied to 
complex phenomena such as human society, biological sciences, behavioral 
sciences, and managerial sciences, as these systems are difficult to examine 
as isolated entities, and the system is not simply the sum of its elements in a 
linear manner. The systems approach, however, is more holistic, and follows 
the concept of expansionism. A system approach argues that even if every 
part is performing well for its objective, the total system might not be per-
forming well for the system objective if the parts are imperfectly organized 
(Parnell et al. 2008).

System design moved from the lower level of the machine age to the system 
age. In the system age, systems approaches look at systems as an integrated 
whole unit, with the composed components interacting together to serve the 
systems’ purposes, often in a nonlinear manner. The unique characteristic of 
the system age is the design of systems from a top-down approach; instead 
of looking at individual components first, system thinking starts with the 
system as a whole at the beginning, by looking at the big picture of the sys-
tem, identifying the objectives (requirements) of the system, and having 
the objective to direct the design of the system. After decades of continu-
ous evolution, systems engineering has become the standard approach for 
complex system design. In the following section, major historical events area 
described to briefly show the evolution of systems engineering.
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1.4.2  Early Practices

The first recognizable use of the systems approach was in the telephone 
industry in the 1920s and 1930s. It was Bell Telephone Laboratories who 
first used the term “systems engineering” in the 1940s. The concepts of 
systems engineering within Bell Laboratories traces to the early 1900s and 
describes major applications of systems engineering during World War II. 
At that time, a group of U.S. and British scientists from various disciplines 
tried to resolve the problem of achieving the optimal military strategies and 
actions using limited resources. These practices directly led to the birth of 
an applied mathematics, known as operations research, now a major applied 
mathematical methodology used in systems engineering. The application of 
operations research proved substantial through its successful application to 
military operations. Around the same time, the National Defense Research 
Committee established a Systems Committee with Bell Laboratories support 
to guide a project called C-79, the first task of which was to improve the com-
munication system of the Air Warning Service.

In 1946, the Research and Development (RAND) Corporation was founded 
by the United States Air Force; the systems analysis applied within RAND 
has been considered an important part of systems engineering development. 
It was the first to propose and utilize the “system analysis” approach and 
demonstrate its significance. During this time, the first formal attempt in his-
tory to teach systems engineering started at the Massachusetts Institute of 
Technology (MIT) in 1950 by G.W. Gilman, the director of systems engineer-
ing at Bell Laboratories. With the wide application of operations research 
and control theory, together with the development of digital computers, the 
scientific foundation for systems engineering has been established.

1.4.3  Government Role

Government has played an important historical role in promoting systems 
engineering, since most of the early complex systems were requested by gov-
ernment. With more demand for and experience in developing large complex 
systems, the need to identify and manipulate the properties of a system as a 
whole—which in complex engineering projects may differ greatly from the 
sum of the parts’ properties—motivated agencies such as the Department of 
Defense (DoD) and National Aeronautics and Space Administration (NASA) 
to pay more attention to applying systems engineering discipline. Since 
the late 1940s and early 1950s, the DoD has applied a systems engineering 
approach to the development of missiles and missile-defense systems. This 
undertaking was recognized as the Intercontinental Ballistic Missile (ICBM) 
Program, later the Teapot Committee, and it served as one of the key his-
torical foundations of systems engineering. The ICBM was an idea given by 
Bernard Schriever to the Teapot Committee in 1954, and it ultimately changed 
the organizing principles of managing a systems development contract. 
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From this point on, “there would be a System Engineering contractor staffed 
by ‘unusually competent’ scientists and engineers to direct the technical 
and management control over all elements of the program” (Hallam 2001). 
The Teapot Committee helped establish systems engineering as a discipline 
by “creating an organization dedicated to the scheduling and coordinating 
of activities for subcontractor R&D, test, integration, assembly, and opera-
tions” (Hallam 2001). The coordination required for the system approach 
to the project was further driven by schedule demands containing concur-
rent development of designs, subsystems, manufacturing, and so on. It was 
then, through trial and error, that quantitative tools and methodologies were 
developed. These very tools formed the basis for the interdisciplinary trade 
studies and decision aids that enrich the field of systems engineering.

By the 1960s, degree programs in the discipline of systems engineering 
became widely recognized across U.S. universities and many systems 
engineering-related techniques were developed within more academic 
research and industry applications. For example, in 1958 the Program 
Evaluation and Review Technique (PERT) was developed by the United States 
Navy Special Projects Office for the Polaris missile system. PERT is a schedul-
ing method designed to plan a manufacturing project by employing a network 
of interrelated activities, coordinating optimum cost and time criteria. PERT 
emphasizes the relationship between the time each activity takes, the costs 
associated with each phase, and the resulting time and cost for the anticipated 
completion of the entire project. Since existing large-scale planning was inade-
quate at the time, the Navy teamed up with the Lockheed Aircraft Corporation 
and the management consulting firm of Booz, Allen, and Hamilton, working 
in large-scope systems engineering efforts. Traditional techniques such as line 
of balance, Gantt charts, and other methods were found limited in dealing 
with variability, and PERT evolved as a means to deal with the varied time 
periods needed to finish the critical activities of an overall project.

By the mid-1960s, in response to many contractors expressing a need for 
greater latitude in applying alternative systems engineering techniques, sev-
eral criteria-oriented military standards were issued, including MIL-STD-
499A. Army FM 770-78 and MIL-STD-499A formed the foundation for the 
current application of systems engineering concepts and requirements in 
military development programs. It was in the late 1950s and 1960s that the 
emergence of engineering discipline “specialists” on most development pro-
grams occurred.

In 1962, Arthur Hall published his first book on systems engineering: A 
Methodology for Systems Engineering. Hall was an executive at Bell Laboratories 
and was one of the people who were responsible for the implementation of 
systems engineering at the company. Hall reasoned that systems engineering 
was important because products were increasing in complexity, the needs of 
consumers were expanding, the business markets were growing rapidly, and 
there was an acute shortage of technically and scientifically trained people 
handling the complex systems design. Systems engineering was in great 
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demand in this era. According to Hall, systems engineering is a function 
with five phases: (1) systems studies or program planning; (2) exploratory 
planning, including problem definition, selecting objectives, synthesis and 
analysis, selection, and communication; (3) development planning; (4) stud-
ies during development, including system components development and 
integration and testing of components; and (5) current and emerging engi-
neering, that is, current engineering technology and that which will exist 
while the system is operational (Buede 2009). Hall’s book is considered a 
major milestone for systems engineering education.

In the 1960s, a third defining moment for systems engineering was seen: 
the birth of NASA’s Apollo program, which lasted from 1961 to 1972. In fact, 
the Apollo program is probably the most classic example of systems engineer-
ing in practice to date. The task of sending humans to the moon was daunting 
and complicated; it involved breaking the underlying goal into multiple sec-
tions or manageable parts that participating agencies and companies could 
work with and comprehend. These various parts then had to be reintegrated 
into one whole solution, and as a result, careful attention and management 
involving extensive testing and verification was necessary. The complex 
nature of these tasks made systems engineering a suitable tool for designing 
such systems. It was the principles of systems engineering that resulted in the 
rigorous system solution which contributed to Apollo’s overall success.

In 1972, the International Institute for Applied Systems Analysis (IIASA) 
was founded, with the intention of applying techniques of systems analy-
sis to solve urban, industrial, and environmental problems that transcended 
international boundaries. Members of the IIASA discussed hallmarks of 
the IIASA approach to problem solving, which included interdisciplinary 
emphasis and the maintenance of credibility with both scientist and decision 
makers (Hughes, n.d.). The IIASA approach is illustrated in the organiza-
tion’s most successful venture: a transboundary air pollution project using 
the Regional Acidification Information and Simulation (RAINS) model of 
the impact of acidification in Europe. With efforts such as these, systems 
engineering has emerged from the government and military fields to almost 
every area of the industrial and social, and moved to a more comprehensive 
and advanced stage: the information age.

1.4.4  Information Age

With the development of hardware and software, computer technology made 
tremendous advances in the 1980s and more in the 1990s, which marked the 
beginning of the information age, or computer age/digital age. With fast- 
growing and innovative technologies such as the internet, humans have 
achieved an era of most effective, rapid technological growth than at any pre-
vious time. More and more complex, technology-driven systems are being 
designed every day, creating a new technological world for a wide range 
of users. With the shift from traditional industry to a highly computerized 
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economy, the degree of complexity involved in the systems has reached a 
new high level. The increasing level of complexity has put the practice of 
systems engineering in greater demand. With the blooming of information 
technology, limited resources dwindling, and a more competitive market, 
the world has started a whole new chapter, characterized by globalization 
and the use of the supply chain in the design process. It is hard to believe 
that, at the current time, any organization or business is not using some kind 
of global supply chain for their operations. Having an efficient systems inte-
gration process is essential for the success of any complex system design. 
In the information age, or system age, it is hard to find any complex system 
which does not follow a systems engineering approach. Nowadays, systems 
engineering has become a well-accepted standard for practice across govern-
ment and industries internationally.

In 2009, CNN Money ranked systems engineer as no. 1 in the list of the best 
jobs in the United States, according to CNN.com:

demand is soaring for systems engineers, as what was once a niche job 
in the aerospace and defense industries becomes commonplace among 
a diverse and expanding universe of employers, from medical device 
makers to corporations like Xerox and BMW.

After several decades, systems engineering has now grown into a profession; 
it is a must-have function and department for most of the large corporations, 
and the major association for systems engineering, INCOSE, has grown 
significantly since its formation in 1990. Now, INCOSE has more than 9000 
members globally, and is still growing every year. Meanwhile, government 
and industrial organizations are still facing a significant shortage of systems 
engineers, especially senior-level expert systems engineers; careers in sys-
tems engineering will become more abundant in the near future. That is the 
reason why we are here, to study this subject.

1.5  Summary

Systems engineering has become one of the most important engineering 
fields in every aspect of our society. It is based on systems concepts and the 
philosophy of the big picture first, in order to bring complex systems into 
being from beginning to end in the most efficient manner. This first chapter 
reviewed the basic concepts of systems, systems science, systems engineer-
ing, and the historical evolvement and development of systems engineering. 
Knowing this basic information about systems will help us understand the 
origin and need for systems engineering and thus grasp better the ideas and 
models in systems engineering.
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Problems

	 1.	Define systems. What are the characteristics of systems?
	 2.	Give an example of a system within the systems engineering context. 

Identify the basic elements involved.
	 3.	What are the system classifications? Briefly discuss these classifi-

cations and give examples (other than those examples given in the 
book).

	 4.	Define science and engineering. What is the difference between sci-
ence and engineering?

	 5.	What is reductionism and what is expansionism? Briefly discuss the 
difference between these two terms.

	 6.	Describe the main historical phases of systems engineering develop-
ment and the main development milestones for each phase.



19

2
Systems Life Cycle and Design Processes

Let us start the chapter with a “rocks and bucket” story. There is a bucket, 
some big rocks just enough to fill it, some small stones, some sand, and water. 
Let us first fill the bucket with big rocks. Do we still have space? Yes, so we 
put the small stones around the big rocks in the bucket. Now is it full? We 
still have some room for some sand; after putting the sand in, is it full? No, 
we can still put water in the bucket: now the bucket is full. Now ask yourself: 
What can you see from this story? Someone might say that you can always 
have room for smaller things. While this might be true to some extent, for us 
systems engineers, the point we get from this story is that for us to fit all the 
things (big rocks, small stones, sand, and water) into the bucket, we have to 
follow the order in the story. If we put the small things into the bucket first, 
in the end we will realize that there is no way we can fit all the big rocks into 
the bucket. This order is analogical to the fundamental philosophy guiding 
the system engineering process: top-down processing.

The whole idea of systems engineering is the implementation of a top-
down process; that is, starting from a problem or a need, it gradually evolves 
from a design concept to a tangible system that can be used. The key issue in 
a top-down systems engineering design process is a big-picture perspective; 
that is, designing the system from a life cycle perspective. Nothing lasts for-
ever; everything has a life span. Just like anything else in the world, an engi-
neered system also has a life cycle. Utilizing the big picture means that we 
have to consider everything involved in the system life cycle from the very 
beginning of the system design, doing things right in the beginning, even on 
issues related to the system’s retirement. They need to be considered in the 
design phase, as design decisions in the early stages can have a significant 
impact on the system’s performance later, even on the system’s retirement. 
One of the most important factors in systems design is change or violation 
of design needs. It has been found that a large percentage of costs incurred 
in systems design is due to changes in the later design stages. Although, 
for any system, it is inevitable that change will occur, since unexpected and 
random events happen all the time, systems design must have the ability to 
accommodate such an environment; however, controlling and minimizing 
those changes can significantly reduce the complexity and cost of the whole 
design process, as the later the change occurs, the more expensive and dif-
ficult to implement it becomes. Having a big picture at the beginning of the 
design process helps us to keep the design changes at a minimum level. The 
second issue for systems engineering is that it is process oriented; in other 
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words, the process determines the success of the system. Every system starts 
with a need and it gradually evolves to its final forms through a structured, 
well-defined process. There is no guarantee that a good process will lead to 
a good product, since many unexpected issues will occur during the process; 
however, a structured process will provide the greatest probability of suc-
cess for bringing the system into being within its cost and time limits. After 
many decades of practice and implementation, the systems engineering pro-
cess has been proven to be the most effective and structured approach for 
designing systems successfully, especially for large complex systems, and it 
is believed that it will still be the philosophy used for complex system design 
in the foreseeable future. In this chapter, we will

•	 Provide an introduction to systems’ life cycles and describe the 
major forms of systems at different stages of system life cycles.

•	 Describe the elements that are involved in the system design pro-
cess, including system need, requirements, functions, components, 
prototypes, models, and their relationships with regard to different 
phases in systems’ life cycles.

•	 Describe the system engineering process and define the main objec-
tives for each of the phases in the design processes, including the 
main design activities, major milestone baselines, and product for 
each of the phases, and the design evaluation approaches applied in 
each of the phases.

•	 Review the most common models for the systems design process, 
including the waterfall model, vee model, and spiral model, and 
their unique features for different types of systems.

2.1  System Life Cycle

“Life cycle,” according to Webster’s Dictionary, refers to “a series of stages 
through which something (as an individual, culture, or manufactured prod-
uct) passes during its lifetime.” Almost everything has a life; even the sun 
on which our planet Earth relies has a life of approximately 14 billion years, 
starting from a large cloud of dust and gas 5 billion years ago, to become 
a giant red star in another 5  billion years, and eventually a black dwarf 
approaching the end of its life.

The life cycle of an engineering system is a sequence of stages/phases in 
the life of the system. It is the life span or history of the system, from the 
need to create the system to the point that the system is retired and removed 
from service. There are some variations among different people regarding 
the naming of the systems life cycle; for example, Clark et al. (1986) defined 
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systems life cycles as stages of “planning, definition, design, integration 
acceptance, delivery product”; Blanchard and Fabrycky (2006) used the terms 
need identification, conceptual design, preliminary design, detailed design, 
production and construction, utilization and support, and systems phase-
out and disposal. Some of the life cycle definitions, such as the ones from 
Blanchard and Fabrycky, are more like a design process, expressed from 
the designer’s perspective. Here I adopt the one from Chapanis (1996), as it 
concentrates on the system’s status and format at different life cycle stages, 
rather than focusing solely on the design activities. Before we get into the life 
cycle description in detail, there are two fundamental characteristics of the 
systems life cycle that need to be brought to the reader’s attention. Firstly, 
any system starts from a need; this need determines the system’s concepts. 
From the concepts, system functions are derived, decomposed, and allo-
cated to the system’s components—hardware or software—all the way to its 
final configuration: developed, constructed, and delivered. All the different 
stages of the systems life cycle and different forms of systems are driven by 
the initial needs. Secondly, from the first characteristics just mentioned, one 
can easily see that the system evolves from a general form to specific forms. 
This evolvement is a top-down process, starting with the big picture—the 
need for the design of the system—with further details added in the various 
life cycle phases. In the following section, we will describe the major phases 
in the system life cycle; these life cycle phases summarize a common form 
for most systems. Despite the fact that different systems have different varia-
tions of these forms, the fundamental phases should be similar. Generally 
speaking, the system life cycle consists of seven major phases: (1) the opera-
tional need for the system; (2) system concept; (3) system concept exploration 
and validation; (4) engineering model development; (5) systems production, 
deployment and distribution; (6) systems operation and maintenance; and, 
finally, (7) system phase-out and retirement. We will briefly discuss, in each 
of the system life cycle phases, what the basic format of the system is, what 
major questions are being addressed, what information it will include, and 
what major system outcome is expected for these life cycle phases.

2.1.1  Operational Need

A system starts with a need; a need gives the reason for such a system—that 
is, why does one need such a system and what is needed—at a very high 
level. Needs come from customers. There are two basic types of customers 
involved in systems engineering (these are not exactly the same as the sys-
tem users; we will talk about system user classes in greater detail in Section 
2.2.3). One type is the government agency; for example, the Federal Aviation 
Administration (FAA) may want a new flight management system (FMS) 
to be developed, based on the electric flight bag (EFB) devices to integrate 
four-dimensional (4-D, spatial plus temporal) flight data into the cockpit. 
Government agencies such as the FAA and Department of Defense (DoD) 
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play an important role in prompting systems engineering, as most of the 
systems they need are large and complex, and often have a tight budget and 
schedule. These government systems usually have more strictly defined 
structures and specifications; for example, for the DoD, a commonly used 
structure is Department of Defense Architecture Framework (DoDAF): this 
is a foundational framework for developing and describing systems architec-
ture that ensures a common denominator for communicating, understand-
ing, comparing, and integrating architectures across different organizations 
for DoD-related systems. DoDAF establishes data element definitions, termi-
nologies, rules, relationships, and a baseline for consistent development of 
military systems architectures.

The other type of customers are nongovernment customers, either com-
mercial or nonprofit related. Systems or products needed for this type of cus-
tomer vary a great deal in terms of scope and complexity, and compared to 
government customers, their needs are usually less structured. For example, 
a marketing survey found out that U.S. customers need a new type of hybrid 
vehicle that uses environmentally friendly fuel, and in addition, need to be 
able to use household electricity to charge the vehicle, due to the rising price 
of regular gasoline. In areas that lack electricity, there is a need for a solar-
powered portable water purification system, to provide drinking water for a 
certain number of people daily.

Systems needs originate from different sources; for government systems, 
the needs are usually generated from national strategic decision-making, 
and documented and distributed by a request for proposal (RFP). RFP is 
a formal invitation document, distributed to the prospective firms or aca-
demic organizations, to describe the needs for the system to be developed, 
and inviting the qualified organization to propose a systems development 
plan. Based on the RFP, potential developers will respond with a structured 
proposal, describing the system in a more technical and operational form, 
and propose a solution and plan for the system. The successful bidders will 
be required to develop a detailed work plan—namely, a statement of work 
(SOW)—to illustrate the technical and managerial aspects of systems devel-
opment, including the personnel qualifications, efforts, and the major time-
line and budget. The detailed information included in the RFP and SOW will 
be explained in Chapter 3.

For nongovernment customers, the need for a new system or product orig-
inates from organizational strategic planning. Strategic planning for a new 
system or product emerges from a number of sources, including market-
ing surveys and customer feedback/complaints, changing environments, 
new technologies and new resources, depletion of old resources, and so on. 
Unlike government projects, in which a strict documentation format has 
to be followed, in nongovernment projects, the operational need is devel-
oped internally and does not usually have a unified format which must be 
adhered to. Regardless of what type of systems are developed, one cannot 
depend solely on customers’ original views as the only source, as these are 
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often vague, incomplete, and too general. That is why one needs to have an 
operational need. Information from a variety of sources needs to be com-
piled and translated into one document, describing the system’s intended 
purpose and functions. The following example illustrates typical opera-
tional needs:

	 1.	 Introduction: This section gives the background and scope of the 
systems to be designed/requested.

	 2.	Missions: This section defines the highest level of mission that this 
design tries to accomplish. Missions may be broken down into spe-
cific phases and time periods if required.

	 3.	Technical objectives: This section defines the major functions 
required for the system to be designed. Major function perfor-
mance parameters are included for these functions. These func-
tions/parameters may be accompanied by technical performance 
measures.

	 4.	Constraints: This defines the time/cost restrictions on the project 
and the major milestones and deliverables required.

A sample technical need document can be seen in Table 2.1.

2.1.2  System Concept

After the operational needs are identified, an integrated systems concept 
will be developed. This concept is illustrated by a conceptual model. A 
model is the abstract representation of the real-world object; it focuses on 
the factors most relevant to the system needs, conveying the important 
relationships between these factors, and ignores nonrelevant factors. For 
large complex systems, using appropriate models is of the utmost impor-
tance, as there are usually hundreds or thousands of factors involved in the 
design. For the most part, this book is about the models used in systems 

Table 2.1

Sample Design Needs for a Small Aircraft

Parameter Description

Range 200 statute miles, with 30 min reserve, day VFR at ≥4000 feet MSL 
over nonmountainous, sparsely populated coastal terrain 

Efficiency ≥200 passenger-MPGe energy equivalency 
Speed ≥100 mph average on each of two 200 mile flights 
Minimum speed ≤55 mph in level flight without stall, power and flaps allowed 
Takeoff distance ≤2000 feet from brake release to clear a 50 foot obstacle 
Community noise ≤80 dBA at full power takeoff, measured 240 feet sideways to takeoff 

brake release 
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engineering. We will explore different types of systems engineering mod-
els in Section II. The philosophy of systems engineering can be considered 
to be model based, as models are an absolute necessity in all aspects of sys-
tems engineering design. The conceptual model is the first model that the 
system evolves from its need. In the conceptual model, systems needs are 
organized as requirements. Requirements are formal documents that define 
the system’s intended purposes. From the requirements, operational con-
cepts will then be developed. These depict a complete picture of the sys-
tems operations. Operational concepts are commonly written in narrative 
format; sometimes they are also called operational scenarios. Scenarios 
tell a complete story of the system’s intended activities, if designed and 
developed, and how it will be utilized by its operators/users. The following 
example shows a typical scenario for using an automated teller machine 
(ATM):

The customer (including walk-up and drive-through customers; they 
may also be visually and hearing impaired) requests service by press-
ing the start key or by inserting their debit card. They receive feed-
back from the ATM that their request was accepted. The ATM system 
reads the card and requests the PIN. The customer inputs their PIN 
and the system processes it; if the PIN is correct, the ATM proceeds 
to the next selection menu. If the PIN is not correct, the ATM pro-
vides feedback and goes back to request the PIN again. If this process 
is repeated three times, then the ATM blocks the card and provides 
feedback.

To better explain the system scenarios, some other format of the opera-
tional profile can also be developed to accompany them, to give a more com-
prehensive picture of the system concepts. This profile includes a graphical 
representation of the systems operations spatial profile, a timeline of the 
operations temporal profile, a chart of user/operator characteristics, and 
an interaction diagram to illustrate the exchange of information, materials, 
and energy flow between users, systems, and the environment. We will 
describe this in depth in Chapter 3, which is about systems requirement 
analysis.

As an immediate result of systems concepts development via the methods 
mentioned above, systems evolve to a conceptual functional model. System 
functions define the purpose of the system and illustrate what actions the 
system would perform to accomplish its purposes. The concepts of functions 
are developed to give a complete picture of the system’s intended actions, 
hierarchically and operationally. It defines what the system should do to 
accomplish its requirements and to fulfill customer needs. Functional analy-
sis is one of the most important systems analysis methods, as it serves as 
the first and most critical bridge between customer needs and the system’s 
technical specification. Functional analysis will be covered in great detail in 
the systems engineering process sections and in Chapter 4.
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2.1.3  Systems Concept Exploration and Validation

Systems concepts, represented by system functional models, need to be 
further explored in terms of their validity to the system requirements. 
System concepts are explored and validated by translating the conceptual 
functional model to the allocated components model. A component alloca-
tion model is built to verify that, firstly, the conceptual model is feasible 
to be implemented by systems components, including hardware, software, 
and human operators. It is a two-way process, in the sense that the concep-
tual model needs to be adjusted to make the physical allocation feasible, 
taking into consideration the availability of the current and emerging tech-
nology; on the other hand, the functional model serves as the basis for the 
selection of the components, as there are many candidates for these, with 
a large variety of suppliers, manufacturers, and different models involved. 
The decision-making process for the translation from conceptual model to 
physical models is iterative and requires a careful consideration of all the 
requirements and their parameters. That brings us to the second verifica-
tion in this phase, which is that systems requirements are verified by the 
physical models. You might have seen, on several occasions, that we have 
used the words verification and validation; you might wonder whether these 
two words are the same? If not, what is the difference? In the systems engi-
neering context, “verification” and “validation” are related to each other 
but do not convey exactly the same meaning. The verification process is to 
make sure the systems requirements are being met at different phases in 
the system life cycle; that is, the systems requirements are translated, car-
ried over, implemented, and materialized throughout the system life cycle. 
Systems requirements are traced through this translation, and the design 
models are verified against the requirements parameters by using reviews 
and tests at different stages; sometimes, users are also involved in the tests 
and reviews. Validation is similar to system demonstration or evaluation: 
it is to make sure the design outcome is what users want, and that we are 
designing the correct systems. So, briefly summarizing the two terms, 
verification means doing things right, following the systems engineering 
process and structure, while validation is to make sure we are making the 
right thing, providing the correct outcome for the users’ needs. These two 
activities go hand in hand, and are closely related to each other; without 
a good verification plan and process, there will be no valid system to be 
designed.

In the systems exploration and validation phase, systems evolve from the 
conceptual model to the physical allocation model, represented by the sys-
tem allocation baseline (Type B system specification). The allocation baseline 
answers the question of who will perform what function at what cost. One 
has to keep in mind that the process is iterative; the allocation models of the 
systems are reviewed, and usually systems users are involved in this review 
process.
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The allocation model usually includes the following items:

•	 Systems requirements for subsystems and components, refined and 
quantitative technical performance measures for functions, includ-
ing the input, output, and constraining factors for each function

•	 Functional package and assembly lists, including systems compo-
nents lists and preliminary configurations for the components

•	 User systems interaction requirements
•	 Design data, validation and evaluation documentation, including 

the faulty tree analysis (FTA) and failure mode and effect critical-
ity analysis (FMECA), human factors tasks analysis, and computer-
aided design data

2.1.4  Engineering Model Development

Based on validated system concepts, functional models, and allocation base-
line, the actual components are procured and assembled. This is the point at 
which all the components are integrated together and, for the first time, the 
system is in its intended form, not only functionally but also in its physical 
configuration. To obtain a complete and detailed system configuration, the 
systems specification is translated from what (functions) and who (allocations) 
to how and how much. Details of systems components are specified, including 
the systems component/assembly specifications, what materials are involved, 
and how to assemble them together. The system evolves from the functional 
allocation baseline (Type B specification) to the product baseline (Type C 
specification), process baseline (Type D specification), and material baseline 
(Type E specification). There are various types of documents involved in the 
engineering model, based on different types of systems. Generally speaking, 
the model usually consists of the part list, material lists, blueprints, computer-
aided design data (such as AutoCAD and CATIA design drawings), and spec-
ifications for the interfaces between components. Since this is the first time 
that the all the components are integrated in their actual design forms, the sys-
tem will be tested iteratively to verify that the derived physical models meet 
the system requirements. These tests, usually conducted formally with users 
and stakeholders involved, are intended to identify the last-minute problems 
before the system is produced, distributed, and deployed. Necessary changes 
are made to the models if any mismatches between the physical models and 
system requirements are found, trade-off analyses are carried out to bal-
ance out different options, and changes are monitored and strictly controlled 
in order not to cause any major time delay and cost increase. Minimizing 
changes is one of the most important objectives for systems engineering. But, 
due to the complexity of system design, changes are often inevitable. Systems 
engineering tries to identify and address the changes as early as possible, 
which is why traceability plays an important role in the life cycle. Different 
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system formats are interconnected, and the evolvement of different models 
from one version to another is supposed to be requirement driven, to mini-
mize any deviation from the right track. We will talk about change manage-
ment in the detailed design phase later in this chapter. Here, it is important 
to point out that managing changes efficiently is an essential aspect of the 
development of physical system models.

2.1.5  System Production, Distribution, and Deployment

After the physical system model has been built, tested, and finalized, the 
system will move to the next life cycle phase, which is full-scale produc-
tion, distribution, and deployment. The system is in its final format, and is 
transferred to the production assembly line to start formal mass production. 
At this stage, the system is produced, possibly in multiple copies. All the 
components are specified, either produced separately if they are specially 
designed for the system, or procured if using standard commercial off-
the-shelf (COTS) items. These components are delivered to the production 
site, assembled, and then distributed via retail outlets to customers. A final 
production of the system may involve hundreds or thousands of suppliers, 
depending on the level of complexity of the system. The supply chain plays 
an important role at this stage, as greater cost may be incurred in distribu-
tion and deployment than in the production/assembly itself. Much of the 
system’s assembly work may be outsourced internationally; for example, to 
take advantage of cheap labor and materials locally. For instance, the cost of 
labor and materials of many U.S.-designed systems in third-world countries, 
such as China, is less than 10% of the total cost of the system. As a matter of 
fact, the majority of the cost is incurred in system distribution and deploy-
ment, in addition to the cost of research and development. The system has 
now evolved from its models to the final realization of its designed format, 
together with its supplemental materials including manuals and training 
services; it is delivered to customers and installed for operations.

2.1.6  System Operations and Maintenance

After the system has been produced, assembled, and delivered to the cus-
tomer, it will be in fully operational mode for the period of time designed, 
providing functions to users and operators. Users and operators are usu-
ally the same group of people; the difference between these two lies in 
the complexity of the system itself. If the system is fairly simple in nature, 
the term users, that is, the user–equipment combination, is employed; 
if the system is very large and complex, the term operators is used instead. 
System users and operators essentially represent the same type of user 
class; namely, the end customer of the system. There are also other classes 
of systems user; systems maintainer is one of the classes. Although 
highly reliable systems are desired, systems do fail sometimes, requiring 
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maintenance activities to be carried out. At this stage of the system life 
cycle, the emphasis is on customer service and support of the system; since 
the design of the system has been finalized, no further design changes 
are possible. However, follow-up tests and evaluations of systems are still 
necessary to identify any problems within operations and maintenance; 
these test results, together with feedback from customers, serve as a guide 
for any engineering changes that may be made for the subsequent ver-
sion or next generation of the system. Emerging problems are addressed 
and fixed immediately, especially those pertaining to user safety and 
hazards. Faulty systems are fixed, recalled, or replaced to minimize the 
impact from these issues. At this stage of the system life cycle, operation, 
maintenance, and evaluation efforts are carried out continuously, until the 
system is ready to be retired.

2.1.7  System Phase-Out and Retirement

There are many reasons for system retirement; the majority of these are 
incompatibility with emerging technology, discontinuation of supply of 
materials, changes to legislation and regulations, new trends in customer 
demand, and so on. At the system retirement stage, the system is often char-
acterized by a reduction in the number of customers, increasing numbers of 
system problems, high costs, and difficulty of maintenance. System functions 
are terminated and the system is disassembled to the level of its components; 
the system is disposed of. The natural resources from which the system is 
built are limited, so it is unlikely that the system will be completely discarded 
and wasted; it is desirable to retrieve materials from retired systems as far 
as possible, to save the cost of the materials, and more importantly, to reduce 
the amount of waste to the environment. Sustainable development or green 
engineering is one of the most important types of development, depending on 
the different kinds of components. There may be different end uses for the 
components: reuse, remanufacturing, or recycling. Reuse is the highest level 
at which a system is preserved—usually a nonfaulty system—to keep it at 
a degraded function level to prolong its life cycle (one can think of this as a 
semiretirement phase). For example, older computer systems may not be fast 
enough for laboratory scientific computation purposes, but since they are 
still functional, they may be donated to charity for educational purposes in 
schools and offices. Remanufacturing (also known as closed-loop recycling, or 
sometimes called refurbishing) implies a series of activities to put a retired 
system back into use in its complete form, by repairing or replacing faulty 
parts, to become operational again. Recycling is a process that retrieves useful 
raw materials, to reduce waste and the cost of procuring similar fresh new 
materials. It is believed to benefit the environment by reducing pollution 
and saving the energy consumption of obtaining new materials. Although a 
common practice for a long time, it did not catch people’s attention until the 
twentieth century; as an outcome of the industrial revolution, productivity 
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has increased tremendously, as has demand for materials. With more human-
made systems, the by-products, waste, and pollution from the production 
process has influenced our natural environment, which has caused many 
problems for human health and quality of life. Sustainable development and 
green engineering of systems have become more and more important for 
assessing their effectiveness. With more customer awareness and global-
ization of system development, green engineering has become an essential 
part of system competitiveness. The life cycle consideration of system design 
enables designers to take systems retirement into account in the early phases 
of the design process—assembling it in a way which will simplify its disas-
sembly—to facilitate the system being phased out and retired, to impact the 
environment at a minimum level, and meanwhile save internal costs and 
energy.

Where the system is retired only partially, its materials will be recycled or 
reused for the next generation of the system and some of the concepts will be 
carried over to the next generation, as part of the requirements for the new 
system; at that time another life cycle will begin.

2.2  Systems Engineering Processes

2.2.1  Definition of Systems Engineering Process

Parallel to the system life cycle, there are a series of activities that bring 
systems into being; this series of activities is called systems engineering pro-
cesses, or more specifically, system design processes. According to INCOSE.
org, the systems engineering process is comprised of seven typical tasks: 
“State the problem, Investigate alternatives, Model the system, Integrate, 
Launch the system, Assess performance, and Re-evaluate. These functions 
can be summarized with the acronym SIMILAR: State, Investigate, Model, 
Integrate, Launch, Assess and Re-evaluate” or SIMILAR.

Chapanis (1996) also defined systems design as a seven-step process in 
his process model: “Requirement Analysis, Systems Design, Hardware 
and Software Design, Hardware and Software Development, Systems 
Integration, Installation/Transition & Training, and Maintenance & 
Operation”; the three strands of development hardware, software, and 
users are woven together into one integrated system. Blanchard and 
Fabrycky (2006) defined the systems design and life cycle as a process 
with two major steps, the acquisition phase and the utilization phase; 
the acquisition phase consists of conceptual design, preliminary design, 
detailed design and development, and production and construction; the 
utilization phase consists of product use, phase-out, and disposal. There 
are many other variations of the processes. Despite the different names for 


