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ABSTRACT

A MULTI-FACTOR MODEL FOR EVALUATING MANUFACTURING
DEFECT OPPORTUNITIES IN SIX SIGMA ANALYSIS

by
Karthikeyan Sundaram
Six Sigma Quality Analysis provides a structured method for manufacturing quality
problems and defect opportunities to be defined, measured, analyzed, improved, and
controlled. The technique is now being widely used in both the manufacturing and
. service industries to evaluate the classical “defects per million” metric. An underlying
assumption of classical Six Sigma Analysis is that all defects contribute equally to the
derivation of the defect rate. In the thesis, it is proposed that this assumption skews and
often distorts the derived defect rate. Using classical Six Sigma the user is able to list a
large number of often border-line defect opportunities and hence inflate their six sigma
capability. Here, a new multi-factor model is developed for calculating the Defect Per
Million Opportunities (DPMO). The proposed DPMO equation undergoes a rationalized
transition from the normal formulation based on the following factors: (i) defect severity,
(i1) occurrence frequency, (iii) detection ease, (iv) correction time, and (v) cost impact.
This new equation accounts for all possible differentiating characterizations between
possible defects. In effect we get a scaled down number of defect opportunities which
eliminates the six sigma inflation problem. For each factor, a Six Sigma Opportunity
rating scale is presented in the 0-1 range. An MS-Excel implementation of the proposed

multi-factor scheme is presented along with a case-study example.



A MULTI-FACTOR MODEL FOR EVALUATING MANUFACTURING
DEFECT OPPORTUNITIES IN SIX SIGMA ANALYSIS

by
Karthikeyan Sundaram

A Thesis
Submitted to the Faculty of
New Jersey Institute of Technology
in Partial Fulfillment of the Requirements for the Degree of
Master of Science in Industrial Engineering

Department of Industrial and Manufacturing Engineering

August 2005






APPROVAL PAGE

A MULTI-FACTOR MODEL FOR EVALUATING MANUFACTURING
DEFECT OPPORTUNITIES IN SIX SIGMA ANALYSIS

Karthikeyan Sundaram

Dr. Sanchoy Das, Thesis Advisor Date
Professor of Industrial and Manufacturing Engineering, NJIT

Dr. Athanassios Bladikas, Commiitée Member Date
Associate Professor and Chair of Industrial and Manufacturing Engineering, NJIT

Dr. George Abdou, Committee Member Date
Associate Professor of Industrial and Manufacturing Engineering, NJIT



BIOGRAPHICAL SKETCH

Author: Karthikeyan Sundaram
Degree: Master of Science in Industrial Engineering
Date: August 2005

Undergraduate and Graduate Education:

e Master of Science in Industrial Engineering,
New Jersey Institute of Technology, Newark, NJ, 2005

e Bachelor of Engineering in Production Engineering,
Government College of Technology, India, 2003

iv



ACKNOWLEDGMENT

I would first like to thank my thesis advisor, Dr. Sanchoy Das, for his unwavering
guidance, encouragement and support that greatly enhanced my graduate school
education at New Jersey Institute of Technology. His expertise in the field of Six Sigma
and his valuable suggestions made my research work extremely enjoyable and rewarding.
I would also like to thank Dr. Athanassios Bladikas and Dr. George Abdou for
taking time out of their busy schedule and going through my thesis in painstaking detail.
Last but not the least, I would like to thank Dr. Ronald Kane for his time and help

rendered in the documentation of this thesis.



This Thesis is dedicated to
my parents, sisters and friends.

vi



Chapter

1.1 Introduction to Six Sigma
1.2 Six Sigma Quality
1.3 Six Sigma Concept

1.4 Defect Opportunity

TABLE OF CONTENTS

1.5 Rationalization of the Formulation

1.6 Research Approach
1.7 Research Objective

2 LITERATURE REVIEW

...........................................................................

..........................................................................

3 ANALYSIS OF DEFECTS AND OPPORTUNITIES ........ccooivviiiiiiiiiieenn

3.1 Example of a Classical Six Sigma Calculation

3.2 Defect, Opportunity and Defects Per Million Opportunities .......................

3.3 Defects Per Million Opportunities

3.4 Characterization of the Defects

3.5 Characterization of Factors for Opportunity Analysis .............ccceeeeiinnnn.n..
3.5.1 Defect SeVErty ..o.ooviniiiiiiiii e
3.5.2 Occurrence FIeqUENCY ........ccouiieiriiiiiiiniiiiiiiiiiiiieieeeeeeeeenennn,
353 Detection Ease .....covviniiiiiiiiiiiiiie e
3.5.4 Correction Time Factor ............coooiiiiiiiiiiiiiiiiii e
3.5.5 CostImpact Factor .........ccovviiiiiiiiiiiiiiii e

vii

...........................................

.........................................................

Page

23
23
25
27
28
29
29
30
30
32

35



TABLE OF CONTENTS

(Continued)

Chapter Page
4 METHODOLOGY FOR THE DEFECT OPPORTUNITIES ANALYSIS ........... 40
4.1 Formulation of the Defect Opportunities .............cocveveviveeniiiieniiiirien, 41
4.2 Methodology for the Sigma Ratings ..............ccooiiiiiiiiiniiiniii i, 43
421 Tral 1 oo 44

422 THAl 2 o 45

423 Tral 3 .o 47

5 NEW FORMULATION FOR THE DEFECTS PER MILLION OPPORTUNITIES 50

5.1 Transformation into Rationalized Formulation ..................cooeoiiiiinini. 50
5.2 Justification of the Decision Variablesaand B ..............ccoeviiiiiii.. 51
5.3 Example for the Justification ...............cccooiiiiiiiiiiiii e, 52
5.4 Sigma Level for the Analysis .......cccovuiriiiiiiiiiiiiiiiiie e, 52
5.5 Spreadsheet Calculations ...........coouiuiuiiiiiiniiiiiiiiiie e ee e, 53
5.6 Case StUAY ...vuiniiitiiie i e 62
6 CONCLUSIONS AND FUTURE RESEARCH 69
6.1 CONCIUSION ..eteitiniiiit ittt e et e e e e e ee e e e e e eeeaeaaneans 69
6.2 Scope for Future Research ............ccooiiiiiiiiiiiiiiiie e, 70

viii



TABLE OF CONTENTS

(Continued)
Chapter Page
APPENDIX A RELATION BETWEEN SIGMA LEVEL AND DPMO ................. 71
APPENDIX B INPUT TABLE FORTHE TRIALS ... ..o 72
REFERENCES ... e 74

ix



Table

3.5.1

3.5.2

3.53

3.54

3.5.5

3.5.6

3.5.7

5.6.1

LIST OF TABLES

Page
Defect Severity Evaluation Rating .............coooveiiiiiiiiiiiiiiiiiiiin.. 31
Occurrence Frequency Evaluation Rating ....................c.on 32
Detection Ease Evaluation Rating ..............cooooiiiiiiiiiiiiiiiiiiiennn, 33
Time Ratio ahd Corresponding Rating ..............c.ocociiiiiiiii 35
Correction Time Evaluation Rating ..., 36
Cost Ratio and Corresponding Rating ..............c.oooviiiiiiiiiinn. 38
Cost Impact Evaluation Rating ............c.ocoiiiiiiiiiiiiiiiiiii e 39
Defect Opportunities Count for partsin the board ........................... 62



LIST OF FIGURES

Figure

1.1 Six Sigma Normal Distribution and Statistics ............ccceceeiiviiiieiieinn..
1.2 Six Sigma Shift ...
1.3 Concept of SIX SIZMA .....oiniiiiiiii i e et e e eneenaans
1.4 Different Types of Opportunities ....................................................
2.1 'WITNESS model with results screen showing sigma rating ....................
2.2 One of the many graphs and feports from WITNESS Optimizer ..............

2.3 Production Management Process Groups and Knowledge Areas ......................
2.4 Six Sigma Model for the Technical Call Center ...............ccceeveiiinnennnnnn.
2.5 Performance Gfaph ....................................................................
3.1.1 Classical Six Sigma approach ............oooiiiiiiiiiiiiiiiiii e
3.1.2 Rationalized Six Sigma approach ...........ccooiiiiiiiiiiiiiiiiiieeeeca e
3.1.3 Sigma Conversion Table for the Example ...............coiiiiiiiiiiiin.
3.4 Chart Depicting the Concentration of Defects and corresponding DPMO ........
4.1.1 Flow Diagram for Trial 1 ...........coiiiiiiiiiiii e,
4.1.2 Flow Diagram for Trial 2 .........cooiiiiiiiiiiiiiiiici e
4.1.3 Flow Diagram for Trial 3 ...t e ee e,
4.2.1 Screenshot of the Values of Factors used as input for Trial 1 ...................
4.2.2 Screenshot of Trial 1 with the final formulascale .....................oooail.
4.2.3 Screenshot of the Values of Factors used as input for Trial 2 ...................

4.2.4 Screenshot of Trial 2 with the final formulascale .........ccovvvivivnnnnnnn.

xi

Page

11
12
13
18
19
24
24
25
29
41
42
43

44



LIST OF FIGURES

(Continued)
Figure
4.2.5 Graph for Trial 2 showing sigmascales ..............ccooiviiiiinii.
4.2.6 Screenshot of the Values of Factors used as input for Trial 3 ...............
4.2.7 Screenshot of Trial 3 with the final formulascale ............................
4.2.8 Graph for Trial 3 showing six sigma scales ...........c.coeviiiiiiiin..

5.5.1 Screenshot of the spreadsheet for trial 1 with the macros on the top ..............

5.5.2 Defect Severity FOIm ........oooiiiiiiiiiiii e
5.5.3 Occurrence Frequency Form ..............coooiiiiiiiiiiiiiiiiiiiiiiii
5.54 Detection Ease FOrm .........c.ocoiiiiiiiiiiiiiiiiiiiiiiiii
5.5.5 Cost/ Time ratio Calculation Form ..............cc..coiiiiiiiin.
5.5.6 Correction Time FOIM ...........c.uiiuiiiiiiiiiieiee e iieee e
5.5.7 CostImpact FOrm ........cooiiiiiiiii i
5.5.8 Time/ Cost Factor Form .............ccooiiiiiiiiiiiiiiiiii
5.5.9 Risk Priority Number FOrm ..........coiiiiiiiiiiiiiiiiiiiiicii s
5.5.10 Screenshot of the spreadsheet fortrial 2 ...
5.5.11 Screenshot of the spreadsheet fortrial 3 ...,
5.5.12 Sigma Level for Trial 1 ... ..o
5.5.13 SigmaLevel for Trial 2 ........oooiiiiiiiiiiiiiiii i
5.5.14 Sigma Level for Trial 3 ... ..o
5.6.1 InputForm for Trial 1 .........cooi i
5.6.2 Input Form for Trial 2 ...

Xii

Page
47
48
48

49

57
57
58
59
59

60



LIST OF FIGURES

(Continued)
Figure Page
5.6.3 Input Form for Trial 3 .. ..o e 65
564 GraphforTral 1 ... . e 66
5.6.5 Graph for Trial 2 ......uiuiiniiii i e 67
5.6.6. Graph for Trial 3 .....oeiiiiiii e 67

xiii



CHAPTER 1
INTRODUCTION
Six Sigma is a very popular tool in many companies because of its efficiency in
identifying and reducing the number of defects. Six Sigma was initially developed by
Motorola and was then adopted by many companies in both the manufacturing and
service sectors. While the concept of Six Sigma is based primarily on statistical analysis,
the input data and follow-up defect elimination activity are more akin to traditional
quality control. Clearly, achieving a defect rate of 3.4 defects per million is not a trivial
task. We find that in many cases, the inability to accurately classify the defect
opportunity could lead to wrong predictions of Six Sigma capability. This is addressed in

this thesis.

1.1 Introduction to Six Sigma
Sigma is a statistical measure that reflects process capability. The sigma scale of measure
is perfectly correlated to such characteristics as defects-per-unit, parts per million
defective (PPM), and a probability of a failure/error. The sigma value indicates how often
defects are likely to occur. The higher the sigma, the less likely it is for a process to
produce defects. As sigma increases, costs go down, cycle time goes down, and customer
satisfaction goes up. The Figure 1.1 shows the normal distribution curve for six sigma
and also the various levels of sigma attained at different parts per million defects. As the
figure clearly indicates, as the sigma level increases, the percentage of non-defective

products approaches 100%.
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Figure 1.1 Six Sigma Normal Distribution and Statistics.

1.2 Six Sigma Quality
The objective of Six Sigma Quality is to reduce process output variation so that on a long
term the customer's aggregate product experience results in no more than 3.4 defective
parts per million (PPM). For a process with only one specification limit (Upper or
Lower), this results in six process standard deviations between the mean of the process
and the customer's specification limit (hence, Six Sigma).

Many processes are prone to being influenced by special and/or assignable causes
that impact the overall performance of the process relative to the customer's specification.
That is, the overall performance of a process, as the customer views it, might be 3.4 PPM
(corresponding to Long Term performance of 4.5 sigma). However, any process could

indeed be capable of producing a near perfect output (Short Term capability — also known












wherein the defects are characterized and then the final sigma level is obtained with a
scaled down factor for each opportunity under consideration. The inflation problem is
analyzed with the opportunity inflation factor and an analysis is conducted to understand
their behavior. The denominator in the DPMO formula is introduced with two decision
variables and thus the number of opportunities is modified to bring meaning to the
analysis. This has been analyzed and implemented in this research on the six sigma

formulation with a case study.

1.6 Research Approach
The opportunities calculation and analysis has hot received much attention in the six
sigma literature. Almost all processes have employed some assumptions for the defect
analysis using probability and assumptions based on experience. There has not been any
methodology for the opportunities calculation in the Six Sigma field. The number of
opportunities in the formulation needs attention for the following reasons:
e There must be a sufficient methodology to find out how the defects are accounted
e There must be a sufficient formulation by which the opportunities can be
understood.
e There must be a clear picture of the defect analysis so that the defect does not go
unnoticed.
The most important considerations for the opportunities calculation are:
e Selection of the factors which account for the defect of the products.
e Proper scale or point ratings for the factors.

e Influence of the factors on the process.



1.7 Research Objective
The objective of the research is to develop a rationalized sigma scale for the defect
calculation by taking the opportunities as a consideration and thereby giving a meaning to
the six sigma DPMO calculation. This is very important because there must be a proper
method for analyzing the defects, otherwise the entire method remains meaningless.
Hence the opportunities are characterized into five factors and each factor is assigned a
scale between 1 and 10. Each factor is assigned 20% and multiplied with the ratings.
Finally all the ratings are added and then divided by 10 so that a scale between 0 and 1 is
obtained, with 1 being severe and those tending to O being inconsequential. Using
classical Six Sigma the user is able to list a large number of often border-line defect
opportunities and hence inflate their six sigma capability. Here a new multi-factor model
is designed for calculating the Defect Per Million Opportunities (DPMO). This model is
done using MS Excel and then various trials are performed where different factors take
center-stage and the final scale deviations are noted. Finally, the rationalized multi-factor
scheme is implemented to. find the DPMO using the rationalized formula developed for
the formulation and the sigma scale is attained. The entire analysis is then made flexible

using the help of the Excel macros so that the process becomes easy for inputs and trials.



CHAPTER 2
LITERATURE REVIEW

Six Sigma is arguably a better strategy which aims at improvement by the
implementation of various methodologies and tools. There has been a major impact in the
field of manufacturing, research and development, and even in the IT industry because of
Six Sigma. It has reached the pinnacle of success in many facets of various fields where
achieving quality is the major concern. With the concept of defect-free manufacturing,
Six Sigma has really tasted the fruit of success. However there are still many criticisms
revolving around the methodology and few of them have been cleared. One among them
is the number of opportunities consideration in the defect per million opportunities
(DPMO) calculation. A USA today article presented different opinions about the value of
six sigma in “Firms Air for Six Sigma Efficiency” (Jones, 1998) stating the opinion that
Six Sigma is “malarkey”, while Larry Bossidy, CEO of AlliedSignal, counters” “The fact
is, there is more reality with the concept than anything that has come down in a long time
in business. The more you get involved with it, the more you are convinced.” Hence there
is no concept without criticism and hence improvements can be obtained by continuous
analysis and corrections.

Several prominent researchers have expressed their views on Six Sigma. Lucas
(2002) has described Six-Sigma as a statistical business system and a functional
methodology for disciplined quality improvement that achieves successful outcomes.
Pearson (2001) has described Six-Sigma as a program that combines the most effective
statistical and non-statistical methods to make overall business improvements. Triechler

et al. (2002) have concluded that Six-Sigma is a highly disciplined process that helps



organizations to focus on developing and delivering near-perfect products and services. It
is also, in their view, a change-acceleration process that focuses on pursuing success and
the rapid adoption of change. Slater (2001) has stated that the Six-Sigma approach
provides a very specific control program with control techniques that ensure continuation
of improved processes. The General Electric (GE), CEO remarked that Six Sigma is “the
most challenging and potentially rewarding initiative that has ever been undertaken by
GE.”

Breyfogle III et al., (2001) have stated that Six-Sigma is more than a simple
repacking of the best from other TQM programs. Pande, Neuman and Cavanach, (2000)
had already taken a similar approach when they provided a review of some of the major
TQM gaffes, and then compared TQM and GE-60 in the light of these problems with a
view to showing how a successful implementation of Six-Sigma can overcome these
failures. They have also commented that Six-Sigma is a comprehensive and flexible
system f;)r achieving, sustaining, and maximizing business success. It is driven by close
understanding of customers’ needs and disciplined use of facts, data, and statistical
analysis.

To find a consensus between TQM and Six Sigma (GE), Ching- Chow Lang
(2004) made a comparison of TQM and Six Sigma. For this, he did a extensive research
on the papers of other authors, integrated the research into 12 dimensions, and then
compared them individually. He commented on each dimension to show how they co-
relate TQM and Six Sigma. He developed a model showing the relationship and

concluded that TQM and Six Sigma have several common aspects and integration of both
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will be a new trend which should receive favorable response from practitioners and
academics.

James M. Lucas (ASQ 2002) explained that the relationship between the Sigma
Level (SL) and the Defects Per Million Opportunities (DPMO) is calculated using the
cumulative distribution function [f(z)] of the normal distribution where f(z) is the
probability of observing a value less than z. The table showing the relationship between
SL and DPMO is shown in Appendix A. The calculations show the SL ranging from 0 to
7 in steps of 0.25 in the first column. The second and the third columns calculate f
(SL+1.5) and f (1.5-SL) where 1.5 accounts for the process shift. The fourth column
gives the probability of an observation that is not a defect. The values in this column are
simply the difference between the second and third column and the column is called
“probability good”. The ﬁfth column gives the probability of a defect as 1-(probability
good). The last column converts the probability of a defect to DPMO by multiplying by
1,000,000. The six sigma is achieved when the sigma level of 6 has 3.4 defects per
million opportunities. The calculations were done using Excel functions.

Anthony P. Waller (WITNESS product manager) has thrown some light on the
six sigma project modeling which is carried out by means of WITNESS simulation and
analysis software. The major idea behind the paper was to calculate the sigma ratings for
the processes and the exporting of key statistics to MINITAB for further analysis. The
WITNESS optimizer six sigma algorithm is also formed. The software helps in various
phases of a project by providing detailed statistics on the effect of any proposed change
in terms of throughput, utilizations, delays, service levels and much more. It allows for

easy use of data from databases and Microsoft Excel. It also calculates the scrap and
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Six Sigma is more focused towards the solution of a problem at its root cause and
prevention of recurrence, as opposed to attempting to control potential causes of failure
on a project-by-project basis. Six Sigma's set of tools are more broadly applicable, than
those commonly applied within the discipline of professional project management.
Recognizing that project management is itself a process, Six Sigma is potentially
applicable to its improvement. Hence the author suggested a Six Sigma PMBoK Process
by Process methodology which had four processes and some sub processes. Thus he
created a bond between the two disciplines and concluded that Six Sigma complements
and extends professional project management, but does not replace it. He also concluded
that both disciplines make important contributions to successful business outcomes.

Alastair Homn (2003) illustrated a Business Improvement System comprising of
five components by combining Balanced Scorecard elements with Six Sigma thereby
linking Performance Management with Process Excellence. The Voice Of the Customer
(VOC) was the center of the system and revolving around it were the other four key
factors, namely Performance Management, Process Excellence, Project Selection and
Project Execution. He considered the Voice of the Customer as the major criterion as an
organization losing its stakeholders can never flourish. He introduced VOC upon which
the Critical To Quality (CTQ) in six sigma can fit. Process Excellence is created by
combining the Balanced Scorecard with Six Sigma approaches which breaks VOC, and
hence measure objectives against targets and focuses attention on variation of metrics
against targets. Performance Management monitors whether the business is on track to
delivers the required outcomes and identifies any areas requiring intervention. Project

Selection and Project Execution mainly listens to the VOC and then focuses attention on
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variations thus making the best use of the Balanced Scorecard and Six Sigma approaches.
The author expresses very clearly that by combining both these approaches, an
organization can deliver breakthrough business performance.

Professor Martin Christopher and Christine Rutherford (2004) aimed at creating a
resilient supply chain by employing Agile Six Sigma. Because of the growth in the
supply chain complexity, the authors wanted to make a system which takes care of the
supply chain effectively and then they came up with the idea of making the supply chain
leaner. They characterized supply chain into two types- robust and resilient supply chain.
They developed the shifting, stabilizing and re-synchronizing of the process, and there
came face to face with the six sigma philosophies and measures. The aim was to reach
the quality measures of six sigma, and hence they implemented the DMAIC methodology
to reach the quality aspect for the supply chain. The lean supply chain came into
existence when they wanted a sufficient way to take care of waste elimination and this
triggered the agile way of thinking. They developed an “Agile Six Sigma Route” by
which they felt they could build a resilient supply chain of robust six sigma processes
with spare process capacity where it is needed, mostly along the critical path. Thus they
concluded that through an Agile Six Sigma approach, supply chains can reduce internal
sources of risk whilst improving supply chain efficiency and effectiveness.

Andreas Vlahinos and Subhash Kelkar (2002) designed a robust optimization
using CAE (Computer Aided Engineering) for Six Sigma quality. They designed a
Reliability Based Design Optimization (RBDO) which not only provides improved
designs but also a confidence range for simulation-based optimum designs. In this

research effort, a six sigma robust design formulation was made along with an example
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that demonstrates the advantage of a robust versus a deterministic approach. They
developed a technique to perform probébilistic analysis, reliability based optimization
and robust optimization. The robust design optimization approach not only shifts the
performance mean to the target value but also reduces a product’s performance
variability, achieving the desired sigma level robustness on the key product performance
characteristics with respect to the quantified variation. The example presented
demonstrates the advantage of using an automated probabilistic design process that
enables engineers to identify better designs that meet the performance objectives and are
less sensitive to manufacturing variations. For a given sigma quality level, that is six
sigma, the mean and standard deviation values can be determined using the design
process developed by the authors. Hence by employing CAE, they were able to design a
six sigma quality with robust optimization.

Michael Sullivan (2004) brought together the two seemingly independent
initiatives that are capturing the attention of corporate managers, namely RFID and Six
Sigma for the UPS consulting service. The paper illustrated how these two initiatives can
be complementary, especially for process improvements. The intersection of six sigma
and RFID offers companies the ability to balance demand with supply of process-centric
information. Both of these change programs provide an abundance of data, but the data
may neither be sufficiently qualitative nor quantitative. The author throws light on the
inconsistencies and insufficiency in the M component of DMAIC methodology. With
some limitations, RFID may be the means to acquiring more comprehensive, accurate,
and time-sensitive data particularly when the characteristics to be measured include

location changes, duration, temperature etc. By combining radio frequency tags, readers,
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information networks, RFID can automatically capture and manage data for process
automation, asset tracking, and error prevention, identify assurance and a host of other
applications. Because RFID offers the potential to collect and store data without human
intervention, the technology can provide a relatively low-cost solution when spread over
a large number of units. RFID can also provide insights that can identify issues early in
their lifecycle and supplement the “M” component of the six sigma process. The author
also takes two case examples for better understanding of the analysis. The author
concludes that investment in Six Sigma is typically justified or driven by a distinct
customer benefit or internal cost savings. It is often internally driven. On the other hand,
RFID is being externally driven by customer mandates. Companies should consider both
- of these process changes as opportunities to enhance their business practices, source
internal benefits, improve operations and recognize new cost savings.

Lawrence I. Goldman and Hilary Emmett (2003) developed an easy-to-use
Microsoft Excel add-in software, to demonstrate how stochastic simulation and
optimization can be used in a six sigma analysis of a technical support call center. In an
increasingly competitive market, they felt that concepts like six sigma must be helped by
Monte-Carlo simulation to understand the variation inherent in a process or product, and
in turn, can be used to identify and test potential improvements. They developed a tutorial
called Crystal Ball Professional Edition for this purpose. Monte Carlo Simulation, a tool
for understanding the process variations, has a critical role in the Define, Analyze, and
Improve phases of six sigma and this underlying connection is the variability inherent in
all business processes. Crystal Ball Professional Edition is a general desktop software

suite that features spreadsheet-based analysis tools for Monte Carlo Simulation (Crystal
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important to regularly verify if the clients expectations are being met. An open and
proactive communication is always the best way to ensure the success of the project.

John Maleyeff and Daren E. Krayenvenger presented a comprehensive approach
to quality goal setting that is consistent with Motorola’s six-sigma metric development.
In particular, the process mean shifts are determined and incorporated into the goal
setting process. The Methodology includes basic probability theory, statistical control
charts, and capability indices. As a result of applying the methods, quality goals are
customized based on the number of opportunities for defect, the target end-product
quality level, and the mean shift shown to exist for the processes involved in the
product’s manufacture. The methods described overcome the mistakes implicit in blindly
conforming to the standard six sigma goal of 3.4 defects per million. The goal setting
process is a step by step analysis in which first the fraction of the defect-free final product
is determined and then the Opportunities For Defect (OFD) is found. The average defect
rate is also determined which already has an equation with a variable of defect-free units.
Then the sigma unit distance from process mean is determined by the NORMSINV
function in Excel and then the sigma unit distance from nominal is found by the mean
shift analysis. The Process capability and the process capability index are also determined
for the analysis and finally the mean shift analysis is done. The sigma level is determined
by the Cp value which is obtained by drawing the X bar S chart after mean shift and the
value corresponding to it gives the sigma level. Thus the formulation is meaningful
because it takes into consideration the opportunity for defect as a count. The authors
concluded that the approach that results in a customized goal base is recommended. The

paper presented the comprehensive analysis which sets goals for each individual process
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based on the product’s complexity, the anticipated process mean shift, and the quality
goal for the completed product.

R.S. Buell, S.P. Turnipseed, Chevron Texaco (2003) summarized the experience
and the results of improving business performance using Lean Six Sigma in an upstream
oil and gas operation. The role ISO quality systems can play in supporting Lean and Six
sigma is explained and demonstrated with examples. For various operations in the
oilfield, Lean Six Sigma was employed and results were obtained. A brief history of the
Lean six sigma, and ISO quality systems was also presented together with the tools of the
Lean six sigma methodologies. For every oilfield operations, the Lean Six Sigma analysis
was done and analyzed. The authors concluded that the Lean Six Sigma adapted from
other industries and ISO system concepts can be synergistically combined to improve
business results in oilfield operations. Also they concluded that the systematic application
of Lean Six Sigma provides a disciplined structure for gaining process knowledge and
delivering business results safer, better, and with lower cost.

Anthony R. Benedetto adapted a Manufacturing-based Six Sigma methodology to
the service environment of a Radiology film library. A radiology film library performs
service activities almost exclusively and the author hypothesized that manufacturing-
based six sigma methods might need significant modifications for the project. The most
important findings were that Six Sigma dramatically improved service activities,
personnel with limited education were to be given coaching, valid quantitative data
would be difficult to gather, and change management must be an integral component to
achieve and sustain dramatic changes. The author then shifts the focus on the basics of

the film library and also on the six sigma and reengineering concepts and then talks about
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the difficulties that were encountered like the information systems, the manual data
collection, tracking film librarian error etc. The author also developed a model showing
the plan of action for the radio film library. Then a solution was developed for the
process using the various techniques and methodologies. The author concluded that Six
Sigma can be an effective tool for making dramatic improvements in a service activity.
The data-related challenges cannot be understated, nor can the "people" challenges. If an

institution is willing to make the necessary commitments, Six Sigma works.



CHAPTER 3

ANALYSIS OF DEFECTS AND OPPORTUNITIES

The calculation of opportunities in the defect per million opportunities formulation had a
slight mismatch because of the inconsistency in the analysis. As discussed in chapter 1,
this weakness was overcome with the point rating scale between 0-1 with 1 being severe
and those tending to 0 being inconsequential. 'This chapter deals with the analysis of the
consistency of the scale and the efficiency of the process.

The characterization of the opportunities provides a better understanding of the
gravity of the defect for any product or process. This also paves way for a better analysis
of the sigma rating rather than going through the calculation using the formulation given
in the classical six sigma process. The defect rating for each factors, and how they are
efficient in the final analysis and sigma rating becomes the major question of importance.
This chapter deals with the analysis of those factors which are the forerunner for the
defect analysis and are the basis on which the sigma rating are to be decided.

3.1 Example of a Classical Six Sigma Calculation
The classical Six Sigma identifies opportunities in the product and each opportunity is
taken as one opportunity count. But in the rationalized approach, each defect opportunity
is divided into five factors and the factors are scaled appropriately. The scaled factors are
then summed up to attain the final scale for the opportunity. This concept is illustrated in
Figure 3.1 showing the classical approach and Figure 3.2 showing the rationalized
approach. The basic idea is to sum all the opportunities at various levels to get a “scaled”

opportunity.
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Defect Opportunity » Defect Count= 1
Example:
(i) Scratch on the Car Body Defect Count = 1 Total Defect Count = 2

(i) Cracked Piston Ring Defect Count = 1

Figure 3.1.1 Classical Six Sigma approach.

Defect
Severity

Occurrence
Frequency

Defect Opportunity sl Detection Ease Defect Count= 1

Cost mpact

Correction Time

Example:
{)) Scratch on the Car Body  Defect Count = 0.05 Scaled Defect Count = 1.05
{iiy Cracked Piston Ring Defect Count = 1.00

Figure 3.1.2 Rationalized Six Sigma approach.

Let us consider a classical example for the Six Sigma calculation. Suppose 400
defects are identified while producing 8000 controllers and the manufacture of one
controller allows for 2215 defect opportunities, then with the classical Six Sigma
approach will have the following calculation.

Defect Per Unit (D.P.U) =400/ 8000 = 0.05

Defect Per Million Opportunity (DPMO) = (0.05 / 2215) * 1000000 = 22.5

The Sigma Level corresponding to 22.5 DPMO is 5.58 and is shown in figure 3.3
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_Sigma -~ DPMOp Conversion Table

Figure 3.1.3 Sigma conversion table for the Example.

3.2 Defect, Opportunity and Defects Per Million Opportunities
Defect is defined as the failure to meet the conformance level. A simple example could
be the dimension analysis of any product that is being manufactured in any industry.
Suppose a particular dimension is 29.5 mm +/- 0.5 mm, then any product falling beyond
the tolerance level is considered a defective component. A defective component can have
one or more defects. Defects can be anything like errors, omissions, the need for
reworking, or scrapping a product as described by the Juran Institute’s Six Sigma

Breakthrough and Beyond. Hence the defects can mar the productivity of the process.
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Defect is an integral part in six sigma methodology because reduction of defects to 3.4
per million opportunities is the goal of Six Sigma.

Suppose there are “n” units for production and “p” are the defects which are
defined characteristically, then opportunity is defined as the number of possible ways the
product can fail for each characterization. Typical example, as described by
Forrest.W.Breyfogle III, is the soldering of components onto circuit boards. For this case,
- the total number of opportunities for failure could be the number of components plus the
- number of solder joints. Sometimes insertion is also included as an opportunity for
failure. Hence, whatever be the case, the opportunity for the process could be the number
of components or units that are produced plus the possibility of failures that the product
can undergo during various stages of the process completion.

Defect per unit is merely defined as the simple ratio of the number of defects to
the total population (total Number of units) for a process. Defect Per Million
Opportunities or DPMO is a common measurement index in six sigma which takes into
account the entire opportunities and the defects involved and thereby has a final level
called the sigma level which explains the nature of the process whether it is six sigma or
not. DPMO is the average number of defects per unit observed during an average
production run divided by the number of opportunities to make a defect on the product -
under study during that run normalized to one million. As explained previously, the
DPMO is the area of interest and so is the number of opportunities in the calculation.

Given the above, the question arises of how to unite them into a meaningful

formulation. The characterizations for the formulation are divided into five factors and
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are the basis for the formulation. Before going deep into the characterization, the need for

characterization has to be discussed.

3.3 Defects Per Million Opportunities
Defects per million opportunities (DPMO) is the average number of defects per unit
observed during an average production run divided by the number of opportunities to

make a defect on the product under study during that run normalized to one million

Defect Per Unit * 1,000,000

Defect Per Million Opportunities = Main Focus

-

Number Of Opportunities

The main focus as said earlier was on the Number Of Opportunities in the DPMO -

. calculation. The six sigma scale is based on the DPMO and hence it becomes very

important to make sure that the formulation becomes clear. Let us analyze an example
and continue the discussion as to why the formulation is not clear.

Suppose there is a p‘rocess.which involves the assembling of computer parts.
Basically there can be “n” number of defect and eaéh defect is an opportunity. So the
number of defect possibilities becomes the number of opportunities. To achieve Six
Sigma, the DPMO should decrease. For the DPMO to decrease, the number of
opportunities should increase. Many companies have a fool proof method of increasing
the number of opportunities and thereby calculate the DPMO and say that they are Six
Sigma. Apparently that is not the case. Say if the company assembling the computer parts
needs to achieve Six Sigma then they must obtain less than 3.4 defects per million

opportunities. In doing so they can increase the number of opportunities in order to get



28

the magic number of 3.4 defects per million opportunities. But how are the opportunities
accounted for? How do they decide it? Hence this formulation sounds unclear though it
had been helpful in achieving Six Sigma.

In order to avoid this discrepancy, it is better to throw light on the Number Of
Opportunities which forms the basis for Sigma scale in the formulation. In doing the
formulation, it is first necessary to characterize the opportunity into various factors. Then
each factor has to be given a rating and all are combined at the end to a final scale
ranging from O to 1 with 1 being severe and those tending to 0 being inconsequential.

How do we get to that 0-1 rating?

3.4 Characterization of the Defects

Basically each defect arises because of some faulty mechanisms and errors. Hence it
becomes evident that the defect should be characterized in types so that they can be
grouped. The DPMO can then be grouped in a pareto chart based on the calculations and
the defects can be compared. The best feature of characterizing them is to find out where
the defect is centered. Let us assume that there are 4 types of defects A, B, C, D. The
DPMO is calculated for each of the defect type by the general formulation and then the
pareto chart is prepared based on this characterization of defect types as shown in Figure
3.4. Here the defect type D looks more disturbing with DPMQ figure of around 16000.
Hence the type D defect is located and then the necessary correction is done to achieve
sigma level for the defect.

Based on the characterization, it becomes easy to analyze what actually the defect

is and what can be done to reduce the complexity of the defect. This is an important step
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in the defect analysis for the fact that the sigma rating becomes meaningful if they can be

interpreted as a defect correction method.

B N U N N N NN D

Type D Type C Type B Type A

Figure 3.4 Chart depicting the Concentration of the Defects and corresponding DPMO.

3.5 Characterization of Factors for Opportunity Analysis
Based on the above discussion, the characterization is done by considering the defect
opportunities to be factors and analysis is done. In this factor analysis, three factors are
taken from the Failure Mode and Effects Analysis (FMEA) and two other interdependent
factors are scaled appropriately to achieve the final formula scale.
3.5.1 Defect Severity
Defect Severity is the extent to which the design of the product can go wrong. It is the
impact of failure on the defect and how far it will be hazardous. It is also the measure of
consequences of the failure that has happened. In short, Defect Severity is a rating
corresponding to the seriousness of an effect of a potential failure mode.
Example:
Considering the example of the automotive airbag, we have various potential modes of
failure. The most severe case is when the airbag doesn’t open when group or crash of the

automobile occurs and cause the person may be injured or die. So the severity is more
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pronounced in the failure mode analysis and it can be understood by a point scale ranging
from 1-10 which shows the severity rating for any analysis. The evaluation criteria are
given in the Table 3.5.1.

3.5.2 Occurrence Frequency

Occurrence Frequency is the rating corresponding to the rate at which a first level cause
and its resultant failure mode will occur over the design life of the system, over the
design life of the product, or before any additional process controls are applied.
Occurrence is the likelihood that the failure occurs. Occurrence frequency analyzes the
causes that are possible for the failure to happen.

Example:

Considering the example of the automotive airbag, we have various causes that can
produce the failure. For instance, if the sensor in the automobile does not function then
the entire system will collapée. The automobile without the functionality of the sensor for
the airbag will cause extensive damage and thereby prove to be hazardous. Hence this
factor is of more interest in the failure analysis and this also has a point scale from 1 to 10
which shows the occurrence rating for any analysis. The evaluation criteria are given in
the Table 3.5.2.

3.5.3. Detection Ease

Detection ease is a rating corresponding to the likelihood that the detection methods or
current controls will detect the potential failure mode before the product is released for
production, or before it leaves the production facility. Detection is also the likelihood of

missing a defect.



Table 3.5.1 Defect Severity Evaluation Rating.
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Defect Severity Evaluation Criteria
Effect Criteria: Severity of Effect Rank
H q Very high severity ranking when a potential failure mode affects safe vehicle
azardous -
] . operation and/or involves noncompliance with government regulation without || 10
without warning .
warning
|| Very high severity ranking when a potential failure mode affects safe vehicle
Hazardous - with . . ' . . . .
. operation and/or involves noncompliance with government regulation with || 9
warnin
9 warming
Very High Vehiclefitem inoperable, with loss of primary function. 8
High Vehicle/item operable, but at reduced level of performance. Customer 7
i
g dissatisfied.
Vehicle/item operable, but Comfort/ Convenience item(s) inoperable.
Moderate 6
Customer experiences discomfort. .
L Vehicle/item operable, but Comfort/ Convenience item(s) operable at reduced 5
ow
level of performance. Customer experiences some dissatisfaction.
Fit & finish/Squeak & Rattle item does not conform. Defect noticed by
Very Low 4
average customers.
Mi Fit & finish/Squeak & Rattle item does not conform. Defect noticed by most 3
inor
customers.
. Fit & finish/Squeak & Rattle item does not conform. Defect noticed by
Very Minor L 2
discriminating customers.
None No effect. 1*

*Note: Zero (0) rankings for Severity, Occurrence or Detection are not allowed

Example:

Considering the example of the automotive airbag, if the system malfunctioning is not

reported to the quality inspection teams then the detection possibility will become

haphazard. Hence the flow of information from one area to the other must be planned so

that the other members in the chain get to know the possible causes and effects of failure
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so as to make detection better. Detection also has a point scale from 1 to 10 which shows
the detection analysis. The evaluation criteria are given in Table 3.5.3.

Table 3.5.2 Occurrence Frequency Evaluation Rating.

Suggested Occurrence Evaluation Criteria

Rank CPK Failure Rates Probability of Failure
10  |>0.33 >1in2

‘ Very High: Failure almost inevitable
9 >0.33 1in3
8 >0.51 1in8

High: Repeated failures

7 >0.67 1in 20
6 >0.83 1in 80
5 >1.00 1 in 400 Moderate: Occasional failures
4 >1.17 1 in 2000

>1.33 1in 15000

w

Low: Relatively few failures

2 >1.50 1in 150 000

1™ >1.67 < 1in 1500 000 Remote: Failure is unlikely

*Note: Zero (0) rankings for Severity, Occurrence or Detection are not allowed

3.5.4 Correction Time Factor

Correction Time factor is the rating corresponding with the time it takes to fix a defect.
How fast can the defect be fixed is the major concern in the defect analysis.

Example:

Suppose the defect is such that it will reduce the quality of the product. The first thing
that has to be analyzed while considering this factor is how long it will take to fix the

defect.
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Table 3.5.3 Detection Ease Evaluation Criteria.

Suggested Detection Ease Evaluation Criteria

Detection Criteria Rank
Absolute Design Control will not and/or cannot detect a potential cause/ mechanism and 10
Uncertainty subsequent failure mode; or there is no Design Control.

Very Remote chance the Design Control will detect a potential
Very Remote . 9
cause/mechanism and subsequent failure mode.

R ' Remote chance the Design Control will detect a potential cause/ mechanism 8
emote
and subsequent failure mode.

Very Low chance the Design Control will detect a potential cause/ mechanism
Very Low . 7
and subsequent failure mode.

L Low chance the Design Control will detect a potential cause/mechanism and 6
ow
subsequent failure mode.

Moderate chance the Design Control will detect a potential cause/mechanism

Moderate . 5
and subsequent failure mode.

Moderately Moderately High chance the Design Control will detect a potential 4

High cause/mechanism and subsequent failure mode.

High High chance the Design Control will detect a potential cause/mechanism and 3
i
9 subsequent failure mode.

. Very High chance the Design Control will detect a potential cause/mechanism
Very High . 2
and subsequent failure mode.

. Design Controls will almost certainly detect a potential cause/mechanism and
Almost Certain . 1*
subsequent failure mode.

*Note: Zero (0) rankings for Severity, Occurrence or Detection are not allowed

If the time required to fix the defect is 10 minutes when the operating time for the
product is, say 15 minutes (say) then there is no point in performing the operation of
rework because in that time 2/3" of another product can be completed. Hence the time

factor rating is also a critical factor.
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The rating for the time factor must have a defined formulation. The scale must be
chosen so that it makes sense. Let us formulate a Time ratio for the process so that we
can scale it according to the range within which the ratio falls.

Time required correcting a defect

Time Ratio = * 100
Total Time to manufacture the product

The following calculations illustrate how values for this factor were determined.
" Trial 1:
Time required to correct the defect = 10 min
Total Time to manufacture the product = 15 min
Time Ratio = (10/15)*100 = 66.66.
Trial 2:
Time required to correct the defect = 0.5 min
Total Time to manufacture the product = 15 min
Time Ratio = (0.5/15)*100 = 3.33

Suppose that the time required to correct a defect is very near the time that is
needed to manufacture the product. Then, the time ratio is very high and hence the rating
for it will also be fixed at 10. If the time to correct the defect is much smaller than the
time it takes the make the product, the time ratio will be small and the scaling for it will
be 1. According to the trials that were made, let us make a tabulation which shows the
range of the Time ratio and their corresponding rating. The time ratio and the ratings are

shown in Table 3.5.4.



Table 3.5.4 Time Ratio and Corresponding Rating.

Time Ratio Six Sigma Rank
for Time

0.05 1
0.2 2
0.5 3
0.75 4
1 5
2 6
4 7
5 8
10 9
25 10

Based on the above tabulation let us form an explanation for the rating from 1-10. The

values for the time factor are shown in Table 3.5.5.

3.5.5 Cost Impact Factor

Cost factor is the rating corresponding to the cost of fixing the defect.

Example:
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Suppose the defect is such that it will reduce the quality of the product. The first thing

that has to be analyzed while considering this factor is how much it will cost to fix it. If

the cost required to fix the defect is $10 when the production cost for the product is $20,

then there is no point in performing the operation of rework because the rework cost is %

of the cost to make another product. Hence, the cost factor rating is also a critical factor.



Table 3.5.5 Correction Time Evaluation Rating.
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Suggested Correction Time Factor Evaluation Criteria
Time Criteria Rank
The time involved to correct the defect is
Absolute Waste . . i 10
considerably high and hence can be discarded
The time involved is very high and hence the
Very High product rework is not likely to fetch better| 9
results
High The time involved is high and hence the defect 8
i
g analysis and rework is not worth doing
. The time involved is moderately high and hence
Moderately High . . 7
the defect analysis and rework takes more time
Reworking time is moderate and hence can be
Moderate 6
used for smaller batches
Time involved is low and hence can be
Low employed for smaller batches and some||5
moderately large batches
Time involved is very low and hence can be
Very Low 4
used for large and small batch.
Time is better and hence can be used for
smaller and larger batches and for defects
Better . 3
which can be certain of correction with lesser
defects
Time involved is much better and hence can be
Much Better 2
used for almost all products
Best Time involved is best and hence used for all "
es
defect rework and detection

*Note: Zero (0) rankings for Time Factors are not allowed
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The rating for the cost factor must have a defined formulation. The scale must be
chosen so that it makes sense. Let us formulate a cost ratio for the process so that we can
scale it according to the range within which the ratio falls.

Cost required correcting a defect

Cost Ratio = *100
Total Cost to manufacture the product

The following calculations illustrate how values for this factor were determined.
Trial 1:
Cost required to correct the defect = $10
Total Cost to manufacture the product = $15
Cost Ratio = (10/15)*100 = 66.66
Trial 2:
Cost required to correct the defect = $0.50
Total Cost to manufacture the product = $15
Cost Ratio = (0.5/15)*100 =3.33

Suppose that the cost required correcting a defect is very near the cost that is
needed to manufacture it. Then, the cost ratio is very high and hence the rating for it will
be fixed at 10. If the cost to correct the defect is very small then the cost ratio will also be
small and hence the scaling for it will be 1. According to the trials that were made let us
make a tabulation which shows the range of the Cost ratios and their corresponding
rating. The values of the cost ratio are shown in Table 3.5.6.

Here for the sake of Excel convenience in the later part, the ratios have been

represented by one number. Basically 0.05 means that the range is 0-0.05 and so on.



Table 3.5.6 Cost Ratio and Corresponding Rating.

Cost Ratio Six Sigma Rank
for Cost
0.05
0.2 2
0.5 3
0.75 4
1 5
2 6
4 7
5 8
10 9
25 10
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Based on the above tabulation let us form an explanation for the rating from 1-10. The

values for the cost factor are shown in Table 3.5.7.

The three factors from FMEA have been scaled from the original data from Six

Sigma while the scaling for the two other factors namely the cost factor and the time

factor have been scaled appropriately. The scaling is also checked by a trial and error

'(permutation) method and on the basis of this, they have been scaled from 1 to 10. Now .

all these five factors have to be grouped together and a final formula scale ranging

between 0 and 1 is to be achieved. Using the final scale, the formulation for the DPMO is

modified and the final sigma level is obtained.



Table 3.5.7 Cost Impact Evaluation Rating.

39

Suggested Cost Impact Factor Evaluation Criteria
Cost Criteria Rank
The cost involved to correct the defect is
Absolute Waste . . . 10
considerably high and hence can be discarded
. The cost involved is very high and hence the
Very High . . 9
product rework is not likely to fetch better results
High The cost involved is high and hence the defect 8
i
g analysis and rework is not worth doing
. The cost involved is moderately high and hence
Moderately High . 7
the defect analysis and rework takes more cost
Reworking cost is moderate and hence can be
Moderate 6
used for smaller batches
Cost involved is low and hence can be employed
Low for smaller batches and some moderately large || 5
batches
Cost involved is very low and hence can be used
‘Very Low 4
for large and small batch.
Cost is better and hence can be used for smaller
Better and larger batches and for defects which can be || 3
certain of correction with lesser defects
Cost involved is much better and hence can be
Much Better 2
used for almost all products
Best Cost involved is best and hence used for all "
es
defect rework and detection
*Note: Zero (0) rankings for Cost and Time Factors are not aliowed




CHAPTER 4

METHODOLOGY FOR THE DEFECT OPPORTUNITIES ANALYSIS

The Defect Per Million Opportunities (DPMO) calculation has been restructured by
introducing new factors which account for the number of defect opportunities while
manufacturing of the product. These factors have been scaled appropriately based on
their importance to the contribution of the defect. Now based on this scale, the
methodology has been adopted using a spreadsheet so as to convert them into a 0-1 scale.
There are various trials that have been employed for the methodology and each one is
different from the other in order to sort out the best result. Though all the methods are
equally scaled, the best can be chosen and used depending on the nature of the defect.
The trials are useful because they not only employ and follow the nature of FMEA
analysis but also take care of all the possibilities that can be accounted for while
considering a defect. Though some of the factors have been adopted from FMEA, they
have been used here for the opportunities analysis for any product that is being
manufactured so that calculation becomes meaningful. By using this scale of 0-1, the
product which turns out to be defective can be analyzed for all possible extremities and
finally given a rating which describes whether the final product is worth reworking or
rejecting. Based on the final scale, the DPMO and sigma level are also determined.

Six Sigma is about the quality performance of the process and by defining it, the
motto of a process is to attain less than 3.4 defects per million opportunities. Keeping this
definition in mind, whenever a product is manufactured, it is analyzed keeping all the

factors in mind to find an opportunity for defect. Once a rating has been given for all the

40
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factors, the final formula scale is in the 0 to 1 range and those falling closer to 1 are
rejected while those falling closer to 0 are reworked if necessary or accepted as a defect

free product.

4.1 Formulation of the Defect Opportunities

Defect opportunities can occur anytime for any product in a process. There is a
possibility that some of the defects might go unnoticed. They have to be taken into
account for finding the sigma level of the process. There are three trials that have been
performed and the flow diagrams for the trials are shown in figures.

The ﬁrst is based on characterizing into factors. A 0-1 scale is made by assigning
20% for each factor (as 80% of process defects arise from 20% of the process issues),
with 1 being severe and those tending to 0 being inconsequential. This is taken as trial 1
and the flow diagram depicting the trial is shown in Figure 4.1

Opportunities

/‘

e

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

Assigning 20% as a part of process to attain the scale
v

A standard 0-1 scale

Figure 4.1.1 Flow Diagram for Trial 1.
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The Factors are now grouped together in another form. The FMEA analysis is
used here. The initial three factors as shown in Figure 4.2 are multiplied to get the Risk
Priority Number and their corresponding scale is multiplied with the Cost /time factor

and finally divided by 100 to get a scale of 0-1 with 1 being severe and 0 being better.

Defect Severity (S) Occurrence Frequency (O) Detection Ease (D)

Risk Priority Number (S*O*D)

Cost Impact - Correction Time factor

Grouping all the factors for a standard 0-1 formula scale

A stand:rd 0-1 scale
Figure 4.1.2 Flow Diagram for Trial 2.

The Factors are now grouped together in another form. The initial three factors as
shown in the Figure 4.3 are multiplied to get the Priority Number and their corresponding
scale is multiplied with the Cost impact — correction time factor and finally divided by
100 to get a scale of 0-1 with 1 being severe and 0 being better.

To make the method more flexible, Excel Macros are to be used which will make
the spreadsheet usage still flexible and also the sigma rating can be obtained with relative
ease. Before going into the macros part of Excel, the methodology is first employed with
the common spreadsheet method wherein there are many columns for each factors before

they are converted into a final formula scale ranging between 0 and 1.
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Defect Severity (S) Cost Impact -Correction Time factor (C) Detection Ease (D)

Priority Number (S*C*D)

Occurrence Frequency (O)

Grouping all the factors for a standard formula scale

A standzrd 0-1 scale

Figure 4.1.3 Flow Diagram for Trial 3.

Thé trials for the sigma ratings are explained and the final outcome 0-1 is
obtained in each case and there are graphs for some trials which show the behavior of the
factors when used separately. Thus the trials are made flexible with the analysis of all the
factors and the option is left to the user to determine which one is best for the process.

The final sigma level discussions are done using the macros in Excel.

4.2 Methodology for the Sigma Ratings
There are basically three trials that are involved in the methodology. The first trial is the
normal trial where all the factors are grouped together to obtain the scale. The second and
third trials involve the risk priority number, again a concept of FMEA to get the final
formula scale. Now the trials and the spreadsheet screenshots are shown below along

with the graphs for the second and third trial.
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4.2.1 Trial 1
Given the scale of the five factors the sigma scale can be found. For this, we have a Six
Sigma methodology namely the Pareto Analysis or the 80/20 rule. According to this,
“80% of process defects arise from 20% of the process issues”. Going by this analysis,
the process issues here in discussion are the five factors. So let us assign 20% for all the
five factors and then multiply the ratings with the 20% for all the factors. Finally add all
the ratings with the 20% and divide it with 10. We get a scale between 0-1 with 1 being
sever and those tending to 0 being inconsequential. Figure 4.2.1 shows the various values
that have been used as input and those linked using lookup.

The Excel spreadsheet for the sigma rating trial 1 is shown in Figure 4.2.2
wherein the values for the occurrence and cost is linked using the lookup function in
- Excel and thereby when the ratio is typed it directly gives the ranking. When a value for

all the five factors has been entered, the final value is shown up automatically.

Cost Ratio and 1anking: o Probabitty of Occurrence and ranking: O __E:lﬂmo Ratle and raoking:
0.05 1 6.66667E 0 1 ' .05 1
02 2 | SS66TEDG 2 e 02 z
05 3 5.66687E05 3 05 3
015 4 B .. O 015 4

S0, SN RV T I S i 5 ! 3
2 6 20125 6 2 6

S Y R S 045 7 4 7

B T . 0.123 8 3 § .
#® 9 0.333333333 3 1 $
25 L 0.5 10 25 10

Figure 4.2.1 Screenshot of the Values of Factors used as input for Trial 1.
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; Six Sigma Scale
Tabulation for the Sigma scale for the defect analysis:

20% assigned for the the five parameters 0.1
: Sigma Scale

. 8 02 0.5 1 1 02 0.5 3 " 4 2
2 3 02 02 8 3 02 03 2 02 02 ]2 0.2
3 8 02 0.5 8 3 02 02 2 02 [ X I 02
H 1 0.2 07 10 1 0.2 025 2 02 025 |2 02
5 i 02 08 1 3 02 005 1 02 | 5 18] 02

6 1 02 1 19 b2 e o2 ) e Fas )2 02
1 1w 02 9 0 ] 02 0.75 4 02 (X
3 2 02 8 10 ] 02 0.5 3 92 o5 131 o2
] F 02 2 10 2 02 2 3 9.2 o |2 02
0

Figure 4.2.2 Screenshot of Trial 1 with the final formula scale.
4.2.2 Trial 2
Now let us extend the rating determination in a different way, by finding the Risk Priority .
Number (R.P.N), which is obtained by multiplying the Defect Severity, Occurrence
Frequcncy and Detection Ease. This is obtained by the Failure Mode and Effects Analysis
-(FMEA), a sub-methodology of Six Sigma. In this method instead of taking the cost and
time as two separate entities, théy are grouped into one single factor. The correction time
and cost impact factors are grouped into one separate entity and they are considered
int'erdependent. After finding the R.P.N, find the factor for the R.P.N number and
multiply that number with the Cost/time factor (single entity and so a single number) and
then the final value is divided by 100 to get a rating between 0 and 1. The values that are
inputs for this scale is shown in Figure 4.2.3.

The Excel spreadsheet for the sigma rating trial 2 is shown in Figure 4.2.4
wherein the values for the occurrence frequency and cost impact etc. are linked using the

lookup function in Excel and thereby when the ratio is typed, it directly gives the ranking.
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Similarly for the R.P.N, the corresponding six sigma factor can be determined from the
product of the three factors. The six sigma factor for the R.P.N numbers are shown in
Figure 4.2.3. From there, the final value is formulated in Excel which gives a rating

between 0 and 1.

Values input for the Six Sigma Scale
ficcurrence | Ocomirence rank | Cost Factor R.P.H | Six Sigma Factor
Factos fo1 cost
6.66667E07 1 0.05 1 [} 0
6.66667E 06 2 9.2 2z 25 05
5.66667E05 3 0.5 3 100 1
0.0005 4 0.75 4 200 2
0.0025 5 1 5 309 3
0.0125 [ 2 [ 400 4
0.05 7 4 7 500 5
0,125 8 5 8 600 6
0.333333333 9 10 9 700 7
0.5 10 25 10 800 10

Figure 4.2.3 Screenshot of the Values of Factors used as input for Trial 2.

10 10 0,000001 1 1 10 T psale
‘Six Sigma Weightage:
N — g ‘
FacerReM)  Fa dofe

1 %0 10 B 3 09 1 09
2 14 1 1 3 2.0 1 295
3 200 ) 5 0 0.2 1 02
3 i) 2 3 9 0.18 1 0.8
5 210 2 3 ) 0.2 1 0.2
§ 150 1 7 5 .05 1 905
7 [ 1 4 2 0.02 1 002
9 2 0 2 § 0 1 0
9 162 1 10 9 0.09 1 0.08
10 0 0 3 ) 0 1 0

Figure 4.2.4 Screenshot of Trial 2 with the final formula scale.
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rating between 0 and 1. The screenshot of the spreadsheet for trial 3 is shown in figure

4.2.7. The values used for input is shown in figure 4.2.6.

Cecurrence JOccurence § Cost Factoy P.H Facto
Rank Facter | for cost for PN
6.66667E07 1 0.05 1 0 0
6.66667E06 2 0.2 2 25 0.5
6.66667E-05 3 0.5 3 100 1
0.0005 4 .75 4 200 2
0.0025 5 1 5 300 3
0.0125 6 2 L3 400 4
0.05 7 4 7 500 5
0.125 8 5 8 600 &
0.333333333 9 10 9 700 s
0.5 10 25 10 800 10

9 10
1 3 E)
50 10 %
] 1 15 ) 7 752
5 3 30 10 3 350
s 3 1 3 ; 150
7 7 04 2 f 56
3 ] F) 3 E i
9 ) © 9 2 162
10 0 5 8 1 80
O S S (0.1 Scale _
Six Sigma Weightage: )

F L H/100 | Normal welgitage

. . _ fordefeet
. 1 1 1
2 ] 0.5 0.25 3 0.04 1 0.04
3 240 0.7 10 0.2 1 0.2
4 252 0.3 10 0.2 1 0.2
5 300 0.05 / 0.21 1 0.21
b 150 1 0.005 0.05 1 9.05
{ 56 0.5 0.0025 .025 1 0.026
B 14 1 0.000005 1 0.01 1 .01
9 162 1 0.35 k] 0.09 1 9.09
10 80 0.5 9.000001 1 9,005 1 ‘%
10 "

Figure 4.2.7 Screenshot of Trial 3 with the final formula scale.

The Excel spreadsheet for the sigma rating trial 3 is shown above wherein the
values for the occurrence and cost etc. are linked using the lookup function in Excel and
thereby when the ratio is typed, it directly gives the ranking. Similarly for the P.N when

the number is found, the corresponding sigma factor is also known. From there the final






CHAPTER 5

NEW FORMULATION FOR THE DEFECTS PER MILLION OPPORTUNITIES
The formulation for the DPMO as discussed in the previous chapters was modified to
account properly for the number of opportunities and make the analysis more meaningful.
The characterizations were scaled according to the intensity of the defect and a formula
scale was developed based on the scaling. The scaling had taken into account the Pareto
analysis according to which 80% of the process defects were caused by 20% of the
factors which contribute to the defects. Hence those factors were categorized and
accordingly scaled and finally a formula scale was developed.
Now, after forming the formula scale, the next question is to find the justification for the
formula scale. The formula scale has to be implemented in the formulation for DPMO to
bring meaning to the analysis. Here we introduce two decision variables o and B where a
+ B = 1. These variables a.re basically employed to bring meaning to the analysis' when
modifying the denominator in the DPMO calculation. Now with these two decision
variables, we develop the formulation for the defects per million opportunities.

5.1 Transformation into Rationalized Formulation
Existing formulation:

Defect Per Unit (DPU)

Defects Per Million Opportunities = * 1000000

(DPMO) @er of Opport@

50



51

Improved Formulation:

Defect Per Unit (DPU)

Defects Per Million Opportunities = = * 1000000

(DPMO) Q D1 +p * D2 >

Transformed denominator

Where,
a = Decision Variable, and equal to formula scale.
B = Decision Variable, and equal to the formula scale subtracted from 1.
D1 = Total Number of Opportunities for the product.

D2 = Total Number of Scaled Opportunities for the product.

5.2 Justification of the Decision Variables a and p
In the normal existing formulation, the number of opportunities is assumed to be one
oppoﬁmity per component purchased or per product delivered. Hence by means of .
‘various combinations, the final number of opportunities is arrived at one whole number.
Now with the new formulation, the number of opportunities is assumed to be reduced
considerably because the characterizations developed for each process step reduces the
number of opportunities. Here again, the assumption might lead to some minor errors in
the formulation. To avoid this problem, the two decision variables are introduced which .
make the denominator reach a subtle value, which justifies the number of opportunities in

the DPMO calculation.
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5.3 Example for the Justification

Let us take an example which would justify the formulation to some extent. Let us make
the analysis using both formulations and then compare the difference.
The assumed data for the analysis are as follows:
Total number of products manufactured = 5000
Total number of defects in the lot =175
Number of Opportunitiés in the existing formulation = 1300
Number of Opportunities in the improved (scaled) formulation = 1100

The final formula scale is obtained by finding the average of the formula scale for
all the opportunities.
Let us assume that the final formula scale is 0.772
Let us take o = Formula Scale = (.772

B=(1-0.772) =0.228
The calculation part for the existing and improved analysis is shown below:
Existing Analysis:
DPMO for existing analysis = ({175/5000) / 1300) * 1000000
= 26.92
Improved Analysis:
DPMO for improved analysis = ((175/5000) / (0.772 *1300 + 0.228 * 1100)) * 1000000
=27.01
5.4 Sigma Level for the Analysis

The final sigma scale corresponding to the DPMO figure in the above example is 5.54

using the existing formulation and 5.53 using the improved formulation.
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The sigma level using the improved formulation has come down a little from the
original formulation. Though the change is not drastic, the improved formulation
provides a more streamlined method for achieving the sigma level for one opportunity
than to the original formulation. The VBA editor and macros are used in spreadsheets for
the trials that were developed in the previous chapters. The new formulation is also
employed in the spreadsheet calculation and the final sigma level for the number of

opportunities is also determined.

5.5 Spreadsheet Calculations

The VBA editor and Excel macros have been employed for developing the analysis so
that the values can be entered easily. The spreadsheet calculations are done with the three
trials explained earlier and the final sigma level for the process is determined using the .
new formulation of Defects Per Million Opportunities. The screenshots of the analysis
using various trials and the forms that were developed for the analysis are shown one
after another for the three trials. The trials are formed on the basis of example in Section
5.3 of this chapter.

Figure 5.5.1 shows the spreadsheet screenshot of Trial 1 with the macros on the
top of each factor. The macros are equivalent to the forms in the classical visual basic
software where the input can be given. The command buttons are used for calculation and
also for the output determination on the spreadsheet. The option buttons are used to select
the equivalent scale depending on the nature of the part under analysis. The macros forms

are also presented which are helpful for the spreadsheet calculation.
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5.6 Case Study

The case study used for the analysis of the formulation is the manufacturing of printed
circuit boards. Printed circuit ‘boards have various parts, and the most important defect
producing parts are listed and the opportunities for the parts to be defective are analyzed.
The five major parts that define a printed circuit board are (i) Board (ii) Resistor (iii)
Capacitor (iv) Diode (v) Solder Joint.

The number of defect opportunities for each part is assumed to be as shown in
Table 5.6.1.

Table 5.6.1 Defect Opportunities count for parts in the board

Part in the Printed Circuit Number of
Board Opportunities
Board 1
Resistor 13
Capacitor 4
Diode ' 2
Solder Joint 38

The number of opportunities is 58 and now the same analysis is now done for
each opportunity. The decision variables are also calculated and shown in the study. In
addition to the two decision variables a and B, a new decision variable called v is also
introduced which is “the opportunity inflation factor”. The opportunity inflation factor is

calculated using a formula.
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For the same set of values, the final sigma level changes considerably in the
Trials. The Alpha (o) decision variable (formula scale) for Trial 1 shows a decrease
consistently for various values of the factors. It also shows a decrease when the sigma
level decreases. The o values for Trials 2 and 3 keeps decreasing for smaller sigma levels.
According to the formulation, as o decreases, the DPMO increases and hence the
corresponding sigma level decreases. Hence the graphs for the Trials also show the
similar behavior. The opportunity inflation factor y is also calculated for all Trials. As y
increases, the total number of scaled opportunities decreases and hence the sigma level
can experience erratic behavior. This is illustrated as follows:

Let N be the total number of opportunities and M be the total number of scaled
opportunities. According to the definition of v,

v=(N - M) /M, which implies that My=N -M

Now,My+M=N

Finally, M=N/(1+Y)

As vy increases, M decreases. As M decreases, DPMO increases and the
corresponding sigma level decreases. Hence for a better sigma level, the total number of
scaled opportunities must be greater. From the analysis, the number of scaled

opportunities for Trial 1 was 40.52 which had a better sigma rating than the other Trials.



CHAPTER 6

CONCLUSIONS AND FUTURE RESEARCH

6.1 Conclusion

The rationalized formulation of the defect per million opportunities provides a definitive
approach for sigma calculation. The multi-factor scheme developed using MS Excel
provides an insight into the defects that are unaccounted and thereby resulting in a
meaningful formulation. Every opportunity is considered and the factors corresponding to
the opportunities are scaled properly to arrive at the scaled opportunity, which is later
utilized to find the final sigma level and also the behavior of the product at the sigma
levels. The results were plotted on a graph to see the effect of the opportunity inflation
factor. The three trials employed the same set of input values for the factors and the final
output graphs were compared to choose the best trials. The behavior of the graphs at
various levels of defects can be analyzed using the macros of the MS Excel sheet.

The formulation can be extended to various levels of opportunities and also the
behavior can be analyzed by the graphs between the variables and the sigma level. The
sudden peak in the sigma level is due to the assumed numbers used in the spreadsheet.
The best possible method is to characterize the components with highly pronounced
defects initially followed by less pronounced defects so as to get a steeping curve
touching the lower level of sigma. Sudden lower peaks experienced in this order might be
because of the factors and hence those products can be discarded or reworked depending
upon the cost constraints. Finally, too many lower peaks show that the product is

suffering from a major problem and so the quality constraints must be made better with
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lesser tolerances so that the product’s quality remains in control. Thus the multi-factor
method helps in evaluating the defect opportunities by modifying the classical Six Sigma

formulation.

6.2 Scope for Future Research

The scope of this thesis was limited to five factors that were formed for the multi-factor
scheme using MS Excel. The number of factors that have been employed can be
increased and the factors must characterize the product in some aspect. The factors that
are added can be scaled again and then can be grouped together to make the process
tighter and in control. The trial values can be implemented and checked for some real
value (data) and the final sigma level using the classical Six Sigma and the Rationalized
formulated Six Sigma can be verified. There might be subtle differences between the two
formulations but the differences would not be very large. The scope of the thesis allows
the trarléfonnation of the formulation but the sigma level is transformed a little because
the initial assumption was that the formulation skews and distorts depending on the
defect rate. The only difference between the classical and the formulated approach is that
the latter employs a well-defined multi-factor scheme for evaluating the defect
opportunities while the former employs an assumption to reach the conclusion.

Immediate future research can employ real data and validate the formulation and
analyze the behavior of the product subjected to various factor analysis. The final defect
analysis and sigma level can also be cross-checked so as to ensure the consistency of the

formulation.



APPENDIX A

RELATION BETWEEN SIGMA LEVEL AND DPMO
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This table is taken from References (American Society for Quality, January 2002, Sigma
Limits and Defects per million opportunities).

(http://www.asq.org/pub/qualityprogress/past/0102/27sidebar(102.html)
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APPENDIX B

INPUT TABLE FOR THE TRIALS

. loa) e T S T BT R— RS

2 (Resistor) 10 10 10 1/1
3 10 10 9 1/0.5
4 9 10 10 0.5/1
5 9 9 10 0.5/1
6 9 10 9 1/1
7 9 1/1
8 9 1/5
9 9 2/6
10 8 2/6
11 8 0.5/4
12 7 0.5/4
13 7 0.5/4
14 7 4/7
15 (Capacitor) 10 3/5
16 8 2/6
17 7 2/6
18 7 3/6
19 (Diode) 7 3/6 l

AR B RS RN R A EEN P AV RV R o N I S ENTESTEN] FoNEN] FLRCIIT] BN R ICCR R Fo ] Ko'] INaY IVa)
LR E RIS (YRS R PN PN PN E NV e Sl o N IVIEN] ESIEN] NIECIEFCIRS] RS IR RS I I =1 RN KN

20 7 3/6 l
21 (Solder Joint) 7 1/0.5
22 5 1/0.5
23 5 1/0.5
24 6 1/0.5
25 5 1/0.5
26 5 2/0.5
27 5 3/0.5
28 4 3/0.5
29 4 0.5/0.5
30 6 0.5/0.5
31 6 0.5/0.5
32 6 0.5/0.5
33 4 0.5/0.5
34 4 0.1/0.5
35 5 0.1/0.5
36 5 0.1/0.5
37 5 0.1/0.5
38 5 0.1/0.5
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APPENDIX B (Continued)
39 5 4 3 0.1/0.5
40 5 3 3 0.1/0.5
41 4 4 3 0.1/0.5
42 4 3 3 0.1/0.5
43 3 3 3 0.2/1
44 3 3 2 0.2/1
45 3 2 2 0.2/1
46 2 2 2 0.2/1
47 4 2 2 0.2/1
48 4 2 4 0.2/1
49 4 2 3 0.2/1
50 3 2 3 0.2/1
51 2 2 3 0.2/1
52 1 2 2 0.2/1
53 1 1 2 0.2/1
54 2 1 2 0.2/1
55 2 1 1 0.2/1
56 1 1 1 0.2/3
57 1 1 1 0.2/3
58 1 1 1 0.2/3
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