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Foreword
Purpose and Rationale
Students and professionals have many choices of text and reference books for
the sustainability engineering disciplines: reliability, maintainability, and supportability. Available books range from theoretical treatises on the mathematical theory of reliability, applied maintainability and logistics modeling, studies
in reliability physics, and books devoted to systems management. But there’s
still something missing: there is a need for an exposition of the sustainability
engineering activities that systems engineers need to carry out, which explains
the purposes and benefits of the activities without necessarily explaining how
to do them all in detail. This book fills that need.
Several decades of experience in sustainability engineering and management in the telecommunications industry and additional experience in research
and teaching have led me to these relevant observations.
1. Few publications in the sustainability disciplines focus on the core systems engineering tasks of creating, managing, and tracking requirements
for these disciplines specifically.
2. The small number of degree‐granting programs in sustainability engineering means that many systems engineers have no exposure to these
ideas until they are assigned to deal with them in the work environment.
3. The gap between what is known and available in the research literature
and what is routinely practiced in day‐to‐day sustainability engineering is
large and growing. Many sustainability engineers use oversimplified
models and tools to deal with sustainability engineering tasks and consequently miss opportunities to develop more thorough and informative
product management and improvement plans at lower cost.
4. Systems engineers, in particular, because of the broad scope of their
responsibilities, need support from those with specialized expertise to
write good sustainability requirements, understand the results provided
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to them by sustainability engineering specialists, and track compliance
with stated sustainability requirements. Consequently, they need enough
background knowledge in these areas to be good suppliers and customers
for the specialist teams.
5. Many software tools essential for executing complex sustainability engineering tasks often (silently) incorporate simplifying assumptions, rely on the user
to discern when results are reasonable or not, and do not give the user good
insight into what to expect from the tool and what not to expect from the tool.
Sustainability engineering and management is not an obscure, arcane branch
of knowledge. It is a human endeavor that can readily be carried out systematically and on the basis of a manageable number of principles. The purpose of
this book is to provide that basis for systems engineers in particular. Certainly,
few have as much influence on a product’s design as do systems engineers. The
creation of appropriate sustainability requirements is a key step to developing
a system whose realized reliability, maintainability, and supportability meet the
needs and desires of the system’s customers while promoting success and profit
to the vendor. Conversely, incomplete, unfocused, or inappropriate requirements lead to customer dissatisfaction with the system they purchase and use
and cost the vendor more in warranty costs, maintenance of an extensive repair
business, and lost goodwill. Our purpose here is to provide systems engineers
with the principles and tools needed to craft sustainability requirements that
make the product or system successful in satisfying the customers’ needs and
desires for reliability, maintainability, and supportability while keeping costs
manageable. Our purpose is also to provide methods and tools systems engineers can use to determine whether sustainability requirements are being met
satisfactorily by understanding and analysis of data from field installations.
Finally, the book discusses enough quantitative modeling for reliability, maintainability, and supportability to support systems engineers in their engineering, management, validation, and communication tasks.
It is important to note that this book is not intended as a textbook in the
mathematical theory of reliability (or the mathematical underpinnings of maintainability or supportability). Rather, our intention is to provide systems engineers
with knowledge about the results of these theories so that, while they may sometimes construct needed reliability, maintainability, and supportability models on
their own, it is more important that they be able to successfully acquire and use
information provided to them by specialist engineers in these disciplines. The
customer–supplier model provides a useful context for this interaction:
• Systems engineers act as suppliers in providing specialist engineers with
clear and effective reliability, maintainability, and supportability requirements for the product.
• Systems engineers act as customers for the reliability, maintainability, and
supportability models, data analysis, and so on, provided by specialist
engineering teams during development.

xx
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Therefore, systems engineers need a good grasp of the language and concepts
used in these areas, while not necessarily needing to be able to carry out
extensive modeling or data analysis themselves. While this book is careful to
describe the necessary language and concepts correctly and in appropriate
contexts, it makes no attempt to provide mathematical proofs for the results
cited. References are provided for those interested in pursuing details of the
mathematical theory of reliability, but those details are not within the scope or
purpose of this book.

Goals
I hope this book will enable systems engineers to lead the development of
systems (which we will interpret broadly in this book as encompassing
products and services) whose reliability, maintainability, and supportability
meet and exceed the expectations of their customers and provide success
and profit to their employers. My intention is that systems engineers will
themselves be able to employ, and encourage their sustainability engineering specialists to employ, the best practices discussed here in an orderly,
systematic fashion guided by customer needs. I recognize that systems engineers have a very broad range of responsibilities, and it may not be possible
for them to deal with every responsibility at equal depth. Therefore, it is
important that their sustainability engineering and management responsibilities be supported by as straightforward and systematic a program as
possible. I emphasize the thought processes underlying all the activities a
systems engineer may have to undertake to ensure successful product or
system sustainability. To avoid losing sight of the forest for the trees, we
repeatedly return to the basic questions and first principles of the field in
all the applications we cover, including hardware products, software‐intensive systems, services, and high‐consequence systems. My intention in doing
this is to help systems engineers choose appropriate methods and tools to
accomplish their purposes, and thereby create the most suitable sustainability
requirements consistent with fulfilling customer needs and expectations
and supplier success.

Organization of this Book
Every author likes to think that he brings to the reader a uniquely formative
experience through the superior organization of topics and methods in his
book. If only it were that simple. Success in learning depends primarily on student commitment. I can only try to make that job easier. I hope that the devices
I use in this book will fulfill that wish.
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• The book is organized into three major divisions, one corresponding to
each of reliability, maintainability, and supportability engineering. Within
each division, there is material on
◦◦ Requirements development,
◦◦ Quantitative modeling sufficient for understanding, developing, and
interpreting requirements,
◦◦ Statistical analysis for checking whether systems in operation meet or
do not meet requirements, and
◦◦ Best practices in each of these areas.
• I place a lot of emphasis on correct use of language. As discussed at length
in Chapter 1, the language we use in the formal system that constitutes
sustainability engineering contains many of the same words we use in ordinary discourse. It is vital to keep in mind which context you are operating
in at all times. To help you do this in places where I think there is more than
the usual possibility for confusion, I will point out in the text information
you need to dispel that confusion. These instances are introduced by the
header “Language tip” and they appear in many places in the text.
• This book is primarily for systems engineers whose main concern is the
determination and development of appropriate requirements so that
designers may fulfill the intent of the customer. Accordingly, the book
emphasizes the use of various sustainability engineering methods and
techniques in crafting requirements that are
◦◦ Focused on the customers’ needs,
◦◦ Unambiguous,
◦◦ Easily understood by the requirements’ stakeholders (customers,
designers, and management), and
◦◦ Verifiable through collection and analysis of data from system operation.
The device employed in the book to promote this goal is the frequent
interjection of “Requirements tips” that appear when needed and of most
benefit.
• An equally important concern of systems engineers is determining when
requirements are being met by systems operating in customer environments. Accordingly, a chapter or section in each of the major divisions of the
book is devoted to the statistical analyses needed to accomplish this task.
• The title of the book emphasizes “Best Practices.” Each chapter concludes
with a section summarizing the current best practices for systems engineers concerning the material covered in the chapter.
• Finally, I believe that everything we do is a process, whether we call it that
or not. In particular, we should all be mindful that everything we do can
be improved. Requirements development and verification are no exception (indeed, this book is no exception, and I welcome suggestions from
readers to help make the next version better).
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Reliability Engineering

1
Systems Engineering and
the Sustainability
Disciplines
1.1

Purpose of this book

1.1.1 Systems Engineers Create and Monitor Requirements
The textbook marketplace offers many high‐quality books that provide the
student, professional, and researcher with many points of view on the
sustainability disciplines of reliability engineering, maintainability engineering, and supportability engineering. The point of view we advance
here, though, is different from that of other books. This book focuses
intently on the roles and responsibilities of the systems engineer in creating
and monitoring the requirements for reliability, maintainability, and supportability that will guide development of products and services that are
most likely to satisfy their customers and lead to success for their suppliers.
Systems engineers play a pivotal role in this process. Get the requirements
wrong and the likelihood of a successful product or service is almost nil.
That, coupled with the importance of acting as early as possible in the
development process to build in quality and reliability, compels a new
emphasis on preparing systems engineers to understand how the sustainability disciplines contribute to product and service success and to enlarge
their toolkit to incorporate generation and validation of sustainability
requirements that promote greater product and service success. The first
major purpose of this book is to provide systems engineers with the
Reliability, Maintainability, and Supportability: Best Practices for Systems Engineers,
First Edition. Michael Tortorella.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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 nowledge they need to craft clear, concise, and effective sustainability
k
requirements so that they may fulfill their role of key leader in successful
product and service development.
Customers and suppliers also want to know whether requirements are being
met by deployed products and services. For example, many telecommunications
service providers offer service‐level agreements (SLAs) to their larger
customers (see Section 8.6). SLAs are usually based on certain service r eliability
criteria [11, 12]; when these criteria are violated, the customer is offered a full
or partial refund for a stated period of service. In addition, many suppliers of
commercial and consumer products offer warranties. The cost of servicing the
warranty is borne by the supplier. The obvious financial consequences in these
examples show why it is important to be able to determine in a systematic way
whether and to what degree relevant requirements are likely to be met (in a
planning phase) and are being met (in operation). Accordingly, the second
major purpose of this book is to provide systems engineers with the concepts,
tools, and techniques needed to carry out analyses for determining conformance to quantitative sustainability requirements.
1.1.2 Good Requirements are a Key to Success
Accepting, as we do, that a design faithfully realizing a set of complete and
effective requirements will make a product or service that is no more or less
than those requirements describe, it is clear that requirements are key
contributors to a successful product or service. Accordingly, we need to

understand what makes a good requirement. At least two important properties
of a good requirement can be immediately discerned:
1. The requirement is written to promote an outcome (product or service
property or behavior) that is desired by the customer.
2. The requirement is unambiguous: clear criteria are available to d
 etermine
whether the requirement is met or not.
Every product or service property or behavior that is needed or desired by the
customer for the product or service should be the subject of some requirement(s).
There is no other reliable way to ensure that the product or service will have
that property or behavior. This is nothing more than a restatement of the idea
that if you want something, unless you ask for it specifically, you will only get it
by some happy accident. Think of a customer, like a telecommunications
service provider, who needs a reliable backup generator to ensure continuity
of service during periods when utility power is unavailable. If the customer
does not specify the length of time for which the backup generator is required
to operate without failure, then the system designer has no guidance about
how to specify which backup generator to use and what measures need to be
taken to ensure that it operates for the needed period of time. Some backup
generator will be chosen, but the reliability of that backup generator may or
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may not be good enough to meet the customer’s need. In this example, “you
get what you get” without a clear plan to get, rather, what you need—the result
is haphazard rather than systematic. Good requirements are complete (cover
all properties and behaviors needed and desired by the customer).
The best way to promote unambiguous requirements is to state them in
quantitative terms. Most requirements in the sustainability disciplines involve
some quantitative variable. For example, we may wish to limit the amount of
time it takes to complete a specified repair. To enforce such a limit, this
duration will be the subject of a requirement. In practice, the time it takes to
complete a repair is influenced by many factors, including control factors
(those that the system designer and operator are able to control) and noise
factors (factors that are thought of as “random” and not able to be readily
adjusted by the designer or operator).1 Consequently, it is customary to conceptualize the quantitative variables appearing in requirements as random
variables in the sense used in probability theory. That is, the values taken by
this variable over the different members of the population of products or service realizations may differ from one to another in unpredictable ways. For
instance, the duration of the specified repair in the example will be influenced
by factors like the location and ease of access of required spare parts, the location and ease of access of required documentation, how well‐trained the repair
technicians are, etc. The system designer can influence these factors by appropriate selection of requirements for them; see Part II of this book for maintainability considerations like these. However, the repair duration may also be
influenced by factors that the designer cannot control, such as how fatigued
the operator may be after having worked an entire shift before beginning the
repair, whether the operator has to deal with inclement weather in an outdoor
installation, etc. The designer cannot control these “noise factors.” For this reason, products or services should be designed to be “robust” against the effects
of noise factors. This means that the product or service should be insensitive to
variations in the values of the noise factors. The discipline of “robust design” [7,
14] has arisen to make this task systematic. A product or service that is robust
in this sense is likely to experience fewer failures, making robust design a
valuable tool for the systems engineer and design staff. We return to this idea
in more detail in Section 6.8.
It is also important when assessing product or service performance against
a set of requirements that statistical ideas be used—monitoring the performance
of the product or service in operation generates data for each of the requirements. These data may be a census or only a sample from the population of
This approach to conceptualizing operations in the real world was first introduced by Genichi
Taguchi in the 1980s [10], in the context of statistically designed experiments. More broadly
interpreted, it offers a useful conceptualization of how much of a given product or service
realization may be controlled by requirements and how the design may be arranged, including
considerations of how much margin may need to be built into the design, to mitigate the influence
that “noise” factors have over the eventual outcome.
1     
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installed systems. Treating census data is straightforward; many examples are
given in chapter 5 and elsewhere. Sampling data need to be analyzed in a
consistent statistical manner that respects the sampling nature of the data
collection so that an informative and fair picture of how well the product or
service is performing may be obtained. The details of such analyses are
discussed in various chapters of this book, so we are not going to dig deeper
here, but we will point out, for the first time of many times, that comparisons
between performance and requirements are expressed in statistical terms using
probabilities, significance levels, and confidence intervals. The nature of real‐
world operation, especially when we are unable to collect data on anything but
a sample of the population of systems in operation, brings with it these uncertainties. Whether it is possible to make absolute judgments about meeting
requirements or not also depends on the form in which the requirements are
written (see Chapters 3 and 5).
1.1.3 Sustainability Requirements are Important Too
At the most fundamental level, systems engineering exists to promote certain
outcomes in product and service development and deployment. These
outcomes include customer satisfaction and supplier profitability. The basic
tool systems engineers use to carry out this function is to create and monitor
requirements for specific product or service properties whose achievement
promotes these outcomes. While there are many such properties that matter,
this book focuses on those properties connected to reliability, maintainability,
and supportability. Before narrowing to that focus, however, we need to discuss
the broader context of the systems engineering role in these disciplines.
Promotion of certain key outcomes is a primary systems engineering
function. In reliability, for example, understanding of customer needs may
indicate that the customer is concerned primarily with the frequency of failures,
perhaps because remediation of a failure requires dispatch of a repair crew to
a remote or difficult‐to‐reach location, and the customer wishes to minimize
the expense associated with these actions. Therefore the systems engineer
creates a requirement for frequency of failures, perhaps something like “The
equipment shall not experience failures requiring the dispatch of service
personnel more often than once per decade per system.” Later in chapter 2, we
will see why this requirement is incomplete (it lacks any statement about what
conditions are to prevail for this failure frequency limit to be valid), but the key
point here is that it is created based on a detailed understanding of the
customers’ needs and the capabilities that need to be designed into the system
to meet those needs.
As with any endeavor that undertakes to reach certain targets, an
understanding of the process by which those targets are approached is

necessary. This is a fundamental principle of quality engineering in which any
effort to design and improve a product or service is based on an understanding
of the process by which the product or service is created and used. Here, the
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systems engineer acts to promote certain outcomes. In the sustainability
disciplines, these outcomes represent what is needed of the product or service
in reliability, maintainability, and supportability so that the product or service
will satisfy its customers and produce a profit for the supplier. To do this
effectively, he needs to understand the process used to achieve those outcomes.
Then she can determine the key points in that process at which monitoring can
be most effective in guiding the process toward its desired output.
1.1.4 Focused Action is Needed to Achieve the Goals Expressed
by the Requirements
System or service development often begins with a “wish list” of desirable
properties, or “features,” that will attract customers. From this list of features, a
set of requirements is created. For purposes of this book, we categorize
requirements as attribute requirements and sustainability requirements.

Attribute requirements comprise functional, performance, physical, and safety
requirements. Sustainability requirements are those pertaining to reliability,
maintainability, and supportability that bear on whether a system or service
can be developed not only to work satisfactorily when it is new but also to
continue to operate satisfactorily for a significant period of time thereafter—
enough time so that the system or service creates enough customer satisfaction
and supplier profitability to be worthwhile.
Deliberate, focused action must be taken to create a design and realize the
system or service that meets requirements. These actions are referred to as
“design for x” where x may refer to any of the requirements categories. While
this is certainly true for attribute requirements, in this book we emphasize
design for reliability, design for maintainability, and design for supportability
as key enablers of goal achievement through systematic, repeatable, and
science‐based actions. Without deliberate attention to design for x, whatever
requirement goals may be achieved are achieved only by chance, and the odds
of meeting all requirements by chance are slim indeed. In particular, reliability,
maintainability, and supportability are sometimes seen by those lacking
training in these fields as arcane branches of knowledge whose implementation
is beyond the capabilities of most engineers. Our position is emphatically that
this is not so. We specifically discuss design for reliability, maintainability, and
supportability in Chapters 6, 11, and 13, respectively, from the point of view
that the actions constituting these fields are systematic, repeatable, and
grounded in sound science, and are readily learned and readily applied by most
engineers.
Finally, we point out that almost all, if not all, components of design for x are
readily susceptible to quantitative modeling and optimization. For instance,
the layout and process flow in a repair facility may be modeled as a stochastic
network (see chapter 13) and optimized on that basis so that inefficiencies may
be rooted out and speedier, more economical operation is promoted. The
decision about whether to engage this greater degree of detail rests largely on
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the organization’s judgment about the balance between prevention costs and
external failure costs. In this instance, an optimized repair facility promotes more
rapid repair of failures, shorter system outages, and faster turnaround to the
customer. This is worth something (even though it may be difficult to quantify);
whether it is worth enough to justify the expenditure of scarce, skilled resources
to carry out the optimization depends on the organization’s quality management
approach. In any case, the duration of the improvement is likely to be much
longer than the time spent on carrying out the optimization, an argument in
favor of the modeling approach. You will see many examples of this approach in
the design for x chapters, but not every opportunity will be discussed in detail
because to do so would require turning this into a book surveying all of operations
research. Where an important technique of this kind may be useful but is not
covered in this book, appropriate references are provided.

1.2

Goals

For systems engineers to be able to do these things effectively, they need to
reach certain goals. These goals determine the goals of this book.
1. Systems engineers need to know how success is defined for the product or
service in development. Two primary indicators of success are profitability
for the organization supplying the product or service, and satisfaction on
the part of their customers. Throughout, we emphasize the relationships
between sustainability requirements, product/service success, and the
technical content of sustainability models in helping systems engineers
look forward and see how the profitability and customer satisfaction
results may play out.
2. Systems engineers rarely will be required to carry out detailed reliability,
maintainability, or supportability modeling, but they will almost always
receive advice from specialists in these disciplines. They may also
• subcontract the creation of reliability, maintainability, and/or supportability to teams of experts in those disciplines and
• be part of a team negotiating sustainability requirements with customers
or suppliers.
Therefore, systems engineers need to know how to be good customers of
specialist engineering suppliers and be effective negotiators of sustainability requirements. This requires a minimum level of understanding of
some details of reliability, maintainability, and supportability engineering.
This book will present this kind of information not with a goal of creating
reliability, maintainability, or supportability specialists, but rather with an
amount of detail necessary to acquire the understanding needed to be
good consumers of specialist information and good negotiators. We aim
to give systems engineers the skills needed to ask good questions and
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understand the answers, particularly with regard to the systems engineer’s
primary responsibility concerning the creation of suitable requirements
for reliability, maintainability, and supportability—those that promote
successful product and service development and deployment, satisfied
customers, and a profitable business. Experienced sustainability engineers
may find that some of the explanations needed to support this goal are
already familiar to them and do not bear repeating, but they are
included—indeed, emphasized—here to provide systems engineers with
the background and understanding they need so that they can be good
customers and suppliers in this context.
3. A third goal that is at least as important as others mentioned so far is to
promote clarity of language and communication across the community of
systems engineering stakeholders: customer representatives, specialist
engineers, the product or service development team, management, and executives. The sustainability disciplines are loaded with special terms and the
temptation to lapse into jargon is sometimes overwhelming. Nonetheless, we
firmly believe that the best ideas are the simple ones, or at least those that
can be explained simply and clearly, and this book is written with the promotion of clear, unambiguous, and consistent communication as a primary goal.
I once worked for a manager who claimed that at times it was necessary to
“vague it up,” but my experience has been that “vaguing it up” is more often
than not a means for d
 isguising a lack of understanding or playing political
games, and rarely does it have its claimed benefits. This book intends to help
you express yourself clearly and concisely. You may choose not to do so at
times, but at least you will be prepared to do so successfully when needed.
4. In addition to providing a modest introduction to sustainability modeling
skills, this book aims to enable systems engineers to employ a systematic
and repeatable procedure to determine whether the sustainability
requirements they have created are being met by systems and services,
both during development and after deployment. This key step in the
product or service development process enables management to undertake quality improvement programs based on reliable data and sound
analyses. In other words, these requirement verifications are part of the
Deming cycle’s [9] “check” phase. Preventive action—to maintain good
performance—and corrective action—to improve performance—should
only be undertaken after a solid understanding of the success or failure
of relevant requirements is achieved. This book aims to provide readers
with the concepts, frameworks, tools, and techniques needed to efficiently
determine the degree to which requirements are being met or not met
and form the foundation for management by fact.
5. Sustainability engineering is sometimes practiced by engineers who are
not specifically trained in these disciplines. Those fulfilling such a role are
expected to make good use of the resources available to them while those
resources may be written in language that may be unfamiliar and that
may leave a lot of gaps in reasoning because they are intended for experts.
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Systems engineers who have a broader background and education may
need help filling those gaps. One of the purposes of this book is to present
material on the sustainability disciplines carefully and with the needs of
the systems engineer in mind. Readers will find discussions intended to
fill in these gaps, especially as regards clear use of the language, so that
confusion and ambiguity may be avoided. In some cases, experts may find
these discussions tedious and/or repetitive, but the detailed, step‐by‐step
discussions are deliberately prepared to help the non‐expert rapidly be
able to make substantive contributions.
1.3

Scope

The sustainability disciplines are reliability engineering, maintainability engineering, and supportability engineering. These disciplines are linked in important
ways (see chapter 2) and are important factors in product or service success. To
enhance learning about these engineering disciplines, this book emphasizes
certain points of view and covers certain topics while omitting others.
The primary point of view expressed in this book is that requirements are a
key driver of product or service success. As systems engineers are the developers
of requirements, they must be skilled in developing requirements that lead in
the right directions. Accordingly, they need enough knowledge about each of
the three sustainability disciplines to be able to develop sensible and effective
requirements. The scope of this book is dictated primarily by this need.
1.3.1 Reliability Engineering
To be able to accomplish reliability engineering tasks effectively requires two
key skills: first (and foremost), understanding how actions taken during product
or service design and manufacturing promote (or inhibit) reliability, and
second, ability to work with the quantitative aspects of reliability modeling and
statistical analysis. Accordingly, the two goals of the reliability engineering part
of this book (Part I) are
1. to introduce the reader to design for reliability through learning about
failure modes and failure mechanisms, failure causes, and preventive
actions, in a variety of electronic and mechanical contexts and
2. to provide enough material on quantitative reliability modeling and statistical analysis so that the reader can understand the implications of
writing requirements in various ways and be able to determine when the
performance of the product or service conforms to the requirements.
This is not a textbook in reliability physics, software design patterns, or general
hardware or software development best practices, so the first goal is approached
in rather more general terms. From the examples of failure modes and failure
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mechanisms given, the reader will be expected to inductively transfer this
knowledge to new situations. Neither is this a textbook in the mathematical
theory of reliability; many such books of high quality are already available to
interested readers and are cited in the references herein. Rather, there is given
here enough of quantitative reliability modeling and statistical analysis that
readers will see how to speak and write about these correctly, understand the
results specialists in this discipline will supply as part of the systems engineering
and development process, and create procedures to determine to what degree
reliability requirements are being met when the product or service is finally
deployed. Reliability engineering specialists may find that the material on
reliability modeling for systems engineers presented in chapter 4 may be
simultaneously too basic and not complete. It is deliberately presented in basic
terms so that it may be accessible to a non‐specialist audience. It is not c omplete
in the sense that no proofs of mathematical assertions are given (though plenty
of references are provided), but it is comprehensive in the sense that the
reliability modeling topics of greatest importance are all covered. Specialists
may find some of the foundational discussions useful for refreshing their basic
understanding of commonly used techniques.
1.3.2 Maintainability Engineering
As with reliability engineering, and as we will point out again with supportability
engineering, systems engineers need to understand how actions taken during
product or service design and manufacturing promote (or inhibit) maintainability,
and they also need the ability to work with the quantitative aspects of maintainability modeling and statistical analysis. Accordingly, the two goals of the maintainability engineering part of this book (Part II) are
1. to introduce the reader to design for maintainability through learning
about the key factors that influence maintainability and
2. to provide enough material on quantitative maintainability modeling
and statistical analysis so that the reader can understand the implications
of writing maintainability requirements in various ways and be able to
determine when the performance of the system conforms to the maintainability requirements.
It is important to realize that maintainability and reliability are not independent.
As we will see in detail in chapter 2, decisions about maintainability also have
consequences for system reliability. For instance, the architecture you choose
for the field‐replaceable parts of the system influences the duration of the out‐
of‐service period incident on the failure of such a part. This in turn influences
the system availability, a key measure2 of system reliability. Design for
maintainability will consider these implications and help guide the systems
In chapter 3 and thereafter, we will refer to availability as a reliability figure of merit.
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engineer toward effective maintainability requirements when considering
system reliability, maintainability, and cost together. And of course, it is still
necessary to assess after deployment the degree to which the maintainability
requirements are being met, not only to provide the facts necessary to
adjudicate customer claims, but also to provide a factual foundation for

management and improvement of system maintainability and of the process by
which maintainability requirements are created.
1.3.3 Supportability Engineering
By now, you know what’s coming. Like maintainability, supportability is
not necessarily an end in itself: because system unavailability is directly
proportional to the duration of outages, and poorer supportability increases
outage duration, supportability plays a direct role in improving system reliability. Therefore, the importance of proper supportability is not only in its opportunity for decreased system cost but also in its implications for system
reliability. The supportability part of this book, Part III, emphasizes the optimal allocation of supportability resources to improve reliability while paying
attention to supportability cost. Accordingly, the two goals of the supportability engineering part of this book are
1. to introduce the reader to design for supportability through study of the
key factors influencing supportability and
2. to provide enough material on supportability optimization and statistical
analysis of supportability data so that the reader can understand the
implications of writing requirements in various ways and be able to
determine when the performance of the product or service conforms to
the supportability requirements.
As noted before about maintainability, it is important to realize that
supportability and reliability are not independent. It is possible to create a set
of system requirements for reliability and supportability independently of each
other, but doing so ignores the synergies that are possible from considering
these together. Supportability engineering and design for supportability
provide a clear application of optimization techniques that we will introduce in
this part of the book.

1.4 Audience
1.4.1

Who Should Read This Book?

While practicing systems engineers and students of systems engineering are
the primary audience for this book, others in the technological systems
community too may benefit from it. Customer representatives, who may
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have yet‐unformed ideas about reliability as part of a desired features list,
may benefit from understanding how the systems engineering process takes
informal, imprecise ideas for desired reliability and makes specific requirements from them and maps these requirements to each desired reliability
feature. Reliability, maintainability, and supportability engineering specialists
may find new material of interest to them, particularly in the chapters
concerning data analysis techniques for comparing field results with requirements. These chapters may also be useful to risk management teams and
management in general. Design and development engineers will find
organized, systematic treatment of design for reliability, design for maintainability, and design for supportability—key d
 isciplines needed to ensure that
sustainability requirements become fulfilled.
1.4.2 Prerequisites
No resource of this kind can hope to be completely self‐contained. Readers
will need to bring some background in certain subjects to gain the greatest
benefit from this book. Foremost among these is a facility with statistical
thinking. Almost all the language used in the areas of reliability, maintainability, and supportability engineering is based on a probabilistic and
statistical approach. The quantities treated in these disciplines are almost
never deterministic and require the language of probability and statistics to
deal with properly. While this book does not expect you to be an expert
probabilist, some maturity with probability concepts, stochastic processes,
and statistical inference is assumed. For probability and stochastic processes,
familiarity at about the level of [3] is helpful. For statistics, consider Refs. 2
or 6. To help with concepts or models of this kind that may be unfamiliar,
other references are provided with the relevant chapters so that additional
explanation may be readily obtained.
In addition, this book assumes a certain familiarity with, and maturity in,
quality engineering. Systems engineers are vital contributors to the success of
a product or service by crafting the requirements that are needed to drive
development of a product or service that will fulfill customers’ needs and that
customers will find attractive and compelling. We will not dwell on the development
of quality e ngineering methods in this book, but rather will use these concepts
and methods when needed. A good introduction may be found in Ref. 13.
1.4.3 Postrequisites
Continuing the thought that no resource of this kind can hope to be
completely self‐contained, readers also should be aware that there are many
places in the book where we discuss things that systems engineers are
advised to consider doing (or contracting to have done) but that the details
of those things are not given. For instance, in chapter 12, we discuss
determining the proper size of an inventory of spare parts as an important
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part of the systems engineering responsibility in system support. Two
approaches to solving this problem are mentioned, one based on minimizing
the stockout probability and another based on maximizing the system
availability, within budget constraints. However, we do not discuss the details
of either of these approaches in the book because they are adequately
covered elsewhere, either in other textbooks or in papers in the literature. In
either case, references are provided so you can acquire these techniques if
you so desire, but they will normally be the province of specialists on the
design team. The systems engineer’s responsibility is to see that these tasks
are attended to, though, in most cases, she will not carry out the tasks herself.
The structure of this book largely follows this division of labor. This book
emphasizes sustainability engineering tasks that need to be carried out in
order to develop a successful system or service without necessarily delving
deeply into the operational details of the tasks. Carrying out the tasks will
usually be the responsibility of some specialist engineers on the development
team, and they will use other resources for their needs.
There are a few exceptions to this rule in this book. These were chosen
mainly for pedagogical value or are new approaches to sustainability engineering tasks recommended by the author. For example, in chapter 13, we discuss
design optimization of a repair facility as part of design for supportability.
While the use of stochastic network flow models for this task is certainly not
unheard of, it is unusual enough that a brief introduction to the technique is
offered in chapter 13. As always, references are provided for further e xploration
if needed.
Postrequisites is a neologism. We hope it will help you remember our
emphasis on the sustainability engineering tasks systems engineers need to
make sure are done while in many cases referring to other resources for the
details of tasks which are mostly the province of specialist engineers on the
development team.

1.5

Getting started

If you are a working systems engineer, collect a bundle of sustainability
requirements that you may be familiar with. As you read through the book,
or carry on with a course based on the book, examine the requirements you
have collected and see if they conform to the recommendations presented.
Understand the similarities and differences using the material presented in
the text. Experiment with possible alternatives and improvements. Send
feedback to the author.
If you are new to systems engineering, it is our hope that by following the
precepts given in this book, you will rapidly mature in the sustainability
disciplines to the point where you can be counted on to always create clear and
effective sustainability requirements.

