Productivity Series 32

From:
Six Sigma for Quality SIGMA
an d PrO d U CtIV I ty FOR QUALITY AND

. PRODUCTIVITY PROMOTION
Promotion
©APO 2003, ISBN: 92-833-1722-X

Sung H. Park

by Sung H. Park i

WUCTIVITY ORGANIZATION (O

Published by the Asian Productivity Organization
1-2-10 Hirakawacho, Chiyoda-ku, Tokyo 102-0093, Japan
Tel: (81-3) 5226 3920 « Fax: (81-3) 5226 3950

E-mail: apo@apo-tokyo.org « URL: www.apo-tokyo.org

Disclaimer and Permission to Use

This publication is provided in PDF format for educational use. It
may be copied and reproduced for personal use only. For all
other purposes, the APO's permission must first be obtained.

The responsibility for opinions and factual matter as expressed in
this document rests solely with its author(s), and its publication
does not constitute an endorsement by the APO of any such
expressed opinion, nor is it affirmation of the accuracy of informa-
tion herein provided.

Bound editions of the publication may be available for limited pur-
chase. Order forms may be downloaded from the APO's web site.



Productivity Series 32

SIGMA

- FOR QUALITY AND

i PRODUCTIVITY PROMOTION
1

sung H. Park

ASIAN PRODUCTIVITY ORGANIZATION (GE
ApYy



SIX

FOR QUALITY AND
PRODUCTIVITY PROMOTION

2003
ASIAN PRODUCTIVITY ORGANIZATION




© Asian Productivity Organization, 2003
ISBN: 92-833-1722-X

The opinions expressed in this publication do not necessarily reflect the
official view of the APO. For reproduction of the contents in part or in
full, the APO’s prior permission is required.



TABLE OF CONTENTS

Preface .. ....... .. .. . . . . .

1. Six Sigma Overview

1.1 What is Six Sigma? ......................
1.2 Why is Six Sigma Fascinating? .............
1.3 Key Concepts of Management ..............

1.4 Measurement of Process Performance ........

1.5 Relationship between Quality and Productivity

2. Six Sigma Framework

2.1 Five Elements of the Six Sigma Framework .. ..

2.2 Top-level Management Commitment and

Stakeholder Involvement . . ................
2.3 Training Scheme and Measurement System . . ..
2.4 DMAICProcess ............coooiiiiiinnn.
2.5 Project Team Activities ...................
2.6 Design for Six Sigma . ....................

2.7 Transactional/Service Six Sigma ............

3. Six Sigma Experiences and Leadership

3.1 Motorola: The Cradle of Six Sigma ..........

3.2 General Electric: The Missionary of Six Sigma . .

3.3 Asea Brown Boveri: First European Company to

Succeed with Six Sigma ..................

3.4 Samsung SDI: A Leader of Six Sigma in Korea .

3.5 Digital Appliance Company of LG Electronics:

Success Story with Six Sigma ..............

.2

.27

30

54

. 60



Six Sigma for Quality and Productivity Promotion

4. Basic QC and Six Sigma Tools

41 The7QCTools .......... ... ... ... 74
4.2 Process Flowchart and Process Mapping .. .... 85
4.3 Quality Function Deployment (QFD) ......... 88
4.4 Hypothesis Testing ....................... 96
4.5 Correlation and Regression ................. 99
4.6 Design of Experiments (DOE) .............. 104

4.7 Failure Modes and Effects Analysis (FMEA) ... 112
4.8 Balanced Scorecard (BSC) ................. 118

5. Six Sigma and Other Management Initiatives

5.1 Quality Cost and Six Sigma . ............... 122
5.2 TQM and Six Sigma ..................... 126
5.3 ISO 9000 Series and Six Sigma ............. 129
5.4 Lean Manufacturing and Six Sigma .......... 131
5.5 National Quality Awards and Six Sigma ... ... 134

6. Further Issues for Implementation of Six Sigma

6.1 Seven Steps for Six Sigma Introduction ...... 136
6.2 IT, DT and Six Sigma . . ................... 138
6.3 Knowledge Management and Six Sigma ...... 143
6.4 Six Sigma for e-business .................. 146

6.5 Seven-step Roadmap for Six Sigma
Implementation ................. ... ..... 147

il



Table of Contents

7. Practical Questions in Implementing Six Sigma

7.1 Is Six Sigma Right for Us Now? ............ 151
7.2 How Should We Initate Our Efforts for

Six Sigma? ....... ... 153
7.3 Does Six Sigma Apply Well to Service

Industries? . ... 155
7.4 What is a Good Black Belt Course? .......... 156
7.5 What are the Keys for Six Sigma Success? .... 160
7.6 What is the Main Criticism of Six Sigma? ... .. 162

8. Case Studies of Six Sigma Improvement Projects

8.1 Manufacturing Applications:
Microwave Oven Leakage ................. 165

8.2 Non-manufacturing Applications: Development
of an Efficient Computerized Control System .. 172

8.3 R&D Applications: Design Optimization of

Inner Shield of Omega CPT ................ 178
Appendices
Table of Acronyms . ............ ... ... ....... 187
A-1 Standard Normal Distribution Table ......... 189
A-2 t-distribution Table of t(fi@) ................ 190
A-3 F-distribution Table of F(f, f3a) ............ 191
A-4 Control Limits for Various Control Charts . . ... 195

A-5 GE Quality 2000: A Dream with a Great Plan .. 196

References ......... ... 200

il






PREFACE

This book has been written primarily for company managers
and engineers in Asia who wish to grasp Six Sigma concepts,
methodologies, and tools for quality and productivity promotion
in their companies. However, this book will also be of interest to
researchers, quality and productivity specialists, public sector
employees, students and other professionals with an interest in
quality management in general.

I have been actively involved over the last 20 years in indus-
trial statistics and quality management teaching and consultation
as a professor and as a private consultant. Six Sigma was recent-
ly introduced into Korea around 1997, and I have found that Six
Sigma is extremely effective for quality and productivity innova-
tion in Korean companies. I have written two books on Six
Sigma in Korean; one titled “The Theory and Practice of Six
Sigma,” and the other called “Design for Six Sigma,” which are
both best-sellers in Korea. In 2001, I had the honor of being
invited to the “Symposium on Concept and Management of Six
Sigma for Productivity Improvement” sponsored by the Asian
Productivity Organization (APO) during 7-9 August as an invit-
ed speaker. I met many practitioners from 15 Asian countries,
and I was very much inspired and motivated by their enthusiasm
and desire to learn Six Sigma. Subsequently, Dr. A.K.P. Mochtan,
Program Officer of the Research & Planning Department, APO,
came to me with an offer to write a book on Six Sigma as an
APO publication. I gladly accepted his offer, because I wanted to
share my experiences of Six Sigma with engineers and
researchers in Asian countries, and I also desired a great
improvement in quality and productivity in Asian countries to
attain global competitiveness in the world market.

This book has three main streams. The first is to introduce an
overview of Six Sigma, framework, and experiences (Chapters
1-3). The second is to explain Six Sigma tools, other manage-
ment initiatives and some practical issues related to Six Sigma
(Chapters 4-6). The third is to discuss practical questions in
implementing Six Sigma and to present real case studies of
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improvement projects (Chapters 7-8). This book can be used as
a textbook or a guideline for a Champion or Master Black Belt
course in Six Sigma training.

I would like to thank Dr. A.K.P. Mochtan and Director
Yoshikuni Ohnishi of APO, who allowed me to write this book
as an APO publication. I very much appreciate the assistance of
Professor Moon W. Suh at North Carolina State University who
examined the manuscript in detail and greatly improved the
readability of the book. Great thanks should be given to Mr. Hui
J. Park and Mr. Bong G. Park, two of my doctoral students, for
undertaking the lengthy task of MS word processing of the man-
uscript. I would especially like to thank Dr. Dag Kroslid, a
Swedish Six Sigma consultant, for inspiring me to write this book
and for valuable discussions on certain specific topics in the
book.

Finally, I want to dedicate this book to God for giving me the
necessary energy, health, and inspiration to finish the manuscript.

vi



1. Six Sigma Overview

1.1 What is Six Sigma?

Sigma (0) is a letter in the Greek alphabet that has become
the statistical symbol and metric of process variation. The
sigma scale of measure is perfectly correlated to such charac-
teristics as defects-per-unit, parts-per-million defectives, and
the probability of a failure. Six is the number of sigma mea-
sured in a process, when the variation around the target is
such that only 3.4 outputs out of one million are defects under
the assumption that the process average may drift over the
long term by as much as 1.5 standard deviations.

Six Sigma may be defined in several ways. Tomkins (1997)
defines Six Sigma to be “a program aimed at the near-elimi-
nation of defects from every product, process and transac-
tion.” Harry (1998) defines Six Sigma to be “a strategic ini-
tiative to boost profitability, increase market share and
improve customer satisfaction through statistical tools that
can lead to breakthrough quantum gains in quality.”

Six Sigma was launched by Motorola in 1987. It was the
result of a series of changes in the quality area starting in the
late 1970s, with ambitious ten-fold improvement drives. The
top-level management along with CEO Robert Galvin devel-
oped a concept called Six Sigma. After some internal pilot
implementations, Galvin, in 1987, formulated the goal of
“achieving Six-Sigma capability by 1992” in a memo to all
Motorola employees (Bhote, 1989). The results in terms of
reduction in process variation were on-track and cost savings
totalled US$13 billion and improvement in labor productivity
achieved 204% increase over the period 1987-1997
(Losianowycz, 1999).

In the wake of successes at Motorola, some leading elec-
tronic companies such as IBM, DEC, and Texas Instruments
launched Six Sigma initiatives in early 1990s. However, it was
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not until 1995 when GE and Allied Signal launched Six Sigma
as strategic initiatives that a rapid dissemination took place in
non-electronic industries all over the world (Hendricks and
Kelbaugh, 1998). In early 1997, the Samsung and LG Groups
in Korea began to introduce Six Sigma within their compa-
nies. The results were amazingly good in those companies. For
instance, Samsung SDI, which is a company under the Sam-
sung Group, reported that the cost savings by Six Sigma pro-
jects totalled US$150 million (Samsung SDI, 2000a). At the
present time, the number of large companies applying Six
Sigma in Korea is growing exponentially, with a strong verti-
cal deployment into many small- and medium-size enterprises
as well.

As a result of consulting experiences with Six Sigma in
Korea, the author (Park et. al., 1999) believes that Six Sigma is
a “new strategic paradigm of management innovation for com-
pany survival in this 21st century, which implies three things:
statistical measurement, management strategy and quality cul-
ture.” It tells us how good our products, services and process-
es really are through statistical measurement of quality level. It
is a new management strategy under leadership of top-level
management to create quality innovation and total customer
satisfaction. It is also a quality culture. It provides a means of
doing things right the first time and to work smarter by using
data information. It also provides an atmosphere for solving
many CTQ (critical-to-quality) problems through team efforts.
CTQ could be a critical process/product result characteristic to
quality, or a critical reason to quality characteristic. The for-
mer is termed as CTQy, and the latter CTQx.

1.2 Why is Six Sigma Fascinating?

Six Sigma has become very popular throughout the whole
world. There are several reasons for this popularity. First, it is
regarded as a fresh quality management strategy which can
replace TQC, TQM and others. In a sense, we can view the
development process of Six Sigma as shown in Figure 1.1.
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Many companies, which were not quite successful in imple-
menting previous management strategies such as TQC and
TQM, are eager to introduce Six Sigma.

[ec ] [sec] [ vee | [ row }—

Scientific
ISO 9000 management tools
Series such as SPC, TPM,
QE and TCS

Figure 1.1. Development process of Six Sigma in quality management

Six Sigma is viewed as a systematic, scientific, statistical
and smarter (4S) approach for management innovation which
is quite suitable for use in a knowledge-based information
society. The essence of Six Sigma is the integration of four ele-
ments (customer, process, manpower and strategy) to provide
management innovation as shown in Figure 1.2.

Customer Six Sigma
Process Management
Manpower ) innovation
Strate Systematic and
9y Scientific Approach

Figure 1.2. Essence of Six Sigma

Six Sigma provides a scientific and statistical basis for quali-
ty assessment for all processes through measurement of quality
levels. The Six Sigma method allows us to draw comparisons
among all processes, and tells how good a process is. Through
this information, top-level management learns what path to fol-
low to achieve process innovation and customer satisfaction.

Second, Six Sigma provides efficient manpower cultivation
and utilization. It employs a “belt system” in which the levels
of mastery are classified as green belt, black belt, master black
belt and champion. As a person in a company obtains certain
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training, he acquires a belt. Usually, a black belt is the leader
of a project team and several green belts work together for the
project team.

Third, there are many success stories of Six Sigma appli-
cation in well known world-class companies. As mentioned
earlier, Six Sigma was pioneered by Motorola and launched
as a strategic initiative in 1987. Since then, and particular-
ly from 1995, an exponentially growing number of presti-
gious global firms have launched a Six Sigma program. It
has been noted that many globally leading companies run
Six Sigma programs (see Figure 3), and it has been well
known that Motorola, GE, Allied Signal, IBM, DEC, Texas
Instruments, Sony, Kodak, Nokia, and Philips Electronics
among others have been quite successful in Six Sigma. In
Korea, the Samsung, LG, Hyundai groups and Korea Heavy
Industries & Construction Company have been quite suc-
cessful with Six Sigma.

Lastly, Six Sigma provides flexibility in the new millennium

of 3Cs, which are:

e Change: Changing society

e Customer: Power is shifted to customer and customer
demand is high

e Competition: Competition in quality and productivity

The pace of change during the last decade has been unprece-
dented, and the speed of change in this new millennium is per-
haps faster than ever before. Most notably, the power has shift-
ed from producer to customer. The producer-oriented industri-
al society is over, and the customer-oriented information soci-
ety has arrived. The customer has all the rights to order, select
and buy goods and services. Especially, in e-business, the cus-
tomer has all-mighty power. Competition in quality and pro-
ductivity has been ever-increasing. Second-rate quality goods
cannot survive anymore in the market. Six Sigma with its 4S
(systematic, scientific, statistical and smarter) approaches pro-
vides flexibility in managing a business unit.
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1.3 Key Concepts of Management

The core objective of Six Sigma is to improve the perfor-
mance of processes. By improving processes, it attempts to
achieve three things: the first is to reduce costs, the second is
to improve customer satisfaction, and the third is to increase
revenue, thereby, increasing profits.

American Express
Johnson & Johnson
Dow Chemical Samsung Group
DuPont LG Group
NEC Ericsson
Samsung SDI NCR
LG Electronics Nokia

Sony Philips
Kodak  TI GE Toshiba Solectron
Motorola IBM DEC ABB Allied Signal ~ Whirlpool US Postal Service
| | | | | | |
1987 1989 1991 1993 1995 1997 1999

Figure 1.3. Globally well known Six Sigma companies

1.3.1 Process

A general definition of a process is an activity or series of
activities transforming inputs to outputs in a repetitive flow as
shown in Figure 1.4. For companies, the output is predomi-
nantly a product taking the form of hardware goods with
their associated services. However, an R&D activity or a non-
manufacturing service activity which does not have any form
of hardware goods could also be a process.

X1 X2 X3 ... Xn
Input variables
(control factors)
Process Output, Y g
ot »
Process characteristics Product characteristics
Input variables
(noise factors) / / / /
V1 V2 V3 ... Vn

Figure 1.4. The process with inputs and outputs
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Literally, the inputs can be anything from labor, materials,
machines, decisions, information and measurements to tem-
perature, humidity and weight. Inputs are either control fac-
tors which can be physically controlled, or noise factors which
are considered to be uncontrollable, too costly to control, or
not desirable to control.

The model of Six Sigma in terms of processes and improve-
ment is that y is a function of x and v:

y = f(xb X2 eees xk; Vi, Uy veey Um)

Here, y represents the result variable (characteristics of the
process or product), x represents one or more control factors,
and v represents one or more noise factors. The message in the
process is to find the optimal levels of x variables which give
desired values of y as well as being robust to the noise factors
v. The word “robust” means that the y values are not changed
much as the levels of noise factors are changed.

Any given process will have one or more characteristics
specified against which data can be collected. These charac-
teristics are used for measuring process performance. To mea-
sure the process performance, we need data for the relevant
characteristics. There are two types of characteristics: contin-
uous and discrete. Continuous characteristics may take any
measured value on a continuous scale, providing continuous
data, whereas discrete characteristics are based on counts,
providing attribute data. Examples of continuous data are
thickness, time, speed and temperature. Typical attribute data
are counts of pass/fail, acceptable/unacceptable, good/bad or
imperfections.

1.3.2 Variation

The data values for any process or product characteristic
always vary. No two products or characteristics are exactly
alike because any process contains many sources of vari-
ability. The differences among products may be large, or
they may be immeasurably small, but they are always pre-
sent. The variation, if the data values are measured, can be

6
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visualized and statistically analyzed by means of a distribu-
tion that best fits the observations. This distribution can be
characterized by:

e Location (average value)

e Spread (span of values from smallest to largest)

e Shape (the pattern of variation — whether it is symmet-
rical, skewed, etc.)

Variation is indeed the number one enemy of quality con-
trol. It constitutes a major cause of defectives as well as excess
costs in every company. Six Sigma, through its tracking of
process performance and formalized improvement methodol-
ogy, focuses on pragmatic solutions for reducing variation.
Variation is the key element of the process performance trian-
gle as shown in Figure 1.5. Variation, which is the most
important, relates to “how close are the measured values to
the target value,” cycle time to “how fast” and yield to “how
much.” Cycle time and yield are the two major elements of
productivity.

Variation
(quality)

Evaluation of process
performance

Cycle time (productivity) Yield

Figure 1.5. Process performance triangle
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There are many sources of variation for process and prod-
uct characteristics. It is common to classify them into two
types: common causes and special causes. Common causes
refer to the sources of variation within a process that have a
stable and repeatable distribution over time. This is called “in
a state of statistical control.” The random variation, which is
inherent in the process, is not easily removable unless we
change the very design of the process or product, and is a
common cause found everywhere. Common causes behave
like a stable system of chance causes. If only common causes
of variation are present and do not change, the output of a
process is predictable as shown in Figure 1.6.

If only common causes of variation
are present, the output of a process

forms a distribution that is stable
over time and is predictable:

v
TARGET
LINE

PREDICTION

TIME

SiZE

If special causes of variation are
present, the process output is not
stable over time: TARGET
" LINE
PREDICTION

TIME

Figure 1.6. Variation: Common and special causes

SIZE —Zp

Special causes (often called assignable causes) refer to any
factors causing variation that are usually not present in the
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process. That is, when they occur, they make a change in the
process distribution. Unless all the special causes of variation
are identified and acted upon, they will continue to affect the
process output in unpredictable ways. If special causes are
present, the process output is not stable over time.

1.3.3 Cycle time, yield and productivity

Every process has a cycle time and yield. The cycle time of
a process is the average time required for a single unit to com-
plete the transformation of all input factors into an output.
The yield of a process is the amount of output related to input
time and pieces. A more efficient transformation of input fac-
tors into products will inevitably give a better yield.

Productivity is used in many different aspects (see Toru
Sase (2001)). National productivity can be expressed as
GDP/population where GDP means the gross domestic prod-
uct. Company productivity is generally defined as the “func-
tion of the output performance of the individual firm com-
pared with its input.” Productivity for industrial activity has
been defined in many ways, but the following definition pro-
posed by the European Productivity Agency (EPA) in 1958 is
perhaps the best.

e Productivity is the degree of effective utilization of each
element of production.

e Productivity is, above all, an attitude of mind. It is
based on the conviction that one can do things better
today than yesterday, and better tomorrow than today.
It requires never-ending efforts to adapt economic activ-
ities to changing conditions, and the application of new
theories and methods. It is a firm belief in the progress
of human beings.

The first paragraph refers to the utilization of production
elements, while the second paragraph explains the social
effects of productivity. Although the product is the main out-
put of an enterprise, other tasks such as R&D activities, sale
of products and other service activities are also closely linked

9
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to productivity. In economic terms, productivity refers to the
extent to which a firm is able to optimize its management
resources in order to achieve its goals. However, in this book
we adopt the definition of productivity as in the first para-
graph, which is narrow in scope. Thus, if cycle time and yield
in the process performance triangle of Figure 1.5 are
improved, productivity can be improved accordingly.

1.3.4 Customer satisfaction

Customer satisfaction is one of the watchwords for compa-
ny survival in this new 21st century. Customer satisfaction can
be achieved when all the customer requirements are met. Six
Sigma emphasizes that the customer requirements must be ful-
filled by measuring and improving processes and products, and
CTQ (critical-to-quality) characteristics are measured on a con-
sistent basis to produce few defects in the eyes of the customer.

The identification of customer requirements is ingrained in
Six Sigma and extended into the activity of translating require-
ments into important process and product characteristics. As
customers rarely express their views on process and product
characteristics directly, a method called QFD (quality function
deployment) is applied for a systematic translation (see Chap-
ter 4). Using QFD, it is possible to prioritize the importance of
each characteristic based on input from the customer.

Having identified the CTQ requirements, the customer is
usually asked to specify what the desired value for the char-
acteristic is, i.e., target value, and what a defect for the char-
acteristic is, i.e., specification limits. This vital information is
utilized in Six Sigma as a basis for measuring the performance
of processes.

Six Sigma improvement projects are supposed to focus on
improvement of customer satisfaction which eventually gives
increased market share and revenue growth. As a result of rev-
enue growth and cost reduction, the profit increases and the
commitment to the methodology and further improvement
projects are generated throughout the company. This kind of

10
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loop is called “Six Sigma loop of improvement projects,” and
was suggested by Magnusson, et. al. (2001). This loop is
shown in Figure 1.7.

Variation
Improvement . .
P V. Customer satisfaction
/ project \
Commitment Cost Market share
Profit Revenue
Cycle time Yield
yi N\

Figure 1.7. Six Sigma loop of improvement projects

1.4 Measurement of Process Performance

Among the dimensions of the process performance triangle
in Figure 1.5, variation is the preferred measurement for
process performance in Six Sigma. Cycle time and yield could
have been used, but they can be covered through variation.
For example, if a cycle time has been specified for a process,
the variation of the cycle time around its target value will indi-
cate the performance of the process in terms of this character-
istic. The same applies to yield.

The distribution of a characteristic in Six Sigma is usually
assumed to be Normal (or Gaussian) for continuous variables,
and Poissonian for discrete variables. The two parameters that
determine a Normal distribution are population mean, y, and
population standard deviation, g. The mean indicates the loca-
tion of the distribution on a continuous scale, whereas the
standard deviation indicates the dispersion.

11
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1.4.1 Standard deviation and Normal distribution

The population parameters, U (population mean), g (popu-
lation standard deviation) and o0?(population variance), are
usually unknown, and they are estimated by the sample sta-
tistics as follows.

y = sample mean = estimate of u
s = sample standard deviation = estimate of o
V = sample variance = estimate of g2

If we have a sample of size # and the characteristics are y,, y,,
.y ¥, then U, 0 and 02 are estimated by, respectively

gz YitYet otV
n
s=JV (1.1)
Z(yi _7)2
V - i=1

n-1

However, if we use an X — R control chart, in which there are
k subgroups of size n, 0 can be estimated by

s= R (1.2)
d,

where R = R;/n, and R, is the range for each subgroup and d,
is a constant value that depends on the sample size 7. The val-
ues of d, can be found in Appendix A-4.

Many continuous random variables, such as the dimension
of a part and the time to fill the order for a customer, follow
a normal distribution.

Figure 1.8 illustrates the characteristic bell shape of a nor-
mal distribution where X is the normal random variable, u« is
the population mean and o is the population standard devia-
tion. The probability density function (PDF), f(x), of a normal
distribution is

12
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1 _1[}(_@2
— = 090
\N2mo

where we usually denote X ~ N(u, 0?)

f(x) = (1.3)

When X ~ N(u, d?), it can be converted into standard normal
variable Z ~ N(0,1) using the relationship of variable trans-
formation,

_X-u
Z= —5 (1.4)

whose probability density function is
1 -1z
f(2)=—=—e? (1.5)

J2n

Area = 0.6826894

Area = 0.9544998
I

1

u-30 p—20 u—o 1} u+o u+20 u+30

Figure 1.8. Normal distribution

13
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1.4.2 Defect rate, ppm and DPMO

The defect rate, denoted by p, is the ratio of the number of
defective items which are out of specification to the total num-
ber of items processed (or inspected). Defect rate or fraction of
defective items has been used in industry for a long time. The
number of defective items out of one million inspected items is
called the ppm (parts-per-million) defect rate. Sometimes a
ppm defect rate cannot be properly used, in particular, in the
cases of service work. In this case, a DPMO (defects per mil-
lion opportunities) is often used. DPMO is the number of
defective opportunities which do not meet the required specifi-
cation out of one million possible opportunities.

1.4.3 Sigma quality level

Specification limits are the tolerances or performance
ranges that customers demand of the products or processes
they are purchasing. Figure 1.8 illustrates specification limits
as the two major vertical lines in the figure. In the figure, LSL
means the lower specification limit, USL means the upper
specification limit and T means the target value. The sigma
quality level (in short, sigma level) is the distance from the
process mean (U) to the closer specification limit.

In practice, we desire that the process mean to be kept at
the target value. However, the process mean during one time
period is usually different from that of another time period for
various reasons. This means that the process mean constantly
shifts around the target value. To address typical maximum
shifts of the process mean, Motorola added the shift value
+1.50 to the process mean. This shift of the mean is used
when computing a process sigma level as shown in Figure
1.10. From this figure, we note that a 60 quality level corre-
sponds to a 3.4ppm rate. Table 1.1 illustrates how sigma qual-
ity levels would equate to other defect rates and organization-
al performances. Table 1.2 shows the details of this relation-
ship when the process mean is +1.50 shifted.

14
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™
The defect rate can
be controlled under
10| 3.4ppm.
] [ 1 [ 1
LSL Target 60 USL
The defect rate can
Y be increased up to
> i 66,811ppm.
< P
30
LSL Target USL

Figure 1.9. Sigma quality levels of 60 and 30

I —-60 I +60 I [ —-750 | +450 |
I I |
0.001 0.001
ppm ppm 0 ppm 3.4 ppm
X 3 .
T
LSL Target usL LSL Target usL
u—-6o0 u u+6c wu-750 u-150 u+450

Figure 1.10. Effects of a 1.50 shift of process mean
when 60 quality level is achieved

15
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Table 1.1. ppm changes when sigma quality level changes

. . Process mean, fixed Process mean, with 1.50 shift
Sigma quality
level Non-defect Defect rate Non-defect Defect rate
rate (%) (ppm) rate (%) (ppm)
] 68.26894 317,311 30.2328 697,672
20 95.44998 45,500 69.1230 308,770
30 99.73002 2,700 93.3189 66,811
40 99.99366 63.4 99.3790 6,210
50 99.999943 0.57 99.97674 233
60 99.9999998 0.002 99.99966 34

1.4.4 DPU, DPO and Poisson distribution

Let us suppose for the sake of discussion that a certain prod-
uct design may be represented by the area of a rectangle. Let us
also postulate that each rectangle contains eight equal areas of
opportunity for non-conformance (defect) to standard. Figure
1.11 illustrates three particular products. The first one has one
defect and the third one has two defects.

Product 1 Product 2 Product 3

Figure 1.11. Products consisting of eight equal areas
of opportunity for non-conformance

The defects per unit (DPU) is defined as

Total defects observed of number

1.6
Total number of unit products produced (1.9

DPU =

In Figure 1.11, DPU is 3/3 = 1.00, which means that, on
average, each unit product will contain one such defect. Of
course, this assumes that the defects are randomly distributed.
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We must also recognize, however, that within each unit of
product there are eight equal areas of opportunity for non-
conformance to standard.

Table 1.2. Detailed conversion between ppm (or DPMO) and sigma
quality level when the process mean is +1.50 shifted

Sljeg\TeIa 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
2.0 308770.2 305249.8 301747.6 298263.7 294798.6 291352.3 287925.1 284517.3 281129.1 277760.7
21 2744122 271084.0  267776.2  264489.0  261222.6  257977.2  254753.0  251550.2  248368.8  245209.2
22 2420715 238955.7 235862.1 232790.8 229742.0 226715.8 223712.2 220731.6 2177739 214839.2
23 211927.7 209039.6 206174.8 2033335 200515.7 197721.6 194951.2 192204.6 189481.9 186783.0
2.4 184108.2 181457.4 178830.7 176228.0 173649.5 171095.2 168565.1 166059.2 163577.5 161120.1
25 158686.9 156278.0 153893.3 151532.9 149196.7 146884.7 144596.8 142333.2 140093.6 137878.1
2.6 135686.7 133519.3 131375.8 129256.3 127160.5 125088.6 123040.3 121015.7 119014.7 117037.0
2.7 115083.0 113152.2 111244.7 109360.2 107498.9 105660.5 103844.9 102052.1 100281.9 98534.3
2.8 96809.0 95106.1 93425.3 91766.6 90129.8 88514.8 86921.5 85349.7 83799.3 82270.1
2.9 80762.1 79275.0 77808.8 76363.2 74938.2 73533.6 72149.1 70784.8 69440.4 68115.7
3.0 66810.6 65525.0 64258.6 63011.3 61783.0 60573.4 59382.5 58210.0 57055.8 55919.6
3.1 54801.4 53700.9 52618.1 51552.6 50504.3 49473.1 48458.8 47461.2 46480.1 45515.3
3.2 44566.8 43634.2 42717.4 41816.3 40930.6 40060.2 39204.9 38364.5 37538.9 36727.8
33 35931.1 35148.6 34380.2 33625.7 32884.8 32157.4 31443.3 30742.5 30054.6 29379.5
3.4 28717.0 28067.1 27429.4 26803.8 26190.2 25588.4 24988.2 24419.5 23852.1 23295.8
3.5 22705.4 22215.9 21692.0 21178.5 20675.4 20182.4 19699.5 19226.4 18763.0 18309.1
36 17864.6 17429.3 17003.2 16586.0 16177.5 15777.7 15386.5 15003.5 14628.8 14262.2
3.7 13903.5 13552.7 13209.5 12873.8 12545.5 122245 11910.7 11603.9 11303.9 11010.7
3.8 10724.2 10444.1 10170.5 9903.1 9641.9 9386.7 9137.5 8894.1 8656.4 8424.2
3.9 8197.6 7976.3 7760.3 7549.4 7343.7 7142.8 6946.9 6755.7 6569.1 6387.2
4.0 6209.7 6036.6 5867.8 5703.1 5542.6 5386.2 5233.6 5084.9 4940.0 4798.8
4.1 4661.2 4527.1 4396.5 4269.3 41453 4024.6 3907.0 37926 3681.1 3572.6
4.2 3467.0 3364.2 3264.1 3166.7 3072.0 2979.8 2890.1 2802.8 2717.9 2635.4
4.3 2555.1 2477.1 2401.2 2327.4 2255.7 2186.0 2118.2 2052.4 1988.4 1926.2
4.4 1865.8 1807.1 1750.2 1694.8 1641.1 1588.9 1538.2 1489.0 1441.2 1394.9
45 1349.9 1306.2 1263.9 1222.8 1182.9 1144.2 1106.7 1070.3 1035.0 1000.8

4.6 967.6 935.4 904.3 874.0 844.7 816.4 788.8 762.2 736.4 711.4

4.7 687.1 663.7 641.0 619.0 597.6 577.0 557.1 537.7 519.0 500.9

4.8 483.4 466.5 450.1 434.2 418.9 404.1 389.7 375.8 362.4 349.5

4.9 336.9 324.8 313.1 301.8 290.9 280.3 270.1 260.2 250.7 2415

5.0 232.6 2241 215.8 207.8 200.1 192.6 185.4 178.5 1718 165.3

5.1 159.1 153.1 147.3 141.7 136.3 1311 126.1 121.3 116.6 112.1

5.2 107.8 103.6 99.6 95.7 92.0 88.4 85.0 81.6 78.4 75.3

53 723 69.5 66.7 64.1 615 59.1 56.7 54.4 52.2 50.1

5.4 48.1 46.1 44.3 425 40.7 39.1 375 35.9 245 33.0

55 317 30.4 29.1 27.9 26.7 256 245 235 225 21.6

5.6 20.7 19.8 189 18.1 17.4 16.6 15.9 15.2 14.6 13.9

5.7 133 12.8 122 11.7 11.2 10.7 10.2 9.8 9.3 8.9

5.8 8.5 8.2 7.8 7.5 7.1 6.8 6.5 6.2 5.9 5.7

5.9 5.4 5.2 4.9 4.7 4.5 4.3 4.1 3.9 3.7 3.6

6.0 3.4 3.2 3.1 29 2.8 2.7 2.6 2.4 23 22

6.1 21 2.0 1.9 1.8 17 17 16 15 1.4 1.4

6.2 13 1.2 1.2 1.1 11 1.0 1.0 0.9 0.9 0.8

6.3 0.8 0.8 0.7 0.7 0.6 0.6 0.6 0.6 0.5 0.5

6.4 0.5 0.5 0.4 0.4 0.4 0.4 0.4 0.3 0.3 0.3

6.5 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2

6.6 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1

6.7 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

6.8 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Because of this, we may calculate the defects per unit oppor-
tunity (DPO)

ppo=2"Y an
m

where 1 is the number of independent opportunities for non-
conformance per unit. In the instance of our illustrated exam-
ple, since m = 8,

DPO = % =0.125

or 12.5 percent. Inversely, we may argue that there is an 84
percent chance of not encountering a defect with respect to
any given unit area of opportunity. By the same token, the
defects-per- million opportunities (DPMO) becomes

DPMO:Dmﬂ % 1,000,000 = % x1,000,000 = 125,000 .

It is interesting to note that the probability of zero defects,
for any given unit of product, would be (0.875)* = 0.3436, or
34.36 percent. Then, we may now ask the question, “What is
the probability that any given unit of product will contain
one, two or three more defects?” This question can be
answered by applying a Poisson distribution.

The probability of observing exactly X defects for any
given unit of product is given by the Poisson probability den-
sity function:

-\ X

P(X'=x) = p(x) =

, X=0123, (1.8)

where e is a constant equal to 2.71828 and A is the average num-

ber of defects for a unit of product. To better relate the Poisson

relation to our example, we may rewrite the above equation as
e ™™ (DPU)*

p(X) = ———, (1.9)
X
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which can be effectively used when DPO = DPU / m is less
than 10 percent and m is relatively large. Therefore, the prob-
ability that any given unit of product will contain only one
defect is

p(x) = = 0.3679.

e—l.OO (100)1
1

For the special case of x = 0, which is the case of zero defect

for a given unit of product, the probability becomes

p(x) = e =0.3679

and this is somewhat different from the probability 0.3436
that was previously obtained. This is because DPO is greater
than 10 percent and m is rather small.

1.4.5 Binomial trials and their approximations

A binomial distribution is useful when there are only two
results (e.g., defect or non-defect, conformance or non-con-
formance, pass or fail) which is often called a binomial trial.
The probability of exactly x defects in 7 inspected trials
whether they are defects or not, with probability of defect
equal to p is

(1.10)
ﬁpx nx: qunX X:0,1’2,"',n,

where g = 1 — p is the probability of non-defect. In practice,
the computation of the probability P(a < X < b) is usually dif-
ficult if n is large. However, if np = 5 and ng = 5, the proba-
bility can be easily approximated by using E(X) = = np and
V(X) = 0% = npq, where E and V represent expected value and
variance, respectively.

if p £0.1 and 7 2 50, the probability in (1.10) can be well
approximated by a Poisson distribution as follows.

e ™ (np)*

p(x¥) =———— (1.11)
X
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Hence, for the case of Figure 1.11, the probability of zero
defects for a given unit of product can be obtained by either

(1.10) or (1.11).
Since n=8, p=DP0O=0.125, q=0.875, np=8 x1.125=1and X =0,

from (1.10), p(x=0)= %(0.125)0(0.875)8 =0.3436,

e—l(l)O

o
Note that since p = 0.125 is not smaller than 0.1 and 7 = 8 is
not large enough, the Poisson approximation from (1.11) is
not good enough.

from (1.11), p(x=0) = =0.3679.

1.4.6 Process capability index

There are two metrics that are used to measure the process
capability. One is potential process capability index (Cp), and
another is process capability index (Cpk)

(1) Potential process capability index (Cp)

Cp index is defined as the ratio of specification width over
the process spread as follows.

_ Specificationwidth _ USL —LSL
processspread 60

The specification width is predefined and fixed. The process
spread is the sole influence on the Cp index. The population
standard deviation, o, is usually estimated by the equations
(1.1) or (1.2). When the spread is wide (more variation), the
Cp value is small, indicating a low process capability. When
the spread is narrow (less variation), the Cp value becomes
larger, indicating better process capability.

Cp

(1.12)
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<L’ :\ 60
— I~
LsL u usL LsL i usL
@ Cp=1 (b) Cp=2

Figure 1.12. Process capability index

The Cp index does not account for any process shift. It
assumes the ideal state when the process is at the desirable tar-
get, centered exactly between the two specification limits.

(2) Process capability index (Cpk)

In real life, very few processes are at their desirable target.
An off-target process should be “penalized” for shifting from
where it should be. Cpk is the index for measuring this real
capability when the off-target penalty is taken into considera-
tion. The penalty, or degree of bias, k is defined as:

‘= |target(T') — process mean(u.))|
%(USL —L9)

(1.13)

and the process capability index is defined as:

Cpk =Cp(1-K). (1.14)

When the process is perfectly on target, k = 0 and Cpk = Cp.
Note that Cpk index inc-reases as both of the following con-
ditions are satisfied.
e The process is as close to the target as possible (k is small).
e The process spread is as small as possible (process vari-
ation is small).
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Cpk = (1_k)w,
W Ll
UsL-LsL
2
L =degree of bias
LSL T M usL

Figure 1.13. Process capability index (Cpk)

We have dealt with the case when there are two specifica-
tion limits, USL and LSL. However, when there is a one-sided
specification limit, or when the target is not specified, Cpk
may be more conveniently calculated as:

Ok = |process mean(y) - closer specification limit from |
i 30 '

We often use upper capability index (CPU) and lower capabili-
ty index (CPL). CPU is the upper tolerance spread divided by
the actual upper process spread. CPL is defined as the lower tol-
erance spread divided by the actual lower process spread.

USL—M, CPL:u—LS_
30 3o
Cpk in (1.15) may be defined as the minimum of CPU or CPL.

It relates the scaled distance between the process mean and the
closest specification limit to half the total process spread.

Cpk = min(CPU, CPL) (1.17)

(1.15)

CPU = (1.16)

(3) Relationship between Cp, Cpk and Sigma level

If the process mean is centered, that is y = T, and USL -
LSL = 60, then from (1.12), it is easy to know that Cp = 1,
and the distance from p to the specification limit is 30. In this
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case, the sigma (quality) level becomes 30, and the relation-
ship between Cp and the sigma level is

Sigmalevel =3x Cp (1.18)

However, in the long run the process mean could shift at most
by 1.50 to the right or left hand side, and the process mean
cannot be centered, that is, it can be biased.

In the long-term, if the process mean is 1.50 biased and Cpk
= 1 then the sigma level becomes 30 + 1.50 = 4.50. Figure
1.14 shows a 60 process with typical 1.50 shift. In this case,
Cpk = 1.5 and the sigma level is 60. In general, the relation-
ship between Cpk and the sigma level is

Sigmalevel =3x Cpk +1.5

(1.19)
=3x (Cpk +0.5)

Hence, in the long-term the relationship between Cp and Cpk
is from (1.18) and (1.19),

Cpk =Cp-0.5. (1.20)

Table 1.3 shows the relationship between process capability
index and sigma level.

Table 1.3 Relationship between Cp, Cpk and Sigma level

Cp Cpk (5.10 shift is allowed) Quality level
0.50 0.00 150
0.67 0.17 200
0.83 0.33 250
1.00 0.50 300
1.17 0.67 350
1.33 0.83 400
1.50 1.00 450
1.67 1.17 500
1.83 1.33 550
2.00 1.50 6.00
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1.4.7 Rolled throughput yield (RTY)

Rolled throughput yield (RTY) is the final cumulative yield
when there are several processes connected in series. RTY is
the amount of non-defective products produced in the final
process compared with the total input in the first process.

\4
©
A 4
@]
A 4
]

|:> RTY

Yield 90% 90% 90% 90% 65.6%

Process A

Figure 1.14 RTY and yield of each process

For example, as shown in Figure 1.14, there are four processes
(A, B, C and D) connected in consecutive series, and each
process has a 90% yield.

Then RTY of these processes is RTY = 0.9 x 0.9 x 0.9 x 0.9 =
0.656.

If there are k processes in series, and the ith process has its
own yield y;, then RTY of these k processes is

RTY = y, xy, x... xy, (1.21)

1.4.8 Unified quality level for multi-characteristics

In reality, there is more than one characteristic and we are
faced with having to compute a unified quality level for multi-
characteristics. As shown in Table 1.4, suppose there are three
characteristics and associated defects. Table 1.4 illustrates
how to compute DPU, DPO, DPMO and sigma level. The
way to convert from DPMO (or ppm) to sigma level can be

found in Table 1.2.
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Table 1.4. Computation of unified quality level

Characteristic | Number of Number of ~ Opportunities Total Sigma
number defects units per unit opportunities DPU DPO DPMO level
1 78 600 10 6,000 0.130 0.0130 13,000 3.59
2 29 241 100 24,100 0.120 0.0012 1,200 455
3 64 180 3 540 0.356 0.1187 118,700 2.59
Total 171 30,640 0.00558 5,580 3.09

1.4.9 Sigma level for discrete data

When a given set of data is continuous, we can easily
obtain the mean and standard deviation. Also from the given
specification limits, we can compute the sigma level. Howev-
er, if the given set of data is discrete, such as number of
defects, we should convert the data to yield and obtain the
sigma level using the standard normal distribution in Appen-
dix table A-1. Suppose the non-defect rate for a given set of
discrete data is y. Then the sigma level Z can be obtained from
the relationship ®(z) = y, where @ is the standard cumulative
normal distribution

°@)=[" ie %
(1.22)
=y
For example, if y = 0.0228, then z = 2.0 from Appendix A-1.

If this y value is obtained in the long-term, then a short-term
sigma level should be

Z =27 +15, (1.23)
considering the 1.50 mean shift. Here, Z, and Z; mean a short-
term and long-term sigma level, respectively.

The methods of computing sigma levels are explained
below for each particular case.
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(1) Case of DPU

Suppose that the pinhole defects in a coating process have
been found in five units out of 500 units inspected from a
long-term investigation. Since the number of defects follows a
Poisson distribution, and DPU = 5/500 = 0.01, the probabili-
ty of zero defect is from (1.9),

y=e PPV =¢e% =0.99005,

and the corresponding Z value is Z = 2.33. Since the set of
data has been obtained for a long-term, the short-term sigma
level is Z, =2.33 + 1.5 = 3.83

(2) Case of defect rate

If » products, whose measured quality characteristics are
outside the specifications, have been classified to be defective
out of n products investigated, the defect rate is p = #/n, and
the yield is y = 1 — p. Then we can find the sigma level Z from
the relationship (1.22). For example, suppose two products
out of 100 products have a quality characteristic which is out-
side of specification limits. Then the defect rate is 2 percent,
and the yield is 98 percent. Then the sigma level is approxi-
mately Z = 2.05 from (1.22).

If this result is based on a long-term investigation, then the
short-term sigma level is Z, = 2.05 + 1.5 = 3.55.

Table 1.5 shows the relationship between short-term sigma

level, Z value, defect rate and yield.

Table 1.5. Relationship between sigma level, defect rate and yield

lSiglmalevel . Zvaluefrom o Defect rate (ppm) Yield
(considering 1.50 shift) standard normal distribution (%)
20 0.5 308,770 69.1230
30 15 66,811 93.3189
40 25 6,210 99.3790
50 3.5 233 99.9767
60 4.5 3.4 99.99966
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(3) Case of RTY

Suppose there are three processes in consecutive series, and
the yield of each process is 0.98, 0.95, and 0.96, respectively.
Then RTY = 0.98 x 0.95 x 0.96 = 0.89376, and the sigma lev-
els of the processes are 3.55, 3.14, and 3.25, respectively. How-
ever, the sigma level of the entire process turns out to be 2.75,
which is much lower than that of each process.

1.5 Relationship between Quality and Productivity

Why should an organization try to improve quality and
productivity? If a firm wants to increase its profits, it should
increase productivity as well as quality. The simple idea that
increasing productivity will increase profits may not always
be right. The following example illustrates the folly of such
an idea.

Suppose Company A has produced 100 widgets per hour,
of which 10 percent are defective for the past 3 years. The
Board of Directors demands that top-level management
increase productivity by 10 percent. The directive goes out to
the employees, who are told that instead of producing 100
widgets per hour, the company must produce 110. The
responsibility for producing more widgets falls on the employ-
ees, creating stress, frustration, and fear. They try to meet the
new demand but must cut corners to do so. The pressure to
raise productivity creates a defect rate of 20 percent and
increases good production to only 88 units, fewer than the
original 90 as shown in Table 1.6 (a). This indicates that pro-
ductivity increase is only meaningful when the level of quality
does not deteriorate.

Very often, quality improvement results in a productivity
improvement. Let’s take an example. Company B produces
100 widgets per hour with 10% defectives. The top-level man-
agement is continually trying to improve quality, thereby
increasing the productivity. Top-level management realizes
that the company is making 10% defective units, which trans-
lates into 10% of the total cost being spent in making bad
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units. If managers can improve the process, they can transfer
resources from the production of defective units to the manu-
facture of additional good products. The management can
improve the process by making some changes at no addition-
al cost, so only 5% of the output are defective. This results in
an increase in productivity, as shown in Table 1.6 (b). Man-
agement’s ability to improve the process results in a reduction
of defective units, yielding an increase in good units, quality,
and eventually productivity.

Table 1.6. Productivity vs. quality approach to improvement

(a) Company A

Before demand for 10%
productivity increase

After demand for 10%
productivity increase

(defect rate = 10%)

Widgets produced 100 units
Widgets defective 10 units
Good widgets 90 units

(defect rate = 20%)
110 units
22 units
88 units

(b) Company B

Before improvement

After improvement

(defect rate = 10%)

Units produced 100 units
Units defective 10 units
Good units 90 units

(defect rate = 5%)
100 units
5 units
95 units

Deming (1986), looking at the relationship between quali-
ty and productivity, stresses improving quality in order to
increase productivity. To become an excellent company, the
management should find ways to improve quality as well as
productivity simultaneously. Then, several benefits result:

e Productivity rises.
® Quality improves.
e Cost per good unit decreases.
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e Price can be cut.
e Workers’ morale improves because they are not seen as
the problem.

Stressing productivity only may mean sacrificing quality
and possibly decreasing output. Also stressing quality only
may mean sacrificing productivity and possibly leading to
high cost. Therefore, quality and productivity should go
together, and neither one should be sacrificed. Such simulta-
neous efforts can produce all the desired results: better quali-
ty, less rework, greater productivity, lower unit cost, price
elasticity, improved customer satisfaction, larger profits and
more jobs. After all, customers get high quality at a low price,
vendors get predictable long-term sources of business, and
investors get profits, a “win-win” situation for everyone.
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2. Six Sigma Framework

2.1 Five Elements of the Six Sigma Framework

Management strategies, such as TQC, TQM, and Six
Sigma, are distinguished from each other by their underlying
rationale and framework. As far as the corporate framework
of Six Sigma is concerned, it embodies the five elements of
top-level management commitment, training schemes, project
team activities, measurement system and stakeholder involve-
ment as shown in Figure 2.1.

Top management commitment M . o
Design for Six Sigma

Training scheme

Improvement ) o
Project team activities _J‘> Manufacturing Six Sigma

strategy

Measurement system

Stakeholder involvement |:'>

Figure 2.1. The corporate framework of Six Sigma

Transactional Six Sigma

Stakeholders include employees, owners, suppliers and cus-
tomers. At the core of the framework is a formalized improve-
ment strategy with the following five steps: define, measure,
analyse, improve and control (DMAIC) which will be
explained in detail in Section 2.3. The improvement strategy
is based on training schemes, project team activities and mea-
surement system. Top-level management commitment and
stakeholder involvement are all inclusive in the framework.
Without these two, the improvement strategy functions poor-
ly. All five elements support the improvement strategy and
improvement project teams.

Most big companies operate in three parts: R&D, manu-
facturing, and non-manufacturing service. Six Sigma can be
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introduced into each of these three parts separately. In fact,
the color of Six Sigma could be different for each part. Six
Sigma in the R&D part is often called “Design for Six Sigma
(DFSS),” “Manufacturing Six Sigma” in manufacturing, and
“Transactional Six Sigma (TSS)” in the non-manufacturing
service sector. All five elements in Figure 2.1 are necessary for
each of the three different Six Sigma functions. However, the
improvement methodology, DMAIC, could be modified in
DFSS and TSS. These points will be explained in detail in Sec-
tions 2.6 and 2.7.

2.2 Top-level Management Commitment and Stakeholder
Involvement

(1) Top-level management commitment

Launching Six Sigma in a company is a strategic manage-
ment decision that needs to be initiated by top-level manage-
ment. All the elements of the framework, as well as the for-
malized improvement strategy, need top-level management
commitment for successful execution. Especially, without a
strong commitment on the part of top-level management, the
training program and project team activities are seldom suc-
cessful. Although not directly active in the day-to-day improve-
ment projects, the role of top-level management as leaders,
project sponsors and advocates is crucial. Pragmatic manage-
ment is required, not just lip service, as the top-level manage-
ment commits itself and the company to drive the initiative for
several years and into every corner of the company.

There are numerous pragmatic ways for the CEO (chief
executive officer) to manifest his commitment. First, in setting
the vision and long-term or short-term goal for Six Sigma, the
CEO should play a direct role. Second, the CEO should allo-
cate appropriate resources in order to implement such Six
Sigma programs as training schemes, project team activities
and measurement system. Third, the CEO should regularly
check the progress of the Six Sigma program to determine
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whether there are any problems which might hinder its suc-
cess. He should listen to Six Sigma reports and make com-
ments on the progress of Six Sigma. Fourth, he should hold a
Six Sigma presentation seminar regularly, say twice a year, in
which the results of the project team are presented and good
results rewarded financially. Finally, he should hold a Cham-
pion Day regularly, say once in every other month, in which
Champions (upper managers) are educated by specially invit-
ed speakers and he should discuss the progress of Six Sigma
with the Champions.

The stories of Robert W. Galvin of Motorola, Allen Yurko
of Invensys, and John E. Welch of GE display many similari-
ties. They all gave Six Sigma top priority. For example,
Galvin, the former CEO and chairman, now head of the exec-
utive committee of Motorola, always asked to hear the Six
Sigma reports from different divisions first in every operations
meeting. Allen Yurko of Invensys, a global electronics and
engineering company with headquarters in London, chose to
state his famous “5-1-15-20 goals of Six Sigma” in terms of
cost savings, revenue growth, profit increase and cash-flow
improvement in the annual reports, and followed up with reg-
ular reports on progress. Here, “5-10-15-20” is shorthand for
a 5% reduction in productions costs, 10% organic growth in
sales, 15% organic growth in profit and 20% improvement in
cash-flow and then inventory turns. The CEOs of other Six
Sigma companies show similar consistency in their display of
commitment.

Even before the first results start to come in at the head-
quarters, a high degree of personal faith and commitment
from top-level management to the Six Sigma initiative are
necessary. A good example is John F. Welch’s elaboration on
his five-year plan for Six Sigma. In his speech at the GE
1996 Annual Meeting in Charlottesville, he makes it clear
that “... we have set for ourselves the goal of becoming, by
the year 2000, a Six Sigma quality company which means a
company that produces virtually defect-free products, ser-
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vices and transactions.” His speech is a landmark one for
Six Sigma, and it is cited in full in Appendix A-5.

It is also the responsibility of top-level management to set
“stretch goals” for the Six Sigma initiative. Stretch goals are
tough and demanding, but are usually achievable. Some com-
panies set the stretch goal for process performance at 6 sigma
or 3.4 DPMO for all critical-to-customer characteristics.
However, the goals can also be set incrementally, by stating
instead the annual improvement rate in process performance.
The industry standard is to reduce DPMO by 50% annually.

(2) Stakeholder involvement

Stakeholder involvement means that the hearts and minds of
employees, suppliers, customers, owners and even society
should be involved in the improvement methodology of Six
Sigma for a company. In order to meet the goal set for improve-
ments in process performance and to complete the improve-
ment projects of a Six Sigma initiative, top-level management
commitment is simply not enough. The company needs active
support and direct involvement from stakeholders.

Employees in a company constitute the most important
group of stakeholders. They carry out the majority of
improvement projects and must be actively involved. The Six
Sigma management is built to ensure this involvement through
various practices, such as training courses, project team activ-
ities and evaluation of process performance.

Suppliers also need to be involved in a Six Sigma initiative.
A Six Sigma company usually encourages its key suppliers to
have their own Six Sigma programs. To support suppliers, it is
common for Six Sigma companies to have suppliers sharing
their performance data for the products purchased and to
offer them participation at in-house training courses in Six
Sigma. It is also common for Six Sigma companies to help
small suppliers financially in pursuing Six Sigma programs by
inviting them to share their experiences together in report ses-
sions of project team activities. The reason for this type of
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involvement is to have the variation in the suppliers’ products
transferred to the company’s processes so that most of the
process improvement projects carried out on suppliers’
processes would result in improvement of the performance.

Customers play key roles in a Six Sigma initiative. Customer
satisfaction is one of the major objectives for a Six Sigma com-
pany. Customers should be involved in specific activities such
as identifying the critical-to-customer (CTC) characteristics of
the products and processes. CTC is a subset of CTQ from the
viewpoint of the customers. Having identified the CTC
requirements, the customers are also asked to specify the
desired value of the characteristic, i.e., the target value and the
definition of a defect for the characteristic, or the specification
limits. This vital information is utilized in Six Sigma as a basis
for measuring the performance of processes. In particular, the
R&D part of a company should know the CTC requirements
and should listen to the voice of customers (VOC) in order to
reflect the VOC in developing new products.

2.3 Training Scheme and Measurement System

(1) Training scheme

In any Six Sigma program, a comprehensive knowledge of
process performance, improvement methodology, statistical
tools, process of project team activities, deployment of cus-
tomer requirements and other facets is needed. This knowl-
edge can be cascaded throughout the organization and
become the shared knowledge of all employees only through
a proper training scheme.

There are five different fairly standardized training courses
in Six Sigma. To denote these courses, Six Sigma companies
have adopted the belt rank system from martial arts which is
shown in Figure 2.2. There are the White Belts (WB), Green
Belts (GB), Black Belts (BB), Master Black Belts (MBB) and
Champions.
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Course levels Belts
Overall vision ®) Champion
Most comprehensive ©00 Master Black Belt
Comprehensive OO Black Belt

Medi ©OOOOO Green Belt
edian ©EO0060 een Be

Basi ©OOOOOOOO White Belt
asie 0EO0EOEO0O ere

Figure 2.2. Course levels and belts for Six Sigma training scheme

The WB course gives a basic introduction to Six Sigma.
Typically, it is a 2-3 day course and is offered to all employ-
ees. It covers a general introduction to Six Sigma, frame-
work, structure of project teams and statistical thinking.
The GB course is a median course in content and the par-
ticipants also learn to apply the formalized improvement
methodology in a real project. It is usually a 1-2 week
course, and is offered to foremen and middle management.
The BB course is comprehensive and advanced, and aims at
creating full-time improvement project leaders. Black Belts
are the experts of Six Sigma, and they are the core group in
leading the Six Sigma program. The duration of a BB course
is around 4-6 months with about 20 days of study semi-
nars. In-between the seminar blocks, the participants are
required to carry out improvement projects with specified
levels of DMAIC steps. The BB candidates are selected from
the very best young leaders in the organization.

An MBB has BB qualifications and is selected from Black
Belts who have much experience of project activities. An
MBB course is most comprehensive as it requires the same
BB training and additionally planning and leadership train-
ing. Champions are drivers, advocates and experienced
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sources of knowledge on Six Sigma. These people are select-
ed among the most senior executives of the organization. A
Champion course is usually a 3-4 day course, and it con-
centrates on how to guide the overall Six Sigma program,
how to select good improvement projects and how to eval-
uate the results of improvement efforts.

The number of people who are trained at the different
levels depends on the size of company and its resources. A
common guideline is to have one BB for every 100 employ-
ees, around 20 GBs for every BB, and 20 BBs for every
MBB. Therefore, if a company has 10,000 people, a good
guideline is that there should be 5 MBBs, 100 BBs, 2,000
GBs and the remaining people are WBs.

Most Six Sigma companies, and also consulting organi-
zations, which offer these training courses typically issue a
certificate to all participants successfully completing the
courses. Just as the course contents differ among different
Six Sigma companies, the certificates also differ in layout
and content. After completing the courses, most companies
require that GBs complete one improvement project and
BBs three or four improvement projects annually. The con-
sequence of not following these requirements would be
withdrawal of the certificate.

(2) Measurement system

A Six Sigma company should provide a pragmatic sys-
tem for measuring performance of processes using a
sigma level, ppm or DPMO. The measurement system
reveals poor process performance and provides early indi-
cations of problems to come. There are two types of char-
acteristics: continuous and discrete. Both types can be
included in the measurement system. Continuous charac-
teristics may take any measured value on a continuous
scale, which provides continuous data. In continuous
data, normally the means and variances of the CTQ char-
acteristics are measured for the processes and products.
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From the mean and variance, the sigma levels and process
capability indices can be calculated.

Discrete characteristics are based on counts, such as yes/no,
good/bad, which provide attribute data. A much larger num-
ber of observations is needed for a discrete characteristic com-
pared to a continuous characteristic in measuring process per-
formance by means of DPMO. A rule of thumb is to require
at least 20 observations for assessing the performance of a
continuous characteristic and at least 200 observations for a
discrete characteristic.

The data for the characteristic selected for the Six Sigma
measurement system is collected individually at predeter-
mined time intervals such as hourly, daily, or weekly. Based
on the data collected, the DPMO value for the individual
characteristic is calculated. Although continuous data and
discrete data need to be measured and analyzed differently,
the results can be consolidated into one number for the
process performance of the whole company. The perfor-
mance of the individual characteristic included in the mea-
surement system can be tracked over time, as can the consol-
idated value for the company’s goods, services, projects and
processes. Most Six Sigma companies make use of spread-
sheets and databases to collect, analyze, and track results.
Both standard software packages and tailor-made systems are
used. The results, typically visualized in simple graphical
illustrations such as a trend chart (see Chapter 4), are dis-
tributed within the company through intranet, newsletters,
information stands and so on. Of particular importance is the
consolidated DPMO value for the whole company. The mea-
surement system brings process performance to the attention
of the whole organization — simple to understand and easy to
remember.

2.4 DMAIC Process

The most important methodology in Six Sigma manage-
ment is perhaps the formalized improvement methodology
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characterized by DMAIC (define-measure-analyze-improve-
control) process. This DMAIC process works well as a
breakthrough strategy. Six Sigma companies everywhere
apply this methodology as it enables real improvements and
real results. The methodology works equally well on varia-
tion, cycle time, yield, design, and others. It is divided into
five phases as shown in Figure 2.3. In each phase the major
activities are as follows.

Phase 0: Definition |

—I Characterization Phase 1: Measurement |

Phase 2: Analysis |

Improvement
strategy

Phase 3: Improvement |

—I Optimization

Phase 4: Control |

Figure 2.3. Improvement phases

Phase 0: (Definition) This phase is concerned with iden-
tification of the process or product that needs improve-
ment. It is also concerned with benchmarking of key
product or process characteristics of other world-class
companies.

Phase 1: (Measurement) This phase entails selecting prod-
uct characteristics; i.e., dependent variables, mapping the
respective processes, making the necessary measurement,
recording the results and estimating the short- and long-
term process capabilities. Quality function deployment
(QFD) plays a major role in selecting critical product char-
acteristics.
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Phase 2: (Analysis) This phase is concerned with analyzing
and benchmarking the key product/process performance
metrics. Following this, a gap analysis is often undertaken
to identify the common factors of successful performance;
i.e., what factors explain best-in-class performance. In some
cases, it is necessary to redefine the performance goal. In
analyzing the product/process performance, various statisti-
cal and basic QC tools are used.

Phase 3: (Improvement) This phase is related to selecting
those product performance characteristics which must be
improved to achieve the goal. Once this is done, the char-
acteristics are diagnosed to reveal the major sources of vari-
ation. Next, the key process variables are identified usually
by way of statistically designed experiments including
Taguchi methods and other robust design of experiments
(DOE). The improved conditions of key process variables
are verified.

Phase 4: (Control) This last phase is initiated by ensuring
that the new process conditions are documented and moni-
tored via statistical process control (SPC) methods. After
the “settling in” period, the process capability is reassessed.
Depending upon the outcome of such a follow-on analysis,
it may become necessary to revisit one or more of the pre-
ceding phases.

The flowchart for DMAIC quality improvement process
is sketched in Figure 2.4.
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Figure 2.4. Flowchart of DMAIC process
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2.5 Project Team Activities

(1) An ideal way to introduce Project Team Activities

For a company which wishes to introduce Project Team
Activities as the management strategy, the author would like
to recommend the following seven-step procedure.

1) Organize a Six Sigma team and set up the long-term
Six Sigma management vision for the company.

2) Start Six Sigma education for Champions first.

3) Choose the area for which a Six Sigma process is to be
introduced first.

4) Start the education for Green Belts (GB) and Black
Belts (BB).

5) Deploy CTQs for all areas concerned. Appoint a few
or several BBs as full-time project team leaders and ask
them to solve some important CTQ problems.

6) Strengthen the infrastructure for Six Sigma, such as
statistical process control (SPC), knowledge manage-
ment (KM), and database management system.

b

7) Designate a “Six Sigma Day” each month, and have
the top-level management check the progress of Six
Sigma project teams, and organize presentations or
awards for accomplishments, if any.

First of all, a few or several members should be appointed
as a Six Sigma team to handle all Six Sigma activities. Subse-
quently, the team should set up the long-term Six Sigma
vision for the company under the supervision of top-level
management. This is the first and the most important task for
the team. It is said that this is the century of 3Cs, which are
Change, Customer and Competition, for quality. The Six
Sigma vision should match these 3Cs well. Most important-
ly, all employees in the company must agree to and respect
this vision.
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Second, Six Sigma can begin with proper education for
all levels of the company’s employees. The education
should begin with the top management and directors
(Champions). If Champions do not understand the real
meaning of Six Sigma, there is no way for Six Sigma to be
disseminated within the company. Following the educa-
tion of Champions, the training for GB, BB, and MBB
(Master Black Belts) must be conducted in that sequence.
However, the MBB education is done usually by profes-
sional organizations.

Third, Six Sigma can be divided into three parts according
to its characteristics. They are Design for Six Sigma (DFSS)
for the R&D area, Six Sigma for manufacturing processes,
and Transactional Six Sigma (TSS). DFSS is often called
R&D Six Sigma. It is not easy to introduce Six Sigma to all
areas at the same time. In this case, the CEO should decide
the order of introduction to those three areas. Usually it is
easy to introduce Six Sigma to manufacturing processes first,
followed by the service areas and the R&D areas. However,
the order really depends on the circumstances of the compa-
ny at the time.

Fourth, GB and BB educations are the most important
ingredients for Six Sigma success.

Fifth, deploy CTQs for all departments concerned. These
CTQs can be deployed by policy management or by manage-
ment by objectives. When the BBs are born, some important
CTQ problems should be given to these BBs to solve. In prin-
ciple, the BB should be the project leaders and work as full-
time workers for quality innovation.

Sixth, in order to firmly introduce Six Sigma, some basic
infrastructure is necessary. The tools required include SPC,
MRP (material requirement planning), KM, and DBMS. In
particular, efficient data acquisition, data storage, data analy-
sis and information dissemination systems are necessary.

Lastly, a “Six Sigma Day” each month must be designated.
On this day, the CEO must check the progress of Six Sigma
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project teams personally. On this day, all types of presenta-
tions of Six Sigma results can be made, and rewards can be
given to the persons who performed excellent jobs in support
of the Six Sigma initiative.

(2) Problem-solving processes for project activities

The original Six Sigma process developed for problem-solv-
ing at Motorola is MAIC, which means measurement, analy-
sis, improvement, and control. Later, DMAIC instead of
MAIC was advocated at GE where D stands for definition.
MAIC or DMAIC is mostly used as a unique problem-solving
process in manufacturing areas. However, with DFSS, there
are several proposed processes as follows.

1) DMADYV (Define — Measure — Analyze — Design — Ver-
ify). MADV was suggested by Motorola for DFSS, and
D was added to it for definition. DMADV is similar to
DMAIC.

2) IDOV (Identify — Design — Optimize — Validate). This
was suggested by GE and has been used most fre-
quently in practice.

3) DIDES (Define — Initiate — Design — Execute — Sustain).
This was suggested by Qualtec Consulting Company.

It seems that the above problem-solving processes for man-
ufacturing and R&D are not quite suitable for service areas.
The author believes that DMARIC (Define — Measure —
Analyse — Redesign — Implement — Control) is an excellent
problem-solving process of TSS for non-manufacturing ser-
vice areas. Here, the “redesign” phase means that the system
for service work should be redesigned in order to improve the
service function.
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(3) Difference between project teams and quality circles

In Six Sigma, the project teams leading by BBs are the
backbone of group activities. However, in TQC or TQM,
quality circles constitute the backbone of group activities.
There are some basic differences between these two teams
as shown in Table 1. In the old management strategies of
TQC and TQM, there are usually two types of team
efforts, namely, the task-force-team and the quality circle
team. The task-force-team mainly consists of engineers
and scientists, and the quality circle team consists of the
line operators. However, in Six Sigma, these two teams are
merged into one, called the “project team,” whose leader
is usually a BB. For theme selection and problem-solving
flow, the differences are also listed in Table 1.

Depending on management policy, it is permissible for a
company to have project teams and quality circle teams at
the same time under the banner of Six Sigma. However, care
should be exercised in controlling the two types of teams.

Table 2.1. Differences between project team and quality circle

Classification Project team Quality circle

Engineers (or scientists)
Organization + operators one BB Operators
+ several GBs

i Top-down, i
Theme selection Bottom-up, self-selection
company CTQs
. DMAIC, DMADV,
Problem-solving, flow PDCA
IDOV, DMARI

(4) How to select project themes?

As shown in Table 2.1, the project themes are selected essen-
tially by a top-down approach, and company CTQs are nomi-
nated as themes most of the time. The deployment method in
order to select project themes is shown in Figure 2.5.
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Stage 1 | Company’s management goal |
Planning R&D Manufacturing Sales Other
Stage 2 Division Division Division Division Division
CTQs CTQs CTQs CTQs CTQs
Stage 3 [ sw-ctor | | su-ctqe |
s 2 Process CTQ1 Process CTQ2
tage (theme 1) (theme 2)

Figure 2.5. Deployment for selection of project themes

For example, suppose that one of the company’s manage-
ment goals is to improve production capability without further
investment. For this particular goal, each division must have its
own CTQs. Suppose that the manufacturing division has such
CTQs as machine down-time and rolled throughput yield
(RTY). For instance, for the machine down-time, there may be
more than two sub-CTQs: heating machine down-time, cool-
ing machine down-time, and pump down-time. For the sub-
CTQ of heating machine down-time, process CTQ1 (theme 1)
could be “reduction of heating machine down-time from 10
hours/month to 5 hours/month,” and process CTQ2 (theme 2)
could be “10% improvement of heating process capability.”

2.6 Design for Six Sigma

(1) DEFESS process

Based on the author’s consulting experiences, it is not easy
for a company to adopt DFSS. However, once it is fully adopt-
ed, the net effect and cost savings can be enormous. Figure 2.6
shows a DFSS process which is quite effective in a research
institute. Samsung and LG Electronics are using this process.
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(2) Major activities in IDOV steps

In Figure 2.6, we see a typical DFSS process and the IDOV
steps. The major activities and methodologies used in each
step can be found in Figure 2.7.

Define
Plgn product/
project technology

Select/
approve
project

Approve
feasibility

y

X Projgct Design .
Identify plgn_r}mg/ product/ Design Optimize Verify
CTQs initial technology process
design

y

Approve
CTQs

y

Approve
product

y

Approve
process

Approve
project

Approve
optimize

Approve
project

Identify Design Optimize Verify

Prepare mass production <

Approve
mass production

Figure 2.6. Atypical DFSS process

There are several problems to be tackled for DFSS imple-
mentation. These problems must be solved for a smooth intro-
duction of DFSS. They are as follows.

1) Researchers tend to resist introduction of any new sci-
entific methodology into their research activities.
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Figure 2.7. Major activities and methods in each step of IDOV
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Hence, their understanding and cooperation or
approval should be sought before introducing the
DFSS into their activity.

2) GB or BB education/training is especially necessary,
since there are many scientific tools for R&D including
QFD, DOE, simulation techniques, robust designs and
regression analysis. For such education/training, text-
books that contain real and practical examples should
be carefully prepared in order to make researchers
understand why DFSS is a very useful tool.

3) Project team activities are usually not popular in R&D
departments. In this case, BBs should be assigned as
full-time project leaders. It is desirable that the com-
pany gives time, space and necessary financial support
to the BBs to solve the projects.

The author has been interested in DFSS, and his views and
detailed explanation are given in Park and Kim (2000), and
Park, et. al. (2001).

2.7 Transactional/Service Six Sigma

As mentioned earlier, Six Sigma in a big manufacturing
company is composed of three parts: DFSS, manufacturing Six
Sigma, and Transactional Six Sigma (TSS). However, there are
many service companies that deal only with service work such
as insurance, banking and city government. In this section,
TSS including service Six Sigma will be discussed.

(1) Measurement and project team activities

Many companies have learned a key lesson in their imple-
mentation of Six Sigma: successful outcomes are very often pro-
duced in transactional processes such as sales, purchasing, after-
service, and financing. However, arriving at a meaningful defi-
nition of defects and collecting insightful metrics are often the
biggest challenges in transactional and service processes. Pro-
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jects involving these processes sometimes lack objective data.
When the data do exist, the practitioner is usually forced to
work with attribute data such as pass/fail requirements or num-
ber of defects. Teams should strive for continuous data over
attribute data whenever possible, since continuous data provide
more options in terms of the available statistical tools and yield
more information about the process with a given sample size.

In transactional/service projects, a process may be defined
and a goal can be set but frequently without a set of known
specification limits. Setting a goal or soft target as a specifica-
tion limit for the purpose of determining the process capabili-
ty/performance indices can yield only questionable results. It
requires persistence and creativity to define the process metrics
that yield true insight into transactional/service processes. How-
ever, many of the “low-hanging fruit” projects can be success-
fully attacked with some of the seven QC tools: cause-and-
effect analysis, histogram, Pareto diagram, scatter-diagram, or
simple graphs. These tools can help teams determine where to
focus their efforts initially while establishing the data collection
system to determine the root cause of the more difficult aspects
of a project.

The correlation/regression or DOE (design of experiments)
techniques are frequently associated with manufacturing
processes, but they can provide significant benefits to transac-
tional/service projects as well. A well-designed DOE can help
establish process parameters to improve a company’s efficiency
and service quality. The techniques offer a structured, efficient
approach to experimentation that can provide valuable process
improvement information.

(2) Flow of project team activities

As mentioned earlier in Section 2.5, the suggested flow of
the project team activities in transactional/service processes is
DMARIC. At each step, the actions shown in Table 2.2 are
recommended.
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Table 2.2. Suggested actions in each step of DMARIC project team
activities

Step Action

Define the scope and surrounding conditions of the project.
Identify critical customer requirements and CTQy's.

Check the competitiveness of the CTQy's by benchmarking.
Describe the business impact of the project.

Definition (D)

Identify the project metrics for the CTQy'’s.

Measure the project metrics, and start compiling them in time
series format by reflecting the long-term variabilities.

3. Address financial measurement issues of project.

I e e o

Measurement (M)

1. Create a process flowchart/process map of the current process at
a level of detail that can give insight into what should be done
differently.

. 2. Create a cause-and-effect diagram or matrix to identify input

Analysis (A) variables, CTQx's, that can affect the process output, CTQy.

3. Rank importance of input variables using a Pareto diagram.

4. Conduct correlation, regression and analysis of variance studies to
gain insight into how input variables can impact output variables.

1. Consider using DOEs to assess the impact of process change
considerations within a process.

. 2. Consider changing work standards or process flow to improve

Redesign (R) process quality or productivity.

3. Determine optimum operating windows of input variables from
DOEs and other tools.

1. Set up the best work standards or process flow.

2. Test whether the optimum operating windows of input variables are

Implement (1) suitable, and implement them.

3. Verify process improvements, stability, and performance using
runcharts.

1. Update control plan. Implement control charts to check important
output and input variables.

2. Create a final project report stating the benefits of the project.
Make the project report available to others within the organization.

4. Monitor results at the end of 3 and 6 months after project
completion to ensure that project improvements are maintained.

Control (C)

w
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3. Six Sigma Experiences and Leadership

3.1 Motorola: The Cradle of Six Sigma

Motorola was established by Paul V. Galvin in 1929. Start-
ing with car radios, the company thrived after the Second
World War and moved its product range via television to high-
technology electronics, including mobile communications sys-
tems, semiconductors, electronic engine controls and comput-
er systems. Today, it is an international leading company with
more than $30 billion in sales and around 130,000 employees.
Galvin succeeded his father as president in 1956 and as CEO
and chairman in 1964.

In the late 1970s, Galvin realized that Motorola was in dan-
ger of being buried by the Japanese on quality, and he received
strong evidence of actual customer dissatisfaction. First in
1981, he decided to make total customer satisfaction the fun-
damental objective of his company. He set a goal of a ten-fold
improvement in process performance over the next five years.
He started empowering people with the proper tools, and he
requested help from quality experts such as Joseph M. Juran
and Dorian Shainin. Juran provided methods on how to iden-
tify chronic quality problems and how to tackle the problems
by improvement teams. Shainin helped them with statistical
improvement methodologies such as design of experiments and
statistical process control.

During 1981-1986, seminar series were set up and some
3,500 people were trained. At the end of 1986, Motorola had
invested $220,000, whereas cost savings topped $6.4 million.
The intangible benefits included real improvements in perfor-
mance and customer satisfaction, alongside genuine interest
from top-level management in statistical improvement
methodologies and enthusiastic employees.

Despite such incredible success, Motorola was still facing a
tough challenge from Japan. The Communication Sector,
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Motorola’s main manufacturing division, presented their ideas
for an improvement program to Mr. Galvin in a document
titled “Six Sigma Mechanical Design Tolerancing”. At that
time, Motorola possessed data indicating that they were per-
forming at 4 sigma, or 6,800 DPMO. By improving process
performance to 6 sigma, i.e. 3.4 DPMO, in the following five
years, the Communication Sector estimated that the gap
between them and the Japanese would diminish.

Galvin, it was said, liked the name Six Sigma because it
sounded like a new Japanese car and he needed something
new to attract attention. In January 1987, he launched this
new, visionary strategic initiative called “Six Sigma Quality”
at Motorola emphasizing the following milestones:

e Improve product and service quality by a factor of 10
by 1989

e Achieve at least 100-fold improvement by 1991

e Achieve 6 sigma quality level by 1992

To ensure that the organization could accomplish the mile-
stones of the Six Sigma program, an aggressive education
campaign was launched to teach people about process varia-
tion and the necessary tools to reduce it. Spending upwards of
$50 million annually, employees at all levels of the organiza-
tion were trained. Motorola University, the training center of
Motorola, played an active role in this extensive Six Sigma
training scheme. The company has excellent in-house experts
who greatly contributed to the drive and conceptual develop-
ments of Six Sigma. They included the likes of Bill Smith,
Michael J. Harry and Richard Schroeder. Smith set up the sta-
tistics, while Harry and Schroeder helped management and
employees put these to work for them.

Motorola focused on top-level management commitment
to reinforce the drive for Six Sigma, convincing people that
Six Sigma was to be taken seriously. The general quality poli-
cy at that time also reflected the company’s Six Sigma initia-
tive. For example, the quality policy for the Semiconductor
Products Sector explicitly states the quality policy as follows.
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“It is the policy of the Motorola Semiconductor Products
Sector to produce products and provide services according to
customer expectations, specifications and delivery schedule.
Our system is a six sigma level of error-free performance.
These results come from the participative efforts of each
employee in conjunction with supportive participation from
all levels of management.”

Savings estimates for 1988 from the Six Sigma program
totalled $480 million from $9.2 billion in sales. The company
soon received external recognition for its Six Sigma drive. It
was one of the first companies to capture the prestigious Mal-
colm Baldrige National Quality Award in 1988. The follow-
ing year, Motorola was awarded the Nikkei Award for manu-
facturing from Japan. Motorola adopted “Six Steps to Six
Sigma” for guiding the spread of process improvement which
is shown in Table 3.1. Process was greatly improved through-
out the company both in manufacturing and non-manufac-
turing areas of operation.

Table 3.1. Six Steps to Six Sigma applied by Motorola for process
improvement

Manufacturing area Non-manufacturing area

Identify physical and functional require- Identify the work you do

ments of the customer. (your product).

« Determine characteristics of product « Identify who your work is for
critical to each requirement. (your customer).

« Determine, for each characteristic « ldentify what you need to do your work,
whether controlled by part, process, or and from whom (your supplier).
both.

« Determine process variation for each * Map the process.
characteristic.

« Determine process variation for each « Mistake-proof the process and eliminate
characteristic. delays.

If process performance for a characteristic Establish quality and cycle time
is less than 6 sigma, then redesign measurements and improvement goals.
materials, product and process as required.
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Six Sigma at Motorola became a corporate success story
that had reached its targets in most areas by the deadline of
1992. CEO George Fisher is quoted as having said in 1993:
“We have reached the Six Sigma target in many areas, but not
as a company. Right now, manufacturing is probably at
around five sigma levels. We have launched the ‘Beyond Six
Sigma’ program so that those businesses that have succeeded
in Six Sigma keep going and aim to improve our defect level
10 times every two years.” He also explained that: “We have
saved a significant amount of the costs of manufacturing,
$700 million during 1991, and a total of $2.4 billion since the
beginning of our Six Sigma thrust.”

Motorola is still applying Six Sigma. However, the compa-
ny launched a renewal program besides Six Sigma in 1998
influenced by the financial crisis and recession in Asia, one of
its most important markets. The new program had four key
objectives:

Global leadership in core businesses
Total solutions through partnerships
Platforms for future leadership
Performance excellence

Within the last objective, namely performance excellence, Six
Sigma quality and cycle time reductions have been emphasized.

3.2 General Electric: The Missionary of Six Sigma

General Electric (GE) has the unique distinction of being at
the top of the Fortune 500 companies interms of market cap-
italization. Market capitalization means that if someone mul-
tiplies GE’s outstanding shares of stock by its current market
price per share, GE is the highest-valued company listed on all
U.S. stock exchanges. The monetary value exceeds the gross
domestic product of many nations around the world.

Even though Motorola is the founder of Six Sigma, GE is
the company which has proven that Six Sigma is an exciting
management strategy. GE is indeed the missionary of Six

54



Six Sigma Experiences and Leadership

Sigma. GE began its Six Sigma program in 1995, and has
achieved remarkable results since then. An annual report of
GE states that Six Sigma delivered more than $300 million to
its operating income. In 1998, this number increased to $750
million. At the GE 1996 Annual Meeting, CEO Jack Welch
described Six Sigma as follows: “Six Sigma will be an exciting
journey and the most difficult and invigorating stretch goal
we have ever undertaken. ... GE today is a quality company.
It has always been a quality company. ... This Six Sigma will
change the paradigm from fixing products so that they are
perfect to fixing processes so that they produce nothing but
perfection, or close to it.” The full text of the speech of Jack
Welch at the GE 1996 Annual Meeting in Charlottesville, Vir-
ginia on April 24, 1996 is attached in Appendix A-5. This
speech is regarded as a milestone in Six Sigma history.

GE listed many examples as typical Six Sigma benefits
(General Electric, 1997). A few of them are as follows:

® GE Medical Systems described how Six Sigma designs
have produced a 10-fold increase in the life of CT scan-
ner X-ray tubes — increasing the “up-time” of these
machines and the profitability and level of patient care
given by hospitals and other health care providers.

e Super-abrasives — our industrial diamond business —
described how Six Sigma quadrupled its return on invest-
ment and, by improving yields, is giving it a full decade’s
worth of capacity despite growing volume — without
spending a nickel on plant and equipment capacity.

e The plastic business, through rigorous Six Sigma process
work, added 300 million pounds of new capacity (equiv-
alent to a free plant), saved $400 million in investment,
and was to save another $400 million by 2000.

Six Sigma training has permeated GE, and experience with
Six Sigma implementation is now a prerequisite for promotion
to all professional and managerial positions. Executive com-
pensation is determined to a large degree by one’s proven Six
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Sigma commitment and success. As of 1998, GE boasts slight-
ly under 4,000 full-time, trained BBs and MBBs. They also
claim to have more than 60,000 part-time GBs who have
completed at least one Six Sigma project (Pyzdek, 1999).

3.3 Asea Brown Boveri: First European Company to
Succeed with Six Sigma

Asea Brown Boveri (ABB), the Swiss-Swedish technology
group, was probably the first European multinational to intro-
duce Six Sigma. Most of the following information about ABB
comes from the reference, Magnusson et. al. (2000). ABB has
160,000 employees in more than 100 countries. It serves cus-
tomers in five segments: Power Transmission and Distribution;
Automation; Oil, Gas and Petrochemicals; Building Technolo-
gies; and Financial Services. Under the leadership of President
and CEO Percy Barnevik, now acting chairman of the board,
and his successor Goran Lindahl, the company has thrived.
Mr. Lindahl states in the 1999 Annual Report: “We aim to
work so closely with our customers that we become part of
their business, and they part of ours — sharing the endeavor of
building excellence, efficiency and productivity.”

Six Sigma was launched in the segment of Power Trans-
mission and Distribution in 1993 on a voluntary basis for the
plants. This segment counts for around 7,000 employees in 33
manufacturing plants in 22 countries. The Six Sigma program
has remained consistent over the years, the drive has matured
and commitment is generated by successful results. Six Sigma
has been implemented by all transformer plants and has
spread into other ABB businesses, suppliers and customers
because of its own merits.

The overall objective of ABB at the beginning of Six Sigma
was customer focus in addition to cost reduction, cycle time
reduction and self-assessment programs. Since 1993, several ini-
tiatives have been attempted with the objective of finding a
pragmatic approach. In late 1993, ABB asked Michael J. Harry,
a Six Sigma architect at Motorola, to join as vice president of
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ABB, and asked him to be responsible for Six Sigma implemen-
tation. During his two years with ABB, he devoted much of his
time to the business area for power transformers. His emphasis
was on cost-saving results, performance measurements, training
courses and a formalized improvement methodology. It was his
consistent philosophy that Six Sigma should be carried out
based on voluntary participation and active involvement. His
message was clear: introduction in each plant was a decision to
be made by the local plant management. It was not forced on
any plant by the business area headquarters.

Plants interested in Six Sigma sent employees to BB courses
at the headquarters and substantial cost savings were achieved
immediately by project team activities led by trained BBs. The
first BB course was held in 1994. Since then, more than 500
BBs have graduated from the business area’s Six Sigma training
courses. The BB course has been made much more demanding
over the years and at an early stage significant cost savings
were required in the mandatory homework projects.

In the early days of Six Sigma at ABB, plants started to
identify key process and product characteristics to be assessed
and created measurement cards to be used for data collection
in workshops. They developed a database for data storage
and reported DPMO values to the headquarters. It became
clear that a specific process in one plant could be compared to
similar processes of other plants. “This is really benchmark-
ing” and “DPMO values disclose problems” were obvious
conclusions. The characteristics were readily available, both
in terms of a single process and a combination of processes.
This was also true for the improvement rate. Efforts were very
successful in developing a standard set of characteristics to be
measured in the production of transformers across plants.

Six Sigma has become ingrained in the operation. Over the
years, success has bred further success. More than half of all
plants apply Six Sigma actively with excellent results, where-
as the remaining plants have focused more on training and
measurements than on project improvement work. Plants
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were not forced to introduce Six Sigma, but the reporting and
measurement of process performance, by means of DPMO,
were made mandatory.

Plants have been very much pleased with their Six Sigma
programs. A quality manager in Scotland states that “Six
Sigma is the strongest improvement approach that has been
around for a long time.” The Six Sigma initiative at ABB has
generated a great deal of positive feedback from customers
and suppliers, both to the headquarters and to the individual
plants. ABB achieved remarkable results through the applica-
tion of Six Sigma. The results include reduction of process
variation, leading to products with fewer defects, increased
yields, improved delivery precision and responsiveness, as well
as design improvements.

Most projects have been centered on manufacturing
processes, but also a good number of projects in non-manu-
facturing processes have been completed. They include front-
end clearance, invoicing, reducing ambiguity in order process-
ing, and improving production schedules.

Some of the key critical reasons for the success of Six Sigma
at ABB are complex and inter-related. However, 10 secrets of
success stand out and can be shared. Some of these may be spe-
cific to ABB, but we believe they share a broad common ground.

1) Endurance: Endurance from key people involved in
the initiative is essential — CEO, Champion and BBs.
The CEO as the number one believer, the Champion as
the number one driver, and the BBs as the number one
improvement experts.

2) Early cost reductions: For all plants launching Six
Sigma the early improvement projects have brought
confidence and determination.

3) Top-level management commitment: The top-level
management has dedicated the time, attention and
resources needed to achieve the goals set - commit-
ment put into practice.
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Voluntary basis: Voluntary basis has enabled Six
Sigma to grow on its own merits and not as a forced
compliance.

Demanding BB course: The BB course held at the
headquarters has been thorough and demanding. It
has been a vehicle for deployment and brings the Six
Sigma framework and improvement methodology into
the company.

Full-time BBs: ABB has utilized full-time BBs which
are preferable to part-time BBs. One major reason is
that a full-time BB has enough time to dedicate to car-
rying out and following up improvement projects.
After completing a few projects, a BB moves back into
operations and become a part-time BB.

Active involvement of middle managers: Active
involvement of middle managers who are usually BBs
or GBs is essential. They are in fact the backbone of
improvement efforts.

Measurement and database building: Measurements
and measurement systems are the important basis of
Six Sigma. In addition to these, database building and
information utilization are also a key factor of Six
Sigma success. ABB did excellent jobs on these.

One metric and one number: One metric on process
performance presents one consolidated number for
performance such as sigma level or DPMO. Such sim-
plicity effectively reduces complacency, which is the
archenemy of all improvement work.

10) Design of experiments: Simple design of experiments

such as factorial designs are successfully used at ABB.
Factorial experiments are well utilized today, either as

a stand-alone approach or combined with the seven
QC tools.
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3.4 Samsung SDI: A Leader of Six Sigma in Korea

(1) Introduction

The First National Quality Prize of Six Sigma was given to
two companies. One is Samsung SDI and the other is LG Elec-
tronics, which are virtually the leaders of Six Sigma in Korea.
Samsung SDI is introduced in this section, and LG Electronics
will be introduced in the next section. All statistics related to
Samsung SDI are based on its “Explanation book of the cur-
rent status of Six Sigma” which was published in 2000 when
it applied for the National Quality Prize of Six Sigma.

Samsung SDI was founded in 1970 as a producer of the
black/white Braun tube. It began to produce the color Braun
tube from 1980, and now it is the number one company for
braun tubes in the world. The market share of Braun tubes
is 22%. The major products are CDT (color display tube),
CPT (color picture tube), LCD (liquid crystal display), VFD
(vacuum fluorescent display), C/F (color filter), li-ion battery
and PDP (plasma display panel). The total sales volume is
about $4.4 billion and the total number of employees is
about 18,000 including 8,000 domestic employees. It has six
overseas subsidiaries in Mexico, China, Germany, Malaysia
and Brazil.

(2) Why Six Sigma?

Since its founding in 1970, it has employed several quality
management strategies such as QC, TQC/TPM, TQM/ISO9000,
and PI as shown in Figure 3.1. In 1996, it began PI as the begin-
ning stage of Six Sigma. Note that the direction of evolution in
management strategies is from manufacturing areas to all areas
of the company, and from product quality/small group activities
to process innovation and redesign.
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Product quality/small group activity — Process innovation & redesign

Small Cust - L
Scope of Product ma group Standard ) ustomer Participation
L . activities, policy oriented process
participation quality management ; of all areas
deployment redesign
Transactional
areas
Marketing,
R&D sales,
purchasing
) Six Sigma
Accounting
Pl
Material,
facility TQM/ISO9000
- TQC/TPM
Manufacturing ac
areas
Beginning 1970 1984 1992 1996 1999

** QC=quality control, TQC=total quality control, TPM=total productivity maintenance,
TQM-=total quality management, ISO=International Organization for Standardization,
Pl=process innovation

Figure 3.1. Evolution of quality management strategies
in Samsung SDI

The necessity of PI and Six Sigma stems from the problems
of the company as shown in Figure 3.2. The problems were in
the large quality variations in many products, repeated occur-
rences of the same defects, high quality costs (in particular,
high failure costs), insufficient unified information for quality
and productivity, manufacturing-oriented small group activi-
ties, and infrequent use of advanced scientific methods. The
company concluded that the directions for solving these prob-
lems lay in scientific and statistical approaches for product
quality, elimination of waste elements for process innovation,
and continuous learning system for people. These directions in
turn demanded a firm strategy for a complete overhaul, imply-
ing a new paradigm shift to Six Sigma.

Samsung SDI made a contract with SBTI (Six Sigma Break-
through Inc.) for Six Sigma consultation in 1999. It was a one-
year, $3.4 million contract in which SBTI was supposed to
help the company in every aspect of Six Sigma.
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| Why? ::> | STRATEGY FOR TOTAL CHANGE = SIX SIGMA
A A A

Direction of Scientific & Elimination of Continuous

problem-solving statistical waste elements learning
approaches are
necessary
A A
PRODUCT PROCESS PEOPLE

Problems ::} 1. Big quality 1. High quality cost 1. Manufacturing-
variation oriented

2. Not enough

2. Occurrence of provision of activity
same defects unified 2. Advanced
information methods are
not used

Figure 3.2. The necessity of Six Sigma

(3) Vision of Six Sigma

The CEO of Samsung SDI, Son Wook, declared the slogan
“True leader in digital world” as the Six Sigma vision at the
end of 1996. The definition of Six Sigma in the company is
“Six Sigma is the management philosophy, strategy and tool
which achieves innovative process quality and development of
world number one products, and which cultivates global pro-
fessional manpower, and a way of thinking and working from
the viewpoint of customer satisfaction.” The company
demonstrates its vision as seen in Figure 3.3. In this figure,
“Seven values” indicates vision, customer, quality, innovation,
communication, competency and integrity. These values are in
fact “the principles of action behavior” by which the employ-
ees are working in the company.
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QUE LEADER IN DIGITAL WOD

World-best
profit realization

« World #1 products Reduction of Cultivation of
« Achievement of 60 quality cost global professionals
quality level
Y
PRODUCT PROCESS PEOPLE
« 4 world #1 products * Global standard « Learning organization
« Improvement of R&D power « Improvement of « Good working habit
« Customer-oriented quality process effectiveness « 7 values

A

Well equipped with Six Sigma philosophy, systems and methodologies

« Project team activities * Belt system
« Six Sigma academy (education) * Reward system

Figure 3.3. The vision of Six Sigma

(4) Major implementation of Six Sigma
(a) Realization of Champion leadership

Six Sigma is basically a top-down management tool. For
implementation of Six Sigma, executive officers (i.e., Cham-
pions) should be the leaders of Six Sigma. In Samsung SDI,
the following points have been implemented for Champion
leadership.

e Champion education: all Champions take the Champi-
on education course of four days, and they obtain the
GB certification.
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e Champion planning: Each Champion is supposed to
plan a “Six Sigma roadmap” for his or her division
twice a year. The Champion selects the themes of pro-
jects, and he/she supervises the Six Sigma plan for
his/her division.

e Champion day: One day each month is designated as
the Champion day. On this day, the Champions wear
Six Sigma uniform, and discuss all kinds of subjects
related to Six Sigma. Examples of Champion planning,
best practice of Champion leadership, and best practice

of BB projects are presented on this day.

(b) Project selection and implementation

Projects are selected by considering the company 6Y,
which comprise company-wide CTQs, and each division’s
goal and objective. As of 2000, the company 6Y are as shown

in Table 3.2.

Table 3.2. Matrix mapping for project selection

Division's Company 6Y
Rate of
goal and .
object importance | jmprovement| Improvement| Customer Global 30% improvement SDI's
of R&D of marketing quality management of efectiveness 7 values
Customer
. 2 3 1 2 3 1 1
satisfaction
Process 1 2 1 2 3 2 1
Learning 0.5 1 3 2 1 1 3
Financial
. 1 1 2 3 1 1 1
achievement
Sum 9.5 6.5 12.0 105 55 55

According to this matrix mapping, the customer quality
gets the highest mark, 12.0, hence the first priority for project
selection is given to the company Y, customer-oriented quali-
ty. Then several project themes for this particular division can

be chosen to achieve this company Y.
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(c) Implementation of DFSS

The development system of Samsung SDI is based on E-
CIM (engineering computer integrated manufacturing). E-
CIM is a tool for maximizing the company’s competitiveness
from the viewpoint of customer demand through efficient
development process, technology standardization, PDM
(product data management) and DR (design review). The
DFSS process of Samsung SDI follows the IDOV (identify,
design, optimize, verify) process, and after each step, DR helps
to validate the process as shown in Figure 3.4.

Identify CTQ Design Optimize Verify
Process (product | —Jw] (product/process —| (verification of [—J| (verification of > @
planning) | pr1 design) DR2 | technology) |DR3 | mass production) | DR4
TRIZ, FMEA,
Methodology voc, BSC Robust design, TD, Gauge R&R, Design for
used QFD : Design of experiments, Response surface manufacturability
Benchmarking GD&T, CAD experiments

Figure 3.4. DFSS process

There are four different types of design review (DR). Each
one reviews and validates the previous immediate step. For
instance, DR1 reviews the product planning and decides
whether DFSS process can flow to the next step or not.

(d) Manpower cultivation

Six Sigma education really began from 1999, when 1,228
GBs, 30 BBs, and 9 MBBs were cultivated. However, in 2000,
62 Champions, 44 MBBs, 192 BBs, 1,385 GBs and WBs out
of all employees (total 7,818) were educated. This meant that
2.8% of all employees were BBs, and 33.4% of all employees
were GBs, which are relatively high percentages. The belt sys-
tem ran as shown in Table 3.3.

Full-time BBs are the backbone of Six Sigma manage-
ment. As soon as a BB completes the BB education course,
he/she becomes a “nominated BB.” When he completes two
BB projects, he/she becomes a “certified BB” or “full-time
BB” depending on his division’s situation. If a BB becomes a
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full-time BB, he/she is supposed to spend all of their time
working on his/her project with several GBs. Usually, his/her
mission as a full-time BB lasts one year. After one year,
his/her performance is evaluated. If he/she meets the mainte-
nance standard, he/she can be a full-time BB once again for
the next year. However, if he/she cannot meet the mainte-
nance standard, he/she should be a certified BB or nominat-
ed BB for the next year.

Table 3.3. Belt system: Qualification and maintenance

Belt Class Qualification Maintenance standard Effective period
Full- time « Full-time project supervisor « Full-time Six Sigma supervision One year
Graduate of BB and MBB courses Supervision of at least 6 BB projects
Supervision of at least 3 BB projects
MBB Certified « Part-time project supervisor « Part-time Six Sigma supervision One year
Graduate of BB and MBB courses Supervision of at least 3 BB projects
Supervision of at least 3 BB projects
Nominated « Graduate of BB and MBB courses Permanent
Supervision of less than 3 BB projects
Full-time * Full-time project leader  Full-time project leader One year
Graduate of BB course Completion of 2 projects
Completion of 2 BB projects Supervision of at least 12 GB projects
88 Certified « Part-time project leader « Part-time project leader One year
Graduate of BB course Completion of 1 project
Completion of 2 BB projects Supervision of at least 4 GB projects
Nominated « Graduate of BB course Permanent
Completion of less than 2 BB projects
« Graduate of GB course . .
GB No class ) . + Completion of 1 project One year
Completion of 1 project
WB No class * Graduate of WB course Permanent

(5) Major results of Six Sigma

In the first half of 2000, 68 projects were completed, and
their savings were about $18 million, and about $100,000
was awarded to the project teams by the incentive system. The
total sales for 1998, 1999 and 2000 were $3.86 billion, $4.25
billion, $5.23 billion (estimated), respectively. The excellent
Six Sigma programs contributed to the sharp increases. The
pre-tax profits for these three years were $51.7 million,
$166.7 million, and $600 million, respectively, exhibiting dra-
matic yearly increases.

66



Six Sigma Experiences and Leadership

The quality cost in 1999 was $0.38 billion, or 11.3% of
total sales. However, due to intensive project activities to
reduce the quality cost, the quality cost for 2000 was estimat-
ed at $0.30 billion, or roughly 5.6% of the total sales. This
remarkable gain in sales and profit together with reduction of
quality costs attest to the positive effects of Six Sigma projects.

3.5 Digital Appliance Company of LG Electronics: Success
Story with Six Sigma

(1) Introduction

The Digital Appliance company of LG Electronics (LGE-
DA) is another company which received the first national Six
Sigma quality prize in 2000. LGE was founded in 1958 under
the name of Goldstar, and later became LGE in 1995. LGE
consists of three companies: Digital Appliance, Digital Media,
and Digital Multimedia. LGE-DA received the first national
Six Sigma quality award. The major products of LGE-DA are
air conditioners, washing machines, vacuum cleaners,
microwave ovens, air compressors, refrigerators and motors.
As of 2000, the company had 4,800 employees with total
sales of $2.5 billion. LGE now has 30 different overseas sub-
sidiaries in China, Turkey, England, Mexico, Hungary, India,
Vietnam, Indonesia, and other countries.

(2) Business innovation activity

The business innovation activities of LGE-DA since 1990
are sketched roughly in Figure 3.5. In early 1990s, for business
reasons the company concentrated on cooperation of capital
and labor, since there were numerous labor strikes in the late
1980s. After they overcame the labor problems, the price
reduction movement became the major business issue for com-
petitiveness in the international market. In 1998, Korea was hit
by the so-called “IMF crisis” and all business sectors were in
bad shape. From 2000 onwards, the Korean economy began to
revive. Although LGE-DA adopted the Six Sigma concept from

67



Six Sigma for Quality and Productivity Promotion

1996, only in 2000 did LGE-DA ardently employ Six Sigma to
sharply upgrade its business performance and set its goal to be
“The global top tier in appliance industries” by 2003.

'90 ~ '94 ~ ‘98 ~ 2000 ~

Business

Issue Cooperation of Reduction of price IMF crisis Jumping

capital and labor

90 ~ '95 ~ 2000 ~
Innovation Total 3BY3 Six Sigma &
Activity Productivity Control e-Biz

N, A’QE G * 100PPM (4 * Six Si
ix Sigma
Management IQ ( 0)>I (40) — —
- TQC « FI-10 » Manufacturing 65 * 60 e-Academy
*+ PMS * R&D 60 * 60 Marketing Strategy
* Vie21 « Transactional 6o
IMF: International Monetary Fund
3BY3:  Movement of 3 times increase in productivity and profit in 3 years

AQL: Average Quality Level

100PPM: Quality movement to produce at most 100 defective items in one
million items produced.

FI-10:  Factory Innovation 10. This movement demands that the 10 most
vital problems in the factory should be resolved through innovation.

PMS: Product Marketing Strategy

Vic21:  Product development process using concurrent engineering

Figure 3.5. Business innovation activities

For innovation activities, LGE-DA adopted TPC which is
based on TQC (total quality control). Since 1995, it has
adopted “3BY3” movement in order to improve productivity
and sales profit 3 times in 3 years. From 2000 Six Sigma and
e-business strategies became the major innovation activities
for this company. As far as quality management is concerned,
the AQL was approximately at the 30 level until 1991. Owing
to the 100PPM movement since 1992, the company became
successful in enhancing its quality level to 40. In 1996 it
adopted Six Sigma, challenging itself to achieving the goal of
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60 quality level in a few years. The company established a 60
e-Academy for training people, and adopted a 60 marketing
strategy as their major quality management concept.

(3) Six Sigma roadmap

The Six Sigma quality initiative at LGE-DA means “total
customer satisfaction” with the products and services it pro-
vides. In order to achieve total customer satisfaction, the com-
pany made the Six Sigma roadmap as shown in Figure 3.6. Six
Sigma is divided into three parts: manufacturing 60, R&D 60
and transactional 60. LGE-DA adopted “manufacturing 60”
first in 1996, and then “R&D 60” in 1997. “Transactional
60”was attempted from 1999.

96.3~ 97.1~ 98.7~ 2000 2002

| Launch 60 | | Apply 60 | | Achieve 60

1) Start “Manufacturing 60”

Pilot Projects | Improve process & product [>~
98.7~ | Adopt RTY >| Subsidiarie£>
2) Start “R&D"

97.3~ | Pilot Projects >| Apply in all new projects>
99.1~ Adopt DFR

3) Start “Transactional 60"

i

*RTY: Rolled throughput yield 99.1~ | Apply in all areas | 60 MS
*DFR: Design for reliability

Figure 3.6. Six Sigma roadmap

Improving RTY became the major projects in manufactur-
ing areas, and then the know-how of RTY improvement was
transferred to all subsidiaries. For R&D areas, DFR became
the major concern, and the improvement in reliability of prod-
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ucts became the key goal for the R&D parts. For transaction-
al areas, 60 marketing strategy was adopted to improve mar-
ket share through total customer satisfaction.

(4) Six Sigma infrastructure

The Six Sigma infrastructure of LGE-DA consists of six ele-
ments as shown in Table 3.4. These six elements are the lead-
ing forces defining Six Sigma for this company.

Table 3.4. Contents of Six Sigma infrastructure

Infrastructure Contents
Belt certification | « Six Sigma manpower training and reward system
system * Three belts of GB, BB, MBB
TDR team « TDR (tear-down and redesign) teams are Six Sigma project teams
« 40% of office employees are involved in TDR teams.
PTS « PTS (project tracking system) helps to control projects and to share
the results.
On-site top « Top-level manager conducts on-site visits twice a month, and checks
meeting the progress of Six Sigma.
Champion « Top-level manager conducts on-site visits twice a month, and checks
review the progress of Six Sigma.
Lot evaluation « ILO QA (Input QC, Line QC, Output QC Quality Assurance) system
system works for lot quality control which is focused on CTQs.

($) Six Sigma current status

As shown in Table 3.5, the average quality level of key
products in this company was estimated at 5.70 at the end of
2002. The number of certified MBBs, BBs and GBs was esti-
mated to be 50, 1,000 and 1,000, respectively, at the end of
2002. Considering that the total number of employees is only
about 4,800, these numbers are quite substantial.
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Table 3.5. 60 Status and Goal

Year 2000 2001 2002 (estimated)
Average o level 5.4 5.6 5.7
MBB 33 38 50
Belts BB 196 539 1,000
GB 965 1,031 1,000
Completed projects 1,312 1,403 1,400

The total number of completed projects was 1,312, 1,403,
and 1,400 for the years of 2000, 2001, and 2002, respective-
ly. Roughly 40% of all BBs were full-time project leaders. The
BBs are the core force for completing the projects. During the
month of July, 2002, the completed projects were as follows.
These titles reveal the types of projects that are tackled usual-
ly by the project teams at LGE-DA.

R&D projects:
1. Side-by-side refrigerator project
2. Turbo-drum washing machine project

3. Light wave oven project
4. Air conditioner WHISEN project

Manufacturing projects:
1. Air conditioner heat exchanger loss reduction project
2. Washing machine clutch quality improvement project
3. Refrigerator RTY (rolled throughput yield) improve-
ment project
4. Air conditioner compressor productivity improvement
project

Transactional projects:
1. Inventory reduction project
2. Quick response project
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(6) Six Sigma focus

Six Sigma at LGE-DA is customer-focused, process-driven and
practically implemented through on-going Six Sigma projects. Six
Sigma in this company means the following three things:

1. Statistical process evaluation: They measure defect
rates in all processes and use s quality level in measur-
ing process capability.

2. Business strategy: They gain a competitive edge in qual-
ity, cost and customer satisfaction.

3. Management philosophy: They work smarter based on
data analysis and teamwork.

For customer satisfaction, they analyze the “Needs” of the
customers. The major elements of these needs are delivery, price
and quality. In order to solve the “Needs,” they should “Do”
work smartly. The major elements of “Do” relate to cycle time,
cost and defects which are mostly process driven. Figure 3.7
shows this concept clearly. To connect and solve the issues on the
“Do” and “Needs” interaction, project team activities are nec-
essary. The important project focus is as shown in Figure 3.7

Project Focus
* Low service rate

— « On-time delivery
Customer « Short cycle time
« Better communication
DR « Manufacturing productivity
iyl i « Product performance
Price Needs « Product reliability
Do Cost « Competitive price
Quality

Defects

Figure 3.7. Six Sigma focus
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(7) Major results of Six Sigma

Many performance indices have improved since the intro-
duction of Six Sigma in this company. Based on the “Expla-
nation book of the current status of Six Sigma” published in
2000, the following statistics were obtained with regard to Six
Sigma results.

Table 3.6. Major results of Six Sigma

Year 1997 1998 1999 2000
Quality level of 35 45 5.2 5.4
major CTQs
Completed projects 109 682 1124 1312
Profit gains _ 19.9 53.9 66.4
by projects (million $)
Manpower productivity: 275 327 327 510
sales/person ($1,000)
Failure cost rate: 2.4% 1.6% 1.0% 0.8%

(failure cost) + (total sales)
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4. Basic QC and Six Sigma Tools

4.1 The 7 QC Tools

The Seven Quality Control tools (7QC tools) are graphical
and statistical tools which are most often used in QC for con-
tinuous improvement. Since they are so widely utilized by
almost every level of the company, they have been nicknamed
the Magnificent Seven. They are applicable to improvements
in all dimensions of the process performance triangle: varia-
tion of quality, cycle time and yield of productivity.

Each one of the 7QC tools had been used separately before
1960. However, in the early 1960s, they were gathered togeth-
er by a small group of Japanese scientists lead by Kaoru
Ishikawa, with the aim of providing the QC Circles with effec-
tive and easy-to-use tools. They are, in alphabetical order,
cause-and-effect diagram, check sheet, control chart, histogram,
Pareto chart, scatter diagram and stratification. In Six Sigma,
they are extensively used in all phases of the improvement
methodology — define, measure, analyze, improve and control.

(1) Cause-and-effect diagram

An effective tool as part of a problem-solving process is the
cause-and-effect diagram, also known as the Ishikawa diagram
(after its originator) or fishbone diagram. This technique is use-
ful to trigger ideas and promote a balanced approach in group
brainstorming sessions where individuals list the perceived
sources (causes) with respect to outcomes (effect). As shown in
Figure 4.1, the effect is written in a rectangle on the right-hand
side, and the causes are listed on the left-hand side. They are con-
nected with arrows to show the cause-and-effect relationship.

When constructing a cause-and-effect diagram, it is often
appropriate to consider six main causes that can contribute to
an outcome response (effect): so-called SM1E (man, machine,
material, method, measurement, and environment).
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Man Machine Material
\ Weight
variation of
product
(effect)
Too high
Pressure temperature
low —%
Method Measurement Environment

Figure 4.1. An example of a cause-and-effect diagram

When preparing a cause-and-effect diagram, the first step is
to agree on the specific wording of the effect and then to iden-
tify the main causes that can possibly produce the effect. The
main causes can often be identified as any of SM1E, which
helps us to get started, but these are by no means exhaustive.
Using brainstorming techniques, each main cause is analyzed.
The aim is to refine the list of causes in greater detail until the
root causes of that particular main cause are established. The
same procedure is then followed for each of the other main
causes. In Figure 4.1, the method is a main cause, the pressure
and the temperature are the causes, and “the pressure is low”
and “the temperature is too high” are the root causes.

(2) Check sheet

The check sheet is used for the specific data collection of
any desired characteristics of a process or product that is to be
improved. It is frequently used in the measure phase of the Six
Sigma improvement methodology, DMAIC. For practical pur-
poses, the check sheet is commonly formatted as a table. It is
important that the check sheet is kept simple and that its
design is aligned to the characteristics that are measured. Con-
sideration should be given as to who should gather the data
and what measurement intervals to apply. For example, Fig-
ure 4.2 shows a check sheet for defect items in an assembly
process of automobile ratios.
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Data gathered by S.H. Park

Date
Defect item
Aug. 10 Aug. 11 Aug. 12 Aug. 13 Aug. 14 Sum

Soldering defect 7 / Vi V4 11
Joint defect 7 7 / V4 8
Lamp defect / 7 7 / 6
Scratch defect W W/ Va W V4 24
Miscellaneous / 7 Vi / / 9
Sum 9 12 11 12 13 58

Figure 4.2. Check sheet for defect items

(3) Control chart
(a) Introduction

The control chart is a very important tool in the “analyze,
improve and control” phases of the Six Sigma improvement
methodology. In the “analyze” phase, control charts are
applied to judge if the process is predictable; in the “improve”
phase, to identify evidence of special causes of variation so
that they can be acted on; in the “control” phase, to verify
that the performance of the process is under control.

The original concept of the control chart was proposed by
Walter A. Shewhart in 1924 and the tool has been used exten-
sively in industry since the Second World War, especially in
Japan and the USA after about 1980. Control charts offer the
study of variation and its source. They can give process mon-
itoring and control, and can also give direction for improve-
ments. They can separate special from common cause issues of
a process. They can give early identification of special causes
so that there can be timely resolution before many poor qual-
ity products are produced.

Shewhart control charts track processes by plotting data
over time in the form shown in Figure 4.3. This chart can
track either variables or attribute process parameters. The
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types of variable charts are process mean (x), range (R), stan-
dard deviation (s), individual value (x) and moving range (Rs).
The attribute types are fraction nonconforming (p), number of
nonconforming items (np), number of nonconformities (c),
and nonconformities per unit (u).

Process parameter

Upper control limit (UCL)

Central line (CL)

Lower control limit (LCL)

Period of time

Figure 4.3. Shewhart control chart format

The typical control limits are plus and minus 3 standard
deviations limits using about 20-30 data points. When a point
falls outside these limits, the process is said to be out of con-
trol. When a point falls inside these limits, the process is said
to be under control.

There are various types of control charts, depending on the
nature and quantity of the characteristics we want to super-
vise. The following control charts are the most often used
ones depending on whether the data are continuous or dis-
crete. These charts are called Shewhart control charts. Note
that for continuous data, the two types of chart are simulta-
neously used in the same way as a single control chart.

For continuous data (variables):

— R (average and range) chart
—s (average and standard deviation) chart
— Rs (individual observation and moving range) chart

KA Kl K
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For discrete data (attributes):

p (fraction of nonconforming items) chart
np (number of nonconforming items) chart
¢ (number of defects) chart

u (number of defects per unit) chart

Besides these charts, the following new charts for continuous
data have been suggested and studied. For good references for
control charts, see

CUSUM (cumulative sum) chart

MA (moving average) chart

GMA (geometric moving average) chart

EWMA (exponentially weighted moving average) chart

(b) How are control charts constructed?

A detailed generic sequence for construction of control
charts can be developed, which can be useful when working
with control charts in practice.

Step 1. Select the characteristic and type of control chart

First, the decision must be made regarding the characteris-
tic (effect) of the process or product that is to be checked or
supervised for predictability in performance. Then the proper
type of control chart can be selected.

Step 2. Determine the sample size and sampling interval

Control charts are, in most cases, based on samples of a
constant number of observations, 7. For continuous data, it is
common to use two to six observations. However, there are
also charts for subgroup sizes of one, x (individual observa-
tion) chart and Rs (moving range) chart. For discrete data, n
could be as large as 100 or 200.

Step 3. Calculate the control lines and center line

All control charts have control limits, UCL and LCL, show-
ing when the process is affected by special cause variation. A
CL is drawn between the control limits. The distance from CL
to UCL/LCL is 3 standard deviations of the characteristic.
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For example, for n individual observations,
X1y Xy X3eea Xy

the following formulae apply to the calculation of CL, UCL
and LCL for the X (average) chart.

CL=x=Y x/n
UCL = x + 3 (standard deviation of X)
= x+3 (estimated o) /+/n
=x+3(R/d,)/+/n
=x+A, * R where A, =3/(d, x+/n) (4.1)

LCL=x-A, x R
Here, A, and d, are the frequently used constants for con-

trol charts, which can be found in Appendix A-4. Table 4.1
contains CL, UCL and LCL for the respective control charts.

Table 4.1. CL, UCL and LCL for each control chart

Continuous characteristics

Standard

Sample Average Range deviation Individual value
1 X, R S X
2 % R, S %
K X, R S X
Average & CL ; ﬁ § ;(
ucLLCL x+ AR R+ D;R st B,;s X + 2.66Rs
Discrete characteristics
s | Fraction of Number of Fraction of Fraction of
ample nonconformities nonconformities defects defects per unit
1 P np, o U
2 P, np, C, U,
K P« NPy G Uy
Average & CL E) nE) (_; G

UCL/LCL

3/p-p)/n | np=3/np-p) | c+3ve G+3Ju/n

ol
I+
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Step 4. Draw the control chart and check for special causes
The control chart can now be drawn, with CL, UCL and
LCL. The samples used for calculating the control limits are
then plotted on the chart to determine if the samples used to cal-
culate the control limits embody any special causes of variation.
Special causes exist if any of the following alarm rules apply:

* A single point falls outside the 30 control limits.

* Two out of three consecutive points fall outside the +20
limits.

e Seven or more consecutive points fall to one side of the
center line.

® A run of eight or more consecutive points is up (in
increasing trend), or down (in decreasing trend).

e At least 10 out of 11 consecutive points are on one side
of the center line.

e At least eight consecutive points make a cycle move-
ment, which means if a point is on one side of the cen-
ter line, and the next point is on the other side of the
center line.

(4) Histogram

It is meaningful to present data in a form that visually illus-
trates the frequency of occurrence of values. In the analysis
phase of the Six Sigma improvement methodology, histograms
are commonly applied to learn about the distribution of the
data within the results Ys and the causes Xs collected in the
measure phase and they are also used to obtain an under-
standing of the potential for improvements.

To create a histogram when the response only “takes on”
certain discrete values, a tally is simply made each time a dis-
crete value occurs. After a number of responses are taken, the
tally for the grouping of occurrences can then be plotted in
histogram form. For example, Figure 4.3 shows a histogram
of 200 rolls of two dice, where, for instance, the sum of the
dice was two for eight of these rolls. However, when making
a histogram of response data that are continuous, the data
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need to be placed into classes or groups. The area of each bar
in the histogram is made proportional to the number of
observations within each data value or interval. The his-
togram shows both the process variation and the type of dis-
tribution that the collected data entails.

Frequency
40

30

207

10+

2 3 4 5 6 7 8 9 10 11 12

Dice Value

Figure 4.3. Histogram of 200 rolls of two dice

(5) Pareto chart

The Pareto chart was introduced in the 1940s by Joseph M.
Juran, who named it after the Italian economist and statisti-
cian Vilfredo Pareto, 1848-1923. It is applied to distinguish
the “vital few from the trivial many” as Juran formulated the
purpose of the Pareto chart. It is closely related to the so-
called 80/20 rule — “80% of the problems stem from 20% of
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the causes,” or in Six Sigma terms “80% of the poor values in
Y stem from 20% of the Xs.”

In the Six Sigma improvement methodology, the Pareto
chart has two primary applications. One is for selecting
appropriate improvement projects in the define phase. Here it
offers a very objective basis for selection, based on, for exam-
ple, frequency of occurrence, cost saving and improvement
potential in process performance.

The other primary application is in the analyze phase for
identifying the vital few causes (Xs) that will constitute the
greatest improvement in Y if appropriate measures are taken.

A procedure to construct a Pareto chart is as follows:

1) Define the problem and process characteristics to use
in the diagram.

2) Define the period of time for the diagram — for exam-
ple, weekly, daily, or shift. Quality improvements over
time can later be made from the information deter-
mined within this step.

3) Obtain the total number of times each characteristic
occurred.

4) Rank the characteristics according to the totals from
step 3.

5) Plot the number of occurrences of each characteristic
in descending order in a bar graph along with a cumu-
lative percentage overlay.

6) Trivial columns can be lumped under one column des-
ignation; however, care must be exercised not to omit
small but important items.

Table 4.2 shows a summary table in which a total of 50
claims during the first month of 2002 are classified into six
different reasons. Figure 4.4 is the Pareto chart of the data in
Table 4.2.
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Table 4.2. Summary of claim data

Claim reason | Number of data % Cumulative frequency | Cumulative (%)
A 23 46 23 46
B 10 20 33 66
C 7 14 40 80
D 3 6 43 86
E 2 4 45 90
All others 5 0 50 100
100 —&-100
-
o -~
80 - — 80
rs ®
- g
. 60 //, 60 §
g g
g ; H
5 1 e
'8 =1
40— 40 E
3
20 4 =20
0 T T . T T \ T 0
B C D E All other

Claim reason

Figure 4.4. Pareto chart of 50 claim data

(6) Scatter diagram

The scatter plot is a useful way to discover the relationship

between two factors, X and Y, i.e., the correlation. An impor-
tant feature of the scatter plot is its visualization of the corre-
lation pattern, through which the relationship can be deter-
mined. In the improve phase of the Six Sigma improvement
methodology, one often searches the collected data for Xs that
have a special influence on Y. Knowing the existence of such
relationships, it is possible to identify input variables that
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cause special variation of the result variable. It can then be
determined how to set the input variables, if they are control-
lable, so that the process is improved. When several Xs may
influence the values of Y, one scatter plot should be drawn for
each combination of the Xs and Y.

When constructing the scatter diagram, it is common to
place the input variable, X, on the X-axis and the result vari-
able, Y, on the Y-axis. The two variables can now be plotted
against each other and a scatter of plotted points appears. This
gives us a basic understanding of the relationship between X
and Y, and provides us with a basis for improvement.

Table 4.3 shows a set of data depicting the relationship
between the process temperature (X) and the length of the
plastic product (Y) made in the process. Figure 4.5 shows a
scatter diagram of the data in Table 4.3.

Table 4.3. Data for temperature (X) and product length (Y) in a
plastic-making process

X (°C) Y (mm) X (°C) Y (mm)
131 22.99 129 23.01
135 23.36 135 23.42
136 23.62 134 23.16
130 22.86 126 22.87
132 23.16 133 23.62
133 23.28 134 23.63
132 22.89 130 23.01
131 23.00 131 23.12
128 23.08 136 23.50
134 23.64 133 22.75
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Temperature (°C)

136 L] -
1351 . =
134 . -
]
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3] . . .
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227 2238 22.9 23.0 231 232 233 23.4 235 236 237

Length (mm)

Figure 4.5. Scatter diagram of data in Table 4.3

(7) Stratification

Stratification is a tool used to split collected data into sub-
groups in order to determine if any of them contain special
cause variation. Hence, data from different sources in a
process can be separated and analyzed individually. Stratifica-
tion is mainly used in the analyze phase to stratify data in the
search for special cause variation in the Six Sigma improve-
ment methodology.

The most important decision in using stratification is to
determine the criteria by which to stratify. Examples can be
machines, material, suppliers, shifts, day and night, age
groups and so on. It is common to stratify into two groups. If
the number of observations is large enough, more detailed
stratification is also possible.

4.2 Process Flowchart and Process Mapping

(1) Process flowchart

For quality systems it is advantageous to represent system
structure and relationships using flowcharts. A flowchart pro-
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vides a picture of the steps that are needed to understand a
process. Flowcharts are widely used in industry and have
become a key tool in the development of information systems,
quality management systems, and employee handbooks. The
main value of the flowchart resides in the identification and
mapping of activities in processes, so that the main flows of
products and information are visualized and made known to
everyone.

In every Six Sigma improvement project, understanding the
process is essential. The flowchart is therefore often used in
the measure phase. It is also used in the analyze phase for
identifying improvement potential compared to similar
processes and in the control phase to institutionalize the
changes made to the process.

Flowcharts can vary tremendously in terms of complexity,
ranging from the most simple to very advanced charts. When
improving variation, a very simple flowchart is often applied
in the measure phase to map the Xs (input variables) and Y
(result variable) of the process or product to be improved. The
input variables are either control factors or noise factors, and
the flowchart provides a good tool for visualizing them, as
shown in Figure 4.6. This figure is related to an improvement
project from ABB in Finland where the flowchart was used to
map the control and noise factors in the input. This chart was
later used in the improvement phase for running a factorial
experiment on the control factors, making possible a consid-
erable reduction of DPMO in the process and a cost savings
of $168,000.

The drawing of flowcharts has become fairly standardized,
with a dedicated international standard, ISO 5807, titled
“Information processing — Documentation symbols and charts
and system resources charts.” The standard gives a good
overview of symbols used in flowcharts, as seen in Figure 4.7.
The symbols are commonly available in software for drawing
flowcharts, for example PowerPoint from Microsoft. Figure
4.8 exemplifies the form of a process flowchart.
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X, X, X3 X,
Resin Filling Mold Vessel
temperature speed temperature temperature

(Control factors)\ \ \ \

Inputs Epoxv moldin Surface
> .
poxy Ing Output, Y quality

(Noise factors) / /

Air humidity Mold surface
Vi V,

Figure 4.6. Flowchart for input and output variables

Terminator: The start and stop of a process

Activity: The individual activity in the process

Decision: Decision with one input and one or more outputs

Predefined process: An already defined sub-process in the process

On-page connector: The connector to another part of the same
flowchart on the same page

Off-page connector: The connector to different page to show the
connection, “to page x” or “from page y” is
necessary

Storage: Raw material, work in progress and finished goods

Connector line: Link between the various symbols

\JuooUL

Figure 4.7. Most commonly used symbols in flowcharts
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Yes
[ Start ]->| Operation A |—>| Operation B |——| Inspection @ End

Figure 4.8. Process flowchart

(2) Process mapping

An alternative (or supplement) to a detailed process flow-
chart is a high-level process map that shows only a few major
process steps as activity symbols. For each of these symbols key
process input variables (KPIVs) to the activity are listed on one
side of the symbol, while key process output variables (KPOVs)
to the activity are listed on the other side of the symbol. Note
that a KPIV can be a CTQx, and a KPOV can be a CTQy.

4.3 Quality Function Deployment (QFD)

(1) Four phases of QFD

Quality Function Deployment (QFD) is a structured tech-
nique to ensure that customer requirements are built into the
design of products and processes. In Six Sigma, QFD is main-
ly applied in improvement projects on the design of products
and processes. Hence, QFD is perhaps the most important tool
for DFSS (design for Six Sigma). QFD enables the translation
of customer requirements into product and process character-
istics including target value. The tool is also applied in Six
Sigma to identify the critical-to-customer characteristics which
should be monitored and included in the measurement system.

QFD was developed in Japan during the late 1960s by
Shigeru Mizuno (1910-1989) and Yoji Akao (1928-). It was
first applied at the Kobe shipyard of Mitsubishi Heavy Indus-
try in 1972, with the Japanese car industry following suit
some years later. In the West, the car industry first applied the
tool in the mid 1980s. Since then, it has enjoyed a wide dis-
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persal across industries in a number of countries.

Although QFD is primarily used to map and systematical-
ly transform customer requirements, this is not its only use.
Other possible applications concern the translation of market
price into costs of products and processes, and company
strategies into goals for departments and work areas.

Basically, QFD can be divided into four phases of transfor-
mation as shown in Figure 4.9. These four phases have been
applied extensively, especially in the automobile industry.

Product
characteristics
Component
characteristics
Process
characteristics

Production
characteristics

requirements

Critical customer

Critical product
requirements

Critical component
requirements

Critical process
requirements

Figure 4.9. Four phases of transformation in QFD

Phase 1: Market analysis to establish knowledge about current
customer requirements which are considered as critical for their
satisfaction with the product, competitors’ rating for the same
requirements and the translation into product characteristics.

Phase 2: Translation of critical product characteristics into
component characteristics, i.e., the product’s parts.

Phase 3: Translation of critical component characteristics into
process characteristics.

Phase 4: Translation of critical process characteristics into pro-
duction characteristics, i.e., instructions and measurements.

The four phases embody five standard units of analysis
always transformed in the following order: customer require-
ments, product characteristics, component characteristics,
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process characteristics, and production characteristics. The
level of detail hence increases from general customer require-
ments to detailed production characteristics. At each phase the
main focus is on the transformation from one of these units of
analysis, the so-called “Whats,” and to the other more detained
unit of analysis, the so-called “Hows.” At each of the four phas-
es in Figure 4.9, the left-hand requirements are “Whats,” and
the upper right hand characteristics are “Hows.”

A basic matrix, possessing some resemblances to a house,
embodying 11 elements (rooms), is used to document the
results of each of the four phases of transformation in QFD as
shown in Figure 4.10. Often this matrix is called the house of
quality. The numbers in parentheses indicate the sequence in
which the elements of the matrix are completed.

Correlation matrix

Sums of correlation (10)

Improvement direction (8)

“Hows” (4)

Relationship matrix (6)

Whats” (1)
Importance (2)
Competitive
assessment (3)

Target value (5)

Competitive
assessment (7)

Importance (11)

Figure 4.10. The house of quality with the 11 major elements
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(2) Eleven elements of house of quality

Of the 11 elements in the basic matrix shown in Figure
4.10, the first three are concerned with characteristics of the
“Whats,” whereas the remaining eight are concerned with
characteristics of the “Hows.” In this house of quality, identi-
fying the critical “Hows” which constitute the main result of
each matrix is the essential task. In the following, a generic
description of the eleven elements is given.

1) The “Whats”

The starting point is that the “Whats” are identified and
included in the matrix. If it is the first phase of transforma-
tion, customer requirements will be the “Whats.” Customer
requirements are given directly by the customers, which is
sometimes called VOC (voice of customers).

2) Relative importance

In the first phase of transformation the customer is also
asked to attach relative importance, for example on a scale
from “1” = least to “5” = most, to each of the requirements
they have stated. This holds similarly for the other phases.
This importance is often denoted by Rimp.

3) Competitive assessment

A comparison of how well competitors and one’s own com-
pany meet the individual “Whats” can then be made. If the
“Whats” are customer requirements, it is common that cus-
tomers give input to this comparison. For the three other
“Whats” — product characteristics, component characteristics
and process characteristics — the comparison is typically car-
ried out by the team applying QFD.

One way to do the comparison is to evaluate competitors,
Ecom, and one’s own company, E.,,, on, for example, a scale
from “1” = very poor to “5” = very good. Both the ranking of
competitors and one’s own company can then be weighted
with relative importance, R;,,, to obtain a better understand-
ing of the significance of differences in score for the individual
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“What.” Thus the weighted evaluation of each “What” for
competitors and one’s own company is obtained by

Ew.oom = Ecom X Rimp

E = Eown X Rimp

w.own

4) The “Hows”

For every “What,” several corresponding “Hows” should be
identified and described. This is a core part of QFD and needs
considerable attention. For all four phases, the task is conduct-
ed by the in-house team applying the tool. Customers will rarely
be able to participate in this transition as they do not have
enough technical knowledge of the processes and products.

5) Target value

Target values are then set for each of the identified
“Hows.” A target value is a quantified goal value, i.e., the
nominal value for the distribution. It forms the basis for deci-
sions to be made on the need for improvements.

6) Relationship matrix

Each “What” is then related to the “Hows.” Each rela-
tionship is denoted by W;;, where i is row number and j is col-
umn number in the matrix. A commonly accepted scale for
indicating relationships is to use 9, 3, and 1, where

9 = strong relation
3 = medium relation
1 = poor relation

The relationship matrix is clearly very important as it provides
the links between the “Whats” and the “Hows.”

7) Competitive assessment

Comparison with competitors for each characteristic of the
“Hows” can be made to determine how they are performing.
A simple way to rank competitors, A, and one’s own com-
pany, A,,., for example, is on a scale from “1” = very poor to
“5” = very good.
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8) Improvement direction

Based on the target value and the competitor assessment,
the improvement direction for each characteristic of the
“Hows” can be identified. It is common to denote increase
with “1,” no change with “o ” and decrease with “1.” This
helps to understand the “Hows” better.

9) Correlation matrix

In the correlation matrix, the correlations among the
“Hows” characteristics are identified. Two characteristics at a
time are compared with each other until all possible combina-
tions have been compared. Positive correlation is commonly
denoted by “+1,” and negative correlation by “-~1.” There
does not need to exist correlation among all the characteristics.

10) Sums of correlation
The sum of correlations for each “How,” S;, can be calculat-
ed by summing the related coordinates as shown in Figure 4.11.

+1
+1
-1 X -1
-1
-1 X +1
+1 X +1 +1
-1 +1 X -1 X +1

Sl Sz 83 1 S5 Se 87 S8

Figure 4.11. The related coordinates for S4

11) Importance

The final result is an identification of the “Hows” which
are critical. The critical “Hows” are identified by evaluation
and calculation. In general, the critical “Hows” are those that
have a strong relationship with the improvement potential of
the “Whats” compared to competitors and high positive sum
of correlation.
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The relative importance of each “How,” I, is derived by
calculation. This is done by first computing the absolute
importance of each of the “Hows.”

| s = Z Rimp X W,

For example, in Figure 4.12, the absolute importance of the
first “How,” Length, becomes

l s = 4%X9+3x3+2x1+1x3=50

b

Very often this absolute importance of each “How” is re-
calculated into relative importance, 1. This is done by nor-
malizing the absolute importance, for example, on a scale
from 0 to 10. For example, in Figure 4.12, the relative impor-
tance of the first “How,” Length, is

|, = (50/81) x 10 x 6.2

The “Hows” with the largest values for relative impor-
tance, ., represent critical characteristics. A Pareto chart is
sometimes helpful to apply in this evaluation. A few critical
“Hows” may be selected from this relative importance. In the
selection of critical “Hows,” it can sometimes be useful to
also include the competitor assessment, A, and the assess-
ment of one’s own company, A.,,. The current ability of a
company regarding each of the “Hows” can then be multi-
plied by the relative importance, I,.;, and compared. Some ana-
lysts even include the relative difficulty of improving the vari-
ous “Hows” and use this as a further point in the analysis of
critical “Hows.”

(3) Ballpoint pen example

Let us take an example of a ballpoint pen made of metal.
Customers have a variety of requirements. The most important
requirements, from the viewpoint of the customers, are brought
into Phase 1 of the transformation as shown in Figure 4.12.
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le [6.2]30(07(49]|46|44(6.7( 10

Figure 4.12. Phase 1 of transformation in the
example of the ballpoint pen
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From Figure 4.12, it is evident that the shape, material
hardness, length, weight and toxic material are product char-
acteristics (“Hows”) with high relative importance. It is
important that these characteristics should be improved in
order to fulfill customer requirements. The next three phases
help identifying areas of improvement.

4.4 Hypothesis Testing

(1) Concept of hypothesis testing

In industrial situations we frequently want to decide
whether the parameters of a distribution have particular val-
ues or relationships. That is, we may wish to test a hypothesis
that the mean or standard deviation of a distribution has a
certain value or that the difference between two means is zero.
Hypothesis testing procedures are used for these tests.

A statistical hypothesis is usually done by the following
process.

e Set up a null hypothesis (H,) that describes the value or
relationship being tested.

e Set up an alternative hypothesis (H,).

e Determine a test statistic, or rule, used to decide
whether to reject the null hypothesis.

® a specified probability value, denoted as g, that defines
the maximum allowable probability that the null
hypothesis will be rejected when it is true.

e Collect a sample of observations to be used for testing the
hypothesis, and then find the value of the test statistic.

¢ Find the critical value of the test statistic using ¢ and a
proper probability distribution table.

e Comparing the critical value and the value of the test
statistic, decide whether the null hypothesis is rejected
or not.

The result of the hypothesis test is a decision to either reject
or not reject the null hypothesis; that is, the hypothesis is either
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rejected or we reserve judgment on it. In practice, we may act
as though the null hypothesis is accepted if it is not rejected.
Since we do not know the truth, we can make one of the fol-
lowing two possible errors when running a hypothesis test:

1. We can reject a null hypothesis that is in fact true.
2. We can fail to reject a null hypothesis that is false.

The first error is called a type I error, a, and the second is
called a type II error, (8. This relationship is shown in Figure
4.13. Hypothesis tests are designed to control the probabilities
of making either of these errors; we do not know that the
result is correct, but we can be assured that the probability of
making an error is within acceptable limits. The probability of
making a type I error is controlled by establishing a maximum
allowable value of the probability, called the level of signifi-
cance of the test, which is usually denoted by the letter a.

True state of nature
H, Correct conclusion Type Il error (B)
Conclusion made
H, Type | error (O) Correct conclusion

Figure 4.13. Hypothesis testing error types

(2) Example

A manufacturer wishes to introduce a new product. In
order to be profitable, the product should be successfully
manufactured within a mean time of two hours. The manu-
facturer can evaluate manufacturability by testing the hypoth-
esis that the mean time for manufacture is equal to or less than
two hours. The item cannot be successfully manufactured if
the mean time is greater than two hours, so the alternative
hypothesis is that the mean time is greater than two. If we use
p and O to note the mean time and the hypothesized mean
value, res