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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. 
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1. Six Sigma Overview

1.1 What is Six Sigma?

Sigma (σ ) 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.

2
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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.

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.

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

Customer

Process
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Strategy

Management
innovation

Systematic and
Scientific Approach

Six Sigma

QC SQC TQM Six SigmaTQC

ISO 9000
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management tools
such as SPC, TPM,
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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:

• Change: Changing society
• Customer: Power is shifted to customer and customer

demand is high
• 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.

4
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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.

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.

Figure 1.4. The process with inputs and outputs

Input variables
(control factors)

Input variables
(noise factors)

Process
Process characteristics

X1 X2 X3 Xn

V1 V2 V3 Vn

…

…

Output, Y

Product characteristics

1987 1989 1991 1993 1995 1997 1999

American Express
Johnson & Johnson
Samsung Group
LG Group
Ericsson
NCR
Nokia
Philips
Solectron
US Postal Service

Dow Chemical
DuPont
NEC
Samsung SDI
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Toshiba
Whirlpool

GE
Allied Signal

TI
ABB
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DECIBMMotorola

Six Sigma Overview

5



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(x1, x2, ..., xk; v1, v2, ..., vm)

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:

• Location (average value)
• Spread (span of values from smallest to largest)
• 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. 

Figure 1.5. Process performance triangle

Variation
(quality)

Evaluation of process
performance

Cycle time Yield(productivity)
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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. 

Figure 1.6. Variation: Common and special causes

Special causes (often called assignable causes) refer to any
factors causing variation that are usually not present in the

If only common causes of variation
are present, the output of a process
forms a distribution that is stable
over time and is predictable:

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

SIZE

TIME

PREDICTION

TARGET
LINE

SIZE

TIME

PREDICTION

TARGET
LINE
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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.

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

• 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

Six Sigma Overview
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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.

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, µ, and
population standard deviation, σ. The mean indicates the loca-
tion of the distribution on a continuous scale, whereas the
standard deviation indicates the dispersion.

Variation
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1.4.1 Standard deviation and Normal distribution

The population parameters, µ (population mean), σ (popu-
lation standard deviation) and σ 2 (population variance), are
usually unknown, and they are estimated by the sample sta-
tistics as follows. 

–y = sample mean = estimate of µ
s = sample standard deviation = estimate of σ
V = sample variance = estimate of σ 2

If we have a sample of size n and the characteristics are y1, y2,
..., yn, then µ, σ and σ 2 are estimated by, respectively

However, if we use an –x – R control chart, in which there are
k subgroups of size n, σ can be estimated by

where 
–
R = Ri /n, and Ri is the range for each subgroup and d2

is a constant value that depends on the sample size n. The val-
ues of d2 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 σ is the population standard devia-
tion. The probability density function (PDF), f(x), of a normal
distribution is

2d

R
s = (1.2)

n

yyy
y n+++

=
…21

V

Σ
s = (1.1)

1

)(
1

2

–

–
= =

n
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n

i
i
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where we usually denote X ~ N(µ, σ 2)

When X ~ N(µ, σ 2), it can be converted into standard normal
variable Z ~ N(0,1) using the relationship of variable trans-
formation,

whose probability density function is

Figure 1.8. Normal distribution
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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 (µ) 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
±1.5σ 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 6σ 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 ±1.5σ shifted.
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Figure 1.9. Sigma quality levels of 6σ and 3σ

Figure 1.10. Effects of a 1.5σ shift of process mean
when 6σ quality level is achieved

6– 6+ 5.7– 5.4+

0.001
ppm

0.001
ppm 0 ppm

3.4 ppm

Target USL
6+

LSL
5.7–

USL
5.4+

Target
5.1–

LSL
6–

LSL USL

6σ

1σ

The defect rate can
be controlled under

3.4ppm.

3σ

1σ The defect rate can
be increased up to

66,811ppm.

Target

Target

USLLSL
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Table 1.1. ppm changes when sigma quality level changes

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. 

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

The defects per unit (DPU) is defined as

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.

Total number of unit products produced

Total defects observed of number=DPU (1.6)

Product 1 Product 2 Product 3

Sigma quality 
Process mean, fixed Process mean, with 1.5σ shift

level Non-defect Defect rate Non-defect Defect rate
rate (%) (ppm) rate (%) (ppm)

σ 68.26894 317,311.000 30.2328 697,672.0

2σ 95.44998 45,500.000 69.1230 308,770.0

3σ
4σ
5σ
6σ

99.73002 2,700.000 93.3189 66,811.0

99.99366 63.400 99.3790 6,210.0

99.999943 0.570 99.97674 233.0

99.9999998 0.002 99.99966 3.4
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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 ±1.5σ shifted

Sigma
Level

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

2.1 274412.2 271084.0 267776.2 264489.0 261222.6 257977.2 254753.0 251550.2 248368.8 245209.2

2.2 242071.5 238955.7 235862.1 232790.8 229742.0 226715.8 223712.2 220731.6 217773.9 214839.2

2.3 211927.7 209039.6 206174.8 203333.5 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

2.5 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

3.3 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

3.6 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 12224.5 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 4145.3 4024.6 3907.0 3792.6 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

4.5 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

4.9 336.9 324.8 313.1 301.8 290.9 280.3 270.1 260.2 250.7 241.5

5.0 232.6 224.1 215.8 207.8 200.1 192.6 185.4 178.5 171.8 165.3

5.1 159.1 153.1 147.3 141.7 136.3 131.1 126.1 121.3 116.6 112.1

5.2 107.8 103.6 99.6 95.7 92.0 88.4 85.0 81.6 78.4 75.3

5.3 72.3 69.5 66.7 64.1 61.5 59.1 56.7 54.4 52.2 50.1

5.4 48.1 46.1 44.3 42.5 40.7 39.1 37.5 35.9 24.5 33.0

5.5 31.7 30.4 29.1 27.9 26.7 25.6 24.5 23.5 22.5 21.6

5.6 20.7 19.8 18.9 18.1 17.4 16.6 15.9 15.2 14.6 13.9

5.7 13.3 12.8 12.2 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 2.9 2.8 2.7 2.6 2.4 2.3 2.2

6.1 2.1 2.0 1.9 1.8 1.7 1.7 1.6 1.5 1.4 1.4

6.2 1.3 1.2 1.2 1.1 1.1 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)

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

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

It is interesting to note that the probability of zero defects,
for any given unit of product, would be (0.875)8 = 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:

where e is a constant equal to 2.71828 and λ 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

!
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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

For the special case of x = 0, which is the case of zero defect
for a given unit of product, the probability becomes

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 n inspected trials
whether they are defects or not, with probability of defect
equal to p is

where q = 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 nq ≥ 5, the proba-
bility can be easily approximated by using E(X) = µ = np and
V(X) = σ 2 = npq, where E and V represent expected value and
variance, respectively.

if p ≤ 0.1 and n ≥ 50, the probability in (1.10) can be well
approximated by a Poisson distribution as follows.
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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).

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

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.

The specification width is predefined and fixed. The process
spread is the sole influence on the Cp index. The population
standard deviation, σ, 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. 

USL – LSL
Cp

6spread process

ion widthspecificat == (1.12)
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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:

and the process capability index is defined as:

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.

• The process is as close to the target as possible (k is small).
• The process spread is as small as possible (process vari-

ation is small). 

)1( kCpCpk −= . (1.14)

(USL – LSL)

T
k

2
1

)mean( process – )target(
= (1.13)

(a) 1=Cp                         (b) 2=Cp

LSL USL LSL USLµ µ

3 6
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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:

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.

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.

(3) Relationship between Cp, Cpk and Sigma level

If the process mean is centered, that is µ = T, and USL –
LSL = 6σ, then from (1.12), it is easy to know that Cp = 1,
and the distance from µ to the specification limit is 3σ. In this

),min( CPLCPUCpk = (1.17)
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case, the sigma (quality) level becomes 3σ, and the relation-
ship between Cp and the sigma level is

However, in the long run the process mean could shift at most
by 1.5σ 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 1.5σ biased and Cpk
= 1 then the sigma level becomes 3σ + 1.5σ = 4.5σ. Figure
1.14 shows a 6σ process with typical 1.5σ shift. In this case,
Cpk = 1.5 and the sigma level is 6σ. In general, the relation-
ship between Cpk and the sigma level is

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

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 (5.1σ shift is allowed) Quality level

0.50 0.00 1.5 σ
0.67 0.17 2.0 σ
0.83 0.33 2.5 σ
1.00 0.50 3.0 σ
1.17 0.67 3.5 σ
1.33 0.83 4.0 σ
1.50 1.00 4.5 σ
1.67 1.17 5.0 σ
1.83 1.33 5.5 σ
2.00 1.50 6.0 σ

5.0−= CpCpk . (1.20)

5.13level Sigma +×= Cpk

)5.0(3 +×= Cpk
(1.19)

Cp×= 3level Sigma (1.18)
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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.

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 × 0.9 × 0.9 × 0.9 =
0.656.

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

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.

kyy× × ×= …21y  RTY (1.21)

Process

Yield

A C DB

90% 90% 90% 90%

RTY

65.6%
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Table 1.4. Computation of unified quality level

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 Φ(z) = y, where Φ is the standard cumulative
normal distribution

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

considering the 1.5σ mean shift. Here, Zs and Zl mean a short-
term and long-term sigma level, respectively.

The methods of computing sigma levels are explained
below for each particular case.

5.1+= ls ZZ , (1.23)
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(1.22)∫

Characteristic
number

Number of
defects

Number of
units

Opportunities
per unit

Total
opportunities DPU DPO DPMO

Sigma
level

1

2

3

78

29

64

600

241

180

10

100

3

6,000

24,100

540

0.130

0.120

0.356

0.0130

0.0012

0.1187

13,000

  1,200

118,700

3.59

4.55

2.59

Total 171 30,640 0.00558 5,580 3.09
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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),

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 Zs = 2.33 + 1.5 = 3.83

(2) Case of defect rate

If r 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 = r/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 Zs = 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

Sigma level

(considering  1.5σ shift)
Z value from

standard normal distribution
Defect rate (ppm)

Yield
(%)

2σ 0.5 308,770 69.1230

3σ 1.5      66,811 93.3189

4σ 2.5 6,210 99.3790

5σ 3.5         233 99.9767

6σ 4.5   3.4 99.99966

99005.001.0 === −− eey DPU ,
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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 × 0.95 × 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

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:

• Productivity rises.
• Quality improves.
• Cost per good unit decreases.

(a) Company A

Before demand for 10%
productivity increase

After demand for 10%
productivity increase

Widgets produced

Widgets defective

Good widgets

(defect rate = 10%)

100 units

10 units

90 units

(defect rate = 20%)

110 units

22 units

88 units

(b) Company B

Before improvement After improvement

Units produced

Units defective

Good units

(defect rate = 10%)

100 units

10 units

90 units

(defect rate = 5%)

100 units

5 units

95 units
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• Price can be cut.
• 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. 

Figure 2.1. The corporate framework of 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

Design for Six Sigma

Manufacturing Six Sigma

Transactional Six Sigma
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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 F. 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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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

Course levels Belts

Overall vision Champion

Most comprehensive Master Black Belt

Comprehensive Black Belt

Median Green Belt

Basic White Belt
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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.

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. 

Improvement
strategy

Characterization

Phase 0: Definition

Phase 1: Measurement

Phase 2: Analysis

Optimization

Phase 3: Improvement

Phase 4: Control
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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.

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) DMADV (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

(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.

Classification Project team Quality circle

Organization
Engineers (or scientists)

+ operators one BB

+ several GBs

Operators

Theme selection
Top-down,

company CTQs
Bottom-up, self-selection

Problem-solving, flow
DMAIC, DMADV,

IDOV, DMARI
PDCA
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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) DFSS 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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Stage 3

Stage 4

Planning
Division
CTQs

R&D
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Sales
Division
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Other
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CTQs
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Process CTQ1
(theme 1)

Process CTQ2
(theme 2)

Company’s management goal
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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.

Figure 2.6. A typical 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

Control (C)

Step Action

Definition (D)

Measurement (M)

Analysis (A)

Redesign (R)

Implement (I)

1. Define the scope and surrounding conditions of the project.
2. Identify critical customer requirements and CTQy’s.
3. Check the competitiveness of the CTQy’s by benchmarking.
4. Describe the business impact of the project.

1. Identify the project metrics for the CTQy’s.
2. 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.

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 
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 

suitable, and implement them.
3. Verify process improvements, stability, and performance using 

runcharts.

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 
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. 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.
3. 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.
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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:

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

• Achieve at least 100-fold improvement by 1991 
• 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-
ments of the customer.

• Determine characteristics of product
critical to each requirement.

• Determine, for each characteristic
whether controlled by part, process, or
both.

• Determine process variation for each
characteristic.

• Determine process variation for each
characteristic.

• If process performance for a characteristic
is less than 6 sigma, then redesign
materials, product and process as required.

• Identify the work you do
(your product).

• Identify who your work is for
(your customer).

• Identify what you need to do your work,
and from whom (your supplier).

• Map the process.

• Mistake-proof the process and eliminate
delays.

• Establish quality and cycle time
measurements and improvement goals.
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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
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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. 

• 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.

• 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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4) Voluntary basis: Voluntary basis has enabled Six
Sigma to grow on its own merits and not as a forced
compliance.

5) 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. 

6) 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.

7) 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.

8) 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.

9) 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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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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Scope of
participation

Product
quality

Small group
activities, policy

deployment

Standard
management

Customer-
oriented process

redesign

Participation
of all areas

Transactional
areas

Marketing,
R&D sales,
purchasing

Accounting

Material,
facility

Manufacturing
areas

QC

TQC/TPM
TQM/ISO9000

PI

Six Sigma

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,
PI=process innovation
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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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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.

• Champion education: all Champions take the Champi-
on education course of four days, and they obtain the
GB certification.
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  quality level
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• Project team activities • Belt system
• Six Sigma academy (education) • Reward system
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• 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.

• 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

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.

Company 6Y
Division's

goal and

object

Rate of

importance Improvement

of R&D

Improvement

of marketing

Customer

quality

Global

management

30% improvement

of effectiveness

SDI's

7 values

Customer

satisfaction
2 3 1 1 1

Process 1 2 1 2 1

Learning 0.5 1 3 2

2

2

3

3

1

3 1

1 3

Financial

achievement
1 1 2 1 1

Sum 9.5 6.5 12.0 10.5 5.5 5.5
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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.

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

(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. 

Belt Class Qualification Maintenance standard Effective period

MBB

Full- time

Certified

Nominated

• Full-time project supervisor

Graduate of BB and MBB courses

Supervision of at least 3 BB projects

• Part-time project supervisor

Graduate of BB and MBB courses

Supervision of at least 3 BB projects

• Graduate of BB and MBB courses

 Supervision of less than 3 BB projects

• Full-time Six Sigma supervision

 Supervision of at least 6 BB projects

• Part-time Six Sigma supervision

 Supervision of at least 3 BB projects

One year

One year

Permanent

BB

Full-time

Certified

Nominated

• Full-time project leader

Graduate of BB course

Completion of 2 BB projects

• Part-time project leader

Graduate of BB course

Completion of 2 BB projects

• Graduate of BB course

Completion of less than 2 BB projects

• Full-time project leader

Completion of 2 projects

Supervision of at least 12 GB projects

• Part-time project leader

Completion of 1 project

Supervision of at least 4 GB projects

One year

One year

Permanent

GB No class
• Graduate of GB course

Completion of 1 project
• Completion of 1 project One year

WB No class • Graduate of WB course Permanent
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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
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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.

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 3σ level until 1991. Owing
to the 100PPM movement since 1992, the company became
successful in enhancing its quality level to 4σ. In 1996 it
adopted Six Sigma, challenging itself to achieving the goal of

Business
Issue

Innovation
Activity

Quality
Management

Cooperation of
capital and labor

Reduction of price IMF crisis Jumping

’90 ~ ’94 ~ ’98 ~ 2000 ~

Total
Productivity Control

3 BY 3 Six Sigma &
e-Biz

’90 ~ ’95 ~ 2000 ~

AQL (3σ) 100PPM (4σ) Six Sigma
’90 ~ ’92 ~ ’96 ~

• TQC • FI-10
• PMS
• Vic21

• Manufacturing 6σ • 6σ e-Academy
• R&D 6σ • 6σ Marketing Strategy
• Transactional 6σ
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6σ quality level in a few years. The company established a 6σ
e-Academy for training people, and adopted a 6σ 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 6σ, R&D 6σ
and transactional 6σ. LGE-DA adopted “manufacturing 6σ”
first in 1996, and then “R&D 6σ” in 1997. “Transactional
6σ”was attempted from 1999. 

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-

*RTY: Rolled throughput yield
*DFR: Design for reliability

1) Start “Manufacturing 6σ”

2) Start “R&D”

3) Start “Transactional 6σ”

Launch 6σ Apply 6σ Achieve 6σ

96.3~ 97.1~ 98.7~ 2000 2002

Pilot Projects Improve process & product e-Biz

SubsidiariesAdopt RTY98.7~

97.3~ Pilot Projects Apply in all new projects

99.1~ Adopt DFR

99.1~ Apply in all areas 6σ MS
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ucts became the key goal for the R&D parts. For transaction-
al areas, 6σ 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

(5) Six Sigma current status

As shown in Table 3.5, the average quality level of key
products in this company was estimated at 5.7σ 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. 

Infrastructure Contents

Belt certification
system

• Six Sigma manpower training and reward 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
meeting

• Top-level manager conducts on-site visits twice a month, and checks
the progress of Six Sigma.

Champion
review

• Top-level manager conducts on-site visits twice a month, and checks
the progress of Six Sigma.

Lot evaluation
system

• ILO QA (Input QC, Line QC, Output QC Quality Assurance) system
works for lot quality control which is focused on CTQs.
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Table 3.5. 6σ Status and Goal

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

Year 2000 2001 2002 (estimated)

Average σ level  5.4 5.6 5.7

MBB 33 38 50

BB 196 539 1,000Belts

GB 965 1,031 1,000

Completed projects 1,312 1,403 1,400
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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 

Figure 3.7. Six Sigma focus

Delivery

Quality

Price Needs

Cycle Time

Defects

Do Cost

• Low service rate

• On-time delivery

• Short cycle time

• Better communication

• Manufacturing productivity

• Product performance

• Product reliability

• Competitive price

Do

Needs

Interaction

Customer

Project Focus



(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
major CTQs

3.5 4.5 5.2 5.4

Completed projects 109 682 1,124 1,312

Profit gains
by projects (million $)

— 19.9 53.9 66.4

Manpower productivity:
sales/person ($1,000)

275 327 327 510

Failure cost rate:
(failure cost) ÷ (total sales)

2.4% 1.6% 1.0% 0.8%
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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 5M1E (man, machine,
material, method, measurement, and 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 5M1E, 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. 

Man Machine Material

MeasurementMethod Environment

Pressure
low

Too high
temperature

Weight 
variation of 

product 
(effect)
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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

Data gathered by S.H. Park

Date
Defect item

Aug. 10 Aug. 11 Aug. 12 Aug. 13 Aug. 14 Sum

Soldering defect 11

Joint defect 8

Lamp defect 6

Scratch defect 24

Miscellaneous 9

Sum 9 12 11 12 13 58
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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). 

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): 
–x – R (average and range) chart
–x – s (average and standard deviation) chart
–x – Rs (individual observation and moving range) chart

Process parameter

Period of time

Central line (CL)

Upper control limit (UCL)

Lower control limit (LCL)
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For discrete data (attributes):

p (fraction of nonconforming items) chart
np (number of nonconforming items) chart
c (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, n. 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. 

78

Six Sigma for Quality and Productivity Promotion



For example, for n individual observations, 
x1, x2, x3...xn

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

Here, A2 and d2 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

Sample Average Range Standard
deviation

Individual value

1
1x 1R 1s 1x

2
2x 2R 2s 2x

… … … … …

K
kx kR ks kx

Average & CL x R s x

UCL/LCL RAx 2± RDR 3± sBs 3± Rsx 66.2±

Discrete characteristics

Sample
Fraction of

nonconformities
Number of

nonconformities
Fraction of

defects
Fraction of

defects per unit

1 1p 1np 1c 1u

2 2p 2np 2c 2u

… … … … …

K kp knp kc ku

Average & CL p pn c u

UCL/LCL nppp /)1(3 −± )1(3 ppnpn −± cc 3± nuu /3±

== nxxCL i /

3 (standard deviation of x)xUCL +=

     nx /)  estimated(3+=

     ndRx /)/(3 2+=

     )/(3    where 222 ndARAx ××

×

=+= (4.1)

RAxLCL −= 2

Σ
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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 ±3σ control limits.
• Two out of three consecutive points fall outside the ±2σ

limits.
• 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).
• At least 10 out of 11 consecutive points are on one side

of the center line.
• 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. 

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

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

135

136

130

132

133

132

131

128

134

22.99

23.36

23.62

22.86

23.16

23.28

22.89

23.00

23.08

23.64

129

135

134

126

133

134

130

131

136

133

23.01

23.42

23.16

22.87

23.62

23.63

23.01

23.12

23.50

22.75
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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.

86

Six Sigma for Quality and Productivity Promotion



Figure 4.6. Flowchart for input and output variables

Figure 4.7. Most commonly used symbols in flowcharts

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

(Control factors)

(Noise factors)

Epoxy molding
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temperature
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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-

Yes

No

Start EndOperation A Operation B

Rework

Inspection Pass
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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.

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.

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, Eown, 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, Rimp, 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

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 Wij, 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, Acom, and one’s own com-
pany, Aown, for example, is on a scale from “1” = very poor to
“5” = very good.

impcomw.com REE ×=

impownw.own REE ×=
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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 “↑ ,” no change with “●● ” and decrease with “↓ .” 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,” Sj, can be calculat-

ed by summing the related coordinates as shown in Figure 4.11.

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,” Irel, is derived by
calculation. This is done by first computing the absolute
importance of each of the “Hows.”

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

Very often this absolute importance of each “How” is re-
calculated into relative importance, Irel. 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

The “Hows” with the largest values for relative impor-
tance, Irel, 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, Acom, and the assess-
ment of one’s own company, Acom. The current ability of a
company regarding each of the “Hows” can then be multi-
plied by the relative importance, Irel, 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.

I rel = (50/81) × 10 × 6.2

Iabs =  4 × 9 + 3 × 3 + 2 × 1 + 1 × 3 = 50

ijimpabs WRI ×= Σ



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.

• Set up a null hypothesis (H0) that describes the value or
relationship being tested.

• Set up an alternative hypothesis (H1).
• Determine a test statistic, or rule, used to decide

whether to reject the null hypothesis.
• a specified probability value, denoted as σ, that defines

the maximum allowable probability that the null
hypothesis will be rejected when it is true.

• 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 σ and a
proper probability distribution table.

• 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, α, and the second is
called a type II error, ß. 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 α.

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
µ and µ0 to note the mean time and the hypothesized mean
value, respectively, we can set up the hypotheses:

True state of nature

0H 1H

0H Correct conclusion Type II error (β)
Conclusion made

1H Type I error (α) Correct conclusion
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where µ0 = 2. This type of hypothesis which has inequality
signs is called a one-sided test. If there is an equality sign in
the null hypothesis, it is called a two-sided test.

The statistic used to test the hypothesis depends on the type
of hypothesis being tested. Statisticians have developed good,
or even optimal, rules for many situations. For this example,
it is intuitively appealing that if the average of an appropriate
sample of manufacturing times is sufficiently larger than two,
the test statistic used for this case is

If this test statistic T is large enough, then we can reject H0. How
much large? Well, that depends on the allowable probability of
making an error and the related probability distribution.

Let us assume that the allowable probability of making an
error is 5%. Then the level of significance is α = 0.05. In fact,
a 5% level of significance is mostly used in practice. Then the
critical value of the test can be found from the t-distribution,
which is t(n – 1, α). Then the decision is that 

Suppose the manufacturer has nine sample trials and
obtains the following data.

Data (unit: hours): 2.2, 2.3, 2.0, 2.2, 2.3, 2.6, 2.4, 2.0, 1.8.

We can find that the sample mean time and the sample stan-
dard deviation are

Then the test statistic becomes
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If we use a 5% level of significance, the critical value is t(n –
1, α) = t(8, 0.05) = 1.860. Since T = 2.250 > 1.860, H0 is
rejected with 5% Type I errors, which means that the mean
time is more than two hours with maximum 5% probability
of making an error.

4.5 Correlation and Regression

(1) Correlation analysis

The scatter diagram which was explained pictorially in Sec-
tion 4.1 describes the relationship between two variables, say
X and Y. It gives a simple illustration of how variable X can
influence variable Y. A statistic that can describe the strength
of a linear relationship between two variables is the sample
correlation coefficient (r). A correlation coefficient can take
values between –1 and +1. A value of –1 indicates perfect neg-
ative correlation, while +1 indicates perfect positive correla-
tion. A zero indicates no correlation. The equation for the
sample correlation coefficient of two variables is

where (xi, yi)i = 1,2,...,n, are the coordinate pair of evaluated
values.

It is important to plot the analyzed data. The coefficient r
simply shows the straight-line relationship between x and y.
Two data variables may show no linear correlation (r is near-
ly zero), but they may still have a quadratic or exponential
functional relationship. Figure 4.14 shows four plots with var-
ious correlation characteristics. 
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Figure 4.14. Correlation coefficients

The hypothesis test for the population correlation coeffi-
cient (ρ) to equal zero is

which is a two-sided hypothesis test. The test statistic for this
hypothesis test is

where H0 is rejected if the value of T is greater than t(n – 2, α / 2).

(2) Example of correlation analysis

In studying the decay of an aerosol spray, experimenters
obtained the results shown in Table 4.4 (Box, Hunter and
Hunter 1978), where x is the age in minutes of the aerosol and
y is its observed dispersion at that time. Dispersion is measured
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as the reciprocal of the number of particles in a unit volume.
The n=9 experiments were run in random order. The scatter
diagram of these data is shown in Figure 4.15, which indicates
that there is a strong correlation between the two variables.

Table 4.4. Aerosol data

Figure 4.15. Scatter diagram of aerosol data
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The sample correlation coefficient between x and y is deter-
mined to be

Testing the null hypothesis that the correlation coefficient
equals zero yields

Hence, using a two-sided t-table at α / 2, we can reject H0,
because the absolute value of T, 14.229, is greater than t(n –
2, α / 2)= t(7, 0.025) = 2.365 at the Type I error α = 0.05. 

(3) Regression analysis

The simple linear regression model with a single regressor
x takes the form

where β0 is the intercept, β1 is the slope, and ε is the error
term. Typically, none of the data points falls exactly on the
regression model line. The error term makes up for these dif-
ferences from other sources such as measurement errors,
material variations in a manufacturing operation, and person-
nel. Errors are assumed to have a mean of zero and unknown
variance σ 2, and they are not correlated.

When a linear regression model contains only one inde-
pendent (regressor or predictor) variable, it is called simple
linear regression. When a regression model contains more
than one independent variable, it is called a multiple linear
regression model. The multiple linear regression model with k
independent variables is

εββββ= + + + + +xk xxxy …22110 . (4.6)

β εβ= + +xy 10 , (4.5)
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If we have a data set such as, (xi, yi), i = 1,2,...,n, the esti-
mates of the regression coefficients of the simple linear regres-
sion model can be obtained through the method of least
squares as follows:

Then the fitted regression line is

which can be used for quality control of (x, y) and prediction
of y at a given value of x.

It was found that there is a strong positive correlation
between x and y in the aerosol data in Table 4.4. Let’s find the
simple regression equation for this data set. Since the estimat-
ed coefficients are from (4.7),

Hence, the fitted simple regression line is

When there is more than one independent variable, we
should use the multiple linear regression model in (4.6). By the
method of least squares, we can find the estimates of regression
coefficients by the use of statistical packages such as SAS, SPSS,
Minitab, S and so on. Then the fitted regression equation is
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4.6 Design of Experiments (DOE)

(1) Framework of design of experiments

Experiments are carried out by researchers or engineers in
all fields of study to compare the effects of several conditions
or to discover something new. If an experiment is to be per-
formed most efficiently, then a scientific approach to plan-
ning it must be considered. The design of experiments (DOE)
is the process of planning experiments so that appropriate
data will be collected, the minimum number of experiments
will be performed to acquire the necessary technical informa-
tion, and suitable statistical methods will be used to analyze
the collected data.

The statistical approach to experimental design is necessary
if we wish to draw meaningful conclusions from the data.
Thus, there are two aspects to any experimental design: the
design of experiment and the statistical analysis of the collect-
ed data. They are closely related, since the method of statisti-
cal analysis depends on the design employed. 

An outline of the recommended procedure for an experi-
mental design is shown in Figure 4.16. A simple, but very
meaningful, model in Six Sigma is that “y is a function of x,”
i.e., y=f(x), where y represents the response variable of impor-
tance for the customers and x represents input variables which
are called factors in DOE. The question is which of the factors
are important to reach good values on the response variable
and how to determine the levels of the factors.

The design of experiments plays a major role in many engi-
neering activities. For instance, DOE is used for 

1. Improving the performance of a manufacturing
process. The optimal values of process variables can be
economically determined by application of DOE.
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Figure 4.16. Outline of experimental design procedure

2. The development of new processes. The application of
DOE methods early in process development can result
in reduced development time, reduced variability of
target requirements, and enhanced process yields.

3. Screening important factors.
4. Engineering design activities such as evaluation of mate-

rial alternations, comparison of basic design configura-
tions, and selection of design parameters so that the
product is robust to a wide variety of field conditions.

5. Empirical model building to determine the functional
relationship between x and y.

The tool, DOE, was developed in the 1920s by the British
scientist Sir Ronald A. Fisher (1890–1962) as a tool in agricul-
tural research. The first industrial application was performed
in order to examine factors leading to improved barley growth
for the Dublin Brewery. After its original introduction to the
brewery industry, factorial design, a class of design in DOE,
began to be applied in industries such as agriculture, cotton,
wool and chemistry. George E. P. Box (1919–), an American
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scientist, and Genichi Taguchi (1924–), a Japanese scientist,
have contributed significantly to the usage of DOE where vari-
ation and design are the central considerations. 

Large manufacturing industries in Japan, Europe and the
US have applied DOE from the 1970s. However, DOE
remained a specialist tool and it was first with Six Sigma that
DOE was brought to the attention of top management as a
powerful tool to achieve cost savings and income growth
through improvements in variation, cycle time, yield, and
design. DOE was also moved from the office of specialists to
the corporate masses through the Six Sigma training scheme.

(2) Classification of design of experiments

There are many different types of DOE. They may be clas-
sified as follows according to the allocation of factor combi-
nations and the degree of randomization of experiments. 

1. Factorial design: This is a design for investigating all possi-
ble treatment combinations which are formed from the fac-
tors under consideration. The order in which possible treat-
ment combinations are selected is completely random. Sin-
gle-factor, two-factor and three-factor factorial designs
belong to this class, as do 2k (k factors at two levels) and 3k

(k factors at three levels) factorial designs.

2. Fractional factorial design: This is a design for investigating
a fraction of all possible treatment combinations which are
formed from the factors under investigation. Designs using
tables of orthogonal arrays, Plackett-Burman designs and
Latin square designs are fractional factorial designs. This
type of design is used when the cost of the experiment is
high and the experiment is time-consuming.

3. Randomized complete block design, split-plot design and
nested design: All possible treatment combinations are test-
ed in these designs, but some form of restriction is imposed
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on randomization. For instance, a design in which each
block contains all possible treatments, and the only ran-
domization of treatments is within the blocks, is called the
randomized complete block design.

4. Incomplete block design: If every treatment is not present in
every block in a randomized complete block design, it is an
incomplete block design. This design is used when we may
not be able to run all the treatments in each block because of
a shortage of experimental apparatus or inadequate facilities.

5. Response surface design and mixture design: This is a design
where the objective is to explore a regression model to find
a functional relationship between the response variable and
the factors involved, and to find the optimal conditions of
the factors. Central composite designs, rotatable designs,
simplex designs, mixture designs and evolutionary opera-
tion (EVOP) designs belong to this class. Mixture designs
are used for experiments in which the various components
are mixed in proportions constrained to sum to unity.

6. Robust design: Taguchi (1986) developed the foundations
of robust design, which are often called parameter design
and tolerance design. The concept of robust design is used
to find a set of conditions for design variables which are
robust to noise, and to achieve the smallest variation in a
product’s function about a desired target value. Tables of
orthogonal arrays are extensively used for robust design.
For references related to robust design, see Taguchi (1987),
Park (1996) and Logothetis and Wynn (1989).

(3) Example of 23 factorial design

There are many different designs that are used in industry.
A typical example is illustrated here. Suppose that three fac-
tors, A, B and C, each at two levels, are of interest. The design
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is called a 23 factorial design, and the eight treatment combi-
nations are written in Table 4.5 and they can be displayed
graphically as a cube, as shown in Figure 4.17. We usually
write the treatment combinations in standard order as (1), c,
b, bc, a, ac, ab, abc. 

There are actually three different notations that are widely
used for the runs in the 2k design. The first is the “+ and –” nota-
tion, and the second is the use of lowercase letters to identify the
treatment combinations. The final notation uses 1 and 0 to
denote high and low factor levels, respectively, instead of + and 1.

Table 4.5. 23 runs and treatment combinations

Figure 4.17. 23 factorial design
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Suppose that a soft drink bottler is interested in obtaining
more uniform fill heights in the bottles produced by his man-
ufacturing process. The filling machine theoretically fills each
bottle to the correct target height, but in practice, there is vari-
ation around this target, and the bottler would like to under-
stand the sources of this variability and eventually reduce it.
The process engineer can control three variables during the
filling process as given below, and the two levels of experi-
mental interest for each factor are as follows: 

A: The percentage of carbonation (A0 = 10%, A1 = 12%)
B: The operating pressure in the filler (B0 = 25 psi, B1 =

30 psi)
C: The line speed (C0 = 200 bpm, C1 = 250 bpm)

The response variable observed is the average deviation
from the target fill height observed in a production run of bot-
tles at each set of conditions. The data that resulted from this
experiment are shown in Table 4.5. Positive deviations are fill
heights above the target, whereas negative deviations are fill
heights below the target. 

The analysis of variance can be done as follows. Here, Ti is
the sum of four observations at the level of Ai, and Tij is the
sum of two observations at the joint levels of AiBj. The
ANOVA (analysis of variance) table can be summarized as
shown in Table 4.6.

squares of sum corrected total=TS

8

)( 2
2 −= i

i

y
y

095.48
8

)0.3(
)0.2()0.1()5.2(

2
222 =−+ +−+−= ... .

Σ Σ
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Similarly, we can find that SB = 40.5, SC = 0.405. For the inter-
action sum of squares, we can show that

Similarly, we can find that SA×C = 0.005 and SB×C = 6.48. The
error sum of squares can be calculated as

Table 4.6. ANOVA table for soft drink bottling problem

Source of variation Sum of squares Degrees of  freedom Mean square F0

A

B

C

A×B

A×C

B×C

Error(e)

0.125

40.500

0.405

0.500

0.005

6.480

0.080

1

1

1

1

1

1

1

0.125

40.500

0.405

0.500

0.005

6.480

0.080

1.56

506.25

5.06

6.25

0.06

81.00

Total 48.095 7

08.0)( =− + + + + +=    B×CA×CA×BCBATe SSSSSSSS .

2
10•01•00•11•8

1 −−+= TTTTSA×B

2

8

1
ab + abc + (1) + c – b – bc – a – ac=

2

8

1
4.0+2.0+(–2.5)+(–1.0)–3.5–1.0–(–2.6)–(–1.4)=

5.0= .



















2
10•01•00•11•8

1 −−+= TTTTS A

2

8

1
ab + abc + (1) + c – b – bc – a – ac=

2

8

1
4.0+2.0+(–2.5)+(–1.0)–3.5–1.0–(–2.6)–(–1.4)=

5.0= .


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
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
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Since the F0 value of A×C is less than 1, we pool A×C into the
error term, and the pooled ANOVA table can be constructed
as follows.

Table 4.7. Pooled ANOVA table for soft drink bottling problem

To assist in the practical interpretation of this experiment,
Figure 4.18 presents plots of the three main effects and the
A×B and B×C interactions. Since A×C is pooled, it is not plot-
ted. The main effect plots are just graphs of the marginal
response averages at the levels of the three factors. The inter-
action graph of A×B is the plot of the averages of two
responses at A0B0, A0B1, A1B0 and A1B1. The interaction
graph of B×C can be similarly sketched. The averages are
shown in Table 4.8.

Table 4.8. Averages for main effects and interactions

A0 A1 B0 B1 C0 C1

0.25 0.50 –1.875 2.625 0.6 0.15

A0 A1 B0 B1

B0 –1.75 –2.0 C0 –2.55 3.75
B1 2.25 3.0 C1 –1.2 1.5

Source of variation Sum of squares Degrees of freedom Mean square F0

A

B

C

A×B

B×C

Pooled error(e)

0.125

40.500

0.405

0.500

6.480

0.085

1

1

1

1

1

2

0.125

40.500

0.405

0.500

6.480

0.0425

2.94

952.94**

9.53 ∆

11.76 ∆

152.47**

Total 48.095 7

** : Significant at 1% level.
∆ : Significant at 10% level.
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Figure 4.18. Main effects and interaction plots

Notice that two factors, A and B, have positive effects; that
is, increasing the factor level moves the average deviation
from the fill target upward. However, factor C has a negative
effect. The interaction between B and C is very large, but the
interaction between A and B is fairly small. Since the compa-
ny wants the average deviation from the fill target to be close
to zero, the engineer decides to recommend A0B0C1 as the
optimal operating condition from the plots in Figure 4.18. 

4.7 Failure Modes and Effects Analysis (FMEA)

(1) Definition

Failure modes and effects analysis (FMEA) is a set of guide-
lines, a process, and a form of identifying and prioritizing
potential failures and problems in order to facilitate process
improvement. By basing their activities on FMEA, a manager,
improvement team, or process owner can focus the energy and
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resources of prevention, monitoring, and response plans
where they are most likely to pay off. The FMEA method has
many applications in a Six Sigma environment in terms of
looking for problems not only in work processes and
improvements but also in data-collection activities, Voice of
the Customer efforts and procedures.

There are two types of FMEA; one is design FMEA and the
other is process FMEA. Design FMEA applications mainly
include component, subsystem, and main system. Process
FMEA applications include assembly machines, work sta-
tions, gauges, procurement, training of operators, and tests.
Benefits of a properly executed FMEA include the following: 

• Prevention of possible failures and reduced warranty
costs

• Improved product functionality and robustness
• Reduced level of day-to-day manufacturing problems
• Improved safety of products and implementation

processes
• Reduced business process problems 

(2) Design FMEA

Within a design FMEA, manufacturing and/or process
engineering input is important to ensure that the process will
produce to design specifications. A team should consider
including knowledgeable representation from design, test,
reliability, materials, service, and manufacturing/process orga-
nizations. When beginning a design FMEA, the responsible
design engineer compiles documents that provide insight into
the design intent. Design intent is expressed as a list of what
the design is expected to do. Table 4.9 shows a blank FMEA
form. A team determines the design FMEA tabular entries fol-
lowing guidelines as described below.
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• Header information: Documents the system/subsys-
tem/component, and supplies other information about
when the FMEA was created and by whom.

• Item/function: Contains the name and number of the
analyzed item. Includes a concise, exact, and easy-to-
understand explanation of the function of the item task.

• Potential failure mode: Describes ways a design could
fail to perform its intended function. 

• Potential effect of failure: Contains the effects of the
failure mode on the function from an internal or exter-
nal customer point of view.

• Severity: Assesses the seriousness of the effect of the
potential failure mode to the next component, subsys-
tem, or system, if it should occur. Estimation is typical-
ly based on a 1 to 10 scale where 10 is the most serious,
5 is low and 0 is no effect.

• Classification: Includes optional information such as
critical characteristics that may require additional
process controls.

• Potential cause of failure: Indicates a design weakness
that causes the potential failure mode. 

• Occurrence: Estimates the likelihood that a specific
cause will occur. Estimation is usually based on a 1 to 10
scale where 10 is very high (failure is almost inevitable),
5 is low, and 1 is remote (failure is unlikely).

• Current design controls: Lists activities such as design
verification tests, design reviews, DOEs, and tolerance
analysis that ensure occurrence criteria.
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• Detection: Assessment of the ability of the current
design control to detect the subsequent failure mode.
Assessment is based on a 1 to 10 scale where 10 is
absolute uncertainty (there is no control), 5 is moderate
(moderate chance that the design control will detect a
potential cause), 1 is almost certain (design control will
almost certainly detect a potential cause).

• Risk priority number (RPN): Product of severity, occur-
rence, and detection rankings. The ranking of RPN pri-
oritizes design concerns.

• Recommended action: Intent of this entry is to institute
actions.

• Responsibility for recommended action: Documents the
organization and individual responsibility for recom-
mended action.

• Actions taken: Describes implementation action and
effective date.

• Resulting RPN: Contains the recalculated RPN result-
ing from corrective actions that affected previous sever-
ity, occurrence, and detection rankings. Blanks indicate
no action.

Table 4.10 shows an example of a design FMEA which is
taken from the FMEA Manual of Chrysler Ford General
Motors Supplier Quality Requirements Task Force. 
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(3) Process FMEA

For a process FMEA, design engineering input is important
to ensure appropriate focus on important design needs. A
team should consider including knowledgeable representation
from design, manufacturing/process, quality, reliability, tool-
ing, and operators.

Table 4.9 shows a blank FMEA form which can be simul-
taneously used for a design FMEA and for a process FMEA.
The tabular entries of a process FMEA are similar to those of
a design FMEA. Detailed explanations for these entries are
not given here again. An example is given in Table 4.11 to
illustrate the process FMEA. 

4.8 Balanced Scorecard (BSC)

The concept of a balanced scorecard became popular fol-
lowing research studies published in the Harvard Business
Review articles of Kaplan and Norton (1992, 1993), and ulti-
mately led to the 1996 publication of the standard business
book on the subject, titled The Balanced Scorecard (Kaplan
and Norton, 1996). The authors define the balanced score-
card (BSC) as “organized around four distinct performance
perspectives – financial, customer, internal, and innovation
and learning. The name reflects the balance provided between
short- and long-term objectives, between financial and non-
financial measures, between lagging and leading indicators,
and between external and internal performance perspectives.” 

As data are collected at various points throughout the orga-
nization, the need to summarize many measures – so that top-
level leadership can gain an effective idea of what is happening
in the company – becomes critical. One of the most popular and
useful tools we can use to reach that high-level view is the BSC.
The BSC is a flexible tool for selecting and displaying “key indi-
cator” measures about the business in an easy-to-read format.
Many organizations not involved in Six Sigma, including many
government agencies, are using the BSC to establish common
performance measures and keep a closer eye on the business. 
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A number of organizations that have embraced Six Sigma
methodology as a key strategic element in their business plan-
ning have also adopted the BSC, or something akin to it, for
tracking their rate of performance improvement. One of those
companies is General Electric (GE). In early 1996, Jack Welch,
CEO of GE, announced to his top 500 managers his plans and
aspirations regarding a new business initiative known as Six
Sigma (Slator, 2000). When the program began, GE selected
five criteria to measure progress toward an aggressive Six
Sigma goal. Table 4.12 compares the GE criteria with the four
traditional BSC criteria. We have ordered the four GE criteria
so that they align with the corresponding traditional BSC mea-
sures. The fifth GE criterion, “supplier quality,” can be con-
sidered as a second example of the BSC “financial” criteria. 

Table 4.12. Measurement criteria: BSC versus GE

In today’s business climate, the term “balanced scorecard”
can refer strictly to the categories originally defined by Kaplan
and Norton (1996), or it can refer to the more general “fam-
ily of measures” approach involving other categories. GE, for
example, uses the BSC approach but deviates from the four
prescribed categories of the BSC when it is appropriate. God-
frey (1999) makes no demands on the BSC categories other
than that they track goals that support the organization’s
strategic plan. 

For an example of a BSC, the following BSC can be
obtained for an internal molding process.

Balanced Scorecard General Electric

1. Financial

2. Customer

3. Internal

4. Innovation and learning

1. Cost of poor quality (COPQ)

2. Customer satisfaction

3. Internal process performance

4. Design for manufacturability (DFM)

5. Supplier quality
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Table 4.13. Internal process BSC

In Table 4.13, Zl and ZS are the long-term and short-term
critical values of standard normal distribution, respectively.
Since the average DPMO of this molding process is 812, the
sigma quality level is 4.65. Through this BSC, we can judge
whether this process is satisfactory or not.

Process
name CTQ LSL USL Mean

Standard
deviation Zl Zs DPMO

Molding

Diameter

Curvature

Distance

Contraction

Temperature

Index

–1

–1.14

90

1.0

1

0.57

1.14

2.1

–0.021

0.165

0.022

98.94

1.57

0.340

0.099

0.290

2.46

0.16

2.71

4.06

3.74

3.62

3.32

4.21

5.56

5.24

5.12

4.82

3,338

25

91

147

458

Average 3.15 4.65 812
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5. Six Sigma and Other Management
Initiatives

5.1 Quality Cost and Six Sigma

(1) Definition of quality cost

Quality costs are the costs incurred for quality manage-
ment. Feigenbaum (1961) in his book of Total Quality Con-
trol mentioned that quality costs consist of three major cate-
gories: prevention, appraisal and failure. In addition, the area
of failure cost is typically broken up into two subcategories:
internal failure and external failure.

Prevention costs are devoted to keeping defects from occur-
ring in the first place. They include quality training, quality
planning and vendor surveys. Appraisal costs are associated
with efforts such as quality audits, testing and inspection to
maintain quality levels by means of formal evaluations of
quality systems. Failure costs refer to after-the-fact efforts
devoted to products that do not meet specifications or that fail
to meet customers’ expectations. Table 5.1 gives examples of
individual cost elements within each of these major categories.

(2) Proportion of quality costs

To pinpoint the areas which merit the highest priority of
quality-control effort, a breakdown of overall quality costs by
major divisions, product lines or areas of the process flow is
often needed. Figure 5.1 shows the quality costs for three sep-
arate divisions, A, B and C, in a company. Division A shows
a disproportionately high failure rate with very little preven-
tion and appraisal effort. Appraisal cost appears high for divi-
sion B, but failure costs are quite reduced compared with divi-
sion A. External failure, internal failure, appraisal and pre-
vention are quite balanced in division C, and consequently
quality costs can be reduced. This indicates that a greater pro-
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Table 5.1. Categories of quality costs and their contents

portion of existing preventive and appraising efforts should be
expended in reducing failure costs. This strategy will eventu-
ally reduce the overall quality costs. The optimal proportions
of quality costs depend on the type of business involved.
However, it is reported that the quality cost could be reduced
to as much as approximately 10% level of total sales value.

(3) Cost of poor quality

The cost of poor quality (COPQ) is the total cost incurred
by high quality costs and poor management. Organizations,
both public and private, that can virtually eliminate the
COPQ can become the leaders of the future. Conway (1992)

Category Contents

Prevention cost
(P-cost)

1. Quality training
2. Process capability studies
3. Vendor surveys
4. Quality planning and design
5. Other prevention expenses

Appraisal cost
(A-cost)

1. All kinds of testing and inspection
2. Test equipment
3. Quality audits and reviews
4. Laboratory expenses
5. Other appraisal expenses

Failure cost (F-cost)
Internal failure cost

1. Scrap and rework
2. Design changes
3. Excess inventory cost
4. Material procurement cost
5. Other internal failure expenses

Failure cost (F-cost)
External failure cost

1. After-service and warranty costs
2. Customer complaint visits
3. Returns and recalls
4. Product liability suits
5. Other external failure expenses
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Figure 5.1. Breakdown of quality costs

claims that in most organizations 40% of the total effort, both
human and mechanical, is wasted. If that waste can be elimi-
nated or significantly reduced, the per-unit price that must be
charged for goods and services to yield a good return on
investment is greatly reduced, and often ends up being a price
that is competitive on a global basis. One of the great advan-
tages of Six Sigma is to reduce the COPQ, and hence, to
improve profitability and customer satisfaction.

As the quality movement progressed, it became obvious
that the costs associated with quality could represent as much
as 20 to 40% of total sales value (see Juran, 1988), and that
many of these costs were “hidden” (not directly captured) on
the income statement or balance sheet. These hidden quality
costs are those shown below the water line in Figure 5.2.

% of Total Sales 28.4% 22.7% 13.9%

0.6%

14.2%

11.3%

2.3%
1.0%

10.1%

5.4%

4.2%

2.8%

4.3%

3.2%

3.6%

External
Failure

Internal
Failure

Appraisal

Prevention

Division A Division B Division C
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Figure 5.2. Visible and hidden costs of poor quality

The addition of technical specialists within the quality
department helped with defining and focusing on these hidden
quality costs. Since large COPQ represents unsatisfactory
products or practices, that, if eliminated, could significantly
improve the profitability of an organization. Over a period of
decades, a number of surprising facts surfaced concerning
COPQ (Juran, 1988):

• Quality-related costs were much higher than financial
reports tended to indicate.

• Quality costs were incurred not only in manufacturing
but in support areas as well.

• While many of these costs were avoidable, there was no
person or organization directly responsible for reducing
them.

An excellent Six Sigma strategy should directly attack the
COPQ, whose issues can dramatically affect a business. Wise-
ly applied Six Sigma techniques can help eliminate or reduce
many of the issues that affect overall COPQ. The concept of

Visible COPQ Prevention cost

Appraisal cost

Internal failure cost

External failure cost

Hidden COPQ Lost management time cost

Lost business cost

Lost credibility cost

Project rework cost

Lost opportunity cost

Lost assets cost

Rerun cost

Lost goodwill cost

Maintenance cost
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COPQ can help identify Six Sigma projects. It would be ideal
if a Pareto chart of the monetary magnitude of the 20 COPQ
subcategories listed in Table 5.1 could be created so that areas
for improvement could be identified. 

5.2 TQM and Six Sigma

While Six Sigma is definitely succeeding in creating some
impressive results and culture changes in some influential orga-
nizations, it is certainly not yet a widespread success. Total
Quality Management (TQM) seems less visible in many busi-
nesses than it was in the early 1990s. However, many compa-
nies are still engaged in improvement efforts based on the prin-
ciples and tools of TQM. It appears at least in Korea that Six
Sigma is succeeding while TQM is losing its momentum.

One of the problems that plagued many of the early TQM
initiatives was the preeminence placed on quality at the
expense of all other aspects of the business. Some organiza-
tions experienced severe financial consequences in the rush to
make quality “first among equals.” The disconnection
between management systems designed to measure customer
satisfaction and those designed to measure provider prof-
itability often led to unwise investments in quality, which has
been often practiced in TQM.

Ronald Snee (1999) points out that although some people
believe it is nothing new, Six Sigma is unique in its approach
and deployment. He defines Six Sigma as a strategic business
improvement approach that seeks to increase both customer
satisfaction and an organization’s financial health. Snee goes
on to claim that the following eight characteristics account for
Six Sigma’s increasing bottom-line (net income or profit) suc-
cess and popularity with executives.

• Bottom-line results expected and delivered
• Senior management leadership
• A disciplined approach (DMAIC)
• Rapid (3–6 months) project completion 
• Clearly defined measures of success
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• Infrastructure roles for Six Sigma practitioners and
leadership

• Focus on customers and processes
• A sound statistical approach to improvement

Other quality initiatives including TQM have laid claim to
a subset of these characteristics, but only Six Sigma attributes
its success to the simultaneous application of all eight.

Six Sigma is regarded as a vigorous rebirth of quality ideals
and methods, as these are applied with even greater passion and
commitment than often was the case in the past. Six Sigma is
revealing a potential for success that goes beyond the levels of
improvement achieved through the many TQM efforts. Some
of the mistakes of yesterday’s TQM efforts certainly might be
repeated in a Six Sigma initiative if we are not careful.

A review of some of the major TQM pitfalls, as well as
hints on how the Six Sigma system can keep them from derail-
ing our efforts is listed below.

1. Links to the business and bottom-line success:
In TQM, quality often was a “sidebar” activity, separated

from the key issues of business strategy and performance. The
link to the business and bottom-line success was undermined,
despite the term “total” quality, since the effort actually was
limited to product and manufacturing functions. Six Sigma
emphasizes reduction of costs, thereby contributing to the
bottom-line, and participation of three major areas: manufac-
turing, R&D and service parts.

2. Top-level management leadership:
In many TQM efforts, top-level management’s skepticism

has been apparent, or their willingness to drive quality ideas
has been weak. Passion for and belief in Six Sigma at the very
summit of the business is unquestioned in companies like
Motorola, GE, Allied Signal (now Honeywell), LG and Sam-
sung. In fact, top-level management involvement is the begin-
ning of Six Sigma.
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3. Clear and simple message:
The fuzziness of TQM started with the word “quality”

itself. It is a familiar term with many shades of meaning. In
many companies, Quality was an existing department with
specific responsibilities for “quality control” or “quality assur-
ance,” where the discipline tended to focus more on stabilizing
rather than improving processes. Also TQM does not provide
a clear goal at which to aim. The concept of Six Sigma is clear
and simple. It is a business system for achieving and sustaining
success through customer focus, process management and
improvement, and the wise use of facts and data. A clear goal
(3.4 DPMO or 6σ quality level) is the centerpiece of Six Sigma.

4. Effective training:
TQM training was ineffective in the sense that the training

program was not so systematic. Six Sigma divides all the
employees into five groups (WB, GB, BB, MBB and Champi-
on), and it sets very demanding standards for learning, back-
ing them up with the necessary investment in time and money
to help people meet those standards.

5. Internal barriers:
TQM was a mostly “departmentalized” activity in many

companies, and it seemed that TQM failed to break down
internal barriers among departments. Six Sigma places priori-
ty on cross-functional process management, and cross-func-
tional project teams are created, which eventually breaks
down internal barriers.

6. Project team activities:
TQM utilized many “quality circles” of blue-collar opera-

tors and workers, and not many “task force teams” of white-
collar engineers even if they are needed. Six Sigma demands a
lot of project teams of BBs and GBs, and the project team activ-
ities are one of the major sources of bottom-line and top-line
success. The difference between quality circles and Six Sigma
project team activities was already explained in Chapter 2.
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5.3 ISO 9000 Series and Six Sigma

ISO (International Organization for Standardization) 9000
series standards were first published in 1987, revised in 1994,
and re-revised in 2000 by the ISO. The 2000 revision, denoted
by ISO 9000:2000, has attracted broad expectations in industry.
As of the year 2001, more than 300,000 organizations world-
wide have been certified to the ISO 9000 series standards. It
embodies a consistent pair of standards, ISO 9001:2000 and
ISO 9004:2000, both of which have been significantly updated
and modernized. The ISO 9001:2000 standard specifies require-
ments for a quality management system for which third-party
certification is possible, whereas ISO 9004:2000 provides guide-
lines for a comprehensive quality management system and per-
formance improvement through Self-Assessment.

The origin and historical development of ISO 9000 and Six
Sigma are very different. The genesis of ISO 9000 can be
traced back to the standards that the British aviation industry
and the U.S. Air Force developed in the 1920s to reduce the
need for inspection by approving the conformance of suppli-
ers’ product quality. These standards developed into require-
ments for suppliers’ quality assurance systems in a number of
western countries in the 1970s. In 1987 they were amalga-
mated into the ISO 9000 series standards.

Independent of ISO 9000, the same year also saw the
launch of Six Sigma at Motorola and the launch of Self-
Assessment by means of the Malcolm Baldrige National Qual-
ity Award in USA. Both Six Sigma and Self-Assessment can be
traced back to Walter A. Shewhart and his work on variation
and continuous improvement in the 1920s. It was Japanese
industry that pioneered a broad application of these ideas
from the 1950s through to the 1970s. When variation and
continuous improvement caught the attention of some of the
American business leaders in the late 1980s, it took the form
of the Malcolm Baldrige National Quality Award, on a
national level, and of Six Sigma at Motorola.

Some people are wondering if the ISO 9000:2000 series
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standards make Six Sigma superfluous. They typically refer to
clause 8 of ISO 9001: “Measurement, analysis, improvement.”
It requires that companies install procedures in operations for
the measurement of processes and data analysis using statisti-
cal techniques with the demonstration of continuous improve-
ment as shown in Figure 5.3. They also partly refer to the ISO
9004:2000 standards that embody guidelines and criteria for
Self-Assessment similar to the national quality awards.

Figure 5.3. The new process model in ISO 9000:2000

The author firmly believes that Six Sigma is needed regard-
less of whether a company is compliant with the ISO 9000
series. The two initiatives are not mutually exclusive and the
objectives in applying them are different. A Six Sigma pro-
gram is applied in organizations based on its top-line and bot-
tom-line rationales. The primary objective for applying the
ISO 9000 series standards is to demonstrate the company’s
capability to consistently provide conforming products and/or
services. Therefore, the ISO 9000 series standard falls well
short of making Six Sigma superfluous.

The ISO 9000 series standards have from their early days
been regarded and practiced by industry as a minimum set of
requirements for doing business. The new ISO 9000:2000 stan-
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dards do not represent a significant change to this perspective.
Six Sigma on the other hand, aims at world-class performance,
based on a pragmatic framework for continuous improvement.

The author believes that Six Sigma is superior in such impor-
tant areas as rate of improvement, bottom-line and top-line
results, customer satisfaction, and top-level management com-
mitment. However, considering the stronghold of ISO 9000 in
industry, Six Sigma and ISO 9000 are likely to be applied by the
same organization, but for very different purposes.

5.4 Lean Manufacturing and Six Sigma

(1) What is lean manufacturing?

Currently there are two premier approaches to improving
manufacturing operations. One is lean manufacturing (here-
inafter referred to as “lean”) and the other is Six Sigma.

Lean evaluates the entire operation of a factory and
restructures the manufacturing method to reduce wasteful
activities like waiting, transportation, material hand-offs,
inventory, and over-production. It reduces variation associat-
ed with manufacturing routings, material handling, storage,
lack of communication, batch production and so forth. Six
Sigma tools, on the other hand, commonly focus on specific
part numbers and processes to reduce variation. The combi-
nation of the two approaches represents a formidable oppo-
nent to variation in that it includes both layout of the factory
and a focus on specific part numbers and processes.

Lean and Six Sigma are promoted as different approaches
and different thought processes. Yet, upon close inspection,
both approaches attack the same enemy and behave like two
links within a chain – that is, they are dependent on each other
for success. They both battle variation, but from two different
points of view. The integration of Lean and Six Sigma takes
two powerful problem-solving techniques and bundles them
into a powerful package. The two approaches should be
viewed as complements to each other rather than as equiva-
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lents of or replacements for each other (Pyzdek, 2000).
In practice, manufacturers that have widely adopted lean

practices record performance metrics superior to those achieved
by plants that have not adopted lean practices. Those practices
cited as lean in a recent industrial survey (Jusko, 1999) include

• quick changeover techniques to reduce setup time;
• adoption of manufacturing cells in which equipment

and workstations are arranged sequentially to facilitate
small-lot, continuous-flow production;

• just-in-time (JIT) continuous-flow production techniques
to reduce lot sizes, setup time, and cycle time; and,

• JIT supplier delivery in which parts and materials are
delivered to the shop floor on a frequent and as-needed
basis.

(2) Differences between Lean and Six Sigma

There are some differences between Lean and Six Sigma as
noted below.

• Lean focuses on improving manufacturing operations in
variation, quality and productivity. However, Six Sigma
focuses not only on manufacturing operations, but also on
all possible processes including R&D and service areas.

• Generally speaking, a Lean approach attacks variation
differently than a Six Sigma system does (Denecke, 1998)
as shown in Figure 5.4. Lean tackles the most common
form of process noise by aligning the organization in
such a way that it can begin working as a coherent whole
instead of as separate units. Lean seeks to co-locate, in
sequential order, all the processes required to produce a
product. Instead of focusing on the part number, Lean
focuses on product flow and on the operator. Setup time,
machine maintenance and routing of processes are
important measures in Lean. However, Six Sigma focus-
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Figure 5.4. Variation as viewed by lean manufacturing and Six Sigma

es on defective rates and costs of poor quality due to part
variation and process variation based on measured data.

• The data-driven nature of Six Sigma problem-solving
lends itself well to lean standardization and the physical
rearrangement of the factory. Lean provides a solid
foundation for Six Sigma problem-solving where the
system is measured by deviation from and improve-
ments to the standard. 

• While Lean emphasizes standardization and productiv-
ity, Six Sigma can be more effective at tackling process
noise and cost of poor quality.

Method
Variation
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(3) Synergy effect

The author believes that Lean and Six Sigma, working
together, represent a formidable weapon in the fight against
process variation. Six Sigma methodology uses problem-solv-
ing techniques to determine how systems and processes oper-
ate and how to reduce variation in processes. In a system that
combines the two philosophies, Lean creates the standard and
Six Sigma investigates and resolves any variation from the
standard. In addition, the techniques of Six Sigma should be
applied within an organization’s processes to reduce defects,
which can be a very important prerequisite to the success of a
Lean project. 

5.5 National Quality Awards and Six Sigma

The national quality awards such as the Malcolm Baldrige
National Quality Award (MBNQA), the European Quality
Award, the Deming Prize and the Korean National Quality
Grand Prize provide a set of excellent similar criteria for help-
ing companies to understand performance excellence in oper-
ations. Table 5.2 shows the list of these criteria. Let us denote
these criteria and efforts directed toward performance excel-
lence for quality awards as a Self-Assessment program. Then,
is Self-Assessment and Six Sigma the same?

Table 5.2. Overview of the criteria in some Self-Assessment models

Malcolm Baldrige
National Quality

Award

European Quality
Award Deming Prize Korean National

Quality Grand Prize

1. Leadership
2. Strategic planning
3. Customer & 

market share
4. Information & 

analysis
5. Human resource 

focus
6. Process 

management
7. Business results

1. Leadership
2. Policy & strategy
3. People
4. Partnership & 

resources
5. Processes
6. Customer results
7. People results
8. Society results
9. Key performance 

results

1. Organization
2. Policies
3. Information
4. Standardization
5. Human resources
6. Quality assurance
7. Maintenance
8. Improvement
9. Effects
10. Future plans

1. Leadership
2. Strategic planning
3. Customer 

satisfaction
4. Information & 

analysis
5. Human resource 

management
6. Process 

management
7. Business results
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Some evidence indicates a relationship between Self-Assess-
ment and Six Sigma. Firstly, since the launch of the MBNQA
in 1987, at least two companies have received the prestigious
award largely due to their Six Sigma program. They are
Motorola in 1988 and Defence Systems Electronics Group in
1992 (now Raytheon TI Systems). Secondly, a number of
companies strongly promoting Self-Assessment are now
launching Six Sigma programs. The most well known is prob-
ably Solectron, the only two-time recipient of the MBNQA in
1991 and 1997, which launched Six Sigma in 1999. Thirdly,
the achievement towards excellence made by companies
applying Six Sigma is as much as 70% improvement in
process performance per year. 

However, there are some significant differences. While Self-
Assessment is heavily diagnostic in nature with most criteria
that guide companies towards excellence, Six Sigma is a much
more action-oriented and pragmatic framework embodying
the improvement methodology, tools, training and measure-
ments necessary to move towards world-class performance.
Six Sigma heavily focuses on improvement projects to gener-
ate cost savings and revenue growth with company-wide
involvement of employees. On the other hand, Self-Assess-
ment has been criticized for contributing meagerly in terms of
financial benefits and for depending solely on a cumbersome
evaluation practice by a team of in-house experts. Further-
more, it does not in a systematic way involve the broad mass
of rank-and-file employees to the extent that Six Sigma does.

However, the two kinds of initiatives may very well sup-
port and complement each other. While Self-Assessment indi-
cates important improvement areas, Six Sigma guides the
action-oriented improvement process. They share the objec-
tive of excellence in operations. It is believed that Six Sigma
constitutes a road to performance excellence via the most
pragmatic way.
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6. Further Issues for Implementation of 
Six Sigma

6.1 Seven Steps for Six Sigma Introduction

When a company intends to introduce Six Sigma for its
new management strategy, we would like to recommend the
following seven-step procedures:

1. Top-level management commitment for Six Sigma is
first and foremost. The CEO of the corporation or
business unit should genuinely accept Six Sigma as the
management strategy. Then organize a Six Sigma team
and set up the long-term Six Sigma vision for the com-
pany.

2. Start Six Sigma education for Champions first. Then
start the education for WBs, GBs, BBs and MBBs in
sequence. Every employee of the company should take
the WB education first and then some of the WBs
receive the GB education, and finally some of the GBs
receive the BB education. However, usually MBB edu-
cation is practiced in professional organizations.

3. Choose the area in which Six Sigma will be first intro-
duced.

4. Deploy CTQs for all processes concerned. The most
important is the company’s deployment of big CTQy
from the standpoint of customer satisfaction. Appoint
BBs as full-time project leaders and ask them to solve
some important CTQ problems.

5. Strengthen the infrastructure for Six Sigma, including
measurement systems, statistical process control
(SPC), knowledge management (KM), database man-
agement system (DBMS) and so on.

6. Designate a Six Sigma day each month, and have the
progress of Six Sigma reviewed by top-level manage-
ment.
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7. Evaluate the company’s Six Sigma performance from
the customers’ viewpoint, benchmark the best compa-
ny in the world, and revise the Six Sigma roadmap if
necessary. Go to step 1 for further improvement.

First of all, a handful or a group of several members should
be appointed as a Six Sigma team to handle all kinds of Six
Sigma tasks. The team is supposed to prepare proper educa-
tion and the long-term Six Sigma vision for the company. We
can say that this is the century of the 3Cs, which are Chang-
ing society, Customer satisfaction and Competition in quality.
The Six Sigma vision should be well matched to these 3Cs.
Most importantly, all employees in the company should agree
to and respect this long-term vision.

Second, Six Sigma can begin from proper education for all
classes of the company. The education should begin from the
top managers, so called Champions. If Champions do not
understand the real meaning of Six Sigma, there is no way for
Six Sigma to proceed further in the company. After Champi-
on’s education, GB→BB→MBB education should be complet-
ed in sequence.

Third, we can divide Six Sigma into three parts according
to its characteristics. They are R&D Six Sigma, manufactur-
ing Six Sigma, and Six Sigma for non-manufacturing areas.
The R&D Six Sigma is often called DFSS (Design for Six
Sigma). It is usually not wise to introduce Six Sigma to all
areas at the same time. The CEO should decide the order of
introduction to these three areas. It is common to introduce
Six Sigma to manufacturing processes first, and then service
areas and R&D areas. However, the order really depends on
the current circumstances of the company.

Fourth, deploy CTQs for all processes concerned. These
CTQs can be deployed by policy management or by manage-
ment by objectives. Some important CTQs should be given to
BBs to solve as project themes. In principle, the BBs who lead
the project teams work as full-time workers until the projects
are finished.
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Fifth, in order to firmly introduce Six Sigma, some basic
infrastructure is necessary such as scientific management tools
of SPC, KM, DBMS and ERP (enterprise resources planning).
In particular, efficient data acquisition, data storage, data
analysis and information dissemination are necessary.

Sixth, one day each month is declared as Six Sigma day. On
this day, the CEO should personally check the progress of Six
Sigma. All types of presentation of Six Sigma results can be
given, and awards can be presented to persons who performed
excellently in fulfilling Six Sigma tasks. If necessary, seminars
relating to Six Sigma can be held on this day.

Lastly, all process performances are evaluated to investigate
whether they are being improved. The benchmarked compa-
ny’s performance should be used for process evaluation.
Revise your vision or roadmap of Six Sigma, if necessary, and
repeat again the innovation process.

6.2 IT, DT and Six Sigma

(1) Emergence of DT

It is well known that the modern technology for the 21st
century is regarded as based on the following 6Ts. They are:

IT : Information Technology
BT : Bio-Technology
NT : Nano-Technology
ET : Environment Technology
ST : Space Technology
CT : Culture Technology

We believe that one more T should be added to these 6Ts,
which is DT, data technology.

Definition of DT (data technology): DT is a scientific
methodology which deals with
• Measurement, collection, storage and retrieval tech-

niques of data;
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• Statistical analysis of data and data refinement
• Generation of information and inference from data
• Statistical/computational modeling from data
• Creation of necessary knowledge from data informa-

tion
• Diagnosis and control of current events from statistical

models and,
• Prediction of unforseen events from statistical models

for the future.

DT is an essential element for Six Sigma, and in general for
national competitiveness. The importance of DT will rapidly
expand in this knowledge-based information society.

(2) Difference between IT and DT

Many believe that DT is a subset of IT. This argument may
be true if IT is interpreted in a wide sense. Generally speaking,
however, IT is defined in a narrow sense as follows.

Definition of IT (information technology): IT is an engi-
neering methodology which deals with
• Presentation and control of raw data and information

created by DT;
• Efficient data/information and image transmission and

communication;
• Manufacturing technology of electronic devices for

data/information transmission and communication;
• Production technology of computer-related machines

and software; and,
• Engineering tools and support for knowledge manage-

ment.

Korea is very strong in IT industries such as the Internet, e-
business, mobile phones, communication equipment and com-
puter-related semiconductors.

The difference between DT and IT can be seen in the infor-
mation flow as shown in Figure 6.1.
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Figure 6.1. Information flow of DT and IT

DT is mainly concerned with data collection, statistical analy-
sis of data, generation of information, and creation of neces-
sary knowledge from information. However, IT is mainly con-
cerned with data/information/image transmission and commu-
nication, and development of engineering devices and comput-
ers for information handling. Also IT is concerned with engi-
neering tools for knowledge management. Generally speaking,
DT forms the infrastructure of IT. Without DT, IT would have
limitations in growth. DT is software-oriented, but IT is hard-
ware-oriented and systems-oriented. Without IT, DT cannot be
well visualized. IT is the vehicle for DT development.

Table 6.1 shows the differences between DT and IT in
terms of characteristics, major products, major study fields
and advanced levels in Korea.

Table 6.1. Comparison of DT and IT

Contents DT IT

Major
characteristics

Major
products

Major
study fields

Advanced
level of Korea

Low High

Software-oriented, scientific approach 
for data analysis, statistical modeling for 
future prediction

Software such as DBMS, CRM, SPC, 
ERP, Statistics, Data-mining, 
Simulation, and Cryptography

Mathematics, Statistics, Information 
Science, Computer Science,
Management Science

Hardware & systems-oriented engineering 
approach for transmission & 
communication of data/information/image

Communication systems and auxiliary 
software, Computers, Semiconductors, 
Electronic devices, Measuring and 
Control devices

Computer engineering, Electronic/ 
communication engineering, Control & 
Systems engineering

Fact
Data

collectionDT
Statistical analysis
of data and data

refinement

Generation of
information and

inference from data

Creation of
knowledge from

information

FactIT
Data/information/image

transmission and
communication

Development of engineering
devices and computers for

information handling

Engineering tools
and support for

knowledge
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(3) Knowledge triangle

It is said that the 21st century is the knowledge-based infor-
mation society. We can think about the knowledge triangle as
shown in Figure 6.2 in which DT and IT play important roles.

Figure 6.2. The knowledge triangle

In each step, the following activities are usually implemented.

Table 6.2. Major activities in each step of knowledge triangle

Step

1

2

3

4

 Major Activities

 

Measurement, Data refinement, Sampling design, 
Design of experiments, Meta-data management, 
Gauge R&R test 

Data analysis and modeling, Data-mining, Data 
redefinement for application, Diagnosis and 
control, Prediction modeling

Output summary, Valuation, Remodeling, 
Information clustering

Knowledge generation from Information clustering

Information

Data

Knowledge

Fact

2. DT

1. DT

4. God’s
Kingdom

3. DT & IT

Wisdom
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(4) Scope of DT

The scope of DT can be divided into three categories: man-
agement, multiplication and execution. Management DT comes
first, and then multiplication DT, and finally execution DT pro-
vides valuation and profit generation for the organization con-
cerned. The scope can be shown sequentially as in Figure 6.3.

Figure 6.3. Scope of DT

(5) Loss due to insufficient DT

A weak DT can result in big loss to a company, to a soci-
ety and to a nation. Some examples of national loss due to
insufficient DT are as follows.

Economic crisis in 1997:
Korea faced an economic crisis in 1997, and the Interna-

tional Monetary Fund helped Korea at that time. The major
reason was that important economic data, so-called Foreign
Exchange Stock (FES) had not been well taken care of. Had
the collection of FES, trend analysis of FES, and prediction of
FES been well performed by good DT, there would not have
been an economic crisis.

Management DT

Multiplication DT

Execution DT

Valuation &
 Profit Generation

Acquisition, Storage, Retrieval
Basic analysis of data
Creation of information

Minute analysis, Re-explanation 
of results obtained, Information is 
multiplied and regenerated by 
using DT, Data-mining plays large 
roles, Knowledge is created.

Execution of generated knowledge, 
Data/information transmission, 
Higher value & bigger profit.

142

Six Sigma for Quality and Productivity Promotion



Inherent political dispute in politics:
Politics is perhaps the most underdeveloped area in Asia

including Korea. Non-productive political disputes hamper
development of all other areas such as industry, education,
culture and so on. If people’s opinion surveys are properly
conducted by DT, and political parties just follow the opinion
of the majority of people, politics can become more mature,
and can assist all the other areas to become more developed.

Big quality cost:
The quality costs of most companies in Asia including Korea

make up about 20% of the total sales value. The quality costs
consist of P-cost for prevention, A-cost for appraisal and F-cost
for failure. The ratios of these costs are roughly 1%, 3%, and
16% for P-cost, A-cost, and F-cost, respectively. If DT is well
utilized for the data analysis of quality cost, the quality cost can
be reduced to about 10% of total sales value. Perhaps the opti-
mal ratios of these costs would be 3%, 2%, and 5% for P-cost,
A-cost, and F-cost, respectively. Actually, Six Sigma project
teams are very much aimed at reducing quality costs.

6.3 Knowledge Management and Six Sigma

(1) Knowledge-based Six Sigma

We think that Knowledge Management (KM) is very
important in this knowledge-based information society. If Six
Sigma and KM are combined, it could become a very power-
ful management strategy. We want to propose the so-called
Knowledge Based Six Sigma (KBSS) as the combination of Six
Sigma and KM.

KBSS can be defined as “a company-wide management
strategy whose goal is to achieve process quality innovation
corresponding to 6σ level and customer satisfaction through
such activities as systematic generation/storage/dissemination
of knowledge by utilizing the information technology of the
Internet/intranet, data-bases and other devices.” As shown in
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Figure 6.4, there are some differences between Six Sigma and
KM. However, there also exist some areas of intersections
such as data acquisition and utilization, data analysis, gener-
ation of information, and so on.

Figure 6.4. Knowledge-based Six Sigma

KBSS is a combination of KM and Six Sigma which can be
developed as a new paradigm for management strategy in this
digital society of the 21st century.

(2) Methodologies in KBSS

Process flow of improvement activities
In KM, it was proposed by Park (1999) that a good process

flow of improvement activities is the CSUE cycle as shown in
Figure 6.5. CSUE means Creating & Capturing, Storing &
Sharing, Utilization and Evaluation. As explained previously,
the well-known process flow of improvement activities in Six
Sigma is MAIC.

Figure 6.5. Process flow of improvement activities 
in KM and Six Sigma

Evaluation
Creating &
Capturing

Utilization Storing &
Sharing

Control Measure

AnalyzeImprove

Flow in KM Flow in Six Sigma

Knowledge
Management

Six Sigma
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The CSUE and MAIC cycles can be intermixed in order to
create an efficient cycle in KBSS. One way is to use the MAIC
cycle in each step of CSUE, or to use the CSUE cycle in each
step of the MAIC cycle. We believe that CSUE and MAIC are
both complementary to each other.

Project team activities
The project team activities by BBs and GBs for quality and

productivity improvement are perhaps most important activi-
ties in Six Sigma. If the concept of KM is added to these activ-
ities, more useful and profitable results could be made possi-
ble. We may call such activities KBSS project team activities.
Through team efforts, we can create and capture information,
store and share the information, and utilize it in the MAIC
process. Also by using the MAIC process, we can create new
information and follow the CSUE process.

Education and training
Education and training is the most fundamental infrastruc-

ture in Six Sigma. A systematic training program for GB, BB,
MBB and Champion levels is essential for the success of Six
Sigma. Also in KM, without proper training, creation/stor-
age/sharing/utilization would not be easy, and the process flow
of knowledge would not be possible. It is often mentioned that
the optimal education and training time in Six Sigma is about
5–7% of total working hours, and in KM it is about 6–8%.
This means that more education and training time is necessary
in KM than in Six Sigma. However, there is a lot of duplication
in Six Sigma and KM, so the optimal education and training
time in KBSS would be 8–10% of total working hours.

Information management
Information on areas such as customer management,

R&D, process management, quality inspection and reliability
tests are essential elements in Six Sigma. In KM also, infor-
mation management concerning storage, sharing and utiliza-
tion of knowledge is the most important infrastructure. We
believe that information management is essential in KBSS.
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Scientific tools
Basic QC and statistical tools such as 7 QC tools, process

flowcharts, quality function deployment, hypothesis testing,
regression and design of experiments can be used in KBSS.
Also some advanced Six Sigma tools such as FMEA, bench-
marking and marketing surveys can be effectively used in
KBSS. These tools are helpful in analyzing data, obtaining
information, statistical process evaluation and generating
knowledge. We can say that KBSS is based on these scientific
and statistical methods.

6.4 Six Sigma for e-business

Recently, e-business has been rapidly increasing and it is
of great interest to consider Six Sigma for e-business. A suit-
able name that incorporates Six Sigma in e-business is “e-
Sigma.” It is clear that the ultimate management concept of
e-Sigma should be customer satisfaction. There are four
ingredients for customer satisfaction management. They are
labeled CQCD, which stand for convenience, quality, cost
and delivery. To have an excellent e-Sigma system for provid-
ing convenient, high-quality, low-cost products, and accurate
and speedy delivery, the following e-Sigma model should be
established in e-business companies.

The voice of customer (VOC) should be input into DFSS by
using QFD, which converts VOC to technical requirements.
These technical requirements are reflected in design aspects
for Six Sigma. An ERP scheme which is suitable for e-business
should be employed to manage necessary resources. Also an
efficient SCM is required for systematic acquisition, handling,
storage and transportation of products. In all processes of an
e-business, the sigma level of each process should be evaluat-
ed and improved to assure high-quality performance of each
process. For customer-oriented quality management, CRM is
required in e-business. Eventually, such e-Sigma flow will
guarantee a high-level customer satisfaction and simultaneous
creation of new customers.

146

Six Sigma for Quality and Productivity Promotion



VOC : Voice of customer
QFD : Quality function deployment
ERP : Enterprise resources planning
SCM : Supply chain management
CRM : Customer relationship management

Figure 6.6. e-Sigma model

6.5 Seven-step Roadmap for Six Sigma Implementation

In Section 6.1, the seven steps for Six Sigma were intro-
duced. These steps represent organizational implementation
of Six Sigma at the beginning stage. While implementing these
introductory steps, it is necessary to have a roadmap of Six
Sigma improvement implementation. This roadmap also has
seven steps. They are as follows.

Step 1: Set up the long-term vision of Six Sigma.
Step 2: Identify core processes and key customers.
Step 3: Define customer requirements and key process

variables.

e-business

e-DFSS

Maintenance of
high sigma levels
in all processes

Customer-oriented
quality management

Maximization of customer
satisfaction and creation

of new customers

QFDVOC ERP

SCM

CRM
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Step 4: Measure current process performance.
Step 5: Improve process performance. 
Step 6: Design/redesign process if necessary.
Step 7: Expand and integrate the Six Sigma system. 

Step 1: Set up the long-term vision of Six Sigma

Setting up the long-term vision over a period of about 10
years for Six Sigma is important for Six Sigma implementation.
Without this vision, the Six Sigma roadmap may be designed
in a non-productive way. For this vision, the CEO should be
involved, and he should lead the Six Sigma implementation.

Step 2: Identify core processes and key customers

The following are the three main activities associated this step.

• Identify the major core processes of your business.
• Define the key outputs of these core processes, and the

key customers they serve. 
• Create a high-level map of your core or strategic

processes. 

In identifying the core processes, the following questions can
help you to determine them.

• What are the major processes through which we pro-
vide value – products and services – to customers?

• What are the primary critical processes in which there
are strong customer requirements?

In defining the key customers, we should consider the core
process outputs. These outputs are delivered to internal or
external customers. Very often the primary customers of many
core processes could be the next internal processes in a busi-
ness. However, the final evaluation of our products or services
depends on the external customers.
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Step 3: Define customer requirements and key process 
variables

The sub-steps for defining customer requirements usually con-
sist of the following:

• Gather customer data, and develop “Voice of the cus-
tomer (VOC)”;

• Develop performance standards and requirements
statements; and

• Analyze and prioritize customer requirements.

When the customer requirements are identified, key process
variables can be identified through quality function deploy-
ment (QFD) and other necessary statistical tools.

Step 4: Measure current process performance

For measuring current process performance, it is necessary
to plan and execute the measures of performance against the
customer requirements. Then it is also necessary to develop
the baseline defect measures and identify the improvement
opportunities. for these activities, we need to obtain:

• Data to assess current performance of processes
against customers’ output and/or service requirements.

• Valid measures derived from the data that identify rel-
ative strengths and weaknesses in and between
processes. Yield, rolled throughput yield (RTY),
DPMO, DPU, COPQ or sigma quality level is often
used for such valid measures.

Step 5: Improve process performance

The project team activity to prioritize, analyze and imple-
ment improvements is perhaps the essence of Six Sigma.
Improvement efforts usually follow the DMAIC, IDOV or
DMARIC process flows which were explained before. The
important activities at this step are as follows.
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• Select improvement projects and develop project rationale.
• Analyze, develop and implement root cause-focused

solutions.

Step 6: Design/redesign process and maintain the results

Very often it is necessary to design or redesign the process
for innovation purposes.

If such design/redesign is implemented, maintaining and
controlling the altered process in good shape is desirable. The
important activities at this step are as follows:

• Design/redesign and implement effective new work
process.

• Maintain and control the new process in good shape.

Step 7: Expand and integrate the Six Sigma system

The final step is to sustain the improvement efforts, and to
build all concepts and methods of Six Sigma into an ongoing
and cross-functional management approach. The key idea is
to expand and integrate the Six Sigma system into a stable and
long-term management system. Continuous improvement is a
key link in the business management system of Six Sigma. The
key actions for this purpose are as follows:

• Implement ongoing measures and actions to sustain
improvement;

• Define responsibility for process ownership and man-
agement; and,

• Execute careful monitoring of process and drive on
toward Six Sigma performance gains.
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7. Practical Questions in Implementing 
Six Sigma

7.1 Is Six Sigma Right for Us Now?

(1) Key questions to answer

Many commercial firms are wondering whether Six Sigma is
right for them now. Embarking on a Six Sigma initiative begins
with a decision to change – specifically, to learn and adopt
methods that can boost the performance of your organization.
The starting point in gearing up for Six Sigma is to verify that
an organization is ready to – or needs to – embrace a big
change. There are several essential questions and facts an orga-
nization has to consider in making its readiness assessment:

1. Is change a critical business need now, based on bot-
tom-line, cultural, or competitive needs?

2. Can we come up with a strong strategic rationale for
applying Six Sigma to our business?

3. Will our existing improvement systems and methods
be capable of achieving the degree of change needed to
keep us a successful, competitive organization?

If the answers are “Yes,” “Yes,” and “No,” an organiza-
tion may well be ready to explore further how to adopt Six
Sigma in its organization. However, if an organization is in
one or more of the following situations, it probably would be
best to say “No thanks for now” to Six Sigma adoption:

1. The organization already has a strong, effective per-
formance and process improvement effort; 

2. Recent changes are already overwhelming employees
and resources; and,

3. The potential gains are not expected to be much.
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(2) Cost/benefit perspective

Without investment, we cannot expect a big change or a
big gain. Some of the most important Six Sigma investment
budget items include the following:

• Direct payroll: Individuals dedicated to the effort full-
time such as BBs.

• Indirect payroll: The time devoted by executives, team
members, process owners, and others to such activities
as measurement, data gathering for VOC (voice of cus-
tomer), and improvement projects.

• Training and consulting: Teaching people Six Sigma
skills and obtaining advice on how to make the effort
successful.

• Improvement implementation costs: Expenses related to
installation of new solutions or process designs pro-
posed by project teams.

• Other expenses such as travel and lodging, facilities for
training, and meeting space for teams.

Estimating potential benefits is not an easy task. There is no
way to accurately estimate the gains without examining the
improvement opportunities present in the business, and with-
out planning the implementation to see what the relative pay-
off will be. However, the following benefits could be expected:

• The total quality costs (prevention cost, appraisal cost
and failure cost) can be reduced. Eventually, the costs of
poor quality (COPQ) can be reduced substantially, and
the company’s profits can soar.

• By improving quality and productivity through process
evaluations and project team efforts, the total sales and
profits can dramatically increase. 

• Through a sound Six Sigma initiative, better strategic
management, more systematic data collection and analy-
sis, and efforts directed toward customer satisfaction will
result in a better market image and customer loyalty.
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• As a result of systematic education through belt sys-
tems, cultivation and efficient utilization of manpower
becomes possible, which eventually fosters employee
pride in their company.

Based on the responses to key questions and the cost/benefit
analysis, a company can decide whether it should take the Six
Sigma initiative now or later. One important point to be kept in
mind when a company prepares to embark on Six Sigma efforts
is that the company should factor at least six to 12 months for
the first wave of DMAIC projects to be completed and concrete
results to be realized. The company can push teams for faster
results. Giving them extra help or coaching as they work
through their “learning curve” can be a good way to accelerate
their efforts, although it may also boost your costs. It would be
a mistake to forecast achievement of big tangible gains sooner
than a period of six months. The company must have patience
and make consistent efforts at the embarkation stage.

7.2 How Should We Initiate Our Efforts for Six Sigma?

When a company decides to start a Six Sigma initiative, the
first important issue to resolve is “How and where should we
embark on our efforts for Six Sigma?” Since Six Sigma is basi-
cally a top-down approach, the first action needed is a decla-
ration of commitment of top-level management. For making
the management decisions, it is best to look at the criteria
impacting the scale and urgency of their efforts which will
strengthen the company by removing the weaknesses. Based
on these facts, he should decide his Objective, Scope and
Time-frame for Six Sigma engagement.

(1) Determination of Objective

Every business desires “good results” from a Six Sigma
effort, but the type of results and the magnitude of the
changes may vary a great deal. For example, Six Sigma may
be attractive as a means to solve nagging problems associated
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with product failures or gaps in customer service, or as a way
to create a responsive management culture for future growth.
Each of these objectives could lead to different types of Six
Sigma efforts. It is possible to define three broad levels of
Objectives: Management innovation, Statistical measurement
and process evaluation, and Strategic improvement by prob-
lem solving (see Table 7.1).

Table 7.1. Three levels of Six Sigma Objectives

(2) Assessing the feasibility scope

What segments of the organization can or should be
involved in the initial Six Sigma efforts? Scope is very impor-
tant in the initial stage of Six Sigma. Usually we divide the
whole company into three segments; the R&D part, manufac-
turing part, and transactional (or non-manufacturing) part.
Mostly the manufacturing section is the target for initial Six
Sigma efforts. However, the author is aware of some compa-
nies in Korea that began their efforts from the transactional
section. It would be desirable to consider the following three
factors in determining the scope of the initial Six Sigma efforts.

• Resources: Who are the best candidates to participate
in the effort? How much time can people spend on

Objective Description

Management innovation

Statistical measurement
and process evaluation

Quality and productivity
improvement by problem

solving

A major shift in how the organization works through cultural change.
• Creating customer-focused management
• Abandoning old structures or ways of doing business
• Creating a top-level world-beating quality company

All processes are statistically measured, and the sigma quality 
levels are evaluated.
• The sigma quality level of each process is evaluated.
• Poor processes are designated for improvement.
• A good system of statistical process control is recommended for   
  each process.

Key strategic and operational weaknesses and opportunities 
become the targets for improvement.
• Speeding up product development
• Enhancing supply chain efficiencies or e-commerce capabilities
• Shortening processing/cycle time
• Project team efforts for key quality and productivity problems



Six Sigma efforts? What budget can be devoted to the
start-up?

• Attention: Can the business focus on start-up efforts?
Are they willing to listen to new ideas for management
innovation?

• Acceptance: If people in a certain area (function, busi-
ness unit, division, etc.) are likely to resist, for whatev-
er reasons, it may be best to involve them later. It is wise
to start from the section which accepts the new Six
Sigma efforts.

(3) Defining time-frame

How long are you willing to wait to get results? A long
lead-time for a payoff can be frustrating. The time factor has
the strongest influence on most Six Sigma start-up efforts. The
top management should define the time-frame for Six Sigma
implementation.

7.3 Does Six Sigma Apply Well to Service Industries?

Many service industries such as banking, insurance, postal
office and public administration often ask “Does Six Sigma
apply well to service industries?” Despite the successful appli-
cation of Six Sigma in companies such as AIG Insurance,
American Express, Citibank, GE Capital Services, NBC and
the US Postal Service, executives and managers from the ser-
vice industry very often wonder if Six Sigma is applicable to
their type of business.

The primary response to this question is that Six Sigma has
the potential to be successful in almost any industry. Since Six
Sigma mainly focuses on customer satisfaction, variation
reduction, quality improvement and reduction of COPQ, the
results enjoyed by Six Sigma companies in the service industry
are just as impressive as their counterparts in the manufactur-
ing industries.

Let’s take the example of GE Capital Services. Three years
after the launch of Six Sigma (1995 was the beginning year),
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they reported: “In 1998, GE Capital generated over a third of
a billion dollars in net income from Six Sigma quality
improvements – double that of 1997. Some 48,000 of our
associates have already been extensively trained in this com-
plex process improvement methodology – and they have com-
pleted more than 28,000 projects.”

The framework in Six Sigma for ensuring and measuring
that customer requirements are met should also be attractive
to most service organizations. In Six Sigma, the customers are
asked to identify the critical characteristics of the services they
consume and what constitutes a defect for each of the indi-
vidual characteristics. Based on these, the Six Sigma measur-
ing system is built up.

It is true that many service companies often find it difficult
to measure their processes adequately. Compared to manufac-
turing processes, it is often more demanding to find appropri-
ate characteristics to measure. Also it is difficult to measure the
sigma quality level for a service process. In this case, a possible
way to set up the quality level for a service process is as follows.

According to the above levels, the company can achieve the
levels of 4σ and 5σ. If the current level of the company is very
poor, one can designate the company level as 2σ.

7.4 What is a Good Black Belt Course?

(1) A Black Belt course

Depending upon each company, the content and duration
of a Black Belt course could be different. Most Korean com-
panies take four five-day sessions and one final graduation

6σ level
• the ideal level to be reached or
• the benchmark level of the best

company in the world

3σ level • the current level of my company
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day. The duration is usually four months; one week for one
session and three weeks for the practice period in each month.
Hence, it takes four months. Usually a project is carried out
during the four-month period, and a certified examination is
conducted before graduation. Also a homework assignment is
given after each session. On the final graduation day, the pro-
ject is presented and the Black Belt certification is awarded.
The following are the major contents of the four sessions.

First Session (focus on Define & Measure in DMAIC):
• Introduction to Six Sigma: The history, definition, philoso-

phy and major strategies of Six Sigma
• Basic statistics: Basic descriptive statistics, PPM, DPMO,

DPO, DPU, continuous data, normal distribution, Z-trans-
form

• The 7 QC tools
• Six Sigma statistics: Sigma quality level, process capability,

rolled throughput yield, attribute data, Poisson and bino-
mial distributions

• Advanced statistics: Concept of statistical estimation and
hypothesis testing, t-test, confidence interval, F-test, case
studies and exercises

• Correlation and regression analysis: Theories and case
studies

• Benchmarking
• Costs of poor quality (COPQ): Quality costs, hidden factory.
• Long-term quality management: Measure process perfor-

mance and case studies.
• Homework (or project) assignment (between first and sec-

ond session): Several homework exercises can be assigned
to make use of the above methodologies. For example:

1. Select a process with a chronic problem which has
been awaiting a solution for a long time where a cer-
tain economic advantage is to be gained by improve-
ment. Run a project, first using the 7 QC tools and
show an economic advantage.

Practical Questions in Implementing Six Sigma

157



2. Measure process performance of at least three differ-
ent characteristics and compute the sigma quality level
for each one and the combination of the three charac-
teristics.

3. Run a regression analysis for a process, find significant
factors and suggest improvements with a cost reduc-
tion potential.

Second Session (focus on Analyze in DMAIC):
• Review of homework assignment
• Understanding variation, quality and cycle time
• Process management: Principles and process flowcharts
• Measurement evaluation analysis
• Introduction to design of experiments (DOE): Full factori-

al design and fractional factorial design
• DOE, introduction and software: Exercises with Minitab,

JMP and others
• Quality function deployment (QFD) 
• Reliability analysis: FMEA (failure mode and effects analysis)
• Homework assignment (between second and third session):

1. Find a process where a certain economic advantage is
to be gained by improvement. Run a full factorial with
two or three factors.

2. Collect VOCs (voice of customers) and, using QFD,
find CTQs which you should handle in your process.

Third Session (focus on Improve in DMAIC):
• Review of homework assignments
• DOE: ANOVA, p-value, Robust design (parameter design,

tolerance design)
• Response surface design: Central composite designs, mix-

ture designs
• Gauge R&R test 
• Six Sigma deployment 
• Six Sigma in non-manufacturing processes: Transactional

Six Sigma methodologies
• Homework assignment (between third and fourth session):
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Select a process with a chronic problem in CTQ deploy-
ment. Screen important factors by regression analysis, opti-
mize the process by using a robust design or a response sur-
face design.

Fourth Session (focus on Control in DMAIC):
• Review of homework assignments
• Control charts
• Statistical process control
• DFSS (design for Six Sigma) 
• Black Belt roles: Job description of BBs
• Six Sigma and other management strategies: The relation-

ship of Six Sigma to ISO 9000, TQC, TQM, ERP, and
other management strategies 

• Six Sigma in a global perspective
• Group work (evening program): Why is Six Sigma neces-

sary for our company?
• Homework assignment (between fourth session and gradu-

ation): Take a project where the economic potential is at
least $50,000 in annual cost reduction and complete the
project

Graduation
• Review of homework assignments
• BB certified test
• Presentation of the projects completed
• Graduation ceremony

(2) Job description of a BB

The role of a BB is very critical for the success of Six Sigma.
The job description of a BB could be different from company
to company, but the following is a general guideline for job
the description of a BB: 

• Lead a project improvement team, and also lead a
focused effort to systematically assess the performance
of our business systems and processes (measure DPMO)
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• Apply the Six Sigma skills and tools to analyze inadequate
processes and recommend solutions for improvement

• Communicate the plans, methods and the results
achieved in a documented fashion in regularly sched-
uled meetings

• Provide training and consultation to local personnel in
Six Sigma strategies and tools

7.5 What are the Keys for Six Sigma Success?

From the author’s consulting experience for Six Sigma, it is
believed that the following points are the keys for a Six Sigma
success. The points could be slightly different depending on
the type of business of your company. However, the general
ideas remain applicable to all types of businesses.

(1) Get the top managers involved.

Until senior managers of the corporation or business unit
really accept Six Sigma as part of their jobs and as the compa-
ny’s management strategy, the true importance of the initiative
will be in doubt and the energy behind it will be weakened.

(2) Keep the message simple and clear, and request the par-
ticipation of all employees.

Since Six Sigma is a new management strategy, the core
of the system and your company’s vision for Six Sigma
should be simple, clear, meaningful and accessible to every-
one. While new vocabulary and skills are obviously part of
the Six Sigma discipline, beware of the possibility of alien-
ating some people by the strange terms and jargon that
could create “classes” in a Six Sigma environment. Partici-
pation of all employees in the Six Sigma efforts is essential
for a Six Sigma success.
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(3) Select the right Six Sigma projects and train an ade-
quate number of full-time BBs to concentrate on project
team efforts.

Project selection is perhaps the most critical activity in
launching a Six Sigma project. Well-selected and well-defined
improvement projects equal better and faster results. In select-
ing project themes, a top-down approach based on the com-
pany’s CTQ deployment is often used. In running the project
teams, it is recommended that the BBs become the full-time
leaders who can concentrate their entire efforts to the team
project for a success.

(4) Focus on short-term results and long-term growth.
It is very stimulating to have initial achievements in the first

four to six months. Hence, focusing on short-term results at
the beginning is a good strategy. However, it is also important
to balance the push for short-term results with the recognition
that those gains must lay the foundation for the real power of
Six Sigma. Creation of a more responsive, customer-focused,
and successful company for the long-term is the major source
of Six Sigma success.

(5) Publicize and award results, and admit setbacks.
Recognize and celebrate successes, but pay equal attention

to challenges and disappointments. Don’t expect that Six
Sigma will work perfectly in your company. Be ready to con-
tinuously improve and even redesign your Six Sigma process-
es as you progress.

(6) Develop your own style toward Six Sigma.
Your themes, priorities, projects, training, structure – all

should be decided based on what works best for you. Devel-
op your own style toward Six Sigma based on your company’s
culture and habits, if there are any. Setting up a “Six Sigma
Day” each month to evaluate the progress of Six Sigma, and
to publicize and reward results is a good idea, if your compa-
ny’s culture suits this.
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(7) Link customers and your processes.

Customer satisfaction is one of the core elements of the Six
Sigma approach. To ensure customer satisfaction, there must
be a way to link customers and your processes efficiently to
build an excellent Six Sigma system.

(8) Make learning an ongoing activity, and make an invest-
ment to make it happen. 

A few months of training, however intensive, won’t cement
all the new knowledge and skills needed to sustain Six Sigma.
Making learning a continuous and ongoing activity is neces-
sary. Without time, support and money, the habits and exist-
ing processes in your business won’t change much. You have
to make an investment to make it happen.

(9) Use Six Sigma tools wisely.

There are many tools available in Six Sigma. However, very
often, no single tool can create happier customers or improve
profits. Statistics can answer questions, but can’t solve all pos-
sible problems. Your success with Six Sigma will depend on
applying all the methods wisely, in the right balance, to max-
imize your results. In general, using the simplest tool that
works – not the most complex – should be highly valued.

7.6 What is the Main Criticism of Six Sigma?

Since Six Sigma itself is only 15 years old, and its historical
development has been one of dynamic changes, there are some
criticisms on Six Sigma. The major criticisms are as follows.

(1) Six Sigma is nothing new. It is just old tools in new
clothing.

Critics of Six Sigma have often said that it contains noth-
ing new. The proponents acknowledge that the tools applied
in Six sigma are not new – they are proven statistical tools.
However, Six Sigma is new in many aspects. It has provided a
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powerful corporate framework for these tools to become
effective and enabled the important link between the bottom
line and top line. The following points which differentiate Six
Sigma from earlier attempts can be highlighted:

• Its strategic involvement of top management in the
companywide improvement process

• Its customer focus
• Its focus on project team efforts and financial results
• Its focus on education and training through belt systems
• Its formalized improvement methodology, such as

DMAIC, IDOV, etc.

(2) The expected benefits are unrealistic.

A criticism is that publicized expected results are unrealis-
tic. This criticism is rejected by annual reports from many Six
Sigma companies. GE alone achieved Six Sigma benefits of
about $1.2 billion on a $450 million investment in 1998, for
1999 the savings were in the plus $2 billion range. ABB,
Motorola, Samsung SDI, LG and others report that Six Sigma
is delivering what is promised.

(3) Other business improvement initiatives will soon
replace Six Sigma. It is just another fad.

The argument that other strategic initiatives will replace
Six Sigma is not very controversial and applies to all strategic
initiatives in the business world, be they widely deployed or
not. Some argue that Six Sigma will disappear soon from cor-
porate agendas, which means that it is a fad.

We believe that Six Sigma is more than just a fad. The Six
Sigma concept has survived for more than a decade already
and is way beyond the point where it could become a man-
agement fad lasting just a few years. One reason could be that
Six Sigma was developed by the industry and for the industry
– with a deployment based on merit. Another reason could be
that Six Sigma is a more systematic, pragmatic, statistical and
smarter approach compared to other past initiatives.
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(4) Key Six Sigma practices are based on faulty statistical
assumptions.

Some of the assumptions often employed in Six Sigma
practices are said to be faulty by many opponents. Most crit-
icized are assumptions relating to:

• The Normality assumptions
• The acceptance of a ±1.5σ long-term shift
• Predictability of the future outcome

A common answer to these concerns is that the assump-
tions are made for pragmatic reasons to make matters simple
and easily understood by all in the company. Even though the
Normal distribution assumption may not always be com-
pletely correct, the procedures based on the Normal distribu-
tion assumption are often very robust, i.e., the consequences
in terms of the errors are almost negligible.

The use of the 1.5σ shift is criticized for being unrealistic
and without a foothold in reality. Of course there is no natur-
al law telling us that all processes have this much long-term
shift in average value. However, each process has its own vari-
ations arising from several sources, and it can be assumed that
the sum of all acceptable sources of variation may add up to
1.5σ. In industrial practice, this has been confirmed to be rea-
sonable. Of course, it would be possible to utilize for each
process its own special long-term shift; however, that would
not have been very practical. A pragmatic approach is to use
the 1.5σ shift of the process average in either direction.
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8. Case Studies of Six Sigma Improvement 
Projects

Three companies have generously let us use one of their
internal cases on improvements projects, applying the Six
Sigma methodology. The first case was an improvement pro-
ject on the production process for microwave ovens at LG
Electronics in Korea, which used the classical Six Sigma
methodology, DMAIC. The process performance was insuffi-
cient due to poor centering of the characteristic studied. It was
a typical manufacturing application.

The second case was an improvement project on the reduc-
tion of short shelf-life material at Korea Heavy Industries &
Construction Company. This was a typical non-manufactur-
ing application which developed an efficient computerized
control system and which uses the DMARIC process. The
third case was an R&D project on design optimization of the
inner shield of the Omega color picture tube at Samsung SDI
in Korea. This was a typical R&D project which basically
used the IDOV process.

8.1 Manufacturing Applications: Microwave Oven Leakage

LG Electronics is one of the largest affiliates of the Korea-
based LG Group, with 52 branches, 25 sales subsidiaries, and
23 manufacturing subsidiaries spanning 171 countries
throughout the world. The whole LG Group applies Six
Sigma. This was a Six Sigma improvement project on
microwave ovens by Digital Appliance. This case was also
reported by Magnusson, Kroslid and Bergman (2000).

(1) Define

The doors of microwave ovens are a long-standing problem
for producers around the world, mainly due to leakage (see
Figure 8.1). This affects not only the performance of the oven,

165



but can also lead to damage to the oven itself during use. The
leakage specification is 0.5mW. The Digital Appliance section
decided to apply the Six Sigma improvement methodology to
the leakage problem in the doors. The general DPMO level for
the door was at 750 at the time of defining the project.

Figure 8.1

A cause-and-effect diagram of the relevant information on
characteristics in the measurement system pointed to three
main causes for the door leakage; namely the distortions on
the frame slit (381 DPMO), distortions on the door hinge pin
(250 DPMO) and defects in the height of the piercing hole on
the hinge plate (1,100 DPMO) (see Figure 8.2). It was decid-
ed by the team to make the piercing hole height on the hinge
plate to be the result variable, y, of the improvement project.

Figure 8.2. The three main causes of leakage

Frame slit distortion:
381 dpmo

Door hinge pin distortion:
250 dpmo

Piercing hole height defect:
1,100 dpmo

Distorted position

Hinge-U Hinge-L

16.35±0.15

Bonding 
problem

Main body

Front Plate

Hinge Plate-U

Hinge Plate-L

Door BKT-U

Door BKT-L
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(2) Measure

The holes are pierced in the process of making the hinge
plates. This process starts with the notching of the plates, then
the piercing of holes on both the upper and the lower hinge,
followed by bending, embossing and cutting. The hinge plate
is then welded onto the main body of the microwave oven (see
Figures 8.3 and 8.4).

Figure 8.3. Flowchart of process for manufacture
of hinge plates

Figure 8.4. Sketch of hinge plate process

Main body process: Hinge body process:
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For the height of the piercing hole, the target value was
16.35mm, the upper specification limit was set at 16.50mm and
the lower specification limit at 16.20mm. Two different types of
hinge plates (Plate I and Plate II) were tested (see Figure 8.5).

Figure 8.5. The two hinge plate types with piercing hole height

Detailed measurements for the two plate types, each with
two hinges, were made over some time. Forty-nine plates of
type I were measured as well as 49 plates of type II.

(3) Analyze

The analysis of the data measured showed (Table 8.1) that
for Plate I and Hinge-A, the entire distribution of the piercing
hole heights laid below the lower specification limit.

For Hinge-D the process performance was also very poor,
at 829,548 DPMO. For Hinge-B, the DPMO value was some-
what better and it was reasonable for Hinge-C. However, the
dispersions were small for all hinges, implying that a center-
ing of the process would probably give significant improve-
ment in performance.

Table 8.1. Measurement results (specification is 16.35 ± 0.15 mm)

Plate type Hinge n Average s DPMO

Hinge-A 49 15.82 0.020 1,000,000
Plate I

Hinge-B 49 16.23 0.026 124,282

Hinge-C 49 16.31 0.038 1,898
Plate II

Hinge-D 49 16.16 0.042 829,548

Hinge-B
Plate I Plate II

Hinge-A Hinge-D

Hinge-C
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To find the input variables, Xs, that influence the centering
of the distribution for the piercing hole height, a cause-and-
effect diagram was used. In a brain-storming session it was
indicated that the materials, piercing order, and bending times
were the likely influential factors for the centering of the
piercing hole height (Figure 8.6).

Figure 8.6. Cause-and-effect diagram for piercing hole height

(4) Improve

To improve the centering of the process, it was decided to
apply a factorial design. The dependent variable, Y, was the
height of the piercing hole, and the main factors, Xs, were set
as follows for the experiment.

• A: Material; SCP (–), SECC (+)
• B: Piercing order; piercing before bending (–), and

bending before piercing (+)
• C: Bending times; 2 times (–), 3 times (+)

Eight experiments of a 23 factorial design were run and the
results recorded (Table 8.2). A cube plot of the results is
shown in Figure 8.7, and the ANOVA (analysis of variance)
table is given in Table 8.3.

Piercing hole height
(16.35 ± 0.15)

Worker

Man

M/Change

Pulling
strength

Material

Thickness

2.0t

2.3t

Material
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SECC

Oil spray
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Press die

Gauge pin wear
Piercing order
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Gauge pin
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Table 8.2. Design and results of eight experiments

Figure 8.7. A cube plot of the results

Table 8.3. ANOVA table of the results

Sources
Sum of

squares (×10 5)
Degrees of freedom Mean square F

A

B

C

A×B

A×C

B×C

  2.45
224.45
 76.05
  2.81
  5.51
  2.45

1
1
1
1
1
1

  2.45
224.45
 76.05
  2.81
  5.51
  2.45

  2.43
222.23
 75.30
  2.78
  5.46
  2.43

Error   1.01 1

Total 313.72 7

16.316

16.172

16.251

–1 16.110 16.109 –1

Piercing
Bending

16.237

–1 Material +1

+1 16.246

16.230 +1

Setting
number A B C AB AC BC

Error
(ABC) Result

1
2
3
4
5
6
7
8

–
–
–
–
+
+
+
+

–
–
+
+
–
–
+
+

–
+
–
+
–
+
–
+

+
+
–
–
–
–
+
+

+
–
+
–
–
+
–
+

+
–
–
+
+
–
–
+

–
+
+
–
+
–
–
+

16.110
16.172
16.264
16.316
16.109
16.230
16.251
16.327

Effect 0.014 0.134 0.078 –0.015 0.021 –0.014 –0.009 y = 16.222

Sum of
squares
(×10 5 )

2.45 224.45 76.05 2.81 5.51 2.45 1.01
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The analysis of the effects showed that factor B (piercing
condition) and factor C (bending times) were the significant
factors.

In building a prediction model for the height of the pierc-
ing hole, factor B and factor C were both set at high levels to
obtain a centered process. This was based on the fact that the
average value of all the eight experiments was 16.222, a lower
value than the target value of the process, 16.350. This gave a
very good prediction model for the process, with an estimat-
ed mean value of 16.328.

Factor B was then set at a high level, i.e. bending before
piercing, and factor C at a high level, i.e., 3 times bending.
Factor A, which was non-active, was set at the high level, as
SECC was the cheapest material. By doing so, the distribu-
tions for the heights of all four hinges would be much better
centered, and the process performance for both types of plates
significantly improved (Table 8.4).

Table 8.4. The nominal value of height for all four hinges

(5) Control 

The improvement was then verified by use of control charts
for the average and range (Figure 8.8). Considerable cost sav-
ings were also reported and recognized by the top manage-
ment of the company.

Hinge-A Hinge-B Hinge-C Hinge-D

Before (mm)

After (mm)

15.82

16.33

16.23

16.33

16.31

16.36

16.16

16.29
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Figure 8.8. Control charts showing the improvement in Y,
the piercing hole height

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

Korea Heavy Industries & Construction Company (which
changed its name to Doosan Heavy Industries Company in
2001) learned Six Sigma management skills from General
Electric in 1997, and started Six Sigma to achieve manage-
ment innovation. In early 2000, the company published a
book called “Six Sigma Best Practices” in which 15 Six Sigma
project activities are contained. The long-term vision of the
company is to become a “Competitive world-class company
of 21st century with the best quality and technology.” To
achieve this vision, the company made its own MAP (man-
agement action plans), with which CST (critical success
themes) were selected for quality and productivity innovation.

This case study presented here is one of the CSTs which is
contained in the Six Sigma Best Practices. The Engineering &
Technology Division of this company desired to solve one
CST, namely “Reduction of Short Shelf-Life Material
(SSLM).” Management formed a project team with a full-time
BB and five part-time GBs to tackle this project.
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(1) Define

There were many materials necessitating storage on a shelf
for some period of time to be subsequently used to create var-
ious products. Each material had its own specified shelf life-
time depending upon whether it was stored in a refrigerator or
not. Some frequently used materials and their specifications
are listed in Table 8.5. The shelf life-time was counted from
the manufactured date.

Table 8.5. Stored materials and their specified shelf

However, due to poor storage conditions and other rea-
sons, the shelf life-times became short, and they could not be
used in good condition. Such SSLM resulted in some COPQ,
environmental pollution and additional testing expenses.

(2) Measure

During the period of July – December, 1999, scrap materi-
als were found during the process of manufacturing many
products. Table 8.5 shows the scrap materials for the product,
stator bar and connecting ring.

Storage in refrigerator Storage in storeroom

Material
Shelf life-time Storage

condition
Shelf life-time Storage

condition

Mica paper tape (#77865)
Mica paper tape (#77906)
Gl yarn flat tape prepreg
Mica M tape (#77921)
Modified epoxy varnish
Polyester resin–35%
Epoxy impreg fiber cloth (#76579)
Pa–polyster sesin
Pb–catalyster
Polyester comp

6 months
6 months
1 year

6 months
6 months
1 year

6 months
10 months
10 months

1 year

below 7°C
2–10°C

below 5°C
2–10°C

below 10°C
2–10°C
2–10°C
2–10°C
2–10°C
2–10°C

3 months
3 months
3 months
2 months
2 months
6 months
1 month
3 months
3 months
3 months

below 23°C
18–32°C
18–32°C
18–32°C
18–32°C
18–32°C
18–32°C
18–32°C
18–32°C
18–32°C

Glass cloth & tape 1 year 2–10°C 3 months below 25°C
Polyester comp
…

1 year 2–10°C 3 months 18–32°C
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Table 8.6. Scrap materials in the stator bar & connecting ring

The products/processes that were of particular concern are
listed in Table 8.6 along with their current process capabilities.

Table 8.7. Current process capabilities

(3) Analyze

In order to discover the sources of defects and variation, a
cause-and-effect diagram was sketched by the team as shown
in Figure 8.9.

Product/process Defect Unit Opportunity Total
Opportunity DPU DPO DPMO

Process
capability

(sigma level)

Stator bar &
connecting ring

61 12 50 600 5.083 0.101 101,667 2.77

Stator W’g ass’y 148 13 71 923 11.385 0.160 160,347 2.49

Lower frame A. 31 14 8 112 2.214 0.277 276,786 2.09

Rotor coil A. 4 17 5 85 0.235 0.047 47,059 3.17

Total 244 1,720 0.142 141,860 2.57

Defect: Over shelf life-time of SSLM

Unit: 4 items categorized in the processing using SSLM

Opportunity: Quantities of SSLM used in unit

Total opportunity = Unit × Opportunity

DPU = Defects/Unit

DPO = Defects/Total opportunity

DPMO = DPO/1,000,000

Short-term capability = Long-term capability + 1.5

Scrap Cause of scrap

Material Purchase
quantity Quantity Unit Number

of times

Change in
manufacturing

schedule

Earlier
purchase

No control
of storage Etc.

Modified epoxy varnish
Epoxy impeg fiber cloth
Glass cloth & tape
Transposition filler
……

92
7,890

958
4,118

31
120

84
55

GL
SH
RL
LB

2
2
5
1

1
2

1
1

2

1
1

1
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Figure 8.9. Cause-and-effect diagram for SSLM

In the past six-month period, the total defect count on the
materials was 244, and the Pareto diagram for the types of
defects is shown in Figure 8.10.

Figure 8.10. Pattern of defects

Defect
Pattern

Lack of control
of stock

materials

Change in
manufacturing

schedule

Strict storage
condition

Too many/
small storage
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Count 103 97 15 14 15

Percent 42.2 39.8 6.1 5.7 6.2

Cum. % 42.2 82.0 88.1 93.8 100.0
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Inaccuracy of
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Figure 8.10 shows that insufficient control of SSLM in the
storehouse accounted for 42.2% of the total and the unex-
pected changes in the manufacturing schedule were responsi-
ble for 39.8% of the total defects.

(4) Redesign

In order to reduce the defects of SSLM, the computerized
inventory control system was redesigned to increase the con-
trol efficiency of SSLM. The current process after the redesign
looks as follows.

In this current process, there is no tool for checking and
monitoring SSLM, and no one is assigned for checking the
defects. The redesigned and improved process (Figure 8.11)
makes cross-checking of the manufacturing schedule in
advance possible. Also, the related departments can monitor
and control SSLMs through an on-line system. 

Figure 8.11. Redesigned process for SSLMs

Reconfirm
shop load

Manufacturing
process schedule Concurrently related departments

exchange information on
manufacturing schedule

BOM

MRP

P/O

Store SSLM
in refrigerator

Cross checking of actual
manufacturing schedule

Control of SSLMs
through data warehouse

Manufacturing
process schedule BOM MRP P/O

Store SSLM
in refrigerator

Inventory control
by documentation
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(5) Improve

By practicing the improved process, they could obtain the
following data for the first three months after the start of its
use for SSLMs. 

We can compare the quality performances of the old and
newly improved processes as follows, clearly showing the
impact of the Six Sigma team activities:

(6) Control

In order to maintain the benefits, the team decided to fol-
low the following control procedures:

• Update the SSLM instruction manual, and check the
manual every six months. 

• Educate the workers on SSLM information every
month. 

• Monitor related data through the on-line computer sys-
tem every other month.

Before improvement After improvement

DPMO

Sigma level

COPQ

141,860

2.57

$190,000/year

11,510

3.77

$15,400/year (estimated)

Product/
process

Stator bar &
connecting ring

Stator wiring
assembly

Lower frame A.

Rotor coil A.

Unit

13

7

6

10

Opportunity

24

45

3

5

DPU

0.308

0.429

0.167

0

Total

Defect

4

3

1

0

8

Total
opportunity

312

315

18

50

695

DPO

0.01282

0.06667

0.05556

0

0.01151

DPMO

12,820

66,670

55,560

0

11,510

Process
capability

(sigma level)

3.73

3.00

3.09

6.00 (estimated)

3.77
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8.3 R&D Applications: Design Optimization of Inner Shield
of Omega CPT

CPT means color picture tube. Samsung SDI is one of the
two initiators of Six Sigma in Korea. When the company
applied for a National Six Sigma Quality Award In 2000, it
submitted a book entitled “Six Sigma case studies for quality
innovation.” This book contains the 10 most remarkable
results obtained by Six Sigma project teams. One DFSS (R&D
Six Sigma) case study is presented here. The team consisted of
eight persons (one is a Champion, and the other seven mem-
bers are all BBs). The duration of this study was from January
to June of 2000. The team basically used the IDOV (Identify,
Design, Optimize, Validate) process. However, it added R-D
(Recognize and Define) before IDOV, hence the process of
team activities is R-D-I-D-O-V. Table 8.8 shows the project
implementation steps used by this team.

(1) Recognize

The current management strategy of Samsung SDI is to
have four No. 1 products in the world. In order to have the
world’s best CRT, customer needs must be met. The major
customer demands for a new CRT are as follows.

• slim (short back length)
• larger scale and flat
• high-quality screen performance
• HD resolution
• long life and quick start

To meet the above customer demands, it was necessary to
develop a new product, called Omega CPT.

(2) Define

The key problems to be solved for the above demands were
as follows:

• Slim: The short length increases deflection angle and
decreases I/S (inner shield) height. The Omega CPT is sen-
sitive to external magnetic fields. Hence, the key issue is
to minimize the influence of any external magnetic fields.
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Table 8.10. Project implementation steps of a DFSS team

Abbreviations: CPM = Critical Parameter Method
QFD = Quality Function Deployment
CFR = Critical Functional Responses
FMEA = Failure Mode and Effect Analysis
MSA = Measurement System Analysis
DOE = Design of Experiments
ANOVA = Analysis of Variance
DFM = Design for Manufacturability

DFSS steps Detailed steps Tools used
Design review

for product
development

R (Recognize)

D (Define) DR1

I (Identify)

D (Design) DR2

O (Optimize) DR3

V (Validate) DR4

• Analysis of CPT market trends
• Preparation of customer value 

map

• Selection of Omega CPT CFR
• Theme selection of CPM flow-

down

• Selection of project CFR
• Failure analysis
• Measurement analysis

• List of all input variables
• Design of basic shape and 

decision of prototype
• Tolerance analysis for yield 

improvement

• Determination of big Xs which 
influence Y

• Determination of optimal levels 
of big Xs

• Quality check through pilot 
study

• Completion of paper design

• Verification for mass 
production

• Analysis of process capability
• Determination of final product 

quality

• Customer review
• Business planning

• QFD, CPM
• Concept engineering

• FMEA
• MSA
• Benchmarking & gap 

analysis

• Cause & effect matrix
• Simulation, capability 

study
• Tolerance design

• DOE & ANOVA
• Robust design
• DFM

• Process mapping
• Capability study
• Reliability study
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• High resolution: High resolution decreases spaces
between stripes, which makes the pitch small. The small
pitch makes the landing shift of the electron beams large.
Hence, the key issue is to minimize the landing shift.

The technology relating to magnetic shields for solving the
above is to consider the design of the inner shield material and
inner shield shape as shown below.

(3) Identify

In order to determine the critical parameters, the following
critical parameter method (CPM) was used, and the inner
shield was identified as the major critical parameter.

The magnetic landing shift had to be minimized. However,
the landing shift was directly related to CFRs of the design of
the inner shield. The goals for the magnetic landing shift were
as follows:

CFR (critical function responses) of Omega CPT

Stripe & beam
mismatching

Stripe & B/M
width

Magnetic
landing shift

Thermal
drift

Electron
beam size

Sub-systems Mask & frame Inner shield ADC & MFCC

Tension distribution
Brightness/contrast
Screen uniformity

Howling
Focus

Shield technology

IMS (Internal magnetic shield) Inner shield material

EMS (External magnetic shield) Inner shield shape design
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(4) Design

What are the key parameters of the inner shield for mini-
mizing the magnetic landing shift?

To determine the parameters, the flowchart of the design
process (Figure 8.12a) for the inner shield was sketched. 

Figure 8.12a. Design process of inner shield

The design parameters of the inner shield are listed as fol-
lows according to sub-system level CFRs, shape, and material.

Check the interference
between IMS & funnel

Check the interference
between IMS & electron beam

Determine the initial
shape of IMS

Modeling of
 an IMS assembly

Magnetic field
analysis in CRT

Calculation of the
landing shift

Is landing
shift OK?

Changing the shape
of IMS

Determine the optimized
shape of IMS

No Yes

Magnetic shift Yield Sigma level

Current level

First goal

Final goal

C

B

A

C

B

A

1.25

4.38

6.00
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Figure 8.12b. Design parameters of inner shield

A cause-and-effect matrix and an engineering simulation
study were made to select the critical parameters. As a results,
four parameters (material, hole size, height, V-notch) were
selected.

(5) Optimize

To find the optimal levels of the four key parameters select-
ed, a design of experiments (DOE) was run. The levels inves-
tigated were as follows. The levels used originally were IV
(old) for material, medium for hole size, A mm for height, and
B mm for V-notch.

Factors Number of levels Level values

Material

Hole size

Height

V-notch

2

3

3

3

IV (old), POS (new)

large, medium, small

A mm, B mm

A mm, B mm, C mm

Design parameters of inner shield Magnetic field
Magnetic flux density

Electron shielding
Better spread

Shock strength
Deflection field interference

Height
Hole size

Hole position
Angle

V-notch

Volume
Beam & I/S gap
Area of opening

Shape of
opening

Permeability
Remanence

strength

Sub-system level
CFRs

Shape parameters

Characteristics
of material



The total number of treatment (factor) combinations could
be as many as 2×3×3×3 = 54, which is too many in practice.
Hence, L18(21×37), which is an orthogonal array, was used and
a total of 18 treatment combinations were run. The experi-
mental results and the analysis are not given here. However,
the optimal levels were found to be POS (new) for material,
small for hole size, A mm for height, and C mm for V-notch. 

(6) Validate

A confirmation test was attempted to validate the results of
DOE and the optimality was confirmed. Finally, a cost/benefit
analysis was made and the manufacturability and productivity
were studied to prove all were satisfactory. Thus, the first goal
of this project (magnetic shift B, yield B, and Sigma level 4.38)
was achieved. From this, the cost reduction was estimated to
be $0.2/each, which is equivalent to $0.25 million per year.
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Table of Acronyms

ABB Asea Brown Boveri
ANOVA Analysis of Variance
BB Black Belt
BSC Balanced Score Card
3C Change, Customer and Competition in quality and 

productivity
CEO Chief Executive Officer
CFR Critical Functional Response
CL Center Line
COPQ Cost of Poor Quality
Cp, Cpk Process Capability Index
CPL Lower Capability Index
CPM Critical Parameter Method
CPT Color Picture Tube
CPU Upper Capability Index
CRM Customer Relationship Management
CST Critical Sucess Theme
CSUE Creating & Capturing, Storing & Sharing, Utilization

and Evaluation
CTC Critical-to-customer
CTQ Critical-to-quality
DBMS Data Base Management System
DFM Design for Manufacturability
DFR Design for Reliability
DFSS Design for Six Sigma
DIDES Define-Initiate-Design-Execute-Sustain
DMADV Define-Measure-Analyze-Design-Verify
DMAIC Define-Measure-Analyze-Improve-Control
DMARIC Define-Measure-Analyze-Redesign-Implement-Control
DOE Design of Experiments
DPMO Defects Per Million Opportunities
DPO Defects Per Opportunity 
DPU Defects Per Unit
DR Design Review
DT Data Technology
EPA European Productivity Agency
ERP Enterprise Resources Planning
E-CIM Engineering Computer Integrated Manufacturing
FMEA Failure Modes and Effects Analysis
Gauge R&R Gauge repeatability and reproducibility
GB Green Belt
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GE General Electric
IDOV Identify-Design-Optimize-Validate
ISO International Organization for Standardization
IT Information Technology
JIT Just-in-time
KBSS Knowledge Based Six Sigma
KM Knowledge Management
KPIV Key Process Input Variable
KPOV Key Process Output Variable
LCL Lower Control Limit
LGE-DA The Digital Appliance Company of LG Electronics
LSL Lower Specification Limit
MAIC Measure-Analyze-Improve-Control
MBB Master Black Belt
MBNQA Malcolm Baldrige National Quality Award
MRP Material Requirement Planning
MSA Measurement System Analysis
PDM Product Data Management
PI Process Innovation
ppm Parts per million
QC Quality Control
QFD Quality Function Deployment
R&D Research and Development
RPN Risk Priority Number
RSS Root Sum of Squares
RTY Rolled Throughput Yield
4S Systematic, Scientific, Statistical and Smarter
SCM Supply Chain Management
SPC Statistical Process Control
SQC Statistical Quality Control
TPC Total Productivity Control
TPM Total Productive Maintenance
TQC Total Quality Control
TQM Total Quality Management
TRIZ Teoriya Resheniya Izobretatelskih Zadach (in Russian)

Theory of Inventive Problem Solving (in English)
TSS Transactional Six Sigma
UCL Upper Control Limit
USL Upper Specification Limit
VOC Voice of Customer
WB White Belt
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Appendix A-1

Standard Normal Distribution Table

∫
 ∞

−=≥
z

dttzZP )2exp(
2

1
)(

2

π
z 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.0 0.5000 0.4960 0.4920 0.4880 0.4840 0.4801 0.4761 0.4721 0.4681 0.4641

0.1 0.4602 0.4562 0.4522 0.4483 0.4443 0.4404 0.4364 0.4325 0.4286 0.4247

0.2 0.4207 0.4168 0.4129 0.4090 0.4052 0.4013 0.3974 0.3936 0.3897 0.3859

0.3 0.3821 0.3783 0.3745 0.3707 0.3669 0.3632 0.3594 0.3557 0.3520 0.3483

0.4 0.3446 0.3409 0.3372 0.3336 0.3300 0.3264 0.3228 0.3192 0.3156 0.3121

0.5 0.3085 0.3050 0.3015 0.2981 0.2946 0.2912 0.2877 0.2843 0.2810 0.2776

0.6 0.2743 0.2709 0.2676 0.2643 0.2611 0.2578 0.2546 0.2514 0.2483 0.2451

0.7 0.2420 0.2389 0.2358 0.2327 0.2296 0.2266 0.2236 0.2206 0.2177 0.2148

0.8 0.2119 0.2090 0.2061 0.2033 0.2005 0.1977 0.1949 0.1922 0.1894 0.1867

0.9 0.1841 0.1814 0.1788 0.1762 0.1736 0.1711 0.1685 0.1660 0.1635 0.1611

1.0 0.1587 0.1562 0.1539 0.1515 0.1492 0.1469 0.1446 0.1423 0.1401 0.1379

1.1 0.1357 0.1335 0.1314 0.1292 0.1271 0.1251 0.1230 0.1210 0.1190 0.1170

1.2 0.1151 0.1131 0.1112 0.1093 0.1075 0.1056 0.1038 0.1020 0.1003 0.0985

1.3 0.0968 0.0951 0.0934 0.0918 0.0901 0.0885 0.0869 0.0853 0.0838 0.0823

1.4 0.0808 0.0793 0.0778 0.0764 0.0749 0.0735 0.0721 0.0708 0.0694 0.0681

1.5 0.0668 0.0655 0.0643 0.0630 0.0618 0.0606 0.0594 0.0582 0.0571 0.0559

1.6 0.0548 0.0537 0.0526 0.0516 0.0505 0.0495 0.0485 0.0475 0.0465 0.0455

1.7 0.0446 0.0436 0.0427 0.0418 0.0409 0.0401 0.0392 0.0384 0.0375 0.0367

1.8 0.0359 0.0351 0.0344 0.0336 0.0329 0.0322 0.0314 0.0307 0.0301 0.0294

1.9 0.0287 0.0281 0.0274 0.0268 0.0262 0.0256 0.0250 0.0244 0.0239 0.0233

2.0 0.0228 0.0222 0.0217 0.0212 0.0207 0.0202 0.0197 0.0192 0.0188 0.0183

2.1 0.0179 0.0174 0.0170 0.0166 0.0162 0.0158 0.0154 0.0150 0.0146 0.0143

2.2 0.0139 0.0136 0.0132 0.0129 0.0125 0.0122 0.0119 0.0116 0.0113 0.0110

2.3 0.0107 0.0104 0.0102 0.0099 0.0096 0.0094 0.0091 0.0089 0.0087 0.0084

2.4 0.0082 0.0080 0.0078 0.0075 0.0073 0.0071 0.0069 0.0068 0.0066 0.0064

2.5 0.0062 0.0060 0.0059 0.0057 0.0055 0.0054 0.0052 0.0051 0.0049 0.0048

2.6 0.0047 0.0045 0.0044 0.0043 0.0041 0.0040 0.0039 0.0038 0.0037 0.0036

2.7 0.0035 0.0034 0.0033 0.0032 0.0031 0.0030 0.0029 0.0028 0.0027 0.0026

2.8 0.0026 0.0025 0.0024 0.0023 0.0023 0.0022 0.0021 0.0021 0.0020 0.0019

2.9 0.0019 0.0018 0.0018 0.0017 0.0016 0.0016 0.0015 0.0015 0.0014 0.0014

3.0 0.0013 0.0013 0.0013 0.0012 0.0012 0.0011 0.0011 0.0011 0.0010 0.0010

3.1 0.0010 0.0009 0.0009 0.0009 0.0008 0.0008 0.0008 0.0008 0.0007 0.0007

3.2 0.0007 0.0007 0.0006 0.0006 0.0006 0.0006 0.0006 0.0005 0.0005 0.0005

3.3 0.0005 0.0005 0.0005 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0003

3.4 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0002

3.5 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002

3.6 0.0002 0.0002 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

3.7 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

3.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Z

Z
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Appendix A-2

t-distribution Table of t(φ;α)

ααφφ −=≤ 1)],()([ ttP
α

D.F.φ 0.1 0.05 0.025 0.01 0.005 0.0005

1 3.078 6.314 12.706 31.821 63.657 636.619

2 1.886 2.920 4.303 6.965 9.925 31.599

3 1.638 2.353 3.182 4.541 5.841 12.924

4 1.533 2.132 2.776 3.747 4.604 8.610

5 1.476 2.015 2.571 3.365 4.032 6.869

6 1.440 1.943 2.447 3.143 3.707 5.959

7 1.415 1.895 2.365 2.998 3.499 5.408

8 1.397 1.860 2.306 2.896 3.355 5.041

9 1.383 1.833 2.262 2.821 3.250 4.781

10 1.372 1.812 2.228 2.764 3.169 4.587

11 1.363 1.796 2.201 2.718 3.106 4.437

12 1.356 1.782 2.179 2.681 3.055 4.318

13 1.350 1.771 2.160 2.650 3.012 4.221

14 1.345 1.761 2.145 2.624 2.977 4.140

15 1.341 1.753 2.131 2.602 2.947 4.073

16 1.337 1.746 2.120 2.583 2.921 4.015

17 1.333 1.740 2.110 2.567 2.898 3.965

18 1.330 1.734 2.101 2.552 2.878 3.922

19 1.328 1.729 2.093 2.539 2.861 3.883

20 1.325 1.725 2.086 2.528 2.845 3.850

21 1.323 1.721 2.080 2.518 2.831 3.819

22 1.321 1.717 2.074 2.508 2.819 3.792

23 1.319 1.714 2.069 2.500 2.807 3.768

24 1.318 1.711 2.064 2.492 2.797 3.745

25 1.316 1.708 2.060 2.485 2.787 3.725

26 1.315 1.706 2.056 2.479 2.779 3.707

27 1.314 1.703 2.052 2.473 2.771 3.690

28 1.313 1.701 2.048 2.467 2.763 3.674

29 1.311 1.699 2.045 2.462 2.756 3.659

30 1.310 1.697 2.042 2.457 2.750 3.646

40 1.303 1.684 2.021 2.423 2.704 3.551

50 1.299 1.676 2.009 2.403 2.678 3.496

60 1.296 1.671 2.000 2.390 2.660 3.460

70 1.294 1.667 1.994 2.381 2.648 3.435

80 1.292 1.664 1.990 2.374 2.639 3.416

90 1.291 1.662 1.987 2.368 2.632 3.402

100 1.290 1.660 1.984 2.364 2.626 3.390

110 1.289 1.659 1.982 2.361 2.621 3.381

120 1.289 1.658 1.980 2.358 2.617 3.373

∞ 1.282 1.645 1.960 2.326 2.576 3.291

α

α

φ ),(t

α )(1–

t
0



Appendix A-3

F-distribution Table of F(φ1, φ2;α)

ααφφφφ −=≤ 1)];,(),([ 2121 FFP

)1,,(
1);,(
12

21 αφφ
αφφ

−
=

F
F

1φ

2
φ α 1 2 3 4 5 6 7 8 9

1 0.1 39.86 49.50 53.59 55.83 57.24 58.20 58.91 59.44 59.86
0.05 161.45 199.50 215.71 224.58 230.16 233.99 236.77 238.88 240.54

0.025 647.79 799.50 864.16 899.58 921.85 937.11 948.22 956.66 963.28

0.01 4052.18 4999.50 5403.35 5624.58 5763.65 5858.99 5928.36 5981.07 6022.47

2 0.1 8.53 9.00 9.16 9.24 9.29 9.33 9.35 9.37 9.38

0.05 18.51 19.00 19.16 19.25 19.30 19.33 19.35 19.37 19.38

0.025 38.51 39.00 39.17 39.25 39.30 39.33 39.36 39.37 39.39

0.01 98.50 99.00 99.17 99.25 99.30 99.33 99.36 99.37 99.39

3 0.1 5.54 5.46 5.39 5.34 5.31 5.28 5.27 5.25 5.24

0.05 10.13 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.81

0.025 17.44 16.04 15.44 15.10 14.88 14.73 14.62 14.54 14.47

0.01 34.12 30.82 29.46 28.71 28.24 27.91 27.67 27.49 27.35

4 0.1 4.54 4.32 4.19 4.11 4.05 4.01 3.98 3.95 3.94

0.05 7.71 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00

0.025 12.22 10.65 9.98 9.60 9.36 9.20 9.07 8.98 8.90

0.01 21.20 18.00 16.69 15.98 15.52 15.21 14.98 14.80 14.66

5 0.1 4.06 3.78 3.62 3.52 3.45 3.40 3.37 3.34 3.32

0.05 6.61 5.79 5.41 5.19 5.05 4.95 4.88 4.82 4.77

0.025 10.01 8.43 7.76 7.39 7.15 6.98 6.85 6.76 6.68

0.01 16.26 13.27 12.06 11.39 10.97 10.67 10.46 10.29 10.16

6 0.1 3.78 3.46 3.29 3.18 3.11 3.05 3.01 2.98 2.96

0.05 5.99 5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.10

0.025 8.81 7.26 6.60 6.23 5.99 5.82 5.70 5.60 5.52

0.01 13.75 10.92 9.78 9.15 8.75 8.47 8.26 8.10 7.98

7 0.1 3.59 3.26 3.07 2.96 2.88 2.83 2.78 2.75 2.72

0.05 5.59 4.74 4.35 4.12 3.97 3.87 3.79 3.73 3.68

0.025 8.07 6.54 5.89 5.52 5.29 5.12 4.99 4.90 4.82

0.01 12.25 9.55 8.45 7.85 7.46 7.19 6.99 6.84 6.72

8 0.1 3.46 3.11 2.92 2.81 2.73 2.67 2.62 2.59 2.56

0.05 5.32 4.46 4.07 3.84 3.69 3.58 3.50 3.44 3.39

0.025 7.57 6.06 5.42 5.05 4.82 4.65 4.53 4.43 4.36

0.01 11.26 8.65 7.59 7.01 6.63 6.37 6.18 6.03 5.91

9 0.1 3.36 3.01 2.81 2.69 2.61 2.55 2.51 2.47 2.44

0.05 5.12 4.26 3.86 3.63 3.48 3.37 3.29 3.23 3.18

0.025 7.21 5.71 5.08 4.72 4.48 4.32 4.20 4.10 4.03

0.01 10.56 8.02 6.99 6.42 6.06 5.80 5.61 5.47 5.35

10 0.1 3.29 2.92 2.73 2.61 2.52 2.46 2.41 2.38 2.35

0.05 4.96 4.10 3.71 3.48 3.33 3.22 3.14 3.07 3.02

0.025 6.94 5.46 4.83 4.47 4.24 4.07 3.95 3.85 3.78

0.01 10.04 7.56 6.55 5.99 5.64 5.39 5.20 5.06 4.94

)1( α

α

−

F
);,( 21 αφφF
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Appendix A-3 (continued)

1φ

2φ α 1 2 3 4 5 6 7 8 9

11 0.1 3.23 2.86 2.66 2.54 2.45 2.39 2.34 2.30 2.27

0.05 4.84 3.98 3.59 3.36 3.20 3.09 3.01 2.95 2.90

0.025 6.72 5.26 4.63 4.28 4.04 3.88 3.76 3.66 3.59

0.01 9.65 7.21 6.22 5.67 5.32 5.07 4.89 4.74 4.63

12 0.1 3.18 2.81 2.61 2.48 2.39 2.33 2.28 2.24 2.21

0.05 4.75 3.89 3.49 3.26 3.11 3.00 2.91 2.85 2.80

0.025 6.55 5.10 4.47 4.12 3.89 3.73 3.61 3.51 3.44

0.01 9.33 6.93 5.95 5.41 5.06 4.82 4.64 4.50 4.39

13 0.1 3.14 2.76 2.56 2.43 2.35 2.28 2.23 2.20 2.16

0.05 4.67 3.81 3.41 3.18 3.03 2.92 2.83 2.77 2.71

0.025 6.41 4.97 4.35 4.00 3.77 3.60 3.48 3.39 3.31

0.01 9.07 6.70 5.74 5.21 4.86 4.62 4.44 4.30 4.19

14 0.1 3.10 2.73 2.52 2.39 2.31 2.24 2.19 2.15 2.12

0.05 4.60 3.74 3.34 3.11 2.96 2.85 2.76 2.70 2.65

0.025 6.30 4.86 4.24 3.89 3.66 3.50 3.38 3.29 3.21

0.01 8.86 6.51 5.56 5.04 4.69 4.46 4.28 4.14 4.03

15 0.1 3.07 2.70 2.49 2.36 2.27 2.21 2.16 2.12 2.09

0.05 4.54 3.68 3.29 3.06 2.90 2.79 2.71 2.64 2.59

0.025 6.20 4.77 4.15 3.80 3.58 3.41 3.29 3.20 3.12

0.01 8.68 6.36 5.42 4.89 4.56 4.32 4.14 4.00 3.89

16 0.1 3.05 2.67 2.46 2.33 2.24 2.18 2.13 2.09 2.06

0.05 4.49 3.63 3.24 3.01 2.85 2.74 2.66 2.59 2.54

0.025 6.12 4.69 4.08 3.73 3.50 3.34 3.22 3.12 3.05

0.01 8.53 6.23 5.29 4.77 4.44 4.20 4.03 3.89 3.78

17 0.1 3.03 2.64 2.44 2.31 2.22 2.15 2.10 2.06 2.03

0.05 4.45 3.59 3.20 2.96 2.81 2.70 2.61 2.55 2.49

0.025 6.04 4.62 4.01 3.66 3.44 3.28 3.16 3.06 2.98

0.01 8.40 6.11 5.18 4.67 4.34 4.10 3.93 3.79 3.68

18 0.1 3.01 2.62 2.42 2.29 2.20 2.13 2.08 2.04 2.00

0.05 4.41 3.55 3.16 2.93 2.77 2.66 2.58 2.51 2.46

0.025 5.98 4.56 3.95 3.61 3.38 3.22 3.10 3.01 2.93

0.01 8.29 6.01 5.09 4.58 4.25 4.01 3.84 3.71 3.60

19 0.1 2.99 2.61 2.40 2.27 2.18 2.11 2.06 2.02 1.98

0.05 4.38 3.52 3.13 2.90 2.74 2.63 2.54 2.48 2.42

0.025 5.92 4.51 3.90 3.56 3.33 3.17 3.05 2.96 2.88

0.01 8.18 5.93 5.01 4.50 4.17 3.94 3.77 3.63 3.52

20 0.1 2.97 2.59 2.38 2.25 2.16 2.09 2.04 2.00 1.96

0.05 4.35 3.49 3.10 2.87 2.71 2.60 2.51 2.45 2.39

0.025 5.87 4.46 3.86 3.51 3.29 3.13 3.01 2.91 2.84

0.01 8.10 5.85 4.94 4.43 4.10 3.87 3.70 3.56 3.46

24 0.1 2.93 2.54 2.33 2.19 2.10 2.04 1.98 1.94 1.91

0.05 4.26 3.40 3.01 2.78 2.62 2.51 2.42 2.36 2.30

0.025 5.72 4.32 3.72 3.38 3.15 2.99 2.87 2.78 2.70

0.01 7.82 5.61 4.72 4.22 3.90 3.67 3.50 3.36 3.26

30 0.1 2.88 2.49 2.28 2.14 2.05 1.98 1.93 1.88 1.85

0.05 4.17 3.32 2.92 2.69 2.53 2.42 2.33 2.27 2.21

0.025 5.57 4.18 3.59 3.25 3.03 2.87 2.75 2.65 2.57

0.01 7.56 5.39 4.51 4.02 3.70 3.47 3.30 3.17 3.07

60 0.1 2.79 2.39 2.18 2.04 1.95 1.87 1.82 1.77 1.74

0.05 4.00 3.15 2.76 2.53 2.37 2.25 2.17 2.10 2.04

0.025 5.29 3.93 3.34 3.01 2.79 2.63 2.51 2.41 2.33

0.01 7.08 4.98 4.13 3.65 3.34 3.12 2.95 2.82 2.72

120 0.1 2.75 2.35 2.13 1.99 1.90 1.82 1.77 1.72 1.68

0.05 3.92 3.07 2.68 2.45 2.29 2.18 2.09 2.02 1.96

0.025 5.15 3.80 3.23 2.89 2.67 2.52 2.39 2.30 2.22

0.01 6.85 4.79 3.95 3.48 3.17 2.96 2.79 2.66 2.56
∞ 0.1 2.71 2.30 2.08 1.95 1.85 1.77 1.72 1.67 1.63

0.05 3.84 3.00 2.61 2.37 2.21 2.10 2.01 1.94 1.88

0.025 5.03 3.69 3.12 2.79 2.57 2.41 2.29 2.19 2.11
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Appendix A-3 (continued)
1φ

2φ α 10 11 12 15 20 24 30 60 120 ∞
1 0.100 60.19 60.47 60.71 61.22 61.74 62.00 62.26 62.79 63.06 63.32

0.050 241.88 242.98 243.91 245.95 248.01 249.05 250.10 252.20 253.25 254.30

0.025 968.63 973.03 976.71 984.87 993.10 997.25 1001.41 1009.80 1014.02 1018.21

0.010 6055.85 6083.32 6106.32 6157.28 6208.73 6234.63 6260.65 6313.03 6339.39 6365.55

2 0.100 9.39 9.40 9.41 9.42 9.44 9.45 9.46 9.47 9.48 9.49

0.050 19.40 19.40 19.41 19.43 19.45 19.45 19.46 19.48 19.49 19.50

0.025 39.40 39.41 39.41 39.43 39.45 39.46 39.46 39.48 39.49 39.50

0.010 99.40 99.41 99.42 99.43 99.45 99.46 99.47 99.48 99.49 99.50

3 0.100 5.23 5.22 5.22 5.20 5.18 5.18 5.17 5.15 5.14 5.13

0.050 8.79 8.76 8.74 8.70 8.66 8.64 8.62 8.57 8.55 8.53

0.025 14.42 14.37 14.34 14.25 14.17 14.12 14.08 13.99 13.95 13.90

0.010 27.23 27.13 27.05 26.87 26.69 26.60 26.50 26.32 26.22 26.13

4 0.100 3.92 3.91 3.90 3.87 3.84 3.83 3.82 3.79 3.78 3.76

0.050 5.96 5.94 5.91 5.86 5.80 5.77 5.75 5.69 5.66 5.63

0.025 8.84 8.79 8.75 8.66 8.56 8.51 8.46 8.36 8.31 8.26

0.010 14.55 14.45 14.37 14.20 14.02 13.93 13.84 13.65 13.56 13.46

5 0.100 3.30 3.28 3.27 3.24 3.21 3.19 3.17 3.14 3.12 3.11

0.050 4.74 4.70 4.68 4.62 4.56 4.53 4.50 4.43 4.40 4.37

0.025 6.62 6.57 6.52 6.43 6.33 6.28 6.23 6.12 6.07 6.02

0.010 10.05 9.96 9.89 9.72 9.55 9.47 9.38 9.20 9.11 9.02

6 0.100 2.94 2.92 2.90 2.87 2.84 2.82 2.80 2.76 2.74 2.72

0.050 4.06 4.03 4.00 3.94 3.87 3.84 3.81 3.74 3.70 3.67

0.025 5.46 5.41 5.37 5.27 5.17 5.12 5.07 4.96 4.90 4.85

0.010 7.87 7.79 7.72 7.56 7.40 7.31 7.23 7.06 6.97 6.88

7 0.100 2.70 2.68 2.67 2.63 2.59 2.58 2.56 2.51 2.49 2.47

0.050 3.64 3.60 3.57 3.51 3.44 3.41 3.38 3.30 3.27 3.23

0.025 4.76 4.71 4.67 4.57 4.47 4.41 4.36 4.25 4.20 4.14

0.010 6.62 6.54 6.47 6.31 6.16 6.07 5.99 5.82 5.74 5.65

8 0.100 2.54 2.52 2.50 2.46 2.42 2.40 2.38 2.34 2.32 2.29

0.050 3.35 3.31 3.28 3.22 3.15 3.12 3.08 3.01 2.97 2.93

0.025 4.30 4.24 4.20 4.10 4.00 3.95 3.89 3.78 3.73 3.67

0.010 5.81 5.73 5.67 5.52 5.36 5.28 5.20 5.03 4.95 4.86

9 0.100 2.42 2.40 2.38 2.34 2.30 2.28 2.25 2.21 2.18 2.16

0.050 3.14 3.10 3.07 3.01 2.94 2.90 2.86 2.79 2.75 2.71

0.025 3.96 3.91 3.87 3.77 3.67 3.61 3.56 3.45 3.39 3.33

0.010 5.26 5.18 5.11 4.96 4.81 4.73 4.65 4.48 4.40 4.31

10 0.100 2.32 2.30 2.28 2.24 2.20 2.18 2.16 2.11 2.08 2.06

0.050 2.98 2.94 2.91 2.85 2.77 2.74 2.70 2.62 2.58 2.54

0.025 3.72 3.66 3.62 3.52 3.42 3.37 3.31 3.20 3.14 3.08

0.010 4.85 4.77 4.71 4.56 4.41 4.33 4.25 4.08 4.00 3.91

11 0.100 2.25 2.23 2.21 2.17 2.12 2.10 2.08 2.03 2.00 1.97

0.050 2.85 2.82 2.79 2.72 2.65 2.61 2.57 2.49 2.45 2.41

0.025 3.53 3.47 3.43 3.33 3.23 3.17 3.12 3.00 2.94 2.88

0.010 4.54 4.46 4.40 4.25 4.10 4.02 3.94 3.78 3.69 3.60

12 0.100 2.19 2.17 2.15 2.10 2.06 2.04 2.01 1.96 1.93 1.90

0.050 2.75 2.72 2.69 2.62 2.54 2.51 2.47 2.38 2.34 2.30

0.025 3.37 3.32 3.28 3.18 3.07 3.02 2.96 2.85 2.79 2.73

0.010 4.30 4.22 4.16 4.01 3.86 3.78 3.70 3.54 3.45 3.36

13 0.100 2.14 2.12 2.10 2.05 2.01 1.98 1.96 1.90 1.88 1.85

0.050 2.67 2.63 2.60 2.53 2.46 2.42 2.38 2.30 2.25 2.21

0.025 3.25 3.20 3.15 3.05 2.95 2.89 2.84 2.72 2.66 2.60

0.010 4.10 4.02 3.96 3.82 3.66 3.59 3.51 3.34 3.25 3.17

14 0.100 2.10 2.07 2.05 2.01 1.96 1.94 1.91 1.86 1.83 1.80

0.050 2.60 2.57 2.53 2.46 2.39 2.35 2.31 2.22 2.18 2.13

0.025 3.15 3.09 3.05 2.95 2.84 2.79 2.73 2.61 2.55 2.49

0.010 3.94 3.86 3.80 3.66 3.51 3.43 3.35 3.18 3.09 3.01
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Appendix A-3 (continued)

1φ

2φ α 10 11 12 15 20 24 30 60 120 ∞
15 0.100 2.06 2.04 2.02 1.97 1.92 1.90 1.87 1.82 1.79 1.76

0.050 2.54 2.51 2.48 2.40 2.33 2.29 2.25 2.16 2.11 2.07

0.025 3.06 3.01 2.96 2.86 2.76 2.70 2.64 2.52 2.46 2.40

0.010 3.80 3.73 3.67 3.52 3.37 3.29 3.21 3.05 2.96 2.87

16 0.100 2.03 2.01 1.99 1.94 1.89 1.87 1.84 1.78 1.75 1.72

0.050 2.49 2.46 2.42 2.35 2.28 2.24 2.19 2.11 2.06 2.01

0.025 2.99 2.93 2.89 2.79 2.68 2.63 2.57 2.45 2.38 2.32

0.010 3.69 3.62 3.55 3.41 3.26 3.18 3.10 2.93 2.84 2.75

17 0.100 2.00 1.98 1.96 1.91 1.86 1.84 1.81 1.75 1.72 1.69

0.050 2.45 2.41 2.38 2.31 2.23 2.19 2.15 2.06 2.01 1.96

0.025 2.92 2.87 2.82 2.72 2.62 2.56 2.50 2.38 2.32 2.25

0.010 3.59 3.52 3.46 3.31 3.16 3.08 3.00 2.83 2.75 2.65

18 0.100 1.98 1.95 1.93 1.89 1.84 1.81 1.78 1.72 1.69 1.66

0.050 2.41 2.37 2.34 2.27 2.19 2.15 2.11 2.02 1.97 1.92

0.025 2.87 2.81 2.77 2.67 2.56 2.50 2.44 2.32 2.26 2.19

0.010 3.51 3.43 3.37 3.23 3.08 3.00 2.92 2.75 2.66 2.57

19 0.100 1.96 1.93 1.91 1.86 1.81 1.79 1.76 1.70 1.67 1.63

0.050 2.38 2.34 2.31 2.23 2.16 2.11 2.07 1.98 1.93 1.88

0.025 2.82 2.76 2.72 2.62 2.51 2.45 2.39 2.27 2.20 2.13

0.010 3.43 3.36 3.30 3.15 3.00 2.92 2.84 2.67 2.58 2.49

20 0.100 1.94 1.91 1.89 1.84 1.79 1.77 1.74 1.68 1.64 1.61

0.050 2.35 2.31 2.28 2.20 2.12 2.08 2.04 1.95 1.90 1.84

0.025 2.77 2.72 2.68 2.57 2.46 2.41 2.35 2.22 2.16 2.09

0.010 3.37 3.29 3.23 3.09 2.94 2.86 2.78 2.61 2.52 2.42

24 0.100 1.88 1.85 1.83 1.78 1.73 1.70 1.67 1.61 1.57 1.53

0.050 2.25 2.22 2.18 2.11 2.03 1.98 1.94 1.84 1.79 1.73

0.025 2.64 2.59 2.54 2.44 2.33 2.27 2.21 2.08 2.01 1.94

0.010 3.17 3.09 3.03 2.89 2.74 2.66 2.58 2.40 2.31 2.21

30 0.100 1.82 1.79 1.77 1.72 1.67 1.64 1.61 1.54 1.50 1.46

0.050 2.16 2.13 2.09 2.01 1.93 1.89 1.84 1.74 1.68 1.62

0.025 2.51 2.46 2.41 2.31 2.20 2.14 2.07 1.94 1.87 1.79

0.010 2.98 2.91 2.84 2.70 2.55 2.47 2.39 2.21 2.11 2.01

60 0.100 1.71 1.68 1.66 1.60 1.54 1.51 1.48 1.40 1.35 1.29

0.050 1.99 1.95 1.92 1.84 1.75 1.70 1.65 1.53 1.47 1.39

0.025 2.27 2.22 2.17 2.06 1.94 1.88 1.82 1.67 1.58 1.48

0.010 2.63 2.56 2.50 2.35 2.20 2.12 2.03 1.84 1.73 1.60

120 0.100 1.65 1.63 1.60 1.55 1.48 1.45 1.41 1.32 1.26 1.19

0.050 1.91 1.87 1.83 1.75 1.66 1.61 1.55 1.43 1.35 1.26

0.025 2.16 2.10 2.05 1.94 1.82 1.76 1.69 1.53 1.43 1.31

0.010 2.47 2.40 2.34 2.19 2.03 1.95 1.86 1.66 1.53 1.38
∞ 0.100 1.60 1.57 1.55 1.49 1.42 1.38 1.34 1.24 1.17 1.00

0.050 1.83 1.79 1.75 1.67 1.57 1.52 1.46 1.32 1.22 1.00

0.025 2.05 1.99 1.95 1.83 1.71 1.64 1.57 1.39 1.27 1.00

0.010 2.32 2.25 2.19 2.04 1.88 1.79 1.70 1.48 1.33 1.00
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Appendix A-4

Control Limits for Various Control Charts

x σ RSample

Size

n
A 2A 2C 1B 2B 3B 4B 2d 3d 3D

4D

2 2.121 1.880 0.5642 0.000 1.843 0.000 3.267 1.128 0.853 0.000 3.267

3 1.732 1.023 0.7236 0.000 1.858 0.000 2.568 1.693 0.888 0.000 2.575

4 1.501 0.729 0.7979 0.000 1.808 0.000 2.266 2.059 0.880 0.000 2.282

5 1.342 0.577 0.8407 0.000 1.756 0.000 2.089 2.326 0.864 0.000 2.115

6 1.225 0.483 0.8686 0.026 1.711 0.030 1.970 2.534 0.848 0.000 2.004

7 1.134 0.419 0.8882 0.105 1.672 0.118 1.882 2.704 0.833 0.076 1.924

8 1.061 0.373 0.9027 0.167 1.638 0.185 1.815 2.847 0.820 0.736 1.864

9 1.000 0.337 0.9139 0.219 1.609 0.239 1.761 2.970 0.808 0.184 1.816

10 0.949 0.308 0.9227 0.262 1.584 0.284 1.716 3.078 0.797 0.223 1.777

11 0.905 0.285 0.9300 0.299 1.561 0.321 1.679 3.173 0.787 0.256 1.744

12 0.866 0.266 0.9359 0.331 1.541 0.354 1.646 3.258 0.778 0.284 1.719

13 0.832 0.249 0.9410 0.359 1.523 0.382 1.618 3.336 0.770 0.308 1.692

14 0.802 0.235 0.9453 0.384 1.507 0.406 1.594 3.407 0.762 0.329 1.671

15 0.775 0.223 0.9490 0.406 1.492 0.428 1.572 3.472 0.755 0.348 1.652

16 0.750 0.212 0.9523 0.427 1.478 0.448 1.552 3.532 0.749 0.364 1.636

17 0.728 0.203 0.9551 0.445 1.465 0.466 1.534 3.588 0.743 0.379 1.621

18 0.707 0.194 0.9576 0.461 1.454 0.482 1.518 3.640 0.738 0.392 1.608

19 0.688 0.187 0.9599 0.477 1.443 0.497 1.503 3.689 0.733 0.404 1.596

20 0.671 0.180 0.9619 0.491 1.433 0.510 1.490 3.735 0.729 0.414 1.586
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Appendix A-5

GE Quality 2000: A Dream with a Great Plan

John F. Welch, Jr., was chairman and CEO of GE Corpo-
ration. His speech was presented at the GE 1996 Annual
Meeting in Charlottesville, Virginia, on April 24, 1996, and
published in the August/September issue of Executive Speech-
es, 1996. This speech is regarded as a milestone of Six Sigma
history in the world. The part of his speech which is related to
quality and Six Sigma is given here.

The business performance of 222,000 employees world-
wide has made us very proud as well. 1995 was another out-
standing year for the company by any measure: a 17% growth
in revenues to $70 billion, 11% earnings growth to $6.6 bil-
lion, and earnings per share up 13%. Our shareowners had a
45% return on their investment in 1995. GE, whose market
capitalization already was the highest in the U.S., achieved
that status globally in 1995, and is now the world’s most valu-
able company. 

Self-confidence and stretch thinking were two of the key
factors that encouraged us to launch, in 1995, the most chal-
lenging stretch goal of all the biggest opportunity for growth,
increased profitability and individual employee satisfaction in
the history of our company. 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, services and transactions. Six sigma is a level of
quality that to date has been approached by only a handful of
companies, among them several in Japan, with Motorola
being the acknowledged leader in this country.

GE today is a quality company. It has always been a qual-
ity company. Quality improvement at GE has never taken a
back seat. We have operated under the theory that if we
improved our speed, our productivity, our employee and sup-
plier involvement, and pursued other business and cultural
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initiatives, quality would be a natural by product. And it has
been. It’s gotten better with each succeeding generation of
product and service. But it has not improved enough to get us
to the quality levels of that small circle of excellent global
companies that had survived the intense competitive assault
by themselves, achieving new levels of quality. 

This Six Sigma journey will change the paradigm from fix-
ing products so that they are perfect to fixing processes so
that they produce nothing but perfection, or close to it. Typi-
cal processes at GE generate about 35,000 defects per mil-
lion, which sounds like a lot, and is a lot, but it is consistent
with the defect levels of most successful companies. The num-
ber of defects per million is referred to in the very precise jar-
gon of statistics as about three and one-half sigma. For those
of you who flew to Charlottesville, you are sitting here in
your seats today because the airlines’ record in getting pas-
sengers safely from one place to another is even better than
six sigma, with less than one-half failure per million. Howev-
er, if your bags did not arrive with you, it’s because airline
baggage operations are in the 35,000 to 50,000 defect range,
which is typical of manufacturing and service operations, as
well as other human activities such as writing up restaurant
bills, payroll processing, and prescription writing by doctors. 

The experience of others indicates that the cost of this
three to four sigma quality is typically 10%–15% of rev-
enues. In GE’s case, with over $70 billion in revenues, that
amounts to some $7–10 billion annually, mostly in scrap,
reworking of parts and rectifying mistakes in transactions.
So the financial rationale for embarking on this quality jour-
ney is clear. But beyond the pure financials, there are even
more important rewards that will come with dramatically
improved quality. Among them: the unlimited growth from
selling products and services universally recognized by cus-
tomers as being on a completely different plane of quality
than those of our competitors; and the resulting pride, job
satisfaction and job security from this volume growth for
GE employees. 

Six Sigma will be an exciting journey and the most diffi-
cult and invigorating stretch goal we have ever undertaken.
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The magnitude of the challenge of going from 35,000 defects
per million to fewer than four defects is huge. It will require
us to reduce defects rates 10,000 fold – about 84% per year
for five consecutive years – an enormous task, one that
stretches even the concept of stretch behavior. 

Motorola has defined a rigorous and proven process for
improving each of the tens of millions of processes that pro-
duce the goods and services a company provides. The
methodology is called the Six Sigma process and involves four
simple but rigorous steps: first, measuring every process and
transaction, then analyzing each of them, then painstakingly
improving them, and finally rigorously controlling them for
consistency once they have been improved. 

Following Motorola’s experience closely, we have select-
ed, trained and put in place the key people to lead this Six
Sigma effort. We’ve selected our “Champions” – senior
managers who define the projects. We’ve trained 200 “Mas-
ter Black Belts” – full-time teachers with heavy quantitative
skills as well as teaching and leadership ability. We’ve select-
ed and trained 800 “Black Belts” - full-time quality execu-
tives who lead teams and focus on key processes, reporting
the results back to the Champions. We are beginning to
train each of our 20,000 engineers so that all of our new
products and services will be designed for Six Sigma pro-
duction. And we have, at our Leadership Development
Institute at Crotonville and at our businesses, an unmatched
educational capability to train all 222,000 GE people in Six
Sigma methodology. 

We have a work-out culture in place at GE that is ideal for
highly collaborative action-based team efforts, which will
enhance our Six Sigma programs. To emphasize the impor-
tance of this initiative, we have weighted 40% of the bonus
compensation for our managers on the intensity of their
efforts and their progress toward Six Sigma quality in their
operations. To date, we have committed $200 million to this
effort, and we have the balance sheet that will permit us to
spend whatever is required to get to our goal. The return on
this investment will be enormous. Very little of this requires
invention. We have taken a proven methodology, adapted it
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to a boundaryless culture, and are providing our teams every
resource they will need to win. 

Six Sigma – GE Quality 2000 – will be the biggest, the most
personally rewarding and, in the end, the most profitable
undertaking in our history. GE today is the world’s most valu-
able company. The numbers tell us that. We are the most excit-
ing global company to work for. Our associates tell us that. By
2000, we want to be an even better company, a company not
just better in quality than its competitors – we are that today –
but a company 10,000 times better than its competitors. That
recognition will come not from us but from our customers. 

Six Sigma – GE Quality 2000 – is a dream, but a dream
with a plan behind it. It is a dream that is increasingly inspir-
ing and exciting everyone in this company. We have the
resources, the will, and above all, the greatest people in world
business who will make it come true.
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Six Sigma is a company-wide management 
strategy for the improvement of process 
performance with the objective of 
improving quality and productivity to 
satisfy customer demands and reduce costs. 
It is regarded as a new paradigm of 
management innovation for company 
survival in the 21st century. The initiative 
was first launched by Motorola in 1987, 
and with companies such as GE, TI, ABB, 
Sony, Samsung, and LG introducing their 
own Six Sigma programs in the mid 1990s, 
a rapid dissemination of Six Sigma took 
place all over the world.

This book has three main thrusts. The first 
gives an overview of Six Sigma, its 
framework, and the applications. The 
second introduces the Six Sigma tools, 
other management initiatives, and some 
practical issues related to Six Sigma. The 
third focuses on the implementation of Six 
Sigma, with real case studies of 
improvement projects. 

Although this book was prepared to give 
corporate managers and engineers in Asia a 
clear understanding of Six Sigma concepts, 
methodologies, and tools for quality and 
productivity promotion, it will also be 
useful to researchers, quality and 
productivity specialists, public sector 
employees, and other professionals with an 
interest in quality management.


