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Preface

This textbook is about Quality Engineering. This book has been written to
support a course in Quality Engincering offered by the University ot Maryland at College
Park. The course, entitled “Quality Management in Systems,” is taught in the first year
of the Systems Engineering Program. While this course is for Systems Engineering
majors, the content is broad and suitable for students of any engineering discipline.

The importance of selling quality products and providing a guality service to
customers is well recognized. In fact, providing customers with a quality product and
quality service is an integrated part of the business strategy to maintain competitiveness
in the marketplace. In the United States of America, commitments to quality service are
becoming basic requirements for companies developing new products and providing
services to customers. The federal and/or Jocal governments work with the business
community to ensure that such commitments are enacted to protect the benefits of
customers. In today’s dynamic international environment, success or failure of a
company not only depends on its ability to rapidly adapt to environmental changes, but
also relies on the company’s commitment to delivering a quality product.

The uniqueness of this textbook is its emphasis on the approach to Systems
Engineering. As we all recognize, meeting the quality needs of customers requires all
departments in an organization to take an active role. It must start at the top management
level and the president of the company has to take the leadership role. The philosophy of
implementing Quality Engineering is “To improve quality, everyone contributes and to
maintain quality, everyone shares responsibility.”

There are seven chapters in this book. The first chapter presents a comprehensive
picture of Quality Engineering. In the second chapter, three Quality Management
Systems developed in the United States are described. Chapter 3 presents the
fundamentals of Engineering Statistics. Statistical Process Control is presented in
Chapter 4. Data analysis, design of experimentation and model building are presented in
Chapters 5, 6 and 7 respectively.

The experience gained from teaching ”Quality Management in Systems’ has been
extremely positive. The author would like to take this opportunity to extend his deep
appreciation to the students who have participated in the development of this textbook.
The support from the administration of the School of Engineering, Department of
Mechanical Engineering and the Institute for Systems Research at the University of
Maryland has been invaluable. Special thanks are due to the publisher, the Commerce
Press, Beijing, China, whose collaboration has made this textbook a reality.

Guangming Zhang
Coliege Park, MD



TABLE OF CONTENTS

CHAPTER 1

INTRODUCTION TO QUALITY MANAGEMENT IN SYSTEMS ......................

1.1
1.2

1.3

1.7
1.8
1.9

vi

HISTORY OF QUALITY CONTROL... :

THE NEED FOR STATISTICAL QUALITY CONTRDL ( SQC)
1.2.1 Definition of Quality ...

1.2.2 Fundamental Prmc1ples of Quallty bttt
QUALITY THROUGH SYSTEMS ENGNEERING ........................................................
1.3.1 Definition of a System....

1.3.2 Systems Engineering Process
MEASUREMENT PARAMETERS FOR SYSTEMS ENG]NEERING AND SQC
1.4.1 Cost...
1.4.2 Tlme .
1.4.3 PerformanucfQuality

1.4.4 Resources....
1.4.5 Business Policy...‘....‘ e s

1.4.6 Customer SatiSTACTION ....oouieeieeeietiie et s
HUMAN FACTORS AND QUAL[TY
QUALITY SYSTEMS ..
1.6.1 Deming...
1.6.2 The Mdlcolm Baldnge Nauonal Quallty Award .......................................
QUALITY MANAGEMENT
ASSIGNMENT PROBLEMS .....ccveiiiiiiiuiiiiniiset o s iae s esae e smaae e e st et eic s

BIBLIOGRAPHY oovooeeeeeee et ee e e e e e e e e s e s e e st e e aeae e e e e e e e e ee s e et ene b e e et asseiansneansaasnaaes

.5



CHAPTER 2

DETAILS OF QUALITY MANAGEMENT IN SYSTEMS

2.1
22

23

2.4
2.5
2.6
27
2.8

INTRODUC

TOTAL QUALITY MANAGE\&E\IT AND DEM[NG S ]4 POINT PROGRAM
2.2.2 Ways of Producing and Conduclmg Busmcw ......................................... 33
2.2.3 Ways of Cultivating Employees...

2.2.4 Ways of Organizing and Mdndgmg
THE MALCOLM BALDRIGE NATIONAL QUALITY AWARD

2.3.1 Evaluation System

2.3.2 Benefits...

2.33 Quallflcatlons o
2.3.4 Total Quality Management
ISO 9000 REGISTRATION ..
COMPARISON OF THREE QUAI lTY CRI’[‘ERIA

2.2.1 The

SUMMARY..

ASSIGNMENT PROBLEMS

TION ..

Way of Thinking ...

e 35
e 36
e 38
v 39
42
R X
43
... 43
.46

.47

CHAPTER 3
FUNDAMENTALS QOF ENGINEERING STATISTICS ...

3.1
32
33

34

35
3.6
3
3.8
39

INTRODUCTION ...t e e e e e e e e et e e e e e e e e ae e

PROCESS VARIATIONS...
CHARACTERIZATION OF DATA

3.3.1 The

Histogram: A Graphlcal chrcscntatlon of thc Dlstrlbuuon ..........

3.3.2 Characteristics of Data: Mean, Variance, and Standard Deviation...........
PROBABILITY DISTRIBUTIONS . ..ttt eeeeteteseressseeeeasaeeteaeeaeseesssaesesaasseseeseereneasannes
3.4.1 Discrete DIstribDULIONS......oooviviiieiiiiiiiiiieieiiniereiersevereaenaes e ra e
3.4.2 Continuous DiSITTDULIONS . .....ooviiviriiieiieeeeeiiieeeesirnrre e e s eetaeseeeseieeessaneaeeaeans
3.4.3 Central Limit THEOTCIM ...uveiii it iceirireeeesirieeeeereiitre e e eete e e e e eee e srannreeeeaas
3.4.4 Linar OPETALOL ....cooviiiiiiiiiiiteeiieiriesins et ranerasessanesrenssnessanessnnesensasemsneens
THE STUDENT T-DISTRIBUTION ....vueviiiiiiiiiieereiornesesereontrseseessiossseseesaaanssssssseaesanans

SUMMARY

ASSIGNMENT PROBLEMS L..iiiiiiiiiiioiiiiiititierirar et assseasssasas e ee s e aeeeaeeaseeesanrereesnerses

BIBLIOGRAPHY .o iiintititiiiitiiiitieeit e eetetes e aas s essna s erateeatesatsasssantessnsssnnnsenssrsnesesness

...48

48

51
51

32
.33

55
56
63
64
69
75
78
80
86
86

.89

90

vii



CHATPER 4
STATISTICAL PROCESS CONTROL ..., 93

4.1 INTRODUCTION .. OO OO PO PORUPPIRRPPIROTIY * i |
4.2 ASSESSMENTOFPROCESSCAPABILITY bt e e etn e naeenbenrstesneeennns 3
4.3 CONTROL CHARTS ...ccviiiiiitieieisstiet et et et et e st e e e e easaeseetae s s emseeeas e e e enae s 103
4.4 ACCEPTANCE SAMPLING........c.coeiieiiitiiieictieisieeesieesseeseesieeseeresieesesassesinsesssssennes 119
4.4.1 Conflict of Imerest ettt ettt e esss e snnesnerneenn e 1 20
4.4.2 Designof a Sdmplmg Process erreeereeerresis e s sneeetienssneairensnnnenns 121
4.4.3 The Operating Characteristic Curve 122
4.5  ACCEPTANCE PLANS USING DOUBLE SAMPLING .......cocvoviiiiiiee e 135
4.6  DODGE-ROMIG INSPECTION SYSTEM ...cveeiieenieieiieeiierciere e eeniniaseesensnne e 140
47 LTPD AND AOQL ..o assnsinns oo ena e 1]
4.7.1 The LTPD SYSIEM ..ooiiiiiiieiiieeeericieeeccreeeeeer e eteenre e sen e sneevessenaeenenns 1]
4.7.2 The AODQL Plan.....cooooooi it e eeeeveeeee e rise s 18]
4.77.3 COMPULALIONS ...ooiiiiiiiiiiiii ettt r et st sae e e e 142
4.7.4 Advantages and Disadvantages of the Dodgc Romlg Syc.tem reerienree. 140
4.8 ANSIVASQC 71.4-1981 CIVILIAN STANDARD ., crreeerrereneenresnneereesennnnen 147
4.8.1 Concepts... crreneneneneen 147
482 Advantageq dnd Dlsadvamages of Lhe ANSUASQC Zl 4 crrenerenen. 153
4.9 SUMMARY... prreere e eerenee e 193
4.10 ASSIGNMENTPROBLEM& ]54
4. 11 BIBLIOGRAPHY ..ovoiiiieeiiiiisieeeasirsssieessaasssassesssassessssssssssessasssasssesnsrssansssssasnssaess 197
B.12 APPENDIX ..ccvvviiiiiii ettt eree et sree s ree st et e st e s raasaneasneeeneeasneessiesnnennnineneennes | 9

CHAPTER 5
ANALYSIS OF DATA ..o sneneeeeees 107

5.1 CONFIDENCE BNTERVALS ...oivcvervrierrrireessseseesseessseesssessssrsseesseesssnes eesssessssansenienss LOT
5.2 SIGNIFICANCE TESTS .. et tertrteetereeaereerariasinrnarinrasseressesserresnnnens 171
5.3 COMPARISON OF TWO TRLAT\iENTS SRR RRTRRURURRRRTRRRTRRORRIS . 32
5.3.1 Principle of Blocking........coooioiiiiiii i 183
5.3.2 Principle of Randomizatior... SO URRUURURRRPI P {¢1
5.4 COMPARISON OF MORE THAN TWOTREANENTS treeretrereerineeriasnaeriesinin. 189
5.4.1 Analysis of Variance ... 189
5.4.2 Latin Square Design ..o 195
5.5  ASSIGNMENT PROBLEMS ..oooieiiviicieeeieieetceveessviaessesiirsseisnssensenssssnnnsessnnaessnesnnnees 198
5.6 BIBLIOGRAPHY ...ooooiiiiiieesiiieesieeeevieeessssssesssaessasseesssssnasssseaneeassnnneesssnnneesssonneees 204

Vviii



5.7

APPENDIX - F DISTRIBUTION TABLES ....ceoviiiiiiiiieiiiieirisiie st siaibre e

CHAPTER 6

DESIGN OF EXPERIMENTS ..o e

6.1
6.2
6.3
6.4

6.5

6.6
6.7

FACTORIAL DESIGN AT TwoO LEVELS...

CALCULATION OF THE MAIN AND IN” rERAC'rI(;N EFFECTS
DERIVATION OF AN EMPIRICAL MODEL .......ccooiiiiiiciec e

ERROR ESTIMATIONS .. e
6.4.1 Use of chhcatcd Rlll'lb for Error Ebtlmatlon

6.4.2 Error Estimation from Higher-Order Interactlons
FRACTIONAL FACTORIAL DESIGN AT TWO LEVELS ..ot
6.5.2 General Class of 27 Frdctlona] FdCtOrldl Dez,lgns

6.5.1 Linear Combmatlons

6.5.3 Design Generator and the Defining Relation ..

ASSIGNMENT PROBLEMS ..oiiiiiiiiitiiiiieiirteiesistaiae st seaebte e s e saias e s seeinreeeassaeneeneneenes
BIBILIOGRAPHY .ottt e et e e et e e et eseae e s e s ee st e satseseas s e st s snaassesesnsseanses

CHAPTER 7

7.1
7.2
73
7.4

REGRESSION ..
RESPONSE SURFAC‘E METHOD

ASSIGNMENT PROBLEMS ....oovoiiiieeieiirieeseeinine s s ssinnee s ennerac e sessnranasssa s s snvenes

206

211

..211

214

.219
e 221
..222

224
233

235

.. 237

240
244

. 247

e 247
... 261

284
286

288

ix



CHAPTER 1
INTRODUCTION TO QUALITY MANAGEMENT IN
SYSTEMS

Today the subject of quality is so popular that people from every walk of life
address it. Even the presidential candidates speak of quality issues during the election
vears. Based on an interview by the American Society for Quality Control (ASQUC), it
seemed like both the candidates for the 1996 election, Clinton and Dole understood the
concept of quality. Here is the statement made by President Clinton in the 1997 Malcolm
Baldrige National Quality Award ceremony in Washington, D.C., “Quality is one of the
keys to the continued competitive success of U.S. businesses. The Malcolm Baldrige
National Quality Award, which highlights customer satisfaction, workforce
empowerment and increased productivity, has come to symbolize America’s commitment
to excellence.” All these statements sounded promising, but was there really any
substance behind them? Quality, like politicians during an election year or in office,
promises new success and has much potential, but can change be accomplished? Some
think so. However, certain elements, such as those in Total Quality Management (TQM),
must exist before quality can be established. Sometimes, trying to explain quality to
others is like trying to grab air. For those who know little about quality, the lack of a
mathematical background makes quality less tangible and more difficult to define. On
the other hand, for those who have an idea of the meaning of guality, the absence of
formal metrics to define and measure quality, results in many interpretations and different
understandings of quality. This situation, though, is changing and must continue to
progress because U.S. companies must now compete not only with themselves, but also
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with the rest of the world. Competitiveness and globalization are becoming the core of
business strategy to strive for success.

1.1 History of Quality Control

The idea of quality control has evolved during each technological era. During
Medieval times, quality control consisted of doing the best job and taking pride in your
work. When the individual craftsman was replaced by guilds and made to work under a
manager, quality was assured through inspection. This idea continued into the industrial
age. However, around this time, several people started applying statistics to aid in quality
control. The founding fathers of statistical quality control include people such as Walter
A. Shewhart, who contributed many ideas including control charts; Barold F. Dodge and
Harry G. Romig who together developed the Dodge and Romig Tables for sampling
plans; Eugene L. Grant and J M. Juran, who were both leaders in field of quality
management; Ellis R. Ott, a founding member of the American Society for Quality
Control (ASQC); and W. Edwards Deming. As the world enters the information age, the
new challenges will be to improve software quality, computer hardware reliability, and
network availability. There are three main levels of quality implementation. They are
listed in the decreasing order of comprehensiveness:

1. Quality assurance
2. Quality control
3. TInspection

The most comprchensive level of quality implementation that can be reached by a
company 1s the quality assurance level. It involves everyone in the organization including
managers, engineers, manufacturers. suppliers, marketing personnel. and even customers.
To achieve this high level of implementing quality, a company must plan for quality in
the design, manufacturing, and maintenance phases of the system life cycle. The goals at
this level are to find and reduce sources of vanation in the producrt life cycle and to
correct failures through @ maintenance plan. The second level is quality control. The
main goal here is to prevent defects, but not failure correction. The methods used include
sophisticated inspections and controls such as sampling plans. Finally. the third and lcast
effective level of quality implementation is inspection. The goal at this level is to react to
system failures, not to prevent them. Companies at this level do not usually consider
quality early in the design phase of the system. Therefore, they resort to corrective
actions. Defects are fixed as they occur. This results in higher defect rate, lower level of
customer satisfaction, and higher maintenance costs in terms of money and time.
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1.2 The Need for Statistical Quality Control (SQC)

Historically, quality management was initiated through the intreduction of
statistical quality controls. Back in the 1930s and 1940s, people on the shop floor were
facing the challenge to manage the quality of their manufactured products. They believed
the measurements taken from a product or component made in the production line could
provide information on the production variability. Therefore, measurements were
collected and statistical methods were used to analyze the data. Such practice has been
adopted by industry ever since.

Why does statistical quality control (SQC) receive such attention even today?
One major reason is the vigorous worldwide economic competition. To remain
competitive on a global basis, U.S. industries need to incorporate a holistic design
approach. Issucs of importance include: customer satisfaction with the quality of
products, detection and prevention of defects, life cycle analysis, and research aimed at
the development of new and innovative manufacturing methodologies. Furthermore,
technology is progressing very rapidly, customers’ expectations of system functions and
quality are higher, and the overall life cycle of a product is much shorter. Altogether, the
following facts exemplify the new conditions.

1. The size of the U.S. economy is approximately three times the size of the
Japanese economy and twice as large as the combined economies of France,
Germany, and Britain. Needless to say, the American people are still the most
significant economic force in the world.

2. During a two-decade long period, the U.S. domestic manufacturers lost a
significant percentage of the market shares to foreign countries such as Japan,
Germany, Korea, etc. In the late 1980s, U.S. companies had to go through a
painful process to re-construct its infrastructure and business strategy by
focusing on product development, improving product quality, and laying off
hundreds and thousands of workers and managers to re-orient the
technological development. The restructuring process has been successful. It
has led to a booming U.S. economy with low inflation and a low
unemployment rate, starting in the middle 1990s.

3. American consumers have developed a taste for foreign products. the reason
being the quality and value of foreign goods. The trade imbalance is one
indication that the abilily of the U.S. to participate in the world market has
eroded. This can be seen in Figure [-1. To regain the L.S. compettiveness,
the U.S. industry has to focus on product quality and American consumers
have to rethink their shopping patterns.

4. In the 1980s, the American public was extremely worried about the loss of
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economic leadership and the transfer of wealth from the United States to other
places in the world. During the recent years, the U.S. Congress and the
Government Administration have worked closely with private sectors to
enforce new policies that aim at promoting business and technological
developments. In the meantime, U.S. business leaders are rcalizing that they
must take decisive action to improve their management styles and
manufacturing processes, and to meet the needs and expectations of
customers. At present, the U.S. economy stands out in the global economy for
its prosperity.

+10 - +10

+53 1980s 1990s
G
i

19505 19605 1970s

ks
Lo

-50

* Billions Dollars Annually

-150

Figure 1-1  United States Trade Balance

1.2.1 Definition of Quality

Generally speaking, quality is a basic business strategy that provides goods and
services that completely satisfy both internal and external customers by meeting their
explicit and implicit expectations. Furthermore, this strategy utilizes the talents of all
employees to the benefit of the organization in particular and socicty in general, and
provides a positive return to the shareholders.
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1.2.2 Fundamental Principles of Quality

There are three fundamental principles in quality engineering.

. Customer Focus: Quality is based on the concept that every organization has a
customer and that the requirements, needs, and expectations of that customer
must be continually met if the organization is going to succeed. This concept
requires a thorough collection and analysis of customer requirements. Once
these requirements are understood and accepted, they must be met.

2. Process Improvement: Continuous improvement of key manufacturing and
business processes js fundamental in quality engineering. All the processes
should be made reliable by reducing and controlling variability. When the
process output is undesirable, redesign of the process is necessary to produce
an output that is better able to meet the customer’s requirements.

3. Total involvement: Employees at all levels, leaders of management, and
suppliers should actively participate in the continuous improvement of
product quality. Higher management should organize and establish the
quality management system through education, training. communications,
rewards, and recognition. The quality management system should cover the
assurance of the continued operation of the entire process, from purchasing of
materials to final delivery of finished goods, while maintaining a quality
management standard.

1.3 Quality Through Systems Engineering

Based on some of the current facts stated above, one challenging problem facing
companies today is to create quality management systeris that function as desired by
customers. These systems must manage and integrate reliability and maintainability into
their system design. To achieve the goals of satisfying customers and creating high
quality products, a methodology must be used when designing such a system. One such
method that has been gaining greater attention is the systems engineering process. The
systems engineering process seeks a solution to meet the design specifications and the
need of customers based on the concept of a system’s life cycle. In terms of quality,
systems engineering focuses on customer satisfaction, statistical quality control, variation
control tools, and quality management systems. Figure 1-2 exemplifies the quality
management system and its principles. Before the steps involved in the systems
engineering process arc described, the concept of a system will be defined in the
following section.



6 QUALITY MANAGEMENT IN SYSTEMS

Quatity Improvement
Cost Reduction
Customer Satisfaction

A

Continuous Improvement
Education & Tramning, Supportive Structure
Communications, Reward & Recognition

Customer Process Total
Focus Improvement Involvement

Figure 1-2  Quality Principles and a Quality Management System

1.3.1 Definition of a System

A basic, simple system consists of an input, a process, and an output. It is made
up of components that together perform a desired function in a certain environment for a
predicted lifetime. Such a system is shown in Figure 1-3. Examples of such a system
include calculators, computers, houses, automobiles, and networks. Taking the example
of a calculator, the input would be entering instructions by keying the numbers and
mathematical functions, the process would be the calculations performed electronically,
and the output would be the answer on the display. A system can be defined as open or
closed. An open system is the one that alters its process and output based on new
information entering through the input from the environment. On the other hand, a
closed system does not take in new information to alter its processing. A closed system
produces a targeted output independent of its environment.

Input ———»~t  Process  |——— Output

Figure 1-3  Simple System
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A more complex system, as shown in Figure 1-4, can be made up of several
simple systems, and may contain some type of feedback. Taking the example of an
automobile, the input would be the fuel required and the driver and his/her abilities to
operate the automobile. The process involves both man and machine, where the machine
15 designed to perform as required by the human that results in the output, which is
transportation. The environment such as road and weather conditions intlucnces the
output of the design system. The feedback would be the informution provided by the
controls, such as the steering handling ability, and traffic conditions, the latter of which is
also a part of the environment. As systems become more complex and require higher
quality standards, the need for the systems engineering approach to product development

will increase.
i ;j:— envirenmern;

Input ! +———m Output
Il machinep— man

Feedback
Figure 1-4  Complex System

1.3.2 Systems Engineering Process

Systems engineering is a methodology used to solve problems in an orderly
manner. This approach emphasizes the need to understand the problem and plan the
procedure of problem-solving before designing solutions. The methodology provides a
road map for workers, managers, and administrators at all levels. It gives managers a
clear vision on what and how to control a project throughout its complete life cycle,
including design, manufacturing, and maintenance.  The systems engineering
methodology provides engineers with a well-defined set of guidelines to follow in the
design process. It verifies that the manufactured product conforms to customer
requirements through testing and evaluations. [t also considers the level of customer
support required when the product finally leaves the factory and enters customer hands.

Systems engineering is an iterative process that should be tailored for each design
environment. This involves applying the correct level of engineering effort to bring a



8 QUALITY MANAGEMENT IN SYSTEMS

system into being. Too much or too little tailoring will result in unnecessary added cost
up-front or later in the system’ development life cycle. Emphasis is placed on early
planning and modifications through feedback.

The systems engineering process is made up of design, manufacturing, and
maintenance functions. Within each of these major functions there are several phases to
ensure the creation of a comprehensive life cycle design and that the functions of the
designed system meet their specifications. Typical phases of a systems engineering
process include:

SYSTEM DESICN

Definition

Conceptual
Design
Functional Preliminary Sys_t_cm
* analysis 2 specifications : > Egz’:lgrze nts = Prototype |
| |
L I R -
feedback feedback
Preliminary design Detail design & development

Phase out Operation Production
G‘_ —_ an \( and (
Dis;?:sai Maintenance Construction
TERMINATION MAINTENANCE MANUFACTURING

©

Figurel-5

©

©

Systems Life Cycle Process
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Definition of need and conceptual design phase
Preliminary research and design phase

Detail design and development phase
Production and construction phase

Operation, maintenance, and support phase
Phase out and disposal

N

These steps are illustrated in Figure 1-5. An example is given to demonstrate the
definition of each of these elements involved in the system life cycle process.

1.3.2.1 Definition of Need and Conceptual Design

A need statement should only define the problem, not possible solutions.

Example: Suppose a customer comes lo company X and states that "they need a
helicopter to transport a 200 ton piece of equipment to the top of a mountain”. By
following the systems engineering methodology, company X first analyzes this
customer’s needs before designing the helicopter. Based on this initial analysis, the
company discovers that the customer has assumed that a helicopter is the best means of
transporting the heavy equipment.

This example illustrates the goal of this initial phase. When a problem is
presented, it should never contain a design solution. Instead, it should establish a need
statement. The main goal of this phase is to define the operational requirements and
maintenance concept of the future system. The first step is to establish a concise need
statement that represents the requirements of customers and users. Satisfying the needs
of customers and users by using proper identification processes is one of the benefits of
systems engineering. If the requests of a customer are granted directly without
evaluation, the end result is usually a dissatisfied customer. A customer or user need 1s
an objective for a system solution due to a deficiency or problem found through basic
research. Before a need statement is created, it must be established that a need really
exists. This is accomplished by questioning and analyzing the input from customers to
completely understand their needs. This statement should include a statement of the
problem, magnitude of resources available, relative priority of the system, and date of
installation and operation. The establishment of a precise need statement is extremely
important. This is because the focus and direction of the system life cycle and associated
engineering activities that follow, will be based on the need statement. A need statement
that is inaccurate, vague, or too restrictive, will result in a product that does not fulfill the
requirements of customers.

Analysis of similar systems, where partial or total concepts applied to related



