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Preface

THE CHALLENGE
There are many definitions of reliability. Informally, reliability 
may be defined as “quality over time.” Reliability is typically the 
aspect of quality that impacts customers the most, and there is 
general agreement that an unreliable product is not a high-quality 
product. Rapid advances in technology, development of highly 
sophisticated products, intense global competition, and greater 
customer expectations have continually placed increasing pres-
sures on manufacturers to design and build increasingly higher 
reliability products.

Reliability evaluations present a challenge to both manu-
facturers and consumers because of the elapsed time between 
when the product is designed and built, and when the needed 
reliability information is forthcoming. A manufacturer might, 
for example, need to design and build a product that is demon-
strated to operate successfully for ten years but has only three 
years to do so.

Ensuring high reliability in the design of a modern product 
is, first and foremost, an engineering challenge. But statistics 
and statisticians can—and need to—play a key role in measur-
ing and helping to improve reliability expeditiously through-
out the lifecycle of products or systems—ranging from 
personal electronic gadgets, household appliances, medical 
scanners, and telecommunications equipment to “big iron” 
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items such as power generation equipment and transportation 
systems.

The prominence of statistics has been especially impacted by 
the recent shift, as described in Chapter 1, from a reactive to a more 
proactive approach to reliability assurance. The specific use of sta-
tistics in many reliability applications has changed—and is con-
tinuing to change—dramatically due to technological advances. 
Traditionally, reliability data have come from laboratory testing 
and the use of the product in the field. Today, many products are 
outfitted with sensors that can be used continuously to capture 
information about how and when, and under what environmental 
and operating conditions, the product is being used—as well as 
its performance. These developments present opportunities and 
challenges for statistics to predict, and potentially help improve, 
product performance. Meeting these challenges requires care-
ful planning to ensure that the most meaningful information for 
analysis is obtained and calls for quantitative methods for predict-
ing and assessing reliability and for providing early information 
about causes of failure. However, most members of the general 
public, and even some reliability engineers, fail to recognize the 
critical role of statistics in reliability assurance. One reason for this 
is that, as we shall see, statistical applications in reliability often 
involve specialized concepts and tools different from those taught 
in most introductory statistics courses. A few specialized courses 
on reliability planning and data analysis are offered at the upper-
undergraduate and graduate college levels, but the vast majority 
of statistics majors—to say nothing of the general public or even 
reliability engineers—graduate without taking such a course. This 
book aims to address this gap.

TARGET AUDIENCE
We have written this book for quantitatively literate readers, pre-
dominantly non-statisticians, who wish to learn about how sta-
tistics is used in reliability applications. Our comments should be 
of particular interest to:
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•	 Intellectually curious readers who are interested in the 
topic for their self-education and enrichment.

•	 Students in engineering, and other STEM disciplines, and, 
especially, likely future reliability engineers and statisti-
cians who plan to work in industry.

•	 Managers and professionals who would like to gain an 
appreciation of how their reliability initiatives can benefit 
from the use of statistical methods. Our comments should 
implant ideas and provide guidance in getting started in 
employing statistics in assuring high product reliability and 
provide incentives and a pathway to more advanced study.

•	 Academicians who want to add more practical applications 
to courses they teach in engineering design or statistics.

TOPICS AND EMPHASIS
Our comments are based on our many years as company-wide 
statistical resources for a global conglomerate, consultants to 
business and government, and researchers of statistical meth-
ods for reliability applications. Our collective experiences have 
involved us in a rich diversity of reliability applications dealing 
with the design and manufacture of a wide variety of products 
(e.g., aircraft engines, household appliances, locomotives, plas-
tics, turbines, and semiconductors). Our goal is not to teach the 
nitty-gritty details or the underlying theory of reliability analyses. 
Instead, we use real-life examples and case studies to illustrate 
various applications of statistics.* In so doing we rely heavily on 
graphical tools to provide a general appreciation of the subject.

This book is organized as follows:

•	 Chapter 1 sets the stage for the rest of the book by providing 
an overview of the important role of statistics in reliability 
assurance.

*	 The csv data files for the book examples, along with brief instructions on using the 
JMP software to do the analyses, can be downloaded by searching for the book at 
www.routledge.com.

http://www.routledge.com
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•	 Chapters 2 through 6 describe and illustrate applications 
of statistics for reliability assurance through the product 
life cycle, from early stages of product design (Chapter 2), 
development (Chapter 3), validation (Chapter 4), manufac-
turing (Chapter 5) to field performance (Chapter 6).

•	 Chapter 7 describes recent developments that are shaping 
the evolution of the use of statistics in reliability analysis.

•	 Chapter 8 provides a review of some statistical concepts 
that are important for reliability applications but are typi-
cally not taught in introductory statistics courses.

TECHNICAL LEVEL OF THE BOOK 
AND ASSUMED BACKGROUND
Our discussion and illustrations throughout this book are of an 
introductory and conceptual nature. The aim is to reach readers 
with a wide range of backgrounds—only a one-semester (per-
haps dated) introductory course in statistics is assumed. Readers 
may refer to Chapter 8 for an overview of relevant key statisti-
cal concepts beyond those provided in standard introductory 
courses. We also use sidebar comments to introduce unfamil-
iar topics that pertain to the discussion at hand. We provide, at 
the end of each chapter, a list of references that allow readers to 
explore subjects in greater depth.

OUR GOAL
To reiterate, our major goal is to provide the general public, and 
especially professionals and those in management positions, use-
ful illustrations of how statistics helps make reliability assurance 
more powerful. A further goal is to expose students including, 
but in no way limited to, statistics majors, an overview of the role 
of statistics in modern product reliability assurance.

While this book alone should fully satisfy the interests of 
many readers, we hope that it will leave others eager to pur-
sue more advanced study. We would be most pleased if our 
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comments will inspire, at least a few, readers to start the journey 
to becoming valuable on-the-job contributors in applying statis-
tical tools to successfully address key challenges of modern reli-
ability assurance.

Necip Doganaksoy
William Q. Meeker

Gerald J. Hahn
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1

C h a p t e r  1

Reliability and the 
Role of Statistics
An Introduction

Reliability is a key concern for all products. In this chapter, 
we describe the critical role of statistics in reliability assur-

ance and discuss the unique challenges associated with defin-
ing, measuring, and improving reliability. We set the stage for 
the remainder of the book by discussing the role of statistics in 
reliability assurance through the product cycle from early stages 
of design to manufacturing and field use.

1.1 � RELIABILITY: AS THE CUSTOMERS SEE IT
Are you buying a new car or smartphone or dishwasher? What 
are the top three things that you wish from your purchase? We 
bet your list includes long-term, trouble-free operation (i.e., high 
reliability). The buyer of a new car knows its price, takes it on a 
test drive, judges its appearance by looking at it, and evaluates its 
technical features by reviewing published specs. Assessing its reli-
ability, however, is not that easy. You want to know, for example, 

Achieving Product Reliability Reliability and Role of Statistics
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whether—if the car is properly cared for—it will provide trouble-
free service for the next, say, 12 years or if it is going to lead to 
mounting problems after just a few years. Its true reliability will 
be known to you only after you have used it for some (hopefully, 
a very long) period of time. Thus, new customers need to depend 
on such things as a seller company’s reputation, online reviews, 
and friends’ experiences to assess a product’s reliability. In addi-
tion, product warranty terms, while largely a tool for marketing, 
do provide indicators of the confidence that producers have in 
the reliability of their products.

We do not hear much about reliability when things go right—
which, fortunately, is much of the time. It is, after all, not news 
that your plane landed safely. Unfortunately, the unexpected 
sometimes happens—especially in dealing with complex sys-
tems. Reliability problems can lead to everything from minor 
inconveniences (e.g., no toast for breakfast or a delay in getting 
to work) to potential human disasters (e.g., severe injury, or even 
death, due to a pacemaker or aircraft engine failure). We are all 
keenly aware of catastrophes that can result from poor reliability. 
Sidebar 1.1 briefly describes a small collection of well-publicized 
cases involving poor reliability of manufactured products or 
systems.

SIDEBAR 1.1  SOME INFAMOUS 
RELIABILITY PROBLEMS*

•	 In September 2016, Samsung recalled 2.5 million 
Galaxy Note 7 smartphones after reports of large 
numbers of phones catching fire due to faulty batter-
ies. Studies showed that the problems were caused by 
a combination of inadequate design and manufacturing 
flaws.

*	 References to learn more about these cases are provided at the end of the chapter.
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•	 The National Highway Traffic Safety Administration 
(NHTSA) in 2015 recalled 28 million vehicles equipped 
with Takata airbags due to inflators rupturing during 
deployment. Data analysis showed that older airbags 
and those in regions with high temperatures and humid-
ity, such as the Gulf Coast, were up to ten times more 
likely to rupture. It was determined that moisture could 
penetrate the inflator canister and make the propellant 
more explosive over time.

•	 In 2007, DaimlerChrysler had to recall over 270,000 
minivans in regions in the U.S. where roads are salted 
heavily during the winter to avert icing. Salting tends to 
corrode airbag sensors, thus preventing the airbag from 
deploying when needed. The affected sensor compo-
nents were replaced.

•	 Rollovers in the late 1990s of Ford Explorer sport util-
ity vehicles equipped with Bridgestone/Firestone tires, 
resulting in the loss of numerous lives. After a lengthy 
investigation, it was determined that a design change 
introduced by the tire manufacturer played a key role in 
leading to the rollovers.

Many other reliability failures do not make the news, and 
do not have disastrous consequences, but still cause customers 
appreciable inconvenience and/or cost companies large amounts 
of money in warranty and possibly product recall costs, as well 
as much goodwill, negatively affecting future sales. The penchant 
for reliability sends a clear message to manufacturers that wish 
to delight customers, earn their repeat business, have them rec-
ommend the product to friends, and avoid lawsuits. A key lesson 
learned is the importance of gaining an understanding during 
product design of the environments in which the product might 
be required to operate and how this might affect its performance 
and reliability. However, this is usually easier said than done. In 



4    ◾    Achieving Product Reliability﻿

applications, both reliability measurement and reliability assur-
ance pose some unique challenges.

A careful study of field reliability issues, such as those 
described in Sidebar 1.1, usually suggests the right data and anal-
yses at the right time, coupled with prompt action, could have 
avoided—or at least appreciably mitigated—the severity of the 
problem. Much of this book is devoted to describing how statisti-
cal tools are used to help ensure high product reliability, based 
upon the collection and analysis of the relevant data. In practice, 
the hard part of such evaluations is not the statistical analysis, 
but getting the “right data” in the first place. Thus, a key goal 
in statistical reliability assurance is to help ensure that the right 
data are being collected and appropriately kept throughout the 
process. Even though opportunities for acquiring large quanti-
ties of data on units in the field have advanced tremendously in 
recent years with the evolution of automated measurement sys-
tems, there are still challenges. Practitioners expend much effort, 
often with a limited payoff, in trying to understand and to com-
pensate for poor data. Sidebar 1.2 provides a striking illustration 
of the undesired consequences of insufficient data and not paying 
enough attention to the data that were available.

SIDEBAR 1.2  THE CHALLENGER 
SPACE SHUTTLE FAILURE
The Challenger space shuttle was scheduled for launch on 
the morning of January 28, 1986. According to the Rogers 
Commission (1986) that subsequently investigated the launch, 
on the evening of 27 January, the risk posed to next morn-
ing’s planned launch by the predicted launch temperature 
of 30°F was discussed during a three-hour teleconference 
between engineers and managers from NASA and NASA’s 
contractor, Morton Thiokol. Low temperature was believed 
by some to increase the risk of failure of the O-rings that 
were used in critical joints of the solid rocket motor during 
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launch. Most of the 24 previous launches had been at tem-
peratures between 65°F and 77°F, with the lowest at 54°F.

Based upon the analysis of the data presented to them 
on O-ring failures during past launches, NASA management 
concluded that the probability of launch failure was in the 
order of one in a hundred thousand (engineering estimates 
were one in a hundred). Based on this evaluation and despite 
a strong recommendation not to launch from some of its 
engineers, Morton Thiokol acquiesced and the launch pro-
ceeded the next morning.

A subsequent review determined that the pre-launch 
analysis of the available O-ring data, as presented to man-
agement, was inadequate and erroneous. There was only a 
handwritten list of the dates of O-ring failures, the number 
of such failures, and the temperature. No plots of the data 
were presented. Most importantly, the “analysis” completely 
ignored information from the previous launches for which 
there were no O-ring failures. In particular, analyses omit-
ting this information provided no clear evidence of a rela-
tionship between temperature and O-ring failure. However, 
when the data on the launches without any O-ring failures 
are correctly included in the analysis, a strong associa-
tion between temperature and O-ring failure probability is 
evident. This is illustrated by Figures 1.1a and 1.1b, adapted 
from plots in the Rogers Commission (1986) report. Figure 
1.1a is a plot of the number of failures per flight versus 
launch temperature excluding the flights with no failures. 
This limited data plot shows no clear evidence of a relation-
ship between temperature and O-ring failure. Figure 1.1b 
shows all the data, including the flights with no failures. This 
plot suggests a strong association between temperature and 
the number of O-ring failures, with low temperatures being 
particularly risky.

There were two O-rings at each of six field joints in the 
space shuttle’s solid rocket motors. If only one of these 
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O-rings failed at any location, it would not be a problem. If 
both failed at one location, it would be catastrophic. In the 
January 28, 1986 Challenger launch, both O-rings failed in 
one of the field joints. A subsequent careful statistical analy-
sis of all the available data (Dalal, Fowlkes, and Hoadley, 
1989) estimated the risk of failure for a 31°F launch to have 
been at least one in eight.

The Challenger shuttle disaster was, at least in part, attrib-
utable to obtaining insufficient data and not paying enough 
attention to the data that were available. It also illustrated 
the usefulness of appropriate plots of the data. Finally, it 
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FIGURE 1.1  Plots of the number of O-ring failures per flight versus 
launch temperature, (a) excluding and (b) including flights with no 
failures. The labels on the points indicate flight numbers. These figures 
were adapted from the Rogers Commission (1986) report. We extended 
the temperature axes to include the forecast temperature of 30°F for the 
planned launch.



﻿Reliability and Role of Statistics    ◾    7

highlights the importance of the skills that engineers and 
statisticians must possess in order to communicate complex 
technical matters to upper-level management.

In this chapter, we

•	 Define reliability and the challenges associated with reli-
ability measurement and assurance.

•	 Describe the recent shift from a reactive to a more proactive 
mindset in reliability assurance.

•	 Discuss the evolving role of statistics in helping improve 
reliability throughout the product life cycle.

1.2 � WHAT IS RELIABILITY?
Reliability has informally been referred to as both “failure 
avoidance” and “quality over time.” A field reliability problem 
is one that results in the product failing to perform its intended 
function, as experienced by the customer, over time. For 
example,

•	 You bought a new car and on your first drive, it started to 
drizzle. Much to your chagrin, the windshield wiper does 
not work. The inability of a product to function upon deliv-
ery (so-called dead on arrival) is especially unpleasant.

•	 You are unable to start your car. Further investigation 
shows that the timing belt is broken.

•	 The battery in your new cell phone typically provides the 
required power for ten hours between charges. As the bat-
tery ages, this time gradually decreases. You may consider 
the battery failed when it is unable to provide power for 
more than, say, three hours.
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The first two examples illustrate so-called “hard failures.” Such 
failures are usually sudden, and generally require the failed part 
to be repaired or replaced before the product can be restored to 
function properly. In contrast, the third example deals with a 
“soft failure.” Such failures are a consequence of degradation and 
may or may not be evident to the customer over time. Soft fail-
ures will also eventually lead to repair or replacement.

Product reliability is defined more formally as the probabil-
ity that the product (or, equivalently, a fraction or percentage 
of a product population) will satisfactorily perform its intended 
function under operational conditions for a specified period of 
time (such as warranty or design life). For example, if 0.01 (or 1%) 
of the units of a product population fail within the first five years 
of service, the product’s five-year reliability is 0.99 (or 99%). Time 
might be expressed in terms of calendar time (cellphones), miles 
(moving parts in automobile engines), operating cycles (garage 
door springs), number of startups (gas turbines) or, whatever is 
most relevant for the product.

Figure 1.2 shows a histogram of some typical lifetime data 
involving 100 randomly selected electronic devices from a prod-
uct population of interest for which all devices were run and 
observed to failure.

Figure 1.3 provides a smoothing of the preceding histogram 
in the form of a probability distribution of product lifetimes that 
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provides an approximate summarization of the data in Figure 
1.2. Note that the probability of failure at five years is determined 
to be 0.22 because 0.22 of the area under the probability distribu-
tion curve is to the left of five years. Equivalently, the five-year 
reliability is 1 − 0.22 = 0.78.

An important goal in reliability evaluations is to estimate the 
product lifetime distribution at different times throughout the 
product life cycle, from the early stages of design through the 
transition to manufacturing to use in the field. This often pres-
ents a challenge because there is an elapsed time between when 
the product is built and when the reliability information is forth-
coming. Suppose based on market research, customer feedback, 
and competitive assessment, a dishwasher manufacturer tasks its 
design team to develop a new dishwasher with ten-year reliabil-
ity of 0.95. In order to launch the new product in the market-
place, the manufacturer must have high confidence that the new 
product will fulfill its reliability goals. However, the development 
team has only three years to design the new product and demon-
strate its ten-year reliability before mass production. This situa-
tion is typical of new product development ventures.

In order to address the challenge of assuring (and demonstrat-
ing) high reliability, modern programs for new product intro-
duction include the collection and analysis of reliability data 
from laboratory tests of materials, devices, and components; tests 
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FIGURE 1.3   Lifetime distribution for electronic devices.
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on early prototype units; careful monitoring of early production 
units in the field; analysis of warranty data; and systematic lon-
ger term tracking of product in the field. One of the main chal-
lenges addressed by statistical reliability analyses is to establish, 
approximately, such lifetime distributions starting at the early 
phases of product design.

Increasingly, many products depend on software in addition 
to hardware. In addition to such obvious commonplace prod-
ucts, such as personal computers and smartphones, many con-
sumer products rely on software residing in microprocessors 
that are being used to control system operation. These products 
include automobiles, many home appliances, and various other 
systems involving a combination of mechanical and electronic 
components. For such products, controlling product failures due 
to software bugs involves the areas of software quality and reli-
ability (see Sidebar 1.3).

SIDEBAR 1.3  SOFTWARE RELIABILITY
Software problems vary in their criticality. Most of us have 
learned to live with the inconvenience of rebooting our 
computer to get around a software problem. Safety-critical 
software failures—such as in medical, air traffic control, 
telecommunication, or military systems—can, on the other 
hand, have serious, and even life-threatening, consequences 
and need to be addressed before product release.

Most software, unlike most hardware, generally does not 
degrade over time; failures are usually due to inherent faults 
present from the start. Such faults may, however, remain 
undiscovered until a specific set of inputs is used or a par-
ticular system state, such as heavy user load, is encountered. 
In addition, for at least some software, it may not always be 
clear when a failure has occurred. Billing errors created by a 
software problem, for example, might only become known 
when a customer complains of being overcharged.
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Identifying important failure modes and removing them 
before product release, typically calls for testing software at 
conditions, often identified by experts, that are expected to 
maximize the number of errors detected (and corrected) as 
speedily as possible.

1.3 � SHIFT FROM A REACTIVE TO A PROACTIVE 
MINDSET IN RELIABILITY ASSURANCE

The desire for high reliability is not new. Throughout history, 
people learned from their successes and mistakes in, for exam-
ple, building durable wheels, larger domes, stronger ships, and 
longer bridges. What is different today is the emphasis placed by 
many companies on assuring the reliability of a product up-front 
during product design and development.

In the past, reliability assurance was often an afterthought—
even in organizations that emphasized quality. This is sometimes 
referred to as the Design–Build–Test–Fix cycle. This basically 
meant that manufacturers strived to discover and fix reliability 
failures through extensive testing after the product has already 
been designed and early units had been built. Sometimes, the 
time allotted for such testing did not allow all-important fail-
ure modes to be identified and addressed, and the product was 
released before its reliability had been fully validated. As a result, 
much effort was spent responding to crises and fixing problems 
after they had already created some damage to the customer and 
the reputation of the manufacturer. There was a heavy reliance 
on end-of-line product testing and fixing problems in the field 
after they occurred.

If reliability problems arise after a product has been released 
for production and, especially, if units in the field need to be 
recalled for retrofit, the cost can be severe and may rapidly 
dwarf a product’s profit margin. Pennies saved per unit in 
selecting, without adequate scrutiny, a less expensive supplier 
can, for example, result in many millions of dollars in costs 
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fixing a subsequent reliability problem. Also, because a few 
early dissatisfied customers can give a product a bad name, it 
is particularly important for the product to be reliable when 
first brought to the market. As global competition increased, 
this Design–Build–Test–Fix approach to product development 
became unsustainable for commercial products (but interest-
ingly is still used in military system development, as described 
in the report on Reliability Growth by the National Research 
Council of the National Academies, 2015).

Forward-looking leaders in business and industry have 
come to realize that achieving reliability by reactive measures 
is unacceptably expensive and potentially disastrous to retain-
ing customer confidence. This has become especially relevant 
with the prominence of consumer-review journals and with 
dissatisfied customers’ ability to rapidly “spread the word” 
about problems or poor product experiences through social 
media. Moreover, these experiences are typically on units 
manufactured soon after product release and at a time that, 
without appropriate diligence, product reliability problems 
may not yet have been discovered. Thus, there is now general 
agreement that reliability needs to be built into the design of 
products and processes proactively. Problems discovered in 
design, though often more difficult to identify, are usually less 
costly and much easier to fix. Problems found after the design 
has been frozen, and especially after significant quantities 
of the product have been built, although easy to identify, are 
often difficult and expensive to fix. As a result, the traditional 
Design–Build–Test–Fix approach has been replaced—at least 
in the minds of most reliability practitioners in the commer-
cial product sector—by a proactive “do it right the first time” 
mindset. This has led to the widespread implementation of 
Design for Reliability processes even though the details of such 
processes are company specific. Sidebar 1.4 provides some fur-
ther comments on the trade-off between reactive and proactive 
approaches to reliability improvement.
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SIDEBAR 1.4  MAKING THE CASE FOR 
PROACTIVE RELIABILITY IMPROVEMENT
Despite the compelling arguments in favor of a proactive 
approach, it has traditionally been easier—and often still 
is—to gain management support for responding to a tan-
gible, existing problem than for avoiding, vague and possibly 
poorly defined potential future problems.

One reason for this is that it seems, in our experience, 
that recognition by management, and often promotions, 
are typically based on the most recent tangible achieve-
ments. Benefits from reactive projects, typically aimed 
at reducing scrap, rework, and warranty costs, are often 
readily quantifiable in advance and easily demonstrated 
shortly after implementation. In contrast, for most proac-
tive projects, there is often a large up-front cost—gener-
ally incurred long before any concrete product benefit is 
achieved.

Reliability performance—or lack thereof—takes time to 
validate. The major gains of reliability improvement come 
from failure-cost avoidance—averted field repairs, recalls, 
and product redesign—and from greater customer satisfac-
tion, often resulting in increased business in the long run. 
The savings from proactive work are, therefore, more spec-
ulative, accrue over time, and, sometimes, are unknown 
or unknowable—especially for problems that have been 
avoided. The costs of reliability assurance during design 
are, after all, immediate—but the rewards come much 
later and typically come in the form of “non-events” (i.e., 
failures that would have otherwise occurred that did not 
happen) and, therefore the resulting savings remain unrec-
ognized. Thus, the negative consequences of a manager’s 
failure to conscientiously uncover and address potential 
reliability issues might only assert themselves under his or 
her successor’s watch.
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Businesses are becoming increasingly aware of the need 
to focus on proactive reliability assurance. Ensuring up-front 
reliability makes business sense. It is generally much less 
expensive in the long run to build reliability into products 
during design than to fix a flawed design—to say nothing of 
the impact on customer relations. Thus, long-term gains as 
well as costs and short-term gains, need to be considered in 
arriving at a reasonable trade-off between a reactive and a 
proactive approach.

1.4 � RELIABILITY ASSURANCE OVER THE 
ENTIRE PRODUCT LIFECYCLE

Setting Reliability Goals

Reliability assurance needs to start with clearly defined goals. They 
begin—like those for other product characteristics—with the 
identification of customer needs. These are often stated in general 
terms—such as that the product always starts up smoothly; oper-
ates well and consistently; requires no or very few unscheduled 
shutdowns or repairs (if applicable); and “lasts” for a long time. 
The result may be a broad range of interpretations of a product’s 
reliability or lack thereof. A customer’s assessment of unsatisfac-
tory dishwasher reliability might, for example, range from a per-
ception that the product does an increasingly less effective job in 
washing dishes over time to repeated failure of a critical compo-
nent. To provide actionable goals for the design team, the reli-
ability goals need to be translated into measurable, quantifiable 
requirements along with a precise description of the stresses and 
environmental conditions under which the product is expected 
to be used. These goals are also impacted by a producer’s desire 
to make product warranty protections as attractive as possible, 
without incurring high warranty costs. Technological lifetime is 
another important concept for setting meaningful reliability goals 
(see Sidebar 1.5).



﻿Reliability and Role of Statistics    ◾    15

SIDEBAR 1.5  TECHNOLOGICAL LIFETIME
Technological lifetime is related to reliability. It is generally 
thought of in terms of time to replacement; reliability deals 
with time to failure. Consumers often replace their electronic 
appliances (e.g., smartphones) that are in working condition 
in order to gain access to features offered in a new genera-
tion of products. For this type of product, questions arise 
about the value of adding significant cost to design a product 
for a very long life (say ten years) when the vast majority of 
the product units will be voluntarily retired after three or 
four years.

The approach to setting reliability goals is somewhat different 
for nonrepairable and repairable products.

Nonrepairable Products
Nonrepairable products are ones whose life comes to an end 
when the unit fails. Rather than being repaired, a failed unit may 
be replaced, presumably by a new one. Nonrepairable products 
might be stand-alones, such as a light bulb, or they may be com-
ponents of a larger system, such as various parts of a computer 
(e.g., memory, hard drive, power supply, video card).

For a nonrepairable product or component, we may, for exam-
ple, require no more than 0.005 failures (i.e., 0.995 reliability) 
during the first year, and no more than 0.03 failures during the 
first five years of life.

Traditionally, and especially for electronic parts, the reliabil-
ity of nonrepairable products has been characterized by mean 
time to failure (MTTF). For high-reliability products, MTTF 
is generally a less useful metric than, say, the proportion of a 
product failing by a specified time. When the statistical dis-
tribution for lifetimes is highly skewed, (e.g., has a long right 
tail, as in many lifetime data applications and as illustrated 
by the histogram of Figure 1.2), a large value of MTTF does 



16    ◾    Achieving Product Reliability﻿

not necessarily result in acceptable reliability. For example, a 
product population having individual lifetimes described by 
an exponential distribution (described in Chapter 8) with an 
MTTF of 25 years is still expected to have 0.18 of the population 
fail in the first five years.

Repairable Products
Most systems and some parts are repaired when a failure occurs. 
For systems, this may involve replacing a failed component or 
subsystem. Repairable products typically generate a sequence of 
failure and repair times on the same unit.

For repairable systems, one is frequently concerned with the 
proportion of time that the system is available for operation, 
known as its availability. Thus,

	 Availability uptime
uptime downtime

=
+

	

where uptime and downtime are the amounts of time that the 
system is operational and non-operational, respectively, over a 
specified time period of interest. We might, for example, require 
a repairable system, like an office printer, to have 0.99 (or 99%) 
availability over a ten-year period. High availability, in addition 
to requiring high reliability, also requires adequate maintain-
ability, where maintainability deals with the time required to 
repair the system. Improving reliability improves availability by 
increasing uptime; improving maintainability improves avail-
ability by decreasing downtime.

Similar to MTTF for nonrepairable products, the reliability of 
repairable products and systems has frequently been character-
ized by the mean time between failures (MTBF). MTBF increases 
as reliability improves.

Evolution of the Role of Statistics in Reliability Assurance

The preceding discussion already suggested the key role of 
statistics and statisticians in measuring reliability. Ensuring 
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high reliability in the design of manufactured products, just 
as in developing the design itself, is, first and foremost, an 
engineering challenge. Design engineers strive to understand 
different ways in which the product may fail so that the causes 
of such failures can be addressed through design improve-
ments and material selection. Statistics and statisticians also 
play a key role.

The evolution of the role of statistics in reliability assur-
ance closely parallels the shift from a reactive to a proactive 
mindset. Initially, the role of statistics in reliability was limited 
principally to reactive “fire-fighting”—that is, to quantifying 
problems and helping minimize the damage. Typical questions 
addressed by statistics were “is a recall of product in the field 
(or for sale on the shelf) needed?” and if so, “what segment of 
the product population should be recalled?” Some manufactur-
ing lots may, for example, be more susceptible to failure than 
others. Or failures might be more likely to occur in extreme 
environments, such as locations with high temperature and/or 
high humidity, or under certain usage modes. Such assessments 
are often required for quantifying the magnitude of a problem 
and evaluating alternative ways of selectively addressing it in 
the short run.

As recognition grew of the importance of avoiding premature 
field failures, statistics was used to help plan reliability demon-
stration programs. This involved responding to such questions as 
“how large a sample is needed and for how long must one test to 
ensure with 90% confidence that 0.99 of the product will oper-
ate successfully for ten years?” This question, however, was often 
asked at a time when design and development were essentially 
complete and it was difficult and expensive to adequately address 
the underlying problem(s) if the test failed to provide the desired 
demonstration. Reliability engineering has evolved as a new dis-
cipline that combines engineering knowledge and statistics with 
managerial processes to provide program oversight to reliability 
assurance efforts (see Sidebar 1.6).
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SIDEBAR 1.6  RELIABILITY ENGINEERING
Reliability engineering involves the application of engi-
neering principles during design, development, validation, 
manufacture, and field use of a product to achieve reli-
ability assurance and improvement. In many organizations, 
reliability engineers are tasked with defining and leading a 
disciplined process of activities related to reliability mea-
surement and assurance throughout the product life cycle. 
Reliability engineering has in fact become a recognized 
profession—even though currently only a small number of 
universities offer degrees in the subject. Instead, most reli-
ability engineers have backgrounds in mechanical engineer-
ing, electrical engineering, industrial engineering, or physics. 
Reliability engineers also need to be skilled in areas such as 
reliability project management, design reviews, risk analysis 
and mitigation, physics of failure, failure root cause analysis, 
and reliability testing and assessment. They also need to be 
knowledgeable in statistical tools for the planning and analy-
sis of data from reliability studies.

Focus on up-front reliability assurance has led to using sta-
tistics proactively to help improve reliability during product 
design and development. This requires quantitative methods for 
predicting and assessing reliability and for providing early infor-
mation on causes of failure, as well as—and perhaps most impor-
tantly—for careful planning to ensure that the most meaningful 
information for analysis is obtained.

Statistical tools play a key role in all phases of the product life 
cycle, from product design, development, and scale-up to manu-
facturing to tracking field performance. Table 1.1 provides an 
overview of some of the key application areas of statistics for reli-
ability assurance in the product life cycle.

The remainder of this book aims principally to elaborate on 
the preceding.



﻿Reliability and Role of Statistics    ◾    19

Reliability Evaluation of a Conceptual Design (Chapter 2)
Early design choices, such as the selection of components for 
an electronic circuit, affect ultimate product reliability. It is, 
therefore, important to identify and confront, as early as pos-
sible, issues that may affect the final product or system reliability, 
despite the fact that it may be difficult to do so while the design is 
still evolving and the product operating conditions are not well 
established. The reliability of a product is assessed by viewing 
it as a system comprised of subsystems of assemblies and com-
ponents. Reliability engineers use system probability models to 
study the potential effect of individual components on system 
reliability.

Product Development and Assessment (Chapter 3)
During product development, a major goal is to achieve the reli-
ability targets set for the components, subsystems, and the system 
as a whole. Design engineers strive to understand how failures 

TABLE 1.1  Statistical Application Areas for Product Reliability Assurance 

Design, Development, and 
Scale-Up (Chapters 2, 3, 4)

Manufacturing 
(Chapter 5)

Field Tracking  
(Chapters 6 and 7)

•	 Reliability evaluation of 
a conceptual design

•	 Product reliability 
development and 
assessment

•	 Use rate 
acceleration

•	 High-stress testing 
and product aging 
acceleration

•	 Degradation testing
•	 Reliability validation 

and demonstration
•	 In-house testing
•	 Beta site testing

•	 Statistical 
process 
monitoring

•	 Audit testing
•	 Burn-in 

testing

•	 Field reliability data 
tracking

•	 Nonrepairable 
products

•	 Repairable products
•	 Segmented analysis of 

field reliability data
•	 Proactive product 

servicing
•	 Maintenance 

scheduling
•	 Parts replacement
•	 Automated 

monitoring

Chapter 8 of this book provides an overview of relevant key statistical concepts 
for reliability
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might occur so that their causes can be addressed. Testing is 
used to obtain, as early as possible, an improved understanding 
of known failure modes, to discover unsuspected failure modes, 
and to assess the associated causes and mechanisms.

Statistically planned investigations may be conducted during 
product design to assess the reliability that can be expected for 
components, assemblies, subsystems, and eventually the final 
product or system. Estimating the lifetime distribution or long-
term performance of components of high-reliability products 
within a short, for practical purposes, time span is particularly 
difficult. This is because modern products are designed to oper-
ate without failure for years, decades, or longer. Thus, we might 
expect (and hope) that few units will fail in a test of practical 
length at normal use conditions. Three common approaches for 
addressing this challenge are:

•	 Use rate (cycling rate) acceleration. This involves running 
products at rates that typically and appreciably exceed 
those encountered in field operations. Use rate acceleration 
is especially appropriate for products, such as household 
appliances, that are in operational use only a fraction of the 
time. For example, running a washing machine 24 hours 
per day for three months might provide exposure similar to 
that incurred in the field over five years.

•	 Accelerated life testing. This calls for increasing the 
aging rate during testing by using a harsher operating 
environment than that encountered in field operations 
(e.g., increased temperature or humidity) and/or hasten-
ing failures by using higher stress (e.g., increased voltage 
or pressure) during testing. For example, the chemi-
cal composition of an adhesive typically degrades more 
rapidly at high levels of temperature. Thus, testing is 
often conducted at high levels of temperature or stress 
and the results are extrapolated—by fitting a physically 
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reasonable statistical model—to obtain estimates of life-
time or long-term reliability at lower, normal levels of 
temperature or stress.

•	 Degradation testing. This requires knowledge of some 
measurement(s) of product degradation that is (are) directly 
related to product lifetime. This approach is especially useful 
when the testing to date has resulted in very few or no fail-
ures. For example, the light output of LED bulbs decreases 
over time and, thus, failure is usually defined as light out-
put having decreased by, say, 60% of the original. Moreover, 
measurements of light output reduction observed over time 
can be used to estimate the expected (future) failure time 
for a bulb that has not yet failed.

Reliability Validation (Chapter 4)
Much testing during early development is at the component or 
subsystem level. Even when system testing is conducted, it is 
likely to be on prototypes rather than normal production. Also, 
it might be difficult to simulate the field operating environ-
ment in the manufacturer’s facility. Reliability validation aims 
to ensure, to the greatest extent possible, that the reliability 
goals will be met on scaled-up manufactured products under 
field operating conditions. Reliability validation is usually 
conducted using either in-house testing at the manufacturer’s 
facility or so-called beta site testing (i.e., early testing of the 
product by selected customers under normal use conditions). If 
reliability issues are identified during validation, these need to 
be addressed immediately.

A key goal is quantifying reliability to determine whether a 
product is ready for release; that is, does the product meet its 
specified reliability goal? This often involves a (statistical) reli-
ability demonstration test. A reliability demonstration test aims 
to show, with a specified high degree of statistical confidence, 
that a product’s reliability meets a specified target value.
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Manufacturing (Chapter 5)
We need to ensure that nothing that is done during manufactur-
ing compromises the high level of reliability that, hopefully, was 
built into the product during design. Therefore, the design of the 
new manufacturing process must proceed in close collaboration 
with product design. Product reliability might worsen over time 
due to factors such as changes in raw materials or parts, wearout 
of equipment or tools, deterioration of raw materials during 
storage, operator turnover, inadequate training of new opera-
tors, and various cost-cutting initiatives by suppliers or by the 
manufacturer. Statistical process monitoring, audit life testing, 
and product burn-in are the most common reliability assurance 
measures used in manufacturing.

Statistical process monitoring (also known as statistical pro-
cess control or SPC) provides a formal framework to track key 
process variables that have been determined to affect reliability. 
This way unknown process changes can be detected, and hope-
fully addressed, before they lead to bigger problems.

Audit life testing calls for an ongoing program of reliability test-
ing of random samples of recently manufactured products to assess 
whether the product continues to meet or exceed its established and 
previously demonstrated (on prototype product) reliability goals 
and to provide timely signals of deterioration in reliability.

Product or component burn-in is sometimes used to combat 
one or more so-called “infant mortality” failure modes that lead 
to premature field failures. Burn-in involves the manufacturer 
running all product units for an initial period of time, perhaps in 
an accelerated environment, so as to weed out all, or a high pro-
portion of, such units by having them fail in the manufacturer’s 
hands, rather than in the field. An important part of developing 
a product burn-in program is the initial determination of how 
long each unit should be exposed to burn-in, and at what operat-
ing conditions, so as to remove the maximum number of pre-
mature field failures at a minimum cost (and loss of subsequent 
product life). In passing, we note that product burn-in, though 
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proactive in the emphasis on avoiding premature field failures 
is reactive in the sense of accepting the existence of such failure 
modes rather than eliminating them.

Field Tracking (Chapters 6 and 7)
Even though a product has been successfully built and sold, 
manufacturers’ interest and concern in product performance, 
in general, and reliability, in particular, continues, with the ulti-
mate objective of assuring complete customer satisfaction and 
“delight.” Also, experience in the field for existing products is 
used to build ever-better products in the future. Companies, 
therefore, need to continue to scrutinize their products, collect 
appropriate data about performance, reliability, and customer 
satisfaction over time, and carefully evaluate such data.

Recent advances in sensor technologies have enabled compa-
nies to acquire large volumes of operational and performance 
data from the field. In Chapter 7 of this book, we describe emerg-
ing opportunities for proactive product servicing owing to the 
enhanced capabilities in the types and volume of field data that 
companies are able to gather.

MAJOR TAKEAWAYS

•	 High reliability, or quality over time, is a key concern for 
all products.

•	 Building high reliability into the design of products is 
receiving increasing recognition. This requires a team 
effort with reliability engineers and statisticians as impor-
tant members.

•	 The role of statistics in reliability assurance has evolved 
from fire-fighting to validation testing to actively contrib-
uting to proactive reliability improvement.

•	 The first step in a product reliability assurance program is 
to set clear and measurable reliability goals.
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•	 The next phase involves the evaluation of the reliability of 
the conceptual design. This may require the construction of 
a probabilistic reliability model and its assessment.

•	 Empirical reliability estimates are obtained through the 
analysis of statistically based tests on components, assem-
blies, subsystems, and eventually the final product or sys-
tem. Use-rate acceleration, accelerated life tests, and/or 
degradation testing are used to speed up the process. The 
resulting tests may also identify reliability problems that 
require immediate attention and corrective action.

•	 Validation involves further testing to ensure that product 
or system reliability goals are likely to be met under condi-
tions that closely resemble normal manufacturing condi-
tions and field operations. This typically involves in-house 
systems testing and, sometimes, in-field (beta site) testing.

•	 Audit life testing on samples of manufactured products is 
used to signal possible deterioration of reliability over time.

•	 Product burn-in may be needed, for some products, to 
remove early life failures.
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