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Died suddenly on September 10, 2014
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related to quality management, statistical applications, and decision sciences in a 
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Cleary is survived by his wife of 50 years, Barbara A. Cleary, PhD, and their four 
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Preface to the ASQ  
Certified Six Sigma Green  

Belt Handbook, Second Edition

Welcome to The Certified Six Sigma Green Belt Handbook, Second Edition. 
This reference manual is designed to help those interested in passing the 
American Society for Quality’s (ASQ) certification exam for Six Sigma 

Green Belts and others who want a handy reference to the appropriate materials 
needed to conduct successful Green Belt projects. This book is not intended as a 
beginner’s Six Sigma Green Belt book, but a reference handbook on running proj-
ects for those who are already knowledgeable about process improvement and 
variation reduction.

The primary layout of the handbook follows the American Society for Quality 
Body of Knowledge (BoK) for the Certified Six Sigma Green Belt (CSSGB) updated 
in 2014. The authors were involved with the first edition handbook, and have uti-
lized first edition user comments, numerous Six Sigma practitioners, and their 
own personal knowledge gained through helping others prepare for exams to 
bring together a handbook that we hope will be very beneficial to anyone seek-
ing to pass the ASQ or other Green Belt exams. In addition to the primary text, we 
have added a number of new appendixes, an expanded acronym list (both print 
[Appendix S] and electronic), new practice exam questions, and other additional 
materials to the CD-ROM. Of special note on the CD-ROM are introductory Lean 
video clips from the Gemba Academy (Appendix R) that should be very useful 
in understanding applications of lean to your organization. The videos are from 
each of the groupings that Gemba Academy uses in their business, and these can 
be found on YouTube. Our CD-ROM contains clean, crisp MP4s of those videos for 
better clarity. Another new feature of this handbook is the offer from PQ Systems, 
Inc., that anyone who purchases this book can receive a free copy of the Quality 
Gamebox software. Please see Appendix T for details on receiving your free copy.

The CD-ROM has been expanded into two disks, and a layout diagram is 
available in Appendix R. Given that this is an electronic format, you are encour-
aged to search the files for any number of forms, examples, templates, videos, and 
other useful tidbits that can help in running projects and preparing for the exam. 
One caution—you are not allowed to take any of the exam questions from the 
CD-ROM or any other simulation of questions into the ASQ exam!

Where Are You in Your Career?
As your professional career develops, you may wish to choose to use the tools 
you have learned in advancing your own career. Some have called this career  
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AQP. Please see Appendix B to see how ASQ conducts exams to be able to advance 
your career.

Level of
accomplishment

ASQ’s CQE,
CRE, CSQE,

CMQ/OE, CSSMBB

ASQ’s CQA, CHA, CBA,
CSSBB, CPGP

ASQ’s CSSGB, CCT

ASQ’s CSSYB, CQT, CQI, CQPA, CQIA

Changes to the BoK and Thus This Handbook
A detailed cross-matrix of the updated BoK and the original was developed by 
Tom Kubiak and can be found in Appendix C. 

Some of the highlighted changes include: The section on tools used in Six Sigma 
has been moved from Chapter 9 in the first handbook to Chapter 7 to align with 
the new BoK. We have also added an acronym list as Appendix U as well as a file 
on the CD-ROM on disk one with hot links to some of the sources.

Other major changes to the 2015 CSSGB BoK include:

Content new to 2015 CSSGB BoK

BoK area	 Topic	 Subtopic	C hapter	D escription	 Bloom’s Taxonomy

II	 E	 2	 8	 Communication	 Apply

V	 B			   Root cause 	 Analyze 
				    analysis	

V	 C	 2	 20	 Cycle time 	 Analyze 
				    reduction

V	 C	 3	 20	 Kaizen and 	 Apply 
				    kaizen blitz

VI	 C	 1	 23	 Total productive 	 Understand 
				    maintenance  
				    (TPM)

VI	 C	 2	 23	 Visual factory	 Understand



Content eliminated from 2006 CSSGB BoK

BoK area	 Topic	 Subtopic	C hapter	D escription	 Bloom’s Taxonomy

II	 A	 5	 4	 Analyze 	 Analyze 
				    customer data	

III	 B	 1	 11	 Drawing valid 	 Apply 
				    statistical  
				    conclusions

III	 F	 6	 15	 Process 	 Apply 
				    capability for 	  
				    attributes data

V	 C		  20	 Implement 	 Create 
				    and validate  
				    solutions	

xxiv  Preface to the Certified Six Sigma Green Belt Handbook, Second Edition



vii

Table of Contents

List of Figures and Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 xvi
Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                 	 xxii
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                        	 xxv

Part I  Overview: Six Sigma and the Organization  .  .  .  .  .  .  .  .  .  .  .  .  	 1

Chapter 1  A. Six Sigma and Organizational Goals  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 2
1. Value of Six Sigma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 2

Why Use Six Sigma versus Other Methodologies? . . . . . . . . . . . . . . . . . . .                   	 2
How Six Sigma Philosophy and Goals Should Be Applied . . . . . . . . . . . .            	 3
The Lead-Up to the Six Sigma Methodology . . . . . . . . . . . . . . . . . . . . . . . .                        	 4
Modern Six Sigma  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 6
Quality Pioneers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 8
Processes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 15
Business Systems  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 16
Process Inputs, Outputs, and Feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 16
Significance of Six Sigma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 18
A Green Belt’s Role . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 19
Potential Tasks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 20
DMAIC Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 21
The Six Sigma Road Map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 23
Cost–Benefit Analysis: (Cost of Quality, Quality Cost, Cost of Poor  

Quality, Cost of Current Quality)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 23
2. Organizational Goals and Six Sigma Projects  . . . . . . . . . . . . . . . . . . . . . . . . .                         	 25

Linking Projects to Organizational Goals . . . . . . . . . . . . . . . . . . . . . . . . . . 	 25
3. Organizational Drivers and Metrics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 28

Key Drivers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 28
Voice of the Customer (VOC)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                     	 28
Balanced Scorecard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 29
Scoreboard/Dashboard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 29
Key Performance/Process Indicator (KPI)  . . . . . . . . . . . . . . . . . . . . . . . . . .                          	 30

Chapter 2  B. Lean Principles in the Organization  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 31
1. Lean Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 31

Value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 32
Some of the Top Lean Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 34
Waste (Muda)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 41
Additional Forms of Waste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 44



viii	 Table of Contents

2. Value Stream Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 44
Value Stream . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 44

Chapter 3  C. Design for Six Sigma (DFSS) Methodologies .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 49
1. Road Maps for DFSS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 49

IDOV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 50
DMADV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       	 51

2. Basic Failure Mode and Effects Analysis (FMEA) . . . . . . . . . . . . . . . . . . . . . .                      	 54
Why Do FMEAs?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 56
FMEA Forms/Tables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 58
Steps in Performing FMEA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 58
Severity, Occurrence, and Detection Tables . . . . . . . . . . . . . . . . . . . . . . . . .                         	 61
Risk Priority Number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           	 64
Do’s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 66
Don’ts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                         	 67

3. Design FMEA and Process FMEA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 69
Differences between Design and Process FMEA . . . . . . . . . . . . . . . . . . . . .                    	 72

Part II  Define Phase . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 73
Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 74

Chapter 4  A. Project Identification  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 76
1. Project Selection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 76
2. Process Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 77
3. Benchmarking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 78
4. Process Inputs and Outputs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 79

Systems Thinking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 83
5. Owners and Stakeholders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 83

Chapter 5  B. Voice of the Customer (VOC)  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 85
1. Customer Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 85
2. Customer Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 86
3. Customer Requirements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           	 87

Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 90

Chapter 6  C. Project Management Basics .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 95
1. Project Charter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 95

Project Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 96
2. Project Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                     	 96
3. Project Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 97
4. Project Planning Tools  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 97
5. Project Documentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 98
6. Project Risk Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 99
7. Project Closure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 101

Chapter 7  D. Management and Planning Tools  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 102
Activity Network Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           	 102
Advanced Quality Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 103
Affinity Diagram  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 103



	 Table of Contents	 ix

Auditing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                           	 104
Benchmarking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 106
Brainstorming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 107
Cause-and-Effect Diagram (Fishbone, Ishikawa Diagram) . . . . . . . . . . . . . . . .                	 107
Check Sheets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       	 108
Customer Feedback  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 109
Failure Mode and Effects Analysis (FMEA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             	 109
Flowchart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 109
Focus Groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 110
Force-Field Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 112
Gantt Chart  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                        	 112
Graphical Charts, Control Charts, and other Statistical Tools . . . . . . . . . . . . . .              	 113

Variables Charts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 113
Attributes Charts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 114
Charts for Other Kinds of Data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 114

Interrelationship Diagram (Digraph)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 115
Interviews  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                         	 115
Matrix Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 115
Multivoting  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                        	 116
Nominal Group Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           	 116
PDCA (PDSA and SDCA)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 117
Prioritization Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 119
Problem Solving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 119
Process Decision Program Chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 121
Project Evaluation and Review Technique (PERT)  . . . . . . . . . . . . . . . . . . . . . . .                       	 121
Quality Function Deployment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 121
Risk Priority Number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 122
Sampling Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 122
Suppliers-Inputs-Process-Outputs-Customers (SIPOC) Diagram  . . . . . . . . . .          	 123
Tree Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 123
Written Survey  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                     	 125
Tool Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                        	 125

Chapter 8  E. Business Results for Projects .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 126
1. Process Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 127
2. Communication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 129

Chapter 9  F. Team Dynamics and Performance  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 131
Team Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                        	 131
Team Formation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 131
Virtual Teams  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 132
1. Team Stages and Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 132

Stage 1: Forming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 133
Stage 2: Storming  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 133
Stage 3: Norming  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 133
Stage 4: Performing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 134
Stage 5: Transitioning/Adjourning  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 134
Stage 6: Recognition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 134



x	 Table of Contents

Team Leadership . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 134
Negative Team Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 135

2. Team Roles and Responsibilities  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 139
3. Team Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       	 145

Brainstorming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 145
Nominal Group Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 150
Multivoting  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 150

4. Team Communication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 152

Part III  Measure Phase .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 153

Chapter 10  A. Process Analysis and Documentation . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 154
Process Maps and Flowcharts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 154

Written Procedures and Work Instructions . . . . . . . . . . . . . . . . . . . . . . . . .                         	 158
Process Inputs and Outputs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 159

Relationship Diagram  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           	 166

Chapter 11  B. Probability and Statistics .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 168
1. Basic Probability Concepts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         	 168

Simple Events Probability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 168
Compound Events Probability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 169
Relations between Events  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 169
Mutually Exclusive Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 171
The Multiplicative Law  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 171
Permutations and Combinations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 172

2. Central Limit Theorem  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 174
Definition and Description  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 174
Use of Central Limit Theorem in Control Charts  . . . . . . . . . . . . . . . . . . . .                    	 176
Use of Central Limit Theorem in Hypothesis Testing  . . . . . . . . . . . . . . . .                	 176
Drawing Valid Statistical Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             	 177

Chapter 12  C. Statistical Distributions .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 179
Binomial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                           	 179
Normal Approximations of the Binomial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 182
Poisson Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 182
Normal Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 185
Chi-Square Distribution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 187
Degrees of Freedom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 188
t-Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       	 189
F-Distribution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 190

Chapter 13  D. Collecting and Summarizing Data  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 192
1. Types of Data and Measurement Scales  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 192
2. Sampling and Data Collection Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 193
Techniques for Assuring Data Accuracy and Integrity  . . . . . . . . . . . . . . . . . . .                   	 194

Types of Sampling  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 195
Check Sheets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       	 196
3. Descriptive Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 197

Cumulative Frequency Distribution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 200



	 Table of Contents	 xi

4. Graphical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 201
Stem-and-Leaf Plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 203
Box Plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       	 204
The Run Chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 207
Scatter Diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 208
Normal Probability Plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         	 214
Weibull Plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 215

Chapter 14  E. Measurement System Analysis .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 217

Chapter 15  F. Process and Performance Capability  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 237
1. Process Performance vs. Process Specifications . . . . . . . . . . . . . . . . . . . . . . . .                       	 237

Test Results for X– Chart of Length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 239
Test Results for R Chart of Length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 239

2. Process Capability Studies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         	 241
Steps for Process Capability Studies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 242
Sampling with Respect to Statistical Process Control . . . . . . . . . . . . . . . . .                 	 244

3. Process Capability (Cp, Cpk) and Process Performance (Pp, Ppk) Indices . . . .    	 245
Process Capability Calculations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 246

4. Short-Term vs. Long-Term Capability and Sigma Shift . . . . . . . . . . . . . . . . . .                 	 247
Short-Term vs. Long-Term Capability  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 249

Part IV  Analyze Phase  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 253
Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 253

Chapter 16  A. Exploratory Data Analysis .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 254
1. Multi-vari studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 254

Procedure for Multi-Vari Sampling Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . .                           	 255
2. Correlation and Linear Regression  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 263

Correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                     	 263
Correlation versus Causation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                     	 263
Correlation Coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 264
Simple Regression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 270
Confidence Interval for the Regression Line  . . . . . . . . . . . . . . . . . . . . . . . .                        	 274
Multiple Linear Regression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 276

Chapter 17  B. Hypothesis Testing  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 279
1. Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                           	 279

The Null and Alternative Hypotheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             	 279
Types of Errors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 280
One-Tail Test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 280
Two-Tail Test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 282
Required Sample Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           	 283
Statistical and Practical Significance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 283
What Is a Desired Power?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 284
When to Calculate Statistically Significant Sample Size . . . . . . . . . . . . . . .              	 284
How to Calculate Statistically Significant Sample Size . . . . . . . . . . . . . . . .               	 284
Power and Sample Size  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 285

2. Tests for Means, Variances, and Proportions . . . . . . . . . . . . . . . . . . . . . . . . . .                          	 285



xii	 Table of Contents

Test for Means . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 286
Hypothesis Tests for Means  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 286
Student’s t-Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 288
Confidence Intervals for the Mean . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 290
Test for Variance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 291
Confidence Intervals for Variation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 292
Test for Proportion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 293
Confidence Intervals for Proportion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 293
One Population Proportion (p-Test) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 294

Paired-Comparison Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 296
Two-Mean, Equal Variance t-Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 296
Two-Mean, Unequal Variance t-Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 297
Paired t-Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 298
F-Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 300

Single-Factor Analysis of Variance (ANOVA) . . . . . . . . . . . . . . . . . . . . . . . . . . . .                           	 301
One-Way ANOVA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 301

Chi Square . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                         	 308
Procedure for Chi-Square (c2) Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 308
Contingency Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 311
Parametric and Nonparametric Tests  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 312

Part V  Improve Phase .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 313

Chapter 18  A. Design of Experiments (DOE)  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 314
1. Basic Terms  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 314

Factor  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                         	 314
Levels  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                         	 314
Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 314
Block . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 315
Experimental Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 315
Experimental Error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 315
Planned Grouping  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 315
Randomization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 315
Replication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                     	 315
Repetition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      	 315
Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       	 316
Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                         	 316
DOE Overview—Planning and Organizing Experiments . . . . . . . . . . . . .             	 316

2. DOE Graphs and Plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 323
Main Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 323
Interaction Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 325
Balanced Designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 327
Effects and Confounding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 327
Design and Analysis of One-Factor Experiments . . . . . . . . . . . . . . . . . . . .                    	 328
Design and Analysis of Full Factorial Experiments  . . . . . . . . . . . . . . . . . .                  	 330
Design and Analysis of Two-Level Fractional Factorial Experiments . . .   	 333
Two-Level Fractional Factorial Experiment Procedure . . . . . . . . . . . . . . . .               	 334
Two-Level Fractional Factorial Experiment Conclusions . . . . . . . . . . . . . .              	 336



	 Table of Contents	 xiii

Testing Main Effects and Interactions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             	 337
Design of Experiments Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             	 337

Chapter 19  B. Root Cause Analysis .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 338
Phase 1: Identify the Opportunity (Problem Identification)  . . . . . . . . . . . . . . .               	 339
Phase 2: Analyze the Current Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 340
Phase 3: Develop the Optimal Solution(s) (Correction) . . . . . . . . . . . . . . . . . . .                   	 341
Phase 4: Implement Changes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         	 341
Phase 5: Study the Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 341
Phase 6: Standardize the Solution (Recurrence Control) . . . . . . . . . . . . . . . . . .                  	 341
Phase 7: Plan for the Future (Effectiveness Assessment) . . . . . . . . . . . . . . . . . .                  	 342
Corrective Action System  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 342
Root Cause Analysis Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 342
Identify Root Cause  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 343

Cause-and-Effect Diagram (Fishbone Diagram) . . . . . . . . . . . . . . . . . . . . .                     	 343
5 Whys  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                        	 345
Is/Is Not Comparative Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 345
Cause-and-Effect (X–Y) Relational Matrix  . . . . . . . . . . . . . . . . . . . . . . . . . .                          	 346
Root Cause Tree  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 346
Failure Mode and Effects Analysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 348

Chapter 20  C. Lean Tools .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 349
1. Waste Elimination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 349

Relevance of Lean to Six Sigma  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 349
Comparison of Lean to Traditional Systems . . . . . . . . . . . . . . . . . . . . . . . . .                        	 350

Examples of Lean Tools  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 351
Pull Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 352
Mistake-Proofing (Error-Proofing or Poka-Yoke)  . . . . . . . . . . . . . . . . . . . .                    	 353
5S	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 354
Visual Factory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 354
Kaizen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                        	 354
Kanban . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                        	 355
Total Productive Maintenance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 355
Standard Work  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 355

2. Cycle-Time Reduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 356
Standard Work  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 356
Process Design  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 358
SIPOC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                         	 358
Process Stability  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 358
Process Capability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 359
Process Capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 359
Other Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 360
Work Flow Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 360
Countermeasure Activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 363
Quick Changeover/Setup Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 364
Cycle Time Reduction Through Constraints Management . . . . . . . . . . . .            	 365

3. Kaizen and Kaizen Blitz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 366
Incremental Continuous Improvement (Kaizen) . . . . . . . . . . . . . . . . . . . . . . . . .                         	 366
Kaizen Blitz  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       	 366



xiv	 Table of Contents

Breakthrough Continuous Improvement (Kaikaku) . . . . . . . . . . . . . . . . . . . . . .                      	 367
Organizing for Kaizen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           	 369
Kaizen Events  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 369

Part VI  Control Phase  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 373

Chapter 21  A. Statistical Process Control (SPC) .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 374
1. SPC Basics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       	 374

Statistical Process Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 374
SPC Theory  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 375
Objectives and Benefits  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 376
Process Capability: Special versus Common Causes  . . . . . . . . . . . . . . . . .                 	 377
Process Data: Discrete versus Continuous . . . . . . . . . . . . . . . . . . . . . . . . . .                          	 378
Discrete Data (Attributes Control Charts)  . . . . . . . . . . . . . . . . . . . . . . . . . .                          	 380
Continuous Data (Variables Control Charts) . . . . . . . . . . . . . . . . . . . . . . . .                        	 380
Process Behavior Charts (Control Charts)  . . . . . . . . . . . . . . . . . . . . . . . . . .                          	 380

2. Rational Subgrouping  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 385
Rational Subgrouping Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 386
Rational Subgrouping Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 387

3. Control Charts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 388
Selection and Application of Control Charts . . . . . . . . . . . . . . . . . . . . . . . .                        	 388
Variables Charts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 388
Control Limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 389
X
–
 and R Control Charts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 389

X
–
 and s Control Charts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 392

Individuals and Moving Range Control Charts  . . . . . . . . . . . . . . . . . . . . .                     	 394
Median Control Charts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 395
Attributes Control Charts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 395
p Control Charts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 397
np Control Charts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 399
u Control Chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 401
c Control Charts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 402
Analysis of Control Charts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 404

Chapter 22  B. Control Plan  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 413
Examples of Process Controls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                     	 418
Dynamic Control Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 418
Gage Control Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 420
Standard Operating Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 420
Continual Improvement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 421
Process Improvement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 422

Chapter 23  C. Lean Tools for Process Control .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 424
1. Total Productive Maintenance (TPM)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 424

Loss Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 427
Overall Equipment Effectiveness (OEE) . . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 429

2. Visual Factory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    	 431
Visual Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 431
Visual Workplace  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 432



	 Table of Contents	 xv

Part VII  Appendices  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 439

Appendix A  ASQ Code of Ethics .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 440

Appendix B  The ASQ Certification Process  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 442

Appendix C  Six Sigma Green Belt Body of Knowledge Map  
2006–2014 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 451

Appendix D  ASQ Certified Six Sigma Green Belt (CSSGB) Body of  
Knowledge (2014) . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 458

Appendix E  ASQ Certified Six Sigma Yellow Belt (CSSYB) Body of  
Knowledge (2014) . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 466

Appendix F  ASQ Certified Six Sigma Black Belt (CSSBB) Body of  
Knowledge (2015) . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 471

Appendix G  ASQ Certified Six Sigma Master Black Belt (CSSMBB)  
Body of Knowledge (2010) .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 482

Appendix H  ASQ Honorary Members .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 492

Appendix I  Control Limit Formulas  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 494

Appendix J  Constants for Control Charts  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 495

Appendix K  Areas under Standard Normal Curve  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 496

Appendix L  F Distributions . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 500

Appendix M  Binomial Distribution  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 510

Appendix N  Chi-Square Distribution  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 512

Appendix O  Exponential Distribution .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 514

Appendix P  Poisson Distribution  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 516

Appendix Q  Values of the t-Distribution . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 518

Appendix R  CSSGB Handbook CD-ROM .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 520

Appendix S  Acronym List .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 522

Appendix T  Quality Gamebox .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 552

Endnotes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                               	 555
Glossary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                               	 559
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                              	 587



1

Part I
Overview: Six Sigma  
and the Organization

Chapter 1	 A. Six Sigma and Organizational Goals 
Chapter 2	 B. Lean Principles in the Organization 
Chapter 3	� C. Design for Six Sigma (DFSS) 

Methodologies

As you work with this book, each chapter parallels a section of the ASQ 
Body of Knowledge (BoK) for the Certified Six Sigma Green Belt exam. 

Part I is an overview of the Six Sigma process, lean process, and basics 
of the Design for Six Sigma systems. It covers approximately 13 of the 100 ques-
tions that will be asked on the ASQ CSSGB Exam. 

The BoK was slightly reorganized for Part I and now includes information on 
lean.

Author’s Note: Remember to access the PQ Systems Quality Gamebox software, a 
collection of quality simulations and experiments that demonstrate classic quality 
management concepts in ways that are both entertaining and educational.
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1. Value of Six Sigma

Recognize why organizations use six sigma, 
how they apply its philosophy and goals, 
and the evolution of six sigma from quality 
leaders such as Juran, Deming, Shewhart, 
Ishikawa, and others. (Understand)

Body of Knowledge I.A.1

Every organization, even not-for-profits, must have a source of income in some 
form or another to stay in business. If an organization spends more than it takes 
in over time, then it will be out of business. Thus, the challenge for every organi-
zation is to become profitable at whatever it does (even if this involves soliciting 
contributions) so that it can continue to do what it does. Managers, employees, 
suppliers, process owners, stakeholders, and customers (internal or external) all 
have their wants and needs that the business must satisfy in an efficient manner 
so profit can be achieved. Thus, the first formula that every Six Sigma Green Belt 
must learn is the calculation for  (we sometimes call this S-double bar, and it can 
be tied to the cost of quality or other financial calculations found in your organiza-
tion). Without a focus on the financials and the impact that this key performance 
indicator has on the bottom line, management will drift off to other random issues 
that will draw their attention.

Why Use Six Sigma versus Other Methodologies?

After Motorola started promoting their Six Sigma methodology in the late 1980s, 
there have been many skeptical of its true value. Even Jack Welch of General Elec-
tric (GE) initially dismissed the idea of Six Sigma as a passing fad in the early 
1990s. However, once GE had a successful launch in one of its divisions, Six Sigma 
quickly became a driving force in the mid to late 1990s that started spreading 
across various industries. The Six Sigma buzz, fad, or whatever name it was called, 

Chapter 1
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started proving that it was something different, something more than the numer-
ous other business fads that had preceded it. 

The real power of Six Sigma is the use of many parts or elements of other 
methods that have been proven to work, in tandem with managerial focus, to 
create an organizational network of activities that support the efforts to contin-
ually improve on all aspects of the organization, in conjunction with standard 
accounting practices that demonstrate the impact of continual improvement and 
variation reduction on the organization’s bottom line. 

Six Sigma should be a large collection of tools that the organization can 
bring to bear as appropriate on identified issues to achieve continual improve-
ment across the entire organization. Learning to use these various tools effectively 
takes time and practice and leads to the distinction of what are called levels of 
competence, or belts. Typical titles include White, Yellow, Green, Black, and Master 
Black Belt (some organizations use fewer or more belts depending on their organi-
zational structure or needs). At least one consultant even has a level that he calls 
a Six Sigma Money Belt.

How Six Sigma Philosophy and Goals Should Be Applied

With the various successes, there have been even more failures of organizations 
attempting to implement a Six Sigma methodology. The reasons are many; how-
ever, the most common failure is management’s lack of commitment to real pro-
cess improvement. Another leading reason for lack of good payback results is 
training too many Black Belts in the initial stages of the process, before the orga-
nization knows how to deploy the process successfully in the organization or to 
give those new to the use of process improvement tools time to effectively deploy 
these applications.

Since many managers often look for the magic bullet, they tend to hire out-
side consultants to come into the organization and start training Black Belts, who 
then are expected to conduct projects to save large amounts of cash to the bottom 
line. The initial waves did typically save a lot of money; however, once the consul-
tants left, there were few internal people who understood the tools at high enough 
levels to encourage the use of the Six Sigma methodology. Eager to see a return 
on investment for all the training being done, the consultants are only engaged 
for short periods, and the managers then expect their internal people to move the 
process forward. 

The truth about any process improvement effort is that it typically takes a 
person a full two years or more to learn how the tools work and to understand 
their applications. One experiment conducted in Michigan under a Robert Woods 
Johnson Grant involved improving performance in practice (doctor’s office). 
Groups in several states had started this process by engaging nurses in those 
states and teaching them process improvement tools. They did show some success 
in each program tried. However, the group in Michigan engaged the Automotive 
Industry Action Group (AIAG), and the top doctors of the U.S. automotive indus-
try got involved by directing that quality engineering and process engineers be 
used instead of nurses to go into the selected doctors’ offices around the state. The 
AIAG taught the engineers the basics of working in a doctor’s office and sent them 
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out to work on processes. Nurses were not excluded, but worked with the quality 
engineers, who knew how to use the tools.

The results were outstanding and leapfrogged the other seven states involved 
in the study. One of the head docs was Joseph Fortuna, MD, who subsequently 
became the chair of the ASQ Healthcare Division and is actively promoting the 
use of process engineers in the healthcare field.

What was learned and recognized is that a good understanding of the basic 
tools should be the first step in setting up a Six Sigma process. This is why some 
companies today choose to start their process improvement journey by training 
Green Belts first. Management also needs to learn how these tools work so that 
they can direct and ask pertinent questions of those running the projects in the 
organization. The other key is to engage the accounting department very early 
in the deployment, as they must be able to substantiate the cost savings being 
claimed or achieved if the Six Sigma methodology is truly going to show the 
bottom-line S-double bar savings and return on investment in the process. A good 
video demonstrating this was actually created back in the mid 1950s, called Right 
First Time (or sometimes Right the First Time).

Thus, management should use the tool of advanced quality planning (AQP) to 
prepare for a Six Sigma deployment to increase the likelihood of success within 
their organization. In using AQP, managers need to start learning the tools them-
selves, start engaging the organization using data-driven decision making, and 
start training Green Belts to work on small projects that can grow in time into 
larger projects where Black Belts can be trained and utilized more effectively. 
As the process gains steam within the organization, S-double bar is used (one 
tool here could be cost of quality) as a focal point for the organization in moving 
projects through the system to continually improve the processes for customer 
satisfaction.

The Lead-Up to the Six Sigma Methodology

Over the centuries, managers have tried to find ways to keep their organization in 
business (sometimes called the magic bullet). Many different techniques have been 
employed over the years to keep customers coming back time and time again. 
Unfortunately for many organizations, customer wants and needs change over 
time, leaving the organization with the challenge of finding new and better ways 
of satisfying those needs and wants. The concept of setting standards of work goes 
back many centuries and was the foundation of the guilds and crafts trades that 
developed over the years. During the mid-1800s to early 1900s, separation of work 
was developed to speed up the process of development and production. Innova-
tors like Frederick W. Taylor and Henry Ford developed ideas and techniques that 
are still with us today. On the quality side of the production calculation, many 
techniques have been tried, starting with control charts in the 1920s–1930s by 
Walter Shewhart. 

In the early part of the last century, given the methods of doing business, 
the quality control/quality assurance (QC/QA) specialist was created to ensure that 
standards were established and maintained so that customers would be satis-
fied. In many organizations, however, this also created a separation of tasks, and 
many people in organizations came to think of the responsibility for satisfying 
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customers as only in the hands of the people in the QC/QA groups/departments 
instead of in the hands of the people who actually did the work of making the 
product or providing the service. This was especially true in the United States 
during the decades of the 1950s, 1960s, and 1970s as managers looked for better 
ways to try to manage all the resources of the organization. Many organizations 
still struggle with customer satisfaction! 

In the mid-1920s a young engineer named Walter Shewhart devised a tech-
nique of using graphs to monitor a process to identify whether that process was 
acting in a predicable manner or if what he termed special causes were affecting 
the process. These charts became known as quality control charts (the p-chart was 
the first to be used); however, today we sometimes call them process behavior charts, 
as we want to look at what the process is doing in relation to statistical probabil-
ities. Many other tools and techniques have been developed since then, known 
by a long list of names. Quality developments over the years are summarized in 
Table 1.1. (A very good book on the history of quality leading up to and including 
the Six Sigma process is the book Fusion Management: Harnessing the Power of Six 
Sigma, Lean, ISO 9001:2000, Malcom Baldrige, TQM and other Quality Breakthroughs 
of the Past Century.1)

Table 1.1  Some approaches to quality over the years.

Quality 	 Approximate 
approach	 time frame	 Short description 

Quality 	 1979–1981 	 Quality improvement or self-improvement study groups 
circles		�  composed of a small number of employees (10 or fewer) and 

their supervisor. Quality circles originated in Japan, where 
they are called “quality control circles.” 

Statistical 	 Mid-1980s 	 The application of statistical techniques to control a process. 
process control		  Also called “statistical quality control.” 
(SPC) 	

ISO 9000	 1987–present 	� A set of international standards on quality management  
and quality assurance developed to help companies  
effectively document the quality system elements to be 
implemented to maintain an efficient quality system. The 
standards, initially published in 1987, are not specific to  
any particular industry, product, or service. The standards 
were developed by the International Organization for  
Standardization (ISO), a specialized international agency  
for standardization composed of the national standards  
bodies of 91 countries. The standards underwent revisions  
in 2000, 2008, and 2015, and now comprise ISO 9000  
(definitions), ISO 9001 (requirements), and ISO 9004  
(continuous improvement). 

Reengineering 	 1996–1997 	� A breakthrough approach involving the restructuring of an 
entire organization and its processes. 

Continued
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Modern Six Sigma 

Shortly after the Motorola Company achieved the Malcolm Baldrige National 
Quality Award (MBNQA) in 1988, they came calling to the Ford Motor Com-
pany to try to sell some new radios. The Ford purchasing department had just 
started a new process called the supplier quality improvement (SQI) initiative that 
was designed to work with external manufacturing suppliers from new design 
concept to launch of new vehicles. Ford had developed a planning for quality pro-
cess using ASQ’s advanced quality planning (AQP) and wanted to improve supplier 
quality delivered to the automotive assembly plants. This effort was instrumental 
in the development of what is now called advanced product quality planning (APQP), 
used in the automotive industry.

The Motorola sales team presented their newly developed methodology called 
Six Sigma, which was considered a key to achieving the MBNQA, to a Ford SQI 
senior quality engineer who was assigned to evaluate the Six Sigma methodol-
ogy in relation to the Ford Q1 (Ford’s top award, which is still available today) and 
Q-101 (forerunner of the current ISO/TS 16949) programs. The Ford SQI senior 
quality engineer liked what he saw except for one particular item: In the early 

Table 1.1  Some approaches to quality over the years. (Continued)

Quality 	 Approximate 
approach	 time frame	 Short description 

Benchmarking 	 1988–1996 	� An improvement process in which a company measures  
its performance against that of best-in-class companies, 
determines how those companies achieved their  
performance levels, and uses the information to improve  
its own performance. The subjects that can be benchmarked 
include strategies, operations, processes, and procedures. 

Balanced 	 1990s– 	 A management concept that helps managers at all levels 
scorecard 	 present 	 monitor their results in their key areas. 

Baldrige 	 1987–present 	 An award established by the U.S. Congress in 1987 to raise 
Award criteria 		�  awareness of quality management and recognize U.S.  

companies that have implemented successful quality  
management systems. Two awards may be given annually 
in each of five categories: manufacturing company, service 
company, small business, education, and healthcare. The 
award is named after the late Secretary of Commerce  
Malcolm Baldrige, a proponent of quality management.  
The U.S. Commerce Department’s National Institute of  
Standards and Technology manages the award, and ASQ 
administers it. 

Six Sigma 	 1995–present 	 As described in Chapter 1. 

Lean 	 2000–present 	 As described in Chapter 2. 
manufacturing
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days, a Six Sigma process was described as ±3 standard deviations (Cp = 1.0). The 
Ford requirement was Cpk > 1.33 for ongoing processes and Cpk > 1.67 for startup 
processes. (Note: Even as late as 1998, Mikel Harry’s book Six Sigma Producibility 
Analysis and Process Characterization had a note on page 3-3 stating “Today, some 
organizations require 1.5 < Cp < 2.0, or even Cp ≥ 2.0.”)2 An interesting aside is that 
later discussions with Motorola technical individuals did confirm that the sales-
people did not understand what they were presenting, and that inside Motorola 
the 6σ process was actually ±6 standard deviations, but this was well after the ini-
tial presentation, and Motorola lost the potential sale to Ford.

Six Sigma is a structured and disciplined process designed to deliver per-
fect products and services on a consistent basis. It aims at improving the bottom 
line by finding and eliminating the causes of mistakes and defects/deficiencies in 
business processes. Today, Six Sigma is associated with process capabilities of Cpk 
> 2.0 (some would say Cp = 2.0 and Cpk < 1.5), which are considered world-class 
performance (this allows for the 1.5 sigma shift factor). Remember that sigma is a 
statistical term that refers to the standard deviation of a process around its mean 
versus the methodology of problem solving that has been labeled Six Sigma.

A wide range of companies have found that when the Six Sigma philosophy 
is fully embraced, the enterprise thrives. What is this Six Sigma philosophy? Sev-
eral definitions have been proposed. The threads common to these definitions are:

•	 Use of teams that are assigned well-defined projects that have direct 
impact on the organization’s bottom line.

•	 Training in “statistical thinking” at all levels and providing key 
people with extensive training in advanced statistics and project 
management. These key people are designated “Black Belts.”

•	 Emphasis on the DMAIC approach to problem solving: define, 
measure, analyze, improve, and control.

•	 A management environment that supports these initiatives as a 
business strategy.

•	 Continual effort to reduce variation in all processes within the 
organization.

Opinions on the definition of Six Sigma can differ:

•	 Philosophy. The philosophical perspective views all work as processes 
that can be defined, measured, analyzed, improved, and controlled 
(DMAIC). Processes require inputs and produce outputs. If you 
control the inputs, you will control the outputs. This is generally 
expressed as the y = f(x) concept.

•	 Set of tools. Six Sigma as a set of tools includes all the qualitative and 
quantitative techniques used by the Six Sigma expert to drive process 
improvement. A few such tools include SPC, control charts, failure 
mode and effects analysis, and process mapping. There is probably 
little agreement among Six Sigma professionals as to what constitutes 
the tool set.
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•	 Methodology. This view of Six Sigma recognizes the underlying and 
rigorous approach known as DMAIC. DMAIC defines the steps a Six 
Sigma practitioner is expected to follow, starting with identifying the 
problem and ending with the implementation of long-lasting solutions. 
While DMAIC is not the only Six Sigma methodology in use, it is 
certainly the most widely adopted and recognized.

•	 Metrics. In simple terms, Six Sigma quality performance means 3.4 
defects per million opportunities (accounting for a 1.5-sigma shift in 
the mean).

At this point, Six Sigma purists will be quick to say, “You’re not just talking about 
Six Sigma; you’re talking about lean, too.” Today, the demarcation between Six 
Sigma and lean has blurred. With greater frequency, we are hearing about terms 
such as sigma-lean, LSS, or Lean Six Sigma because process improvement requires 
aspects of both approaches to attain positive results.

Six Sigma focuses on reducing process variation and enhancing process con-
trol, while lean—also known as lean manufacturing—drives out waste (non-value-
added activities) and promotes work standardization and value stream mapping. 
Six Sigma practitioners should be well versed in both.

Quality Pioneers

Most of the techniques found in the Six Sigma toolbox have been available for 
some time thanks to the groundbreaking work of many professionals in the qual-
ity sciences. A complete list of ASQ Honorary Members can be found in Appendix 
H. These and many others have contributed to the quality profession. Some of the 
key contributors include (in alphabetic order): 

Subir Chowdhury is one of the new leaders in management thought and is being 
recognized by many companies and organizations as being on the forefront of 
customer satisfaction in today’s business world. Dr. Chowdhury has written or 
coauthored a growing number of books on management with other top quality 
and business leaders. The following themes are found in most of his books:

•	 Problems can be prevented through continuous improvement—getting 
it right the first time—and should be the goal of every organization  
as it designs, develops, and deploys products and services.

•	 Quality must be the responsibility of every individual in all 
organizations. The “quality mission” can not be delegated to one 
group or individual. It can not be a “top down” management process. 
For quality to be robust and sustainable, everyone in the organization 
must not only accept it, they must believe in it.

•	 Quality begins at the top. Without the commitment of leadership—
and without them demonstrating that commitment in every aspect of 
their own lives—initiatives will stall or fail over time.

•	 Everyone has a stake in quality. Not only must quality involve 
everyone all the time, but in order to achieve robust and sustainable 
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results, everyone must have a stake in its implementation and 
continuous improvement through peer reinforcement and  
other methods.

•	 Quality is a balance of people power and process power, where 
“people power” takes into account the role of the quality  
mind-set—approaching quality with honesty, empathy, and  
a resistance to compromise. Process power is about solving  
problems, developing ideas and solutions, and then perfecting  
those ideas and solutions.

•	 Improving quality using a cookie-cutter managerial approach does 
not work. Every organization is unique. Every problem has different 
issues. Every individual brings different knowledge, skills, and 
abilities. Therefore, the methods, processes, and procedures used to 
solve quality issues must be tailored to the specific situation.

One of Dr. Chowdhury’s mentors was Philip Crosby. Some of Dr. Chowdhury’s 
books show Crosby’s influence, as can been seen in The Power of LEO: The Revolu-
tionary Process for Achieving Extraordinary Results. LEO is an acronym that stands 
for listen (observe and understand), enrich (explore and discover), and optimize 
(improve and perfect). 

Key contributions: 

•	 Work with top-level management teams to recognize the need  
for quality.

•	 The Ice Cream Maker. 2006. Doubleday, Random House.

Philip Crosby wrote fourteen books including Quality Is Free, Quality without Tears, 
Let’s Talk Quality, and Leading: The Art of Becoming an Executive. Crosby, who orig-
inated the zero defects concept, was an ASQ honorary member and past president. 
Crosby’s fourteen steps to quality improvement as noted in the Certified Manager 
of Quality/Organizational Excellence Handbook3 are:

	 1.	 Make it clear that management is committed to quality.

	 2.	 Form quality improvement teams with representatives from each 
department.

	 3.	 Determine how to measure where current and potential quality 
problems lie.

	 4.	 Evaluate the cost of quality and explain its use as a management tool.

	 5.	 Raise the quality awareness and personal concern of all employees.

	 6.	 Take formal actions to correct problems identified through previous 
steps.

	 7.	 Establish a committee for the zero defects program.

	 8	 Train all employees to actively carry out their part of the quality 
improvement program.
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	 9.	 Hold a “zero defects day” to let all employees realize that there has been 
a change.

	10.	 Encourage individuals to establish improvement goals for themselves 
and their groups.

	11.	 Encourage employees to communicate to management the obstacles they 
face in attaining their improvement goals.

	12.	 Recognize and appreciate those who participate.

	13.	 Establish quality councils to communicate on a regular basis.

	14.	 Do it all over again to emphasize that the quality improvement program 
never ends.

Key contributions: 

•	 Management theory for quality

•	 Engaged business executives in quality

W. Edwards Deming emphasized the need for changes in management structure 
and attitudes. He developed a list of “Fourteen Points.” As stated in his book Out 
of the Crisis4 they are:

	 1.	 Create constancy of purpose for improvement of product and service.

	 2.	 Adopt a new philosophy.

	 3.	 Cease dependence on inspection to achieve quality.

	 4.	 End the practice of awarding business on the basis of price tag alone; 
instead, minimize total cost by working with a single supplier.

	 5.	 Improve constantly and forever every process for planning, production, 
and service.

	 6.	 Institute training on the job.

	 7.	 Adopt and institute leadership.

	 8.	 Drive out fear.

	 9.	 Break down barriers between staff areas.

	10.	 Eliminate slogans, exhortations, and targets for the workforce.

	11.	 Eliminate numerical quotas for the workforce and numerical goals for 
management.

	12.	 Remove barriers that rob people of pride of workmanship. Eliminate the 
annual rating or merit system.

	13.	 Institute a vigorous program of education and self-improvement for 
everyone.

	14.	 Put everybody in the company to work to accomplish the transformation.
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Deming’s “Seven Deadly Diseases” include:

	 1.	 Lack of constancy of purpose

	 2.	  Emphasis on short-term profits

	 3.	 Evaluation by performance, merit rating, or annual review of 
performance

	 4.	 Mobility of management

	 5.	 Running a company on visible figures alone

	 6.	 Excessive medical costs

	 7.	 Excessive costs of warranty, fueled by lawyers who work for  
contingency fees

Deming is known for many other quality processes, which led the Japanese in 
1950 to create the Deming Prize (still a very coveted award in Japan for both indi-
viduals and companies). It can be argued that the Deming Prize is the foundation 
on which the U.S. Malcolm Baldrige National Quality Award and similar state and 
governmental awards are based. 

Deming advocated that all managers need to have what he called a system of 
profound knowledge, consisting of four parts:

	 1.	 Appreciation of a system. Understanding the overall processes involving 
suppliers, producers, and customers (or recipients) of goods and services 
(today called the process approach).

	 2.	 Knowledge of variation. The range and causes of variation in quality, 
and use of statistical sampling in measurements (understanding that 
variation exists and how to recognize it).

	 3.	 Theory of knowledge. The concepts explaining knowledge and the limits  
of what can be known (how to learn).

	 4.	 Knowledge of psychology. Concepts of human nature (from the Maslow 
hierarchy and other literature, and application of the Platinum Rule  
[Do unto others as they want to have things done for them]).

Key contributions: 

•	 Japan’s reconstruction in the 1950s and 1960s; development of the 
Deming Prize

•	 Developments in sampling techniques—applied to census applications

•	 Management principles: Fourteen Points and Seven Deadly Diseases

•	 Red bead experiment

•	 Profound knowledge

•	 Transformation of American industry (1980s collaboration with Ford 
Motor Company and Michael Cleary of PQ Systems to teach basic 
quality principles through community colleges)
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Armand Feigenbaum originated the concept of total quality control in his book 
Total Quality Control, published in 1951. In this book Dr. Feigenbaum coined the first 
use of the term quality planning—“The act of planning is thinking out in advance 
the sequence of actions to accomplish a proposed course of action in doing work to 
accomplish certain objectives. In order that the planner may communicate his plan 
to the person or persons expected to execute it, the plan is written out with nec-
essary diagrams, formulas, tables, etc.” The book has been translated into many 
languages, including Japanese, Chinese, French, and Spanish. Feigenbaum is an 
ASQ honorary member and served as ASQ president for two consecutive terms. 
He lists three steps to quality:

	 1.	 Quality leadership

	 2	 Modern quality technology

	 3.	 Organizational commitment

His contributions to the quality body of knowledge include:

•	 “Total quality control is an effective system for integrating the quality 
development, quality maintenance, and quality improvement efforts 
of the various groups in an organization so as to enable production 
and service at the most economical levels which allow full customer 
satisfaction.”

•	 The concept of a “hidden” plant—the idea that so much extra work 
is performed in correcting mistakes that there is effectively a hidden 
plant within any factory.

•	 Accountability for quality. Because quality is everybody’s job, it may 
become nobody’s job—the idea that quality must be actively managed 
and have visibility at the highest levels of management.

•	 The concept of quality costs

Key contributions: 

•	 Quality planning—became AQP

•	 Quality costs—the hidden factory

Kaoru Ishikawa published four books, is credited with developing the cause-
and-effect diagram, and was instrumental in establishing quality circles in Japan. 
He worked with Deming through the Union of Japanese Scientists and Engineers 
(JUSE) and was highly praised by Juran upon his passing. The Certified Manager 
of Quality/Organizational Excellence Handbook5 summarizes his philosophy with the 
following points:

	 1.	 Quality first—not short-term profit first.

	 2.	 Consumer orientation—not producer orientation. Think from the 
standpoint of the other party.

	 3.	 The next process is your customer—breaking down the barrier of 
sectionalism.
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	 4.	 Using facts and data to make presentations—utilization of statistical 
methods.

	 5.	 Respect for humanity as a management philosophy—full participatory 
management.

	 6.	 Cross-functional management.

Key contributions: 

•	 Japanese quality circles

•	 Ishikawa diagram (cause-and-effect diagram, fishbone diagram)

•	 Developed user-friendly quality control

•	 High focus on internal customers

Joseph M. Juran pursued a varied career in management for over 60 years as an 
engineer, executive, government administrator, university professor, labor arbi-
trator, corporate director, and consultant. He developed the Juran trilogy, three 
managerial processes for use in managing for quality: quality planning, quality 
control, and quality improvement. Juran wrote hundreds of papers and 12 books, 
including Juran’s Quality Control Handbook, Quality Planning and Analysis (with F. M. 
Gryna), and Juran on Leadership for Quality. His approach to quality improvement 
includes the following points:

	 1.	 Create awareness of the need and opportunity for improvement.

	 2.	 Mandate quality improvement; make it a part of every job  
description.

	 3.	 Create the infrastructure: establish a quality council, select projects for 
improvement, appoint teams, provide facilitators.

	 4.	 Provide training in how to improve quality.

	 5.	 Review progress regularly.

	 6.	 Give recognition to the winning teams.

	 7.	 Propagandize the results.

	 8.	 Revise the reward system to enforce the rate of improvement.

	 9.	 Maintain momentum by enlarging the business plan to include goals for 
quality improvement.

The Juran trilogy is based on three managerial processes: quality planning, quality 
control, and quality improvement. Without change, there will be a constant waste; 
during change there will be increased costs; but after the improvement, margins 
will be higher, and the increased costs get recouped. Juran founded the Juran 
Institute in 1979. The Institute is an international training, certification, and con-
sulting company that provides training and consulting services in quality man-
agement, lean manufacturing management, and business process management, as 
well as Six Sigma.
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Key contributions: 

•	 Pareto principle—“the vital few and trivial many”

•	 Management theory for quality

•	 Juran trilogy

Dorian Shainin started his career in 1936 as an aeronautical engineering and 
quickly started developing unique solutions to problems. He was mentored by 
Juran and others and became well known for his unique ability to solve the hard-
est of problems facing industry and other fields of endeavor. He is credited with 
saying, “Talk to the parts; they are smarter than the engineers.” He was honored 
with a number of awards in the United States during his career and had a hand in 
the successful return of Apollo 13 to Earth.

Shainin developed many industrial statistical tools that collectively have 
become known as the Shainin System for Quality Improvement, or Red “X.” Some 
of the specific tools he developed from his own experience and working with others 
include the lot plot, reliability service monitoring, pre-control (for control charts), 
component search, operation search, tolerance parallelogram, overstress testing,  
B vs. C, paired comparisons, isoplot, variable search, randomized sequencing, 
resistant limit transform, and rank order ANOVA.

Key contributions: 

•	 Red “X”

Walter Shewhart worked at the Hawthorne plant of Western Electric where he 
developed and used control charts. He is sometimes referred to as the father of 
statistical quality control because he brought together the disciplines of statistics, 
engineering, and economics. He described the basic principles of this new disci-
pline in his book Economic Control of Quality of Manufactured Product. He was ASQ’s 
first honorary member.

On a day in May 1924, it is said that Dr. Shewhart presented a little memo-
randum of about a page in length to his boss (George Edwards). About a third of 
that page was given over to a simple diagram that we would all recognize today 
as a schematic control chart. That diagram, and the short text that preceded and 
followed it, set forth all of the essential principles and considerations that are 
involved in what we know today as process quality control.

Walter Shewhart was also credited by Dr. Deming as the originator of the 
plan–do–check–act (PDCA) cycle. This simple tool is the foundation of many 
problem-solving techniques used today. Deming later updated this to the plan–
do–study–act (PDSA) cycle.

Key contributions: 

•	 Father of statistical quality control

•	 Shewhart cycle—PDCA
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D. H. Stamatis has probably published more on the quality profession than  
any other person. He has developed over 45 volumes relating to quality topics, 
including an entire series of books on Six Sigma. His FMEA from Theory to Practice 
is considered the foundation work on developing FMEAs for industry. His works 
are solidly rooted in literature searches, and he has used his skill and the power of 
the printed word to hone the quality profession.

Key contributions: 

•	 First handbook dedicated to understanding and practical applications 
of FMEA

•	 Documented the development of Six Sigma to the present time

Genichi Taguchi was the author or coauthor of six books and received many 
honors in Japan and the United States for his extensive work in industrial statis-
tics. He taught that any departure from the nominal or target value for a charac-
teristic represents a loss to society. This is the primary function of the Taguchi loss 
function. Instead of long-term focus on specification limits as practiced by many 
engineering groups, he taught that focusing all efforts on reducing the variation 
around the target will yield much better results over time and satisfy the custom-
ers at much higher levels. 

He also popularized the use of fractional factorial designed experiments and 
stressed the concept of robustness in the Taguchi design of experiments and the 
use of orthogonal arrays. 

Key contributions: 

•	 Taguchi loss function, used to measure financial loss to society 
resulting from poor quality

•	 The philosophy of off-line quality control, designing products and 
processes so that they are insensitive (“robust”) to parameters outside 
the design engineer’s control

•	 Innovations in the statistical design of experiments, notably the use 
of an outer array for factors that are uncontrollable in real life but are 
systematically varied in the experiment

Processes

A process is a series of steps designed to produce products and/or services. A pro-
cess is often diagrammed with a flowchart depicting inputs, a path that material 
or information follows, and outputs. An example of a process flowchart is shown 
in Figure 1.1. Understanding and improving processes is a key part of every Six 
Sigma project.

The basic strategy of Six Sigma is contained in the acronym DMAIC, which 
stands for define, measure, analyze, improve, and control. These steps constitute  
the cycle used by Six Sigma practitioners to manage problem-solving projects. The 
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individual parts of the DMAIC cycle are explained in subsequent chapters, and it 
is the foundation of the ASQ CSSGB BoK.

Business Systems

A business system is designed to implement a process or, more commonly, a set 
of processes. Business systems make certain that process inputs are in the right 
place at the right time so that each step of the process has the resources it needs. 
Perhaps most importantly, a business system must have as its goal the continual 
improvement of its processes, products, and services. To this end, the business sys-
tem is responsible for collecting and analyzing data from the processes and other 
sources that will help in the continual improvement of process outputs. Figure 1.2 
illustrates the relationships between systems, processes, subprocesses, and steps.

Process Inputs, Outputs, and Feedback

Figure 1.3 illustrates the application of a feedback loop to help in process control. 
It is often useful to expand on a process flowchart with more-elaborate diagrams. 
Various versions of these diagrams are called process maps, value stream maps, and 
so on. Their common feature is an emphasis on inputs and outputs for each pro-
cess step, the output from one step being the input to the next step. Each step 
acts as the customer of the previous step and supplier to the next step. The value 
to the parent enterprise system lies in the quality of these inputs and outputs 
and the efficiency with which they are managed. There are two ways to look at 
the method by which efficient use of inputs/resources is implemented to produce 
quality outputs:

•	 Some would state that a function of process management is the 
collection and analysis of data about inputs and outputs, using 
the information as feedback to the process for adjustment and 
improvement.

Yes

No

Number of hours

Hourly rate

Calculate
gross pay

Over
$100?

Deduct tax

Deduct Social Security

Print check

Figure 1.1     Example of a process flowchart.
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•	 Another way of thinking about this is that the process should be 
designed so that data collection, analysis, and feedback for adjustment 
and improvement are a part of the process itself.

Either approach shows the importance of the design of an appropriate data collec-
tion, analysis, and feedback system. This begins with decisions about the points at 
which data should be collected. The next decisions encompass the measurement 
systems to be used. Details of measurement system analysis are discussed in later 
chapters. The third set of decisions entails the analysis of the data. The fourth set 
of decisions pertains to the use of the information gleaned from the data:

•	 Sometimes, the information is used as real-time feedback to the 
process, triggering adjustment of inputs. A typical example would 

Systems

Processes

Subprocesses

Steps

Figure 1.2     Relationships between systems, processes, subprocesses, and steps. Each part
 of a system can be broken into a series of processes, each of which may have
 subprocesses. The subprocesses may be further broken into steps.

Feedback loop

Process steps

Process OutputInput

Figure 1.3     A feedback loop.
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involve the use of a control chart. Data are collected and recorded  
on the chart. The charting process acts as the data analysis tool.  
The proper use of the chart sometimes suggests that a process input  
be adjusted.

•	 Another use for the information would be in the formation of plans 
for process improvement. If a stable process is found to be incapable, 
for instance, designed experiments may be required. Any enterprise 
system must perform process improvement as part of its day-to-day 
operation. Only in this way can the enterprise prosper.

Figure 1.4 shows the categories of inputs to a process step. It is helpful to list inputs 
in the various categories and then classify each input as indicated.

Significance of Six Sigma

Six Sigma is just the latest term for the more general concept of continual improve-
ment. Continual improvement can be defined as the use of problem-solving tech-
niques and quick deployment to implement improvements and then using process 
behavioral studies (Wheeler) to maintain the gains. Six Sigma has been described 
as a breakthrough system (Juran) and is being used in many organizations today 
in a variety of applications. Basically, Six Sigma is about collecting data on a pro-
cess and using those data to analyze and interpret what is happening in that 
process so that the process can be improved to satisfy the customer (Kano and 
Taguchi). A basic process can be defined as an input, transformation, and output.

Six Sigma was first started at Motorola and was then developed more into 
what we know today at General Electric. By following a prescribed process, the 
entire organization starts to look at everything that it does in the light of reduc-
ing variation and reducing waste, with the result of increasing customer satis-
faction. Customers could be anyone from the next person who uses the work we 
do (internal customer) to the ultimate customer who uses the products or ser-
vices that our organization produces (external customer). To assist in this process, 
sometimes the supplier and customer will be added to the basic process definition 

Inputs Outputs

Man
Machine
Methods
Mother Nature
Management
Materials
Measurement system

Products
Services

Process step

Classify each input as:
C = controllable
NC = noncontrollable
N = noise
X = critical

Figure 1.4     Categories of inputs to a process step.
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listed above, creating the SIPOC identification: suppliers, inputs, process, outputs, 
and customers. This is used especially to help define the boundaries of what is to 
be studied.

For some, the idea of improving a process is a waste of time that should not 
be bothered with (“we are already working the hardest that we can”). But as Juran 
once said, “Changes creep up on us week by week, a little bit at a time. Over a year 
or two, there are 50 or 100 of these bits, which amounts to quite a bit. The skills of 
the men have not necessarily kept pace, and we wake up to the existence of a wide 
gap.”6 This is one explanation for why accidents and product rejections happen in 
our shops. If the root cause is actually found for any accident or rejection of prod-
uct or service, it will usually be traced back to many small changes that occurred 
either within our own organization or at our supplier.

By using Six Sigma methodologies, we will be able to find those bits of changes 
and decide which ones should be kept for process improvement and which ones 
need to be corrected. This process is not meant to be a quick fix (magic bullet) 
approach. The logical use of the tools over time will save us resources and effort 
in doing our daily jobs.

A Green Belt’s Role

You will find in this process for solving problems a number of tools and methods 
that you may already be familiar with and a few that may be new to you. You may 
very well ask, “How is this any different from what we have been doing before?” 
The direct answer will need to be provided by your organization depending on 
the various programs that have already been tried. For many of us, this process 
will be part of an ongoing evolution of how we do our work. One of the main 
things that you should notice is that upper management will be more involved 
with your problem-solving efforts and in the everyday problems that are found in 
your work areas.

During the process, and while using this book, you will be able to reference 
the Six Sigma model for improvement. It has been shown and demonstrated that 
by using a model or road map, we can usually accomplish something more quickly 
than without a guide. Some organizations today use something called the MAIC 
model. They refer to this process as being able to do “magic” without the “garbage” 
(G) that we find in most operations. Many organizations have added a define (D) 
stage—identifying the process customers—thus making for the DMAIC model.

You may already have control plans, process sheets, standard operating pro-
cedures, or any number of other things that you use in your daily work. The use 
of the Six Sigma model for improvement should not replace anything that you are 
currently doing, but be used to review daily work to look for areas or methods 
of improving the process in light of what your customers want and need. Even 
though we are doing the same things that we might have done before, do our cus-
tomers still want the same things from us?

We are entering a journey of continual improvement that can involve our work 
and our lives. Some of us have been on this journey for some time, while others 
may be just starting. The process involves using what Deming refers to as pro-
found knowledge: appreciation for a system, knowledge about variation, theory of 
knowledge, and psychology. Through the Six Sigma methodology and using the 
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Six Sigma model for improvement, we should see things around us work better 
and satisfy our customers more.

Potential Tasks

Your organization may already be using something called Six Sigma or some 
other method (for example, quality operating system [QOS], continuous improve-
ment [CI], total quality management [TQM], process improvement [PI], or some 
other name). As an operator or owner of a process, you will be asked by your 
supervisors or management to help implement improvement of the process(es) 
that you work with. Your challenge will be to look at the process both for the 
simple improvements that you may already know need to be made (preventive 
maintenance, cleanliness, parts wearing out, and so on) as well as to assist in mea-
suring certain factors about the process to investigate better ways of performing 
the process.

You will be asked to use the tools in this book, and maybe others, to study 
your work and process(es) to look for improvement ideas and to implement those 
ideas. You may already be familiar with some of these tools, and the challenge 
will be in how to use them, possibly in new ways, to make the changes that will 
help your company stay in business in today’s fiercely competitive world. We no 
longer compete only against others within our own country, but against others 
from countries around the world. How can they do a better job than us, ship the 
parts that we make, and sell them to our customers faster, better, and cheaper than 
us? This is the question that should be on your team’s mind.

Many of us have found that by using a model or framework we can do things 
more simply—a picture is worth a thousand words. This is also true when try-
ing to improve processes. Dr. Ishikawa (yes, the guy who created the fishbone 
diagram) gave us a road map to follow when first looking at a process that needs 
to be improved. The words may not make much sense right now, but as you work 
with process improvement, you will come to understand the importance of what 
is said here:

	 1.	 Determine the assurance unit (what is to be measured).

	 2.	 Determine the measuring method (how it will be measured).

	 3.	 Determine the relative importance of quality characteristics (is this  
key to our process?).

	 4.	 Arrive at a consensus on defects and flaws (does everyone agree on  
good and bad quality?).

	 5.	 Expose latent defects (look at the process over time).

	 6.	 Observe quality statistically (use process behavior charting).

	 7.	 Distinguish between “quality of design” and “quality of conformance.”

After we know what we can change (quality of conformance) versus what we can 
not change right now (quality of design—this is left to design for Six Sigma [DFSS]), 
we can start working on our processes. Many operators start out viewing this 
effort as only more work, but many will find that doing these studies will actually 
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save them a lot of time and grief in the future as things start to improve and 
machines start to work better. One question to ask yourself now is, how often does 
your process slow down or stop due to something not working the way it should? 
Or, is the output ever scrapped by someone down the line (including at your exter-
nal customers) because something did not happen right at your operation?

Be willing to experiment with the tools and look for ways of applying them 
to the work and processes to learn as much as you can about how a process oper-
ates so that you can modify it as appropriate to give the customers the best output 
that is possible.

DMAIC Model

The DMAIC model stands for define, measure, analyze, improve, and control and is 
very similar to the PDSA or PDCA model that you may already be using.

A key factor in each step is for management to allow the time and resources 
to accomplish each of the phases to strive for continual improvement. This is one 
of the driving forces that makes Six Sigma different from other quality improve-
ment programs. The other driving forces include getting everyone in the organi-
zation involved, getting the information technology group to assist in supplying 
data more quickly for everyone, and getting financial data in the form of cost of 
quality analysis.

Everyone will be asked to get involved with the Six Sigma model and look for 
continual improvement opportunities in their work areas. Basically, you will do 
the following in each step:

Define: Identify the issue causing decreased customer satisfaction 

Measure: Collect data from the process

Analyze: Study the process and data for clues to what is going on 

Improve: Act on the data to change the process for improvement 

Control: Monitor the system to sustain the gains

A number of tools and methods can be used in each of the steps of the DMAIC 
model. This is only a quick overview of many of these items. More-detailed infor-
mation can be found in the references, on the Internet, or probably in the quality 
office of your organization. The DMAIC model uses the following:

Define

Management commitment—PDCA

SIPOC (suppliers, inputs, process, outputs, customers) 

Define the problem—five whys and how

Systems thinking 

Process identification 

Flowchart

Project management
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Measure

Management commitment—PDCA 

Identify a data collection plan 

Measurement systems analysis (MSA)

Collect data—check sheets, histograms, Pareto charts, run charts, scatter 
diagrams

Identify variability—instability, variation, off-target

Benchmark—start by setting the current baseline for the process 

Start cost of quality

Analyze

Management commitment—PDSA

Continual improvement

Preventive maintenance

Cleanliness

Benchmark—continue process

Central limit theorem

Geometric dimensioning and tolerancing (GD&T)

Shop audit

Experiments

Improve

Management commitment—PDSA

Process improvement

Organizational development

Variation reduction

Problem solving

Brainstorm alternatives

Create “should be” flowcharts

Conduct FMEA

Cost of quality

Design of experiments

Control

Management commitment—SDCA
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Control plan

Dynamic control plan (DCP)

Long-term MSA

Mistake-proofing

Process behavior charts

Update lessons learned

Many will find this process very exciting as they will have the tools and meth-
ods to demonstrate the improvements that they are helping the organization  
to achieve. There have been times in the past when an employee tried in vain to 
tell a supervisor that something was wrong with a machine or process. Now we 
have the means to not only tell but show and demonstrate what needs to be done. 
Following this process creates a road map for continual improvement that once 
started is a never-ending journey. These tools and methods have proven them-
selves to be useful everywhere: from shop floors to front offices, from schools to 
hospitals, and even in churches or at home.

The Six Sigma Road Map

As we prepare for the Six Sigma journey, here is a quick view of the suggested map 
that we can follow:

	 1.	 Recognize that variation exists in everything that we do; standardize 
your work.

	 2.	 Identify what the customer wants and needs. Reduce variation.

	 3.	 Use a problem-solving methodology to plan improvements.

	 4.	 Follow the DMAIC model to deploy the improvement.

	 5.	 Monitor the process using process behavior charts.

	 6.	 Update standard operating procedures and lessons learned.

	 7.	 Celebrate successes.

	 8.	 Start over again for continual improvement—PDSA/SDCA.7

Cost–Benefit Analysis: (Cost of Quality, Quality Cost, Cost  
of Poor Quality, Cost of Current Quality)

This is a financial tool that should be used to report how quality levels are being 
sustained on the shop floor within an organization. Many things that are worked 
on throughout the shop can be classified into one of four categories: prevention 
costs, appraisal costs, internal failure costs, or external failure costs. However, not all 
expenses of the company are used, only those that relate in some way to the prod-
ucts or services that are shipped to customers. The real power of this tool is not 
so much that you use the exact or “right” measures for each expense, but that you 
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look at trends over time to see what you are doing. You want to find out what the 
total cost is to provide your customers with products and services (see Figure 1.5). 
Traditionally, when cost of quality is first calculated for an organization, a picture 
such as Figure 1.5 emerges. Part of the reason for this is that many accountants and 
managers have not been taught about this tool in their formal education, nor does 
any governmental or professional organization require the reporting of financial 
data in this format.

On the other hand, organizations that have learned to use the cost–benefit 
analysis of quality cost, as called for in Six Sigma, are typically very surprised  
at the amount of waste that is being produced. By focusing on reducing preven-
tion and appraisal costs, initial overall cost may rise; however, failure costs (inter-
nal and external) will slowly start to come down. This will not happen overnight 
and may take years, in stubborn cases, to show improvement as old products work 
their way out of the customer system. The end goal will be to have total cost of 
quality lower than when you started the Six Sigma process.

No one should be blamed for the poor results of the first round of mea-
surements. It is important to look at these numbers as a benchmark to measure 
improvement from. The results of the numbers should be made available to every-
one so that ideas can be generated as to what can be done and how. Remember 
the old adage: “What gets measured gets done!” Thus, if everyone knows that 
management is watching the numbers on cost of quality, things should start to 
improve.

The ultimate goal is to change the overall picture to look like Figure 1.6. As  
an organization continually improves their products and services, they will see an 
overall reduction in total cost to manufacture and produce products and services.
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Figure 1.5     Traditional quality cost curves.
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2. Organizational Goals and Six Sigma Projects

Identify the linkages and supports that need 
to be established between a selected six 
sigma project and the organization’s goals, 
and describe how process inputs, outputs, 
and feedback at all levels can influence the 
organization as a whole. (Understand)

Body of Knowledge I.A.2

Linking Projects to Organizational Goals

Organizational goals must be consistent with the long-term strategies of the 
enterprise. One technique for developing such strategies is called hoshin planning. 
This is a planning process in which a company develops up to four vision state-
ments that indicate where the company should be in the next five years. Company 
goals and work plans are developed based on the vision statements. Periodic 
audits are then conducted to monitor progress.

Once Six Sigma projects have shown some successes, there will usually be 
more project ideas than it is possible to undertake at one time. Some sort of project 
proposal format may be needed along with an associated process for project selec-
tion. It is common to require that project proposals include precise statements of 
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Figure 1.6     Modern quality cost curves.
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the problem definition and some preliminary measures of the seriousness of the 
problem, including its impact on the goals of the enterprise.

A project selection group, including Master Black Belts, Black Belts, organi-
zational champions, and key executive supporters, establishes a set of criteria 
for project selection and team assignments. In some companies the project selec-
tion group assigns some projects to Six Sigma teams and others to teams using 
other methodologies. For example, problems involving extensive data analysis 
and improvements using designed experiments would likely be assigned to a Six 
Sigma team, while a process improvement not involving these techniques might 
be assigned to a lean manufacturing team. New-product design should follow 
DFSS guidelines.

The project selection criteria are always a key element to furthering of organi-
zational goals. One key to gauging both the performance and health of an organ
ization and its processes lies with its selection and use of metrics. These are usually 
converted to financial terms such as return on investment, cost reduction, and 
increases in sales and/or profit. Other things being approximately equal, the proj-
ects with the greatest contributions to the bottom line receive the highest priority.

The formula for expected profit is

EP = Σ Profit × Probability

A system may be thought of as the set of processes that make up an enterprise. 
When improvements are proposed, it is important to take a systems approach. 
This means that consideration be given to the effect the proposed changes will 
have on other processes within the system and therefore on the enterprise as a 
whole. Operating a system at less than its best is called suboptimization. Changes 
in a system may optimize individual processes but suboptimize the system as  
a whole.

Example

A gambler is considering whether to bet $1.00 on red at a roulette table. If the ball falls 
into a red cell, the gambler will receive a $1.00 profit. Otherwise, the gambler will lose 
the $1.00 bet. The wheel has 38 cells, 18 being red. 

Analysis: Assuming a fair wheel, the probability of winning is 18/38 ≈ 0.474, and the 
probability of losing is 20/38 ≈ 0.526. In table form:

Outcome	 Profit	 Probability	 Profit × Probability

Win	 $1	 .474	 $0.474

Loss	 –$1	 .526	 –$0.526

Expected outcome = –$0.052 

In this case the gambler can expect to lose an average of about a nickel (–$0.052) for 
each $1.00 bet. Risk analysis for real-life problems tends to be less precise primarily 
because the probabilities are usually not known and must be estimated.
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Example

A proposed Six Sigma project is aimed at improving quality enough to attract one or 
two new customers. The project will cost $3M. Previous experience indicates that  
the probability of getting customer A only is between 60 percent and 70 percent, and the 
probability of getting customer B only is between 10 percent and 20 percent. The proba-
bility of getting both A and B is between 5 percent and 10 percent. 

One way to analyze this problem is to make two tables, one for the worst case and 
the other for the best case, as shown in Table 1.2.

Assuming that the data are correct, the project will improve enterprise profits 
between $1M and $2.5M.

When estimating the values for these tables, the project team should list the 
strengths, weaknesses, opportunities, and threats (SWOT) that the proposal implies. A 
thorough study of this list will help provide the best estimates (see Figure 1.7).

Table 1.2  Risk analysis table.

	 Worst case profit	 Best case profit

			   Profit ×			   Profit × 
Outcome		  Probability	 Probability 		  Probability	 Probability 

A only 	 $2 M 	 .60 	 $1.2 M 	 $2 M 	 .70 	 $1.4 M 

B only 	 $2 M 	 .10 	 $0.2 M 	 $2 M 	 .20 	 $0.4 M 

A & B 	 $7 M 	 .05 	 $0.35 M 	 $7 M 	 .10 	 $0.7 M 

None 	 –$3 M 	 .25 	 –$0.75 M 	 –$3 M 	 0 	 $0 M 

	 Expected profit = $1 M 	 Expected profit = $2.5 M

Strengths:
High-quality product
Monthly quantity commitment
Tooling cost by customer
Just-in-time concepts
Online interface
Product mix

Weaknesses:
Pricing
Union plant
High employee turnover
Aging equipment—downtime
issues

Opportunities:
Potential industry leadership 
More growth
Long-term contract

Threats:
Competition from startups
Labor force
Union plant
Unstable market
Unstable labor force

Figure 1.7     A format for SWOT analysis.
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Examples of suboptimization:

•	 The resources invested in improving process A might be more 
profitably invested in process B.

•	 The throughput rate of a process increases far beyond the ability of the 
subsequent process to handle it.

A distribution center loads its trucks in a manner that minimizes its work. How-
ever, this method requires the receiving organization to expend more time, energy, 
resources, and dollars unloading the truck. A different loading style/arrangement 
might be more expensive to the distribution center but would result in significant 
cost reduction for the entire system.

3. Organizational Drivers and Metrics

Recognize key business drivers (profit, 
market share, customer satisfaction, 
efficiency, product differentiation) for all 
types of organizations. Understand how key 
metrics and scorecards are developed and 
how they impact the entire organization. 
(Understand)

Body of Knowledge I.A.3

Key Drivers

All organizations depend heavily on the measurement and analysis of perfor-
mance. Such measurements should not only derive from business needs and 
strategy, but they should also provide critical data and information about key pro-
cesses, outputs, and results. Several types of data and information are needed for 
performance management. A number of key drivers form the backbone of any 
business’s effort to present performance information to executives and staff. These 
include customer, product, service, operational, market, competitive, supplier, 
workforce, cost, financial, governance, and compliance performance. A major con-
sideration in performance improvement and change management involves the 
selection and use of performance measures or indicators. The measures or indica-
tor that one selects must best represent the factors that lead to improved customer, 
operational, financial, and ethical performance. A comprehensive set of measures 
or indicators tied to customer and organizational performance requirements pro-
vides a clear basis for aligning all processes with one’s organizational goals.

Voice of the Customer (VOC)

One of the key organizational drivers is customer and market knowledge—the 
ability of an organization to determine the requirements, needs, expectations, 
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and preferences of customers and markets. Also necessary are the relationships 
with customers and the ability to determine the key factors that lead to customer 
acquisition, satisfaction, loyalty, and retention, and to business expansion and sus-
tainability. The voice of the customer (VOC) is the process for capturing customer-
related information. This process is proactive and continuously innovative in 
order to capture stated, unstated, and anticipated customer requirements, needs, 
and desires. The goal is to achieve customer loyalty and to build customer rela-
tionships, as appropriate. The VOC might include gathering and integrating  
survey data, focus group findings, Web-based data, warranty data, complaint logs 
and field reports, and any other data and information that affect the customer’s 
purchasing and relationship decisions.

Balanced Scorecard

Many business professionals advocate the use of a balanced scorecard type of 
approach for the selection of project metrics as a method for ensuring that the proj-
ect meets both customer and business needs. The balanced scorecard approach 
includes both financial and nonfinancial metrics, as well as lagging and leading 
measures across four areas or perspectives: financial, customer, internal pro-
cesses, and employee learning and growth. Lagging measures are those that are 
measured at the end of an event, while leading measures are measures that help 
achieve objectives and are measured upstream of the event.

This new approach to strategic management was developed in the early 1990s 
to help managers monitor results in key areas. The concept was illustrated by Drs. 
Robert Kaplan and David Norton, who named this system the balanced scorecard. 
Recognizing some of the weaknesses and vagueness of previous management 
approaches, the balanced scorecard approach provides a clear prescription as to 
what companies should measure in order to “balance” financial results.

The balanced scorecard is not only a measurement system, but also a man-
agement system that enables organizations to focus on their vision and strategy 
and translate them into actions. It provides feedback on both internal business 
processes and external outcomes in order to continuously improve strategic per-
formance and results. When fully deployed, the balanced scorecard transforms 
strategic planning from an academic exercise into the nerve center of the enter-
prise. Most balanced scorecard metrics are based on brainstorming; however, the 
brainstorming approach may have limited success in establishing sound metrics 
that maintain a good balance between lagging and leading measures.

Scoreboard/Dashboard

A scoreboard, or dashboard, is a visual representation that gives personnel a quick 
and easy way to view their company’s performance in real time. The dashboard 
should be critical in assisting an employee to predict sales, cash flow, and profit, 
and gain clarity on the performance and direction of the company. In addition, it 
should be a critical decision-making tool used in the day-to-day operation of the 
firm that empowers employees and business owners to make the best decisions 
for their respective departments that will drive cash flow and profit.

There are three main steps to consider in building an effective dashboard. 
First, we should know the averages and benchmarks for our industry. Second, we 
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should know what our historical performance has been on these same averages 
and benchmarks. And third, we have to develop what many call a balanced score-
card that comprehensively examines the whole company, not just one or two parts.

Key Performance/Process Indicator (KPI)

Depending on the consultant you talk with, you might get a definition of a key 
process indicator, a key performance indicator, or a process performance indicator. It is 
hard to distinguish between these three terms. However, for the Green Belt, you 
will be functioning generally at the levels in an organization that will understand 
the term key process indicator. Thus, a KPI is a quantifiable measurement, which is 
agreed to beforehand, that reflects the critical success factors of a department or 
group within your organization. They will differ depending on the company.

In nearly all cases of measuring performance of a process, there are usually 
a lot of things that could be tracked depending on where you are in the process. 
If you think of any major sporting event, the final score is only one measure of a 
team’s performance. There are many key measures that, when all added up, con-
tribute to what the outcome of the game will be. It’s the same in any organization; 
your biggest challenge may in fact be in trying to sort through all of the data that 
are being collected to identify the key measures that need to be tracked in order to 
result in the desired outcome for the organization. Your management team should 
have already thought this through and should be able to help give direction on 
what measures you will need to track in your projects.



31

Chapter 2

B. Lean Principles  
in the Organization

1. Lean Concepts

Define and describe lean concepts such as 
theory of constraints, value chain, flow, and 
perfection. (Apply)

Body of Knowledge I.B.1

Lean has been referred to by many names: lean manufacturing, lean office, lean 
enterprise, lean production, flexible mass production, and others. Toyota is usually 
credited with creating the concept of lean under their Toyota Production System 
(TPS) as far back as the 1950s; however, they credit having learned the process 
from the Ford Motor Company.1 Three concepts are fundamental to the under-
standing of lean thinking: value, waste, and the process of creating value without 
waste. In today’s variation of the TPS, some like to identify the 8Ps of lean thinking 
as purpose, process, people, pull, prevention, partnering, planet, and perfection.

Essentially, lean is centered on making obvious what adds value by reducing 
everything else. Some people only look at lean as a set of tools to apply within 
the organization to eliminate waste (muda). However, the TPS is much more and 
involves the developing of a culture in an organization that promotes the con-
tinual improvement philosophy and the development of all people in the orga-
nization (see Figure 2.1). Far too many systems and management practices in a 
typical organization prevent operators from doing their best work to satisfy the 
customers.2

One of the more dramatic examples of success using the TPS was the joint ven-
ture between Toyota and General Motors at New United Motor Manufacturing, 
Inc. (NUMMI) in an old GM Fremont, California, plant that operated from 1984 to 
2010. The success of the NUMMI plant was demonstrated by literally going from 
being the worst plant in the GM system to being one of the top plants in less than 
two years. Part of the initial agreement was that the GM management team would 
follow the direction of Toyota management and learn the TPS process.

There are a number of books, articles, and web pages that explain the TPS 
in great detail and are available for more research as your need presents itself. 
Following are some of the basic tenets of the TPS process.



32	 Part I: Overview: Six Sigma and the Organization

Value

The single most important concept that has been brought to awareness in the busi-
ness community in recent years is value. Value is defined by the customer based 
on their perception of the usefulness and necessity of a given product or service. 
An excellent industrial video to view on this topic is Time, the Next Dimension of 
Quality, available through CRM Learning at www.crmlearning.com.

While Japanese-made cars and German-made cars are sold in the same mar-
kets, some customers prefer Japanese-made for their quality, reliability, resale 
value, and fuel efficiency. German-made cars can satisfy some of those same 
expectations and additionally offer a pride of ownership attached to the carmaker. 
There is a segment of customer that prefers German-made cars for these very rea-
sons. Thus, customers define the value of the product. American carmakers build 
trucks and vans sturdy enough to handle tough jobs. Some American cars, trucks, 
and vans are comparable in quality and reliability to the Japanese and German 
competition. They also have built-in customer loyalty. There is a segment of cus-
tomer who will buy American-made vehicles for these very reasons.

Once the concept of value is understood, the target cost for the product or 
service can be determined. According to Womack, this target cost is a mixture of 
current selling prices of competitors and examination of elimination of waste by 
lean methods.3

Lean experts define a process step as value-added if:

•	 The customer recognizes the value

Figure 2.1     TPS house.
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•	 It changes (transforms) the product

•	 It is done right the first time

Some activities performed in operations do not change the form or function of 
the product or service, and the customer is not willing to pay for these activities. 
These activities are labeled non-value-added. A classic example is rework. The cus-
tomer expects to pay for the printing of a document, for instance, but does not 
want to pay for corrections caused by errors of the supplier. A key step in making 
an organization more lean is the detection and elimination of non-value-added 
activities. In searching for non-value-added activities, the operative guideline 
should be “question everything.” Steps that are assumed to be necessary are often 
ripe with opportunities for improvement. Team members not associated with a 
process will often provide a fresh eye and ask the impertinent questions.

There are, of course, gray areas where the line between valued-added and 
non-value-added may not be obvious. One such area is inspection and testing. 
A process may be so incapable that its output needs to be inspected to prevent 
defective parts from entering downstream processes. It could be argued that this 

14 Principles of “The Toyota Way”4

	 1.	 Base your management decisions on a long-term philosophy, even at the expense 
of short-term financial goals.

	 2.	 Create a continuous process flow to bring problems to the surface.

	 3.	 Use “pull” systems to avoid overproduction.

	 4.	 Level out the workload (work like the tortoise, not the hare).

	 5.	 Build a culture of stopping to fix problems to get quality right the first time.

	 6.	 Standardized tasks and processes are the foundation for continuous improvement 
and employee empowerment.

	 7.	 Use visual controls so no problems are hidden.

	 8.	 Use only reliable, thoroughly tested technology that serves your people and 
process.

	 9.	 Grow leaders who thoroughly understand the work, live the philosophy, and 
teach it to others.

	10.	 Develop exceptional people and teams who follow your company’s philosophy.

	11.	 Respect your extended network of partners and suppliers by challenging them 
and helping them improve.

	12.	 Go and see for yourself to thoroughly understand the situation.

	13.	 Make decisions slowly by consensus, thoroughly considering all options;  
implement decisions rapidly.

	14.	 Become a learning organization through relentless reflection and continuous 
improvement.



34	 Part I: Overview: Six Sigma and the Organization

inspection is a value-added activity because the customer doesn’t want defec-
tive products. The obvious solution is to work on the process, making it capable 
and rendering the inspection activity unnecessary. Most authorities would agree 
that this inspection is non-value-added. On the other hand, a gas furnace manu-
facturer must fire-test every furnace in order to comply with CSA requirements. 
Customers are willing to pay for the CSA listing, so this test step is a value-added 
activity. Studies have shown that an overwhelming percentage of lead time is non-
value-added, much of it spent waiting for the next step. Yet, over the years, efforts 
to decrease lead time have often focused on accelerating value-added functions 
rather than reducing or eliminating non-value-added functions.

Some of the Top Lean Tools

5S (or 6S or 7S). 5S is a workplace organization method that can help improve the 
efficiency and management of operations. A process is impacted by its environ-
ment, as is the ability of personnel to respond to process change. Improvements 
in the general state of the work area, including access to hand tools, and so on, 
are an aid to process control. Especially critical here are the cleanliness, lighting, 
and general housekeeping status of any area where measurements are conducted 
since process control data are filtered through the measurement system. Example:  
A workbench cluttered with tools and accessories wastes the valuable time of 
skilled workers and causes distraction from work, resulting in poor quality. Simi-
larly, an office table covered with disorganized files and papers can cause clerical 
errors and delays in processing. 5S is the one of the first tools to apply in the path 
to achieving lean enterprise organizations.

The traditional sequence for 5S is:

Sort. Remove unneeded items. Be it in the office or home, we tend to collect 
items that are very rarely needed or not needed at all. Over a period of  
time these items accumulate into a mess and make it less efficient to  
search for needed items, and sometimes even cause safety issues. The  
first step is sorting through the items as required and cleaning up the  
work area. Never-used items should be discarded immediately.

Set in order. Arrange the required and rarely required items for ease 
of accessibility. The items that are required more often, like drawings, 
instructions, tools, safety goggles, and so on, are placed in designated 
and marked locations so that they can not be placed elsewhere. In short, 
a place for everything and everything in its place. The rarely required 
items like machine manuals, shop floor layout plans, and so on, can be 
kept out of the way.

Shine. This involves cleaning the work area and equipment. As simple as 
this may sound, many quality issues are uncovered through effective  
cleaning of the work area. Example: Cleaning of the inspection surface 
plate provides better measurement results, cleaning of the equipment  
work table provides for better movement, and cleaning of the floor  
prevents accidents. For some industries, like semiconductor manufacturing, 
cleanliness is mandatory and is measured in particle count.



	 Chapter 2: B. Lean Principles in the Organization	 35

Standardize. This involves developing checklists, standards, and work 
instructions to keep the work area in a clean and orderly condition.

Sustain. This is the most difficult sequence in 5S. Most organizations are 
initially successful in the first four steps, but sustaining the efforts and 
continuing them require support from management and empowerment 
of employees. Management needs to realize that this time is well spent 
and be willing to invest in the time. The time invested in 5S improves 
productivity and overall efficiency, and reduces accidents. Management 
should also empower the employees by allowing them to take ownership 
of their work areas.

An article was published by Quality Progress in October 2013 called “5S Shakeup: 
Three Secrets for Sustaining 5S Success” by John Casey.5 Mr. Casey was a man-
ager at the NUMMI plant and learned directly from Toyota the internal secrets of 
5S. The article describes the secrets for typical North American organizations as:

	 1.	 Engage management on the cost savings to be achieved with 5S. 

	 2.	 Establish visible scoreboards that include measures for cleanliness.

	 3.	 Once the scoreboards are in place, instead of starting with sort, the 
organization should focus on starting in step 4, standardize, so that  
people know how to change their scores.

Also note that some people add a sixth S (safety) and in healthcare a seventh S 
(oversight) (see Figure 2.2).

Andon. A visual feedback system (typically red/yellow/green stacked lights at 
the work site) that indicates the production status at any given time. It alerts oper-
ators and supervisor that assistance may be needed and empowers the employees 
to stop the process if an issue arises that is not considered good for quality.

With technology improvements, the monitoring of operations is becoming 
visible from various parts of the operation, and operators are being given ever 
earlier warnings that something may not be functioning as needed for normal 
operations. 

A3. This tool was originally named after the metric size paper used to publish 
this reporting tool in Europe. The technique is used to give management a quick 
overview of key topics/issues of a project on one sheet of paper.6 This can be used 
as an overview project template, status report template, or other quick update of 
the team or management. Examples of these forms can be found on the CD-ROM.

Bottlenecks. See theory of constraints.

Continuous Flow. Operations where work-in-process smoothly flows through the 
system with minimal (or no) buffers between steps of the operation. Developing a 
continuous flow eliminates many forms of waste (for example, inventory, waiting 
time, transport, and overprocessing).

Gemba. The real place! A philosophy that reminds us to get out of our offices 
and spend time on the operations floor—the place where the real action occurs. 
In some management circles, this is called “management by walking around”  
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(MBWA). This concept promotes a deeper and more thorough understanding 
of real-world operational issues by firsthand observation and by talking with 
employees doing the work.

Heijunka. A form of production scheduling that purposely produces in much 
smaller batches by sequencing (mixing) product/service variants within the same 
process. This tends to reduce lead times (since each product or variant is produced 
more frequently) and lower inventory levels (since batches are smaller).

Hoshin Kanri. Otherwise known as either policy deployment or quality function 
deployment (QFD ), its purpose is to align the goals of the company (strategy), with 
the plans of middle management (tactics), and the work performed on the opera-
tions floor (action). Also ensures that progress toward strategic goals is consistent 
and thorough and has the benefit of elimination of waste that comes from poor 
communication and inconsistent direction.

Jidoka (Autonomation). Within the TPS process, the concept is “why have a 
human do what a machine can do better,” especially in the tedious, repetitive 
jobs that can cause injury over time. Sometimes called “intelligent automation” 
or “automation with a human touch,” Shigeo Shingo has identified 23 stages 
between purely manual and fully automated work systems. To be fully automated, 
machines must be able to detect and correct their own operating problems, which 
is currently not cost-effective. He believed that 90% of the benefits of full automa-
tion could be gained by autonomation. 

Figure 2.2     7S adaptation (Hirano).
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Just-in-Time (JIT). JIT is a production strategy promoted by Toyota, and now 
applied to many organizations, that strives to improve business return on invest-
ment by reducing in-process inventory and associated carrying costs. Kanban is 
one example of how this can be accomplished, but JIT extends throughout the 
organization to all aspects of product movement, including from suppliers. Basi-
cally, the belief is that storage of unused inventory is a waste of resources (no 
matter where in the system it exists). JIT inventory systems expose the hidden cost 
of keeping inventory, and help the organization devise new methods to manage 
the consequences of change. 

Kaizen (Continuous Improvement) versus Kaizen Events. Kaizen is a Japanese 
term for change for improvement, or improving processes through small incre-
mental steps. Many people refer to this gradual change as continual improvement. 
Breakthrough improvement (which Juran refers to as big change) is described by 
another Japanese term, kaikaku.

Kaikaku is referred to in North America as a kaizen event or kaizen blitz. Hence, 
many practitioners often get confused with the interchangeable usage of kaizen 
and kaizen event. In lean implementation, kaizen events are used to provide 
quicker implementation results. Kaizen events are conducted by assembling a 
cross-functional team for three to five days and reviewing all possible options 
for improvement in a breakthrough effort. Management support is required for 
such initiatives. If the employees can’t afford taking three to five days to improve 
a process constraint, then either the problem is unimportant or the organization 
requires more fundamental cultural adjustment before implementing lean.

Kanban (Pull System). A system is best controlled when material and informa-
tion flows into and out of the process in a smooth and rational manner. If process 
inputs arrive before they are needed, unnecessary confusion, inventory, and costs 
generally occur. If process outputs are not synchronized with downstream pro-
cesses, delays, disappointed customers, and associated costs may occur. A prop-
erly administered kanban system will improve system control by assuring timely 
movement of products and information. Kanban is implemented using a visual 
indicator called kanban cards. The card indicates the quantity to be replenished 
once the minimum level is reached.

An empty bin with a kanban card is the signal for production to pull mate-
rial from the previous step. The kanban quantity is mathematically calculated and 
fine-tuned during practical implementation. Typically, organizations take a while 
to perfect kanban. Kanban is a more mature concept. It is important that other fun-
damentals of lean (5S, standard work, total productive maintenance [TPM], and 
variation reduction) are put in place before venturing into kanban. If not, frequent 
equipment failure and unstable or inconsistent processes will defeat the purpose 
of kanban, resulting in huge kanban sizes to shield against these uncertainties.

Muda. See waste

Overall Equipment Effectiveness (OEE). The concept of measuring how effec-
tively a manufacturing operation is utilized was started in the 1960s and has 
developed into a calculation that multiplies the availability, performance, and quality 
of the process to create a percentage of overall effectiveness of the operation (A × P 
× Q = OEE). This is one of several measures available to track performance of the 
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operation and is meant to be a benchmark for continual improvement efforts. A 
perfect 100% would indicate perfect production: manufacturing only good parts, 
as fast as possible, with no downtime.

PDCA or PDSA. Plan–do–check–act or plan–do–study–act. See Chapter 7.

Poka-Yoke. Poka-yoke, a Japanese term for mistake-proofing or error-proofing, is a 
method used to prevent errors. There are a number of examples in day-to-day life 
that use the mistake-proofing concept, such as electrical plugs and sockets that 
prevent plugging the wrong way, valves that shut once the maximum pressure is 
reached, fixtures that prevent loading the component in a wrong orientation, and 
so on. A window envelope is also a mistake-proofing method that allows users 
to see the letter with the right address sealed in. Similarly, there is detection-type 
mistake-proofing that alerts a user immediately after an error is made (to prevent 
further errors). Examples include car alarms that sound when the driver closes the 
door with the lights on, and an automatic gauging machine that alarms when an 
oversize or undersize part is produced.

Single Minute Exchange of Die (SMED). The goal of SMED is to provide a rapid 
and effective way of converting an operating process from running the current 
product to running the next product. The rapid changeover is key to reducing pro-
duction lot sizes and thereby improving the flow of the system. 

The economic lot size is calculated from the ratio of actual production time to 
changeover time, which is the time taken to stop production of a product and start 
production of the same or other product. If changeover takes a long time, then 
the lost production due to changeover drives up the cost of the actual production 
itself. The phrase “single minute” does not mean that all changeovers and setups 
should take only one minute, but that they should take less than 10 minutes (in 
other words, “single-digit minute”).

Standard Work. Basically, standard work is a tool that defines the interaction 
between man and machine in producing a part. It has three components: standard 
time, standard inventory, and standard sequence. Standard work helps in training 
new operators and reducing the variation in the process.

The basic idea is to make manufacturing methods and/or service processes 
consistent. Quality management systems like ISO 9001 provide a basic foundation 
to lean implementation by incorporating standard work as part of the controlled 
documentation. Further, by having standard work, equipment, tools, layout, 
methods, and materials are standardized and thus reduce variation in processes. 
A detailed process work instruction with all of the above can be a very useful stan-
dard work document.

Takt Time. Derived from the German word taktzeit, this refers to the baton that an 
orchestra conductor uses to regulate the speed, beat, or timing at which musicians 
play. The purpose of takt time is to precisely match production with demand.  
It provides the heartbeat of a lean production system. Takt time first was used as a 
production management tool in the German aircraft industry in the 1930s.

Takt time (also referred to as beat time, rate time, or heart beat) sets the pace of 
industrial manufacturing lines so that production cycle times can be matched to 
customer demand rates. Expected customer demand sets the pace at which you 
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need to produce the product to deliver to those customers. Taking the total of cus-
tomer demand into consideration, the production scheduling department deter-
mines what is needed when shipping to the customer. The production operations 
then set the pace to produce those parts/components/assemblies to match what is 
needed to ship to the customers.

Theory of Constraints. Theory of constraints is a problem-solving methodology 
that focuses on the weakest link in a chain of processes. Usually, the constraint  
is the process that is slowest. Flow rate through the system can not increase unless 
the rate at the constraint increases. The theory of constraints lists five steps to 
system improvement:

•	 Identify. Find the process that limits the effectiveness of the system.  
If throughput is the concern, then the constraint will often have  
work-in-process (WIP) awaiting action.

•	 Exploit. Use kaizen or other methods to improve the rate of the 
constraining process.

•	 Subordinate. Adjust (or subordinate) the rates of other processes in the 
chain to match that of the constraint.

•	 Elevate. If the system rate needs further improvement, the constraint 
may require extensive revision (or elevation). This could mean 
investment in additional equipment or new technology.

•	 Repeat. If these steps have improved the process to the point where it 
is no longer the constraint, the system rate can be further improved by 
repeating these steps with the new constraint.

The strength of the theory of constraints is that it employs a systems approach, 
emphasizing that improvements to individual processes will not improve the rate 
of the system unless they improve the constraining process.

Drum–Buffer–Rope (DBR). Goldratt7 introduced a squad of soldiers walking in sin-
gle file as an analogy of a string of production processes. As the first soldier moves 
forward he receives unprocessed material, the fresh ground. Each succeeding sol-
dier performs another process by walking on that same ground. As the last soldier 
passes over the ground, it becomes finished goods. So the individual processes 
are moving over fixed material rather than the other way around. Lead time is the 
time that it takes for the squad to pass over a certain point. If each soldier moves 
as fast as he can, the lead time tends to lengthen, with the slower soldiers falling 
behind and holding up those behind them since passing is not permitted.
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The system constraint is the slowest soldier. The ground can’t be processed faster 
than this soldier can move. This soldier sets the drumbeat for the entire system. 
To avoid lengthening the lead time, a rope connects the lead soldier to the slow-
est soldier.

Now the squad moves along as a unit with minimum lead time and minimum 
work-in-process (WIP). If a soldier that is behind the slowest soldier happens to 
drop his rifle, he’ll fall behind a little (especially if the sergeant notices it) but 
will be able to catch up since he is not the slowest soldier. This is analogous to a 
minor process problem at one station. If a soldier in front of the slowest soldier 
drops his rifle, the squad will not have to stop unless the slowest soldier catches 
up with the one in front of him. So if the squad has a high tendency to drop their 
rifles, the rope must be longer. The length of the rope is the size of the buffer. In 
summary, to avoid long lead times and excess WIP, all system processes should be 
slowed down (via the rope) to the speed of the slowest process (the drum), with 
the amount of WIP (or buffer) determined by the dependability of the individual 
processes. For further explanation of these concepts see Goldratt’s Critical Chain.

Total Productive Maintenance. If the lean enterprise implementation is to be sus-
tained, the manufacturing or service equipment has to be reliable. In order to have 
reliable equipment, an organization has to maintain the equipment periodically. 
Preventive maintenance examples include changing oil at the required frequency, 
tightening loose parts, and watching for any visible or audible symptoms of fail-
ure. A comprehensive maintenance program may need a battery of maintenance 
technicians. This can be impractical and expensive. Hence, a total productive main-
tenance (TPM) program partners the maintenance technicians and line workers 
as a team to help each other reduce machine downtime. Management support 
is required to cross-train line workers to perform simple, basic maintenance and 
repairs. As the operators are trained to watch for symptoms of common failures, 
communication reaches maintenance technicians faster, thereby reducing down-
time. Mature TPM programs use metrics like overall equipment effectiveness 
(OEE), which is a product of equipment availability, performance, and quality  
of output.

Value Stream. See Section 2, Value Streaming Mapping

Visual Factory. Visual factory provides visual identification of the status of mate-
rial and information throughout the value stream. Examples of visual factory 
include providing status of material in/out at a raw material warehouse, showing 
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units produced, units to complete order, and total produced by shift or day on a 
production display board, and indicating machine status with red, yellow, and 
green lights on the machine. Imagine that we need to find out the current status of 
a work order for a given customer. Often, this is achieved by talking to line super-
visors, referring to logbooks, conducting internal meetings, and so on.

In short, if an employee can walk onto a shop floor and can tell which machines 
are running, what product is being produced, how many more are to be produced 
by customer, follow posted safety instructions, and report to management, that is 
an effective visual workplace.

Waste (Muda) 

Some authors list seven or eight categories of waste, or muda, as it is referred to 
in some sources. These lists usually include overproduction, excess motion, wait-
ing, inventory, excess movement of material, defect correction (rework), excess 
processing, and lost creativity (underutilization of resource skills). The following 
paragraphs examine the causes and results of each of these wastes.

Overproduction. Defined as making more than is needed or making it earlier 
or faster than is needed by the next process, the principal symptom of overpro-
duction is excess work-in-process (WIP). Companies adopt overproduction for vari-
ous reasons, including long setup times, unbalanced workload, and a just-in-case 
philosophy. One company maintains a six-month supply of a particular small 
part because the machine that produces it is unreliable. In some cases accounting 
methods have dictated that machines overproduce to amortize their capital costs. 
All WIP should be continuously scrutinized for possible reduction or elimination.

Excess motion. This can be caused by poor workplace layout, including awkward 
positioning of supplies and equipment. This results in ergonomic problems, time 
wasted searching for or moving supplies or equipment, and often in reduced qual-
ity levels. Kaizen events are effectively used to focus a small short-term team on 
improvements in a particular work area. The team must include personnel with 
experience in the positions involved, as well as those with similar functions else-
where. In addition, it is essential to include people with the authority to make 
decisions. Such teams have made startling changes in two to five days of intense 
activity.

Waiting. Typically caused by such events as delayed shipments, long setup time, 
or missing people, waiting results in waste of resources and, perhaps more impor-
tantly, demoralization of personnel. Setup time reduction efforts and total produc-
tive maintenance are partial answers to this problem. Cross-training of personnel 
so that they can be effectively moved to other positions is also helpful in some 
cases. Most important, of course, is carefully planned and executed scheduling.

Inventory. When inventories of raw materials, finished goods, or work-in-process 
are maintained, costs are incurred for environmental control, record keeping, 
storage and retrieval, and so on. These functions add no value to the customer. Of 
course, some inventory may be necessary, but if a competitor finds ways to reduce 
costs by reducing inventory, business may be lost. One of the most tempting times 
to let inventory levels rise is when a business cycle is in the economic recovery 
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phase. Instead of increasing inventories based on forecasts, the proper strategy is 
to synchronize production to increase with actual demand. Similarly, production 
or administrative functions that use more space or other resources than necessary 
increase costs without adding value. The common analogy of the sea of inventory, 
shown in Figure 2.3, illustrates how excess inventory makes it possible to avoid 
solving other problems. As the level of inventory is lowered, some problems will 
rear their ugly heads and need to be solved before further progress is possible.

Excess Movement of Material/Transportation. Large conveyor systems, huge 
fleets of forklifts, and so on, make production more costly and complex, and 
often reduce quality through handling and storing. Poor plant layout is usu-
ally to blame. Plants with function-oriented departments (all lathes together, all 
presses together, and so on) require excessive material movement. A better plan 
is to gather equipment together that is used for one product or product family. 

Unbalanced
workload

a) The order floats through the system protected from unresolved problems by
    excess inventory.

b) When the protective inventory is reduced, problems emerge that must be solved.
    To reduce cost, we must fix the problems.
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Figure 2.3     A sea of inventory often hides unresolved problems.
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This may mean having a manufacturing cell contain several types of equipment 
requiring personnel with multiple skills. Many companies have had success with 
cells that form a C shape, as shown in Figure 2.4, because they can be staffed in 
several ways. If demand for the cell’s output is high, six people could be assigned, 
one per machine. If demand is very low, one person could move from machine to 
machine, producing parts one at a time.

Defect Correction. This activity is non-value-added because the effort to fix the 
defective part is wasted. Typical causes of defects are poor equipment mainte-
nance, poor quality system, poor training/work instructions, and poor product 
design. Lean thinking demands a vigorous look at these and other causes in order 
to continuously reduce defect levels.

Excess Processing/Overprocessing. This form of waste is often difficult to rec-
ognize. Sometimes, entire steps in the value chain are non-value-added. A steel 
stamping operation produces a large volume of parts before they are scheduled 
for painting. This may require the practice of dipping the parts in an oil solution 
to prevent rust as they wait to be painted. As the paint schedule permits, the parts 
are degreased and painted. The customer is unwilling to pay for the dip/degrease 
activities because they do not enhance the product. The best solution in this case is 
to schedule the pre-paint activities so that the parts are painted immediately upon 
production. This may require smaller batch sizes and improved communication 
procedures, among other things.

The purpose of the grinding step that often follows a welding operation is 
to remove some of the weld imperfections. Improving the welding process may 
reduce or eliminate the need for grinding. The unnecessary grinding would be 
classified as excessive processing. Excess processing can occur in the office as 
well as on the plant floor. Information from customer purchase orders is some-
times entered into a database, and the order itself is filed as a backup hard copy to 
resolve any later disagreements. A recent study by one company revealed the fact 
that the hard copies, although they are occasionally pulled from files and initialed, 

Machine #1
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M
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Machine #5Machine #6

Material flow

Figure 2.4     C-shaped manufacturing cell.
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stamped, stapled, and so on, really serve no useful purpose. The company now 
discards the purchase order once the information has been entered. The processes 
of filing, storing, and maintaining these records required one-half person per-
forming non-value-added activity.

Additional Forms of Waste

Lost Creativity. This is perhaps the most unfortunate waste. Most manufactur-
ing employees have ideas that would improve processes if implemented. Stan-
dard organizational structures sometimes seem designed to suppress such ideas. 
Union/management divides seem almost impossible to bridge. Lean thinking rec-
ognizes the need to involve employees in teams that welcome and reward their 
input. These teams must be empowered to make changes in an atmosphere that 
accepts mistakes as learning experiences. The resulting improved morale and 
reduced personnel turnover impact the bottom line in ways that no accountant 
has yet calculated. These are the nontangible benefits of lean thinking.

Perfection. The goal of eliminating muda is to strive for perfection. You now 
understand value-added activities. You also learned about various wastes, both 
hidden and explicit, in processes. By optimizing value-added activities and elim-
inating waste, your organization can aim toward achieving “perfection” in lean. 
This is not a one-time effort. This is a continual learning process.

2. Value Stream Mapping

Use value-stream mapping to identify value-
added processes and steps or processes that 
produce waste, including excess inventory, 
unused space, test inspection, rework, 
transportation, and storage (Understand)

Body of Knowledge I.B.2

Value Stream

A value stream is the series of activities that an organization performs, such as 
order, design, produce, and deliver products and services.8 A value stream often 
starts from a supplier’s supplier and ends at the customer’s customer. Wastes are 
both explicit and hidden along this value stream.

The three main components of a value stream are:

	 1.	 Flow of materials from receipt of supplier material to delivery of finished 
goods and services to customers. Examples:

•	 Raw material shipped weekly from supplier to the organization  
by truck
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•	 Movement of material from raw material storage to production 
process through to finished goods warehouse

•	 Shipping of the finished goods to overseas customer via  
customs

	 2.	 The transformation of raw materials into finished goods or inputs  
into outputs. Example:

•	 Production steps like cutting, shaping, forging, welding, 
polishing, and assembly

	 3.	 The flow of information required to support the flow of material and 
transformation of goods and services. Example:

•	 Purchase order to supplier, internal work order, shipping notice

This concept is visually illustrated via a lean tool called the value stream map. This 
map uses simple graphics and icons to illustrate the movement of material, infor-
mation, inventory, work-in-process, operators, and so on. Value stream mapping 
is a very powerful tool. The analysis subsequent to value stream mapping, called 
value stream analysis, can help uncover hidden wastes within the organization. An 
organization that effectively uses lean thinking and applies lean tools to reduce 
waste throughout the value stream and offer value to their customers is a lean 
enterprise organization.

Achieving a lean enterprise requires a change in attitudes, procedures, pro-
cesses, and systems. It is necessary to zoom out and look at the flow of informa-
tion, knowledge, and material throughout the organization. In any organization 
there are multiple paths through which products, documents, and ideas flow. The 
process of applying lean thinking to such a path can be divided into the follow-
ing steps:

	 1.	 Produce a value stream map. This is also referred to as a value chain  
diagram. This diagram is described in detail by Rother and Shook.9  
It has boxes labeled with each step in the process. Information  
about timing and inventory is provided near each process box.  
Some symbols that are used on value stream maps are shown in  
Figure 2.5. Figure 2.6 shows an example of a value stream map.

	 2.	 Analyze all inventory notes with an eye toward reduction or  
elimination. Inventory tends to increase costs because:

•	 Storage space may be expensive (rubber awaiting use in a tire 
factory is stored at 120 °F; wood inventory may need to be 
humidity-controlled).

•	 Quality may deteriorate (rust, spoilage, and so on).

•	 Design changes may be delayed as they work their way through 
the inventory.

•	 Money invested in inventory could be used more productively 
elsewhere.
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•	 Quality problems that are not detected until a later stage in 
the process will be more expensive to correct if an inventory of 
defective products has accumulated.

		  One company refers to its racks of safety stock as the “wall of shame.”

	 3.	 Analyze the entire value stream for unneeded steps. These steps are 
called non-value-added activities and are discussed in detail earlier in 
this chapter.

	 4.	 Determine how the flow is driven. Strive to move toward value streams 
in which production decisions are based on the pull of customer 
demand. In a process where pull-based flow has reached perfection, 
a customer order for an item will trigger the production of all the 
component parts for that item. These components would arrive, be 
assembled, and delivered in a time interval that would satisfy the 
customer. In many situations this ideal has not been reached, and the 

Figure 2.5     Common symbols used in value stream mapping.
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customer order will be filled from finished goods inventory. The order 
should still, however, trigger activities back through the value chain 
that produce a replacement item in finished goods inventory before it is 
needed by a customer.

	 5.	 Extend the value stream map upstream into suppliers’ plants. New 
challenges continue to occur regarding compatibility of communication 
systems. The flows of information, material, knowledge, and money are 
all potential targets for lean improvements.

When beginning the process, pick a narrow focus—don’t try to boil the ocean, as 
the saying goes.
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Chapter 3

C. Design for Six Sigma (DFSS) 
Methodologies

1. Road Maps for DFSS

Distinguish between DMADV (define, measure, 
analyze, design, verify) and IDOV (identify, design, 
optimize, verify), and recognize how they align with 
DMAIC. Describe how these methodologies are used 
for improving the end product or process during the 
design (DFSS) phase. (Understand)

Body of Knowledge I.C.1

Organizations must extend their design beyond simple functionality and cus-
tomer wishes to consider fulfilling other attributes and expectations. This holistic 
approach to design will result in a more stable and robust product that not only 
reflects customer preferences, but also is capable of being used and applied in the 
specified environment by the intended user. We typically refer to the use of Six 
Sigma in the design phase of product development as design for Six Sigma (DFSS).

Thus, the definition of DFSS includes:

•	 DFSS is a business/engineering strategic process that focuses on 
proactive design quality, rather than reactive design quality.

•	 DFSS is a systematic process to create produce-able designs by 
reducing and managing variation in order to meet the “customer’s” 
expectations of quality/performance.

DMADV (define, measure, analyze, design, verify) and IDOV (identify, design, 
optimize, verify) are the most common acronyms used in DFSS (others include 
DCOV [define, characterize, optimize, verify], ICOV [identify, characterize, opti-
mize, validate], DMEDI [define, measure, explore, develop, implement], IDDOV 
[identify, define, develop, optimize, verify], and GD1 [good design, good discus-
sion, good dissection]). These relate to DMAIC and help close the loop on improv-
ing the end product/process during the up-front design for Six Sigma phase. When 
the most common tools are used in the various phases, it is commonly stated that 
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doing IDOV feeds the MAIC of DMAIC. The challenge is that we should be using 
the various Six Sigma tools on designs for products before they become a reality.

As in many Six Sigma applications, scoping projects for DFSS (no matter 
which acronym you use) can be a challenge. Some issues to keep in mind include:

•	 Too small a scope—capture enough control factors to achieve 
robustness (three or four are not enough).

•	 Vague scope—no reference to a subsystem.

•	 Use of separate projects for each symptom.

•	 Too much time correlating to job or other rating systems—why 
wouldn’t we be more robust if we can be?

•	 Use robust, make robust, keep robust.

One of the central focuses that should be included in a DFSS project is to be very 
clear about what can happen to your product in the customer’s hands. Things 
that you can not control in the manufacturing process or how customers use your 
product are referred to as noise. You must allow for a noise strategy to improve 
a process. If there is a possible way for a customer to misuse your product (that 
is, voice of the customer [VOC]), the probability is that they will. The root cause 
failure of DFSS is typically related to the team using too limited control factors 
(around the noise in the systems). Parts tend to be already designed before teams 
look for continual improvement opportunities.

Benefits of using DFSS in your organization should include such things as:

•	 Increased customer satisfaction—measured on the Kano model

•	 Reduced variation

•	 Robust design

•	 Decreased warranty costs

•	 Improved reliability, durability

•	 Increased market share

•	 Increased revenue, earnings growth

•	 Increased production—less production downtime for defects

Following is a more detailed explanation of the two main DFSS processes in 
common use today.

IDOV

Woodford2 refers to IDOV as a four-phase process that consists of identify, design, 
optimize, and verify. These four phases parallel the four phases of the traditional 
Six Sigma improvement methodology, MAIC—measure, analyze, improve, and con-
trol. The similarities can be seen below.

Identify Phase. The identify phase tasks link the design to the voice of the  
customer:
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•	 Identify customer and product requirements

•	 Establish the business case

•	 Identify technical requirements, critical to quality (CTQ) variables, 
and specification limits

•	 Roles and responsibilities

•	 Milestones

Design Phase. The design phase tasks emphasize CTQ variables and attributes:

•	 Formulate concept design

•	 Identify potential risks using failure mode and effects analysis 
(FMEA)

•	 For each technical requirement, identify design parameters

•	 Plan procurement, raw materials, manufacturing, and integration

•	 Use DOE (design of experiments) and other analysis tools to 
determine CTQs and their influence on the technical requirements 
(transfer functions)

Optimize Phase. The optimize phase develops detailed design elements to predict 
performance and optimize design:

•	 Assess process capabilities to achieve critical design parameters and 
meet CTQ limits

•	 Optimize design to minimize sensitivity of CTQs to process 
parameters

•	 Design for robust performance and reliability

•	 Error-proofing

•	 Establish statistical tolerancing

•	 Optimize sigma and cost

Validate Phase. The validate phase consists of testing and validating the design 
and recording information for design improvements:

•	 Prototype test and validation

•	 Assess performance, failure modes, reliability, and risks

•	 Design iteration

•	 Final phase review

DMADV

Breyfogle3 refers to the approach known as DMADV (define, measure, analyze, 
design, verify), which he says “is appropriate, instead of the DMAIC approach, 
when a product or process is not in existence and one needs to be developed. Or 
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the current product/process exists and has been optimized but still doesn’t meet 
customer and/or business needs.”

Historically, the redesign process has been found to be a common source of 
waste that can be reduced by enhancing the original design process. Design for 
Six Sigma is the process of designing with a particular attribute in mind:

1. Define. Before beginning a design initiative, the Six Sigma team needs to eval-
uate and prioritize the primary design objectives for the organization. By target-
ing the primary priorities, the design efforts will have the most significant impact 
possible on achieving Six Sigma targets.

2. Measure. This requires a combination of technical and competitive product 
management analysis, specifying the design criteria most valued by the indus-
try and customer. In addition, there are expectations imposed by regulators,  
partners, and other stakeholders.

3. Analyze. The statistical and investigative approaches used for Six Sigma can 
identify design priorities with significance and confidence.

4. Design. Having obtained a clear direction for design objectives, it is incumbent 
on the Six Sigma team to collaborate with designers to ensure that the final design 
outputs include the desired attributes. If these are treated as requirements or spec-
ifications, the fulfillment of Six Sigma design objectives will be incorporated into 
the development and testing activities, and embedded into the overall solution. 
Without this approach, the Six Sigma design objectives will have to be an addi-
tional layer, which is potentially expensive and wasteful.

4.1 Design for Cost (also known as Design to Cost). In most markets, cost has 
become a major consideration in the design process. This requires a constant 
search for alternative processes, materials, and methods. People with cost account-
ing and purchasing backgrounds can assist the design team in this quest.

4.2 Design for Manufacturing/Design for Producibility/Design for Assembly. 
Many companies have found that minor design changes can make the product 
easier and less costly to produce. Tolerance design can result in savings in machin-
ing processes, tooling, and gauging. Designers should be familiar with existing 
manufacturing equipment and processes and strive to design products that don’t 
require additional capability. Some manufacturers have found that drastic reduc-
tions in the number of parts in a product is an effective way to reduce manufactur-
ing costs. As a general rule, the earlier that manufacturing personnel are involved 
in the design process, the more producible the design.

4.3 Design for Test (also known as Design for Testability). In products where 
in-process testing is critical, designers must make provision for performing tests 
earlier in the production cycle rather than relying entirely on functional tests of a 
finished assembly or subassembly.

4.4 Design for Maintainability. The ability to perform routine maintenance must 
be considered in the design process. Products that require long downtimes for 
diagnosis and repair can cause the user to miss deadlines and alienate customers. 
Maintainability includes modularity, decoupling, and component standardization.
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4.5 Design for Robustness. Adequate time must be allowed during the design 
process to conduct life cycle tests of all parts, subassemblies, and assemblies. 
Suppliers of purchased parts should be required to document the mean time to 
failure (MTTF) or mean time between failures (MTBF) for all products they supply. 
MTTF is used for nonrepairable items and MTBF is used for repairable items. A 
basic relationship in this area is that between failure rate λ and MTTF or MTBF: 

MTTF = 1/λ or MTBF = 1/λ and, of course,  
λ = 1/MTTF or λ = 1/MTBF

4.6 Design for Usability. The quality of a product is determined by validation, 
where it is applied for its prescribed purpose by its intended users in its specified 
environment. The ability of a user to work comfortably with the product, system, 
or service to obtain value can be measured and improved.

4.7 Design for Extended Functionality. Many products initially designed and 
intended for a single purpose can have their features applied to extended func-
tionality beyond the initial vision of the designers. Computer software appli-
cations are good examples of products that were initially developed for quick 
mathematical calculation and numerical tracking, but are now preferred tools for 
graphic design, word processing, and database management.

4.8 Design for Efficiency. The product or system must be designed in a way that 
consumes minimal resources. This is correlated with design for cost, except the 
criteria for evaluation are time, resources, and consumption of critical compo-
nents. Efficiency will have positive effects on long-term cost and reliability.

4.9 Design for Performance. Performance refers to the achievement of aggressive 
benchmarks or breakthroughs on a consistent basis. Terms like “cutting edge” or 
“latest and greatest” reflect the constant challenge of exceeding once unachievable 
levels of delivery. Historical examples include the design of aircraft faster than the 
speed of sound, and the continuous increase in processing power of microchips.

4.10 Design for Security. Security is becoming a bigger threat as maladies like 
computer viruses, identity theft, and product misuse increase in scope and com-
plexity. Security will preserve product integrity, and protect the intellectual prop-
erty and privacy of users and designers.

4.11 Design for Scalability. Products or systems deployed for use in a growth 
market should anticipate expansion or rapid adoption. Without this attribute, 
quality will be compromised when the product surpasses the threshold of users or 
scope. An example is the auction website that suddenly has a blank screen during 
peak periods because it can not handle the load of 100,000 concurrent users at 
month-end.

4.12 Design for Agility. Many organizations compete on their ability to deliver 
customized solutions within a short time. This requires a nimble approach to 
rapid development, a robust architecture or structural foundation, and a ready 
array of components or vendors who can augment the core product with unique 
touches. An example is a hot tub manufacturer who incorporates the basic hot tub 
into the style and design of a building or landscape to create a seamless effect.
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4.13 Design for Compliance. Designers have regulations imposed on them that 
must be fulfilled in order for the product to be marketed. Compliance require-
ments can range from achieving specific product performance capabilities to 
demonstrating that suitable design processes were followed and recorded. If the 
DFSS initiative is operating in a highly regulated environment, cost-benefit can be 
derived by the penalties and opportunity costs of noncompliance. An example is 
designing a process that requires configuration management updates every time 
the product is changed, to ensure proper and accurate documentation.

5.0 Verify. Having completed the design, it is necessary to ensure that the out-
come fulfills the design objectives. This can be demonstrated with a traceability 
matrix linking the design objectives to the design outputs (see Table 3.1).

2. Basic Failure Mode and Effects Analysis (FMEA)

Use FMEA to evaluate a process or product 
and determine what might cause it to fail 
and the effects that failure could have. 
Identify and use scale criteria, calculate the 
risk priority number (RPN), and analyze the 
results. (Analyze)

Body of Knowledge I.C.2

The essence of a failure mode and effects analysis (FMEA) is the study of risk, and 
it has grown into multidisciplinary fields of study with many resulting risk 

Table 3.1  Design objectives and outputs traceability matrix.

Design objective	 Design output	 Status

Extended functionality	 Business user can apply 	 Achieved functionality 
	 software to their operations

Maintainability	 Modular approach with 	 Replacement of modules 
	 minimal coupling	� results in quicker diagnosis  

and maintenance

Efficiency	 Point-of-sale transaction 	 Design supports the application 
	 system allows sale to be 	 of the product to make 
	 completed within five minutes	 customers more efficient

Security	 Password encryption for 	 Security achieved to prevent 
	 user access	 unauthorized product use

Compliance to Kyoto 	 Product did not pass	 Redesign is required for 
standards for emissions	 mandated emissions standards 	 marketability
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methodologies. Risk is about the uncertainty of an event. Another way to say this 
is that risk is about what might happen, good or bad, that will influence/affect 
what happens at work, with the product/service, how a customer might use or 
misuse your product/service, or any other issue that management might identify 
as a concern.

Risk can also be defined in terms of three aspects: impact (severity), probabil-
ity (occurrence), and event (detection).4 The Risk Management Memory Jogger lays 
out a Risk Road Map for ISO 31000:2009 of:

•	 Plan risk management

•	 Risk identification tools

•	 Analyze and evaluate risk

•	 Plan risk response

•	 Monitor and control risk

The concepts of what we call failure mode and effects analysis have been around 
a long time under various names (originally called failure mode, effects, and crit-
icality analysis [FMECA]) and follow the Risk Road Map concepts above. In the 
past, inventors and product developers thought about possible ways that a prod-
uct could fail during extreme conditions, handling, and usage. They started to 
provide countermeasures in the design and manufacturing process to prevent 
these failure modes. FMEA thus started to evolve informally. A brief history of 
standards and processes includes:

•	 The U.S. Military first issues what we now know as FMEA on 
November 9, 1949—Military P-1629: Procedures for Performing a Failure 
Mode, Effects and Criticality Analysis. This led into the MIL-STD 1629 
series of documents.

•	 NASA’s Apollo space program uses RA-006-013-1A: Procedure for 
Failure Mode, Effects, and Criticality Analysis (FMECA), August 1966.

•	 Enterprise risk management (ERM)—in the early 1970s Gustav 
Hamilton of Sweden’s Statsfoetag proposes the “risk management 
circle.”

•	 Ford Motor Company starts using FMEA in the late 1970s after the 
Pinto issue.

•	 The NASA Challenger disaster on January 28, 1986, exposes a Morton-
Thiokol O-ring FMEA in the resulting legal litigation.

•	 The Committee of Sponsoring Organizations (COSO) is organized in 
1985. The full name is Committee of Sponsoring Organizations of the 
Treadway Commission, and their focus is on the financial aspects of 
risk management and fraud prevention.

•	 The Automotive Industry Action Group (AIAG) releases the first Big 
Three PFMEA in February 1993. (History: February 1993, February 
1995, July 2001, fourth edition 2008.)
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•	 SAE International releases SAE J-1739: Potential Failure Mode and  
Effects Analysis in Design (Design FMEA), Potential Failure Mode  
and Effects Analysis in Manufacturing and Assembly Processes (Process 
FMEA) 2009-01-15. (History: 1994-07-01, 2000-06-01, 2002-08-02, 
2009-01-15.)

•	 ASQ publishes the first edition of D. H. Stamatis, Failure Mode and  
Effect Analysis: FMEA from Theory to Execution in 1995, second edition  
June 2003.

•	 AIAG releases FMEA for Tooling & Equipment (Machinery FMEA) 
November 1, 2001—second edition February 2012

•	 International Organization for Standardization (ISO) releases  
ISO 31000:2009 Risk management—Principles and guidelines.

ISO is also updating the ISO 9001 quality management system (QMS) in 2015 to 
include what they call “risk-based thinking.” ISO 9001 0.5 states in part, “This 
International Standard makes risk-based thinking more explicit and incorporates 
it in requirements for the establishment, implementation, maintenance and con-
tinual improvement of the quality management system. Organizations can choose 
to develop a more extensive risk-based approach than is required by this Interna-
tional Standard, and ISO 31000 provides guidelines on formal risk management 
which can be appropriate in certain organizational contexts.”

There are many resources for FMEA and related methodologies. One start-
ing point could be the FMEA Info Centre (www.fmeainfocentre.com). Terms you 
might consider searching include risk, risk assessment, risk management, enter-
prise risk management, FMEA, COSO, and many others.

Why Do FMEAs?

The concept of using a risk matrix (see Figure 3.1) to analyze a given situation 
is not new in today’s thinking in many organizations. The automotive industry  
(through AIAG and SAE International) has been in the forefront of develop-
ing the FMEA methodology. The fundamental reason for using an FMEA is to  
predict the highest likelihood of things that could go wrong (at the concept, design, 
process, machinery, or system level). The old adage of “a stich in time saves nine” 
very much applies here. If we think through the upcoming process and formally 
write it out on paper (or in a software system), it gives us a much better chance to 
predict and prevent occurrences or situations that may cause our organization an 
unpleasant issue. 

The AIAG described FMEA as a systematic group of activities intended to:5

•	 Recognize and evaluate the potential failure of a product/process and 
the effects of that failure

•	 Identify actions that could eliminate or reduce the chance of the 
potential failure occurring

•	 Document the entire process
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The purpose of automotive design FMEA (DFMEA) and process FMEA (PFMEA) 
is to understand the opportunities for failure and the impact of risks in a prod-
uct or process design, prioritize the risks, and take actions to eliminate or reduce 
the impact of these risks. FMEA is a front-end tool. Successful product/process 
development requires anticipating failure modes and taking actions to eliminate 
or reduce failure during deployment and life cycle. FMEA is not a one-time event; 
the product/process design team needs to periodically review and update the fail-
ure modes. During the early stages of product/process development, the team 
identifies the risks based on existing data from similar processes, knowledge, 
and experience. As the product/process is deployed, new, unforeseen risks and 
failures may show up. Hence, reviewing the FMEA on a continual basis ensures 
sustainable success. Carlson includes a number of FMEA checklists in his book 
that can be found at www.effectivefmeas.com.

FMEA needs to be documented and revision-controlled and should be part 
of the existing quality management system (QMS). In a well-designed QMS, 
FMEA is linked to quality function deployment in the design and process “houses  
of quality,” and linked to control plans in the production house of quality. Part of 
this document control process is needed as the FMEA is considered to be a living 
document—that is, it should be updated as needed and the revisions controlled to 
track changes over time.

Another key aspect to the use of the FMEA risk management concept is that 
FMEA is not just confined to manufacturing applications. FMEA has been suc-
cessfully used in service/transactional processes, software development, the med-
ical field, and so on. 

Once the FMEA is completed, some of the benefits/uses that you should see 
include:

•	 Assessed effect on all customers (internal and external)

•	 Aids in evaluating requirements and alternatives

Figure 3.1     Simple risk matrix.
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•	 Identifies potential design, manufacturing, or assembly cause issues 
and needs to focus on controls for reducing occurrence and/or 
increasing detection 

•	 Develops a prioritized list for actions (ongoing as a living  
document)

•	 Helps validate the intended design, manufacturing, or  
assembly process

•	 Documents the results of the design, manufacturing, or  
assembly process

•	 Identifies confirmed special characteristics requiring  
special controls

Although in principle FMEA is conducted to address the potential failures in 
product design and process design, FMEA is identified separately as design FMEA 
(DFMEA) and process FMEA (PFMEA). (There are also the concept FMEA, machin-
ery FMEA, and system FMEA, which are beyond the scope of this BoK.)

FMEA Forms/Tables

The typical FMEA format is a simple matrix that can be easily duplicated in a sim-
ple spreadsheet software program. Specialized software programs are also avail-
able to help create the form as your team works through the process. Depending 
on the industry that you work in, there may be specific formats that are required, 
so checking with your organization’s quality manager or quality engineer might 
be advisable if you are unfamiliar with this tool. Some common column headers 
used today include those for design FMEA (see Figure 3.2) and process FMEA (see 
Figure 3.3).

Steps in Performing FMEA

A team approach has proven to be the most effective method for conducting an 
FMEA, so it is discussed here. Assemble a cross-functional team with diverse 
knowledge about the process, product, or service, and customer needs. Func-
tions often included are design, manufacturing, quality, testing, reliability, main-
tenance, purchasing (and suppliers), shop floor operators, sales, marketing (and 
customers), and customer service. It is important to have process experts present 
in design FMEA and design experts in process FMEA. For effective interaction, 
the team is typically five to seven people. If additional experts are needed to pro-
vide inputs on safety, regulatory, or legal issues, they are included in the team as 
subject matter experts.

Identify the scope of the FMEA. Is it for concept, system, design, process, or 
service (yet another FMEA type)? What are the boundaries? How detailed should 
we be? What will be the overall focus of the effort your team is about to work on?

A basic flow of the FMEA process is shown in Figure 3.4 and is called the 
FMEA flowchart. This shows a basic three-step process for thinking through  
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Figure 3.2     Sample DFMEA headers.
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Figure 3.3     Sample PFMEA headers.
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the various aspects that are needed when working on an FMEA. Figure 3.5 shows 
how this flowchart fits on a typical FMEA form. As your team works through the 
various columns of the form, a key item to remember is that there are no abso-
lutes, and if disagreement arises, consider taking a middle ground for the time 
being (maybe listing a note for further study later on) so that the team does not 
get bogged down in the overall process. Table 3.2 gives more detail for perform-
ing an FMEA.

Severity, Occurrence, and Detection Tables

As the potential failure modes are identified by the cross-functional team, a deter-
mination of score needs to be developed for each of the three primary categories of 
severity, occurrence, and detection. Just as each word indicates, you will need to eval-
uate each failure mode, based on the scoring table you are using (sample tables can 
be found in the J-1739 or PFMEA-4 standards, or through a web search—a couple 
of examples are on the CD-ROM disk). Many tables used in manufacturing orga-
nizations run from 1–10, while some tables can also be scored 1–5. One key here is 
to have tables that meet the needs and requirements of your specific industry and 
organization. This could require either reliability engineers or quality engineers 
working with warranty data and other information from within your organiza-
tion to create company-specific tables for your needs.

The process involves the team selecting the number from the identified  
table that most closely indicates the team’s expectations. This could include an 
issue that will cause harm to workers or customers if used improperly, which 
should yield a severity of 9 or 10 depending on how serious the injury might be. 
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Figure 3.4     FMEA flowchart.
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Table 3.2  Steps in performing a design or process FMEA.

		  Steps	 Design FMEA	 Process FMEA

	 1	 Review the 	 Use schematic diagram and	 Use flowcharts to identify the 
		  design/process	 functional block diagram to 	 scope and to make sure every 
			   identify each of the main 	 team member understands it in 
			   components of the design and 	 detail. It is also recommended 
			   determine the function or 	 that the team perform a walk- 
			   functions of those components 	 through of the process and 
			   and interfaces between them. 	 understand the process steps 
			   Make sure you are studying all 	 firsthand. 
			   components defined in the 	  
			   scope of the DFMEA. Some 	  
			   components may have more 	  
			   than one function.	

	 2	 Brainstorm 	 A potential failure mode	 A potential failure mode 
		  potential 	 represents any manner in which	 represents any manner in which 
		  failure modes	 the product component could 	 the process step could fail to 
			   fail to perform its intended 	 perform its intended function 
			   function or functions. 	 or functions.

	 3	 List potential 	 The potential effect at interim	 The potential effect at interim 
		  effects of 	 (local) and end effects are both	 (local) and end effects are both 
		  failure	 identified. The effect is the 	 identified. The effect is the impact 
			   ability of the component to 	 on the process outcome and 
			   perform its intended function 	 product quality due to the 
			   due to the failure mode.	 failure mode.

	 4	 Assign severity 	 Severity rating corresponds to each effect the failure mode can cause. 
		  rating (S)	� Typically the scale is 1 to 10. Higher severity is rated at the high end, 

lower severity at the low end of the scale.

	 5	 List potential 	 For every failure mode, list possible cause(s). Use team tools like 
		  causes	� brainstorming, cause-and-effect charts, NGT, multivoting, and so on. 

Where applicable, use a pilot experiment, past data, expert knowledge.

	 6	 Assign 	 Occurrence rating corresponds to the likelihood or frequency at which 
		  occurrence 	 the cause can occur. Typically, the scale is 1 to 10. Higher occurrence 
		  rating (O)	 is rated at the high end, lower occurrence at the low end of the scale. 

	 7	 Current 	 For each cause, current process controls are identified. Controls can 
		  controls	� be of different types. They may just detect the failure or prevent the 

failure from happening. The controls range from work instructions to 
AQL sampling, SPC, alarms, mistake-proofing fixture, and so on.

	 8	 Assign 	 Detection rating corresponds to the ability to detect the occurrence of 
		  detection 	 the failure mode. Typically, the scale is 1 to 10. Higher detectability is 
		  rating (D)	 rated at the low end, lower detectability at the high end of the scale. 

	 9	 Calculate 	 Product of severity (S), occurrence (O), and detection (D). 
		  RPN	 S × O × D= Risk priority number (RPN). 
			   Severity × Occurrence = Criticality is also important in some  
			   industries.

 Continued
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For occurrence, you generally look at past times that the issue may have occurred, 
and greater frequency yields higher numbers. Thus, if something happens on a 
daily basis, it could have a number between 8 and 10. In detection, the numbering 
usually works in reverse of severity in that the least likelihood of actually detect-
ing something will yield the highest numbers. So, if an operator can obviously see 
the error every time it might happen, then the score would be a low number such 
as 1 or 2. 

Sample potential failure mode tables are shown for severity (Table 3.3), occur-
rence (Table 3.4), and detection (Table 3.5.)

Risk Priority Number

Once the team has identified the three numbers for severity, occurrence, and 
detection (S-O-D) for a given failure mode, then the three numbers are multiplied 
together to create what is called the risk priority number (RPN) (see Figure 3.6). This 
is the number that is the starting point for analyzing what failure modes should 
be addressed first (you will need to review the rules for your industry as to how 
to apply the RPN, as some groups want the severity number to take higher prior-
ity over the overall RPN). Once the entire FMEA is completed, a Pareto diagram 
can be completed of the various RPN numbers to see which failure modes have 
the biggest potential for issues in your organization.

Table 3.2  Steps in performing a design or process FMEA. (Continued)

		  Steps	 Design FMEA	 Process FMEA

	 10	 Develop 	 Action plan may contain tasks to improve the current controls or 
		  action plan	� reduce the frequency of the occurrence of the cause. In order to reduce 

the severity, the team may have to think of redesigning the product  
or process. Assign a realistic completion date and responsibility  
for tasks. 

	 11	 Take action	� This is a step where many FMEAs fall apart due to lack of  
management support, conflicting priorities, lack of resources, and  
lack of team leadership. The actions have to be implemented and 
results should be validated. Building a prototype and testing the 
action and piloting the process in small scale before mass producing 
are recommended.

	12	 Recalculate 	 Bring the team back and objectively recalculate the RPN. Use objective 
		  the RPN	� evidence like customer feedback, reliability tests, warranty return rate, 

yield tracking, and so on, to reassess the score.

	13	 Periodically 	 Carefully evaluate customer feedback, warranty analysis, internal 
		  review and 	 nonconformance reports, ongoing reliability test reports, and so on, 
		  update new 	 to explore new risks and update the FMEA. Keep the FMEA as a 
		  risks	 living document.
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Table 3.3  Possible severity evaluation criteria.

Effect	 Criterion: Severity of effect	 Ranking

Hazardous	 Very high severity ranking when a potential failure mode 	 10 
without warning	 affects safe vehicle operation and/or involves noncompliance 
	 with government regulation without warning.

Hazardous	 Very high severity ranking when a potential failure mode	 9 
with warning	 affects safe vehicle operation and/or involves noncompliance 
	 with government regulation with warning.

Very high	 Vehicle/item inoperable (loss of primary function).	 8

Low	 Vehicle/item operable but comfort/convenience item(s)	 5 
	 operable at a reduced level of performance. Customer  
	 somewhat dissatisfied.

Minor	 Fit and finish/squeak and rattle item does not conform. 	 3 
	 Defect noticed by 50% of customers.

None	 No discernable effect.	 1

Table 3.4  Possible occurrence evaluation criteria.

Probability of failure	 Possible failure rates	 Ranking

Very high: Persistent failure	 ≥ 100 per thousand vehicles/items	 10

	 50 per thousand vehicles/items	 9

Moderate: Occasional failures	 5 per thousand vehicles/items	 6

	 2 per thousand vehicles/items	 5

	 1 per thousand vehicles/items	 4

Remote: Failure unlikely	 ≤ 0.01 per thousand vehicles/items	 1

Table 3.5  Possible detection evaluation criteria.

Detection	 Criterion: Likelihood of detection by design control	 Ranking

Absolute	 Design control will not and/or can not detect a potential	 10 
uncertainty	 cause/mechanism . . . or there is no design control

Moderately	 Moderately high chance the design control will detect	 4 
high	 potential cause/mechanism and . . .

Almost certain	 Design control will almost certainly detect a potential	 1 
	 cause/mechanism . . .



66	 Part I: Overview: Six Sigma and the Organization

Many FMEA forms have a far right-hand column that should be used by the 
cross-functional team to show when actions have been taken on a particular fail-
ure mode to reduce the overall RPN as part of the due diligence of the team to 
prevent issues before they might occur. Thus, a road map of ongoing work for 
continual improvement projects can be set up; the FMEA should be considered a 
living document as the team continually works to prevent issues in the design/
process using the FMEA as their guide. Thus, the team should meet periodically 
to update information in the FMEA and to see where additional efforts might be 
targeted to improve the overall process.

Do’s 

•	 Always provide FMEA training to team members before assignment 
to an FMEA team.

•	 Always use the team approach.

•	 Ask for subject matter expertise if required.

•	 Talk to your customer about how they intend to use the product.

•	 Take time as a team to standardize the scales (the scale to be used 
should be based on the nature of business or the organization versus 
some generic table that may not apply to your situation). This helps 
when comparing the overall risks between FMEAs and helps set up a 
cutoff score.

•	 Brainstorm all possible failure modes, even if they only happen 
occasionally.

•	 When two risks have the same overall score, the risk with the higher 
severity rating is escalated.

•	 Complete the action and reassess the risks as a team.

•	 Update the FMEA with any new learned risks.

Figure 3.6     Example of RPN calculations.

S × O × D = RPN

2 × 8 × 10 = 160

10 × 5 × 2 = 100

8 × 2 × 9 = 144
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Don’ts 

•	 Try not to copy the S-O-D scales from another industry or from a 
different organization. The description of the scale levels and impact 
may be different.

•	 Try not to force-fit into a 1 to 10 scale. If there are not many levels  
of severity, occurrences, or detection in your industry, try a 1 to  
5 scale.

•	 Discourage creating customized scales within the organization unless 
absolutely essential.

•	 Don’t fight over ratings of small difference, such as between 4 and 5 or 
6 and 7. Analyze the impact thoroughly if the team is divided by two 
or three rating points, for example, 4 and 7.

•	 Don’t get hung up on a numbers game; the objective is to create a 
reduced-risk product and/or service.

•	 Don’t perform FMEA just to comply with procedures or standards. 
FMEA is a business risk management tool. It has to be used with 
commitment to make it work.

Successful FMEA implementation requires leadership and management commit-
ment. Few tools can test the patience of team members as finishing an FMEA; 
tackle multiple process steps for the product as a team in several meetings. In 
these cases split the process into major process blocks and perform FMEA by 
block. Maintain a good FMEA database. This will significantly reduce the time 
spent on successive FMEAs.

Once the initial RPN scores are tabulated, the team may decide on a cutoff 
score. For most organizations, the cutoff score is standardized. The cutoff score of 
one organization may not be directly applicable to another. Too low a cutoff score 
can result in spending lots of resources to eliminate or reduce several risks. Too 
high a cutoff can result in not addressing important risks. Management needs  
to review the data and agree on a score.

Figures 3.7 through 3.11 show various FMEA implementation tools and 
examples.

Note: FMEA is a powerful tool, but requires in-depth knowledge to success-
fully execute. It is recommended that guidance be sought from others who have 
performed an FMEA prior to or during the application of an FMEA to an improve-
ment project.

Please see the Glossary for some of the fundamental terms used in FMEA 
such as failure mode, cause, effect, failure mechanism, severity, occurrence, detection, risk 
priority number, and so on.
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3. Design FMEA and Process FMEA

Define and distinguish between these two 
uses of FMEA. (Apply)

Body of Knowledge I.C.3

There are any number of uses for the FMEA methodology. Figure 3.12 shows how 
several of these manufacturing methods (concept, design, process, machinery, 
and system) can fit and work together. We could also add “management” to this 
figure, which is found in the ERM systems discussed earlier. All of this together 
makes up what is referred to in the ISO management system standard series (9001, 
14001, 45001, and 50001) as risk management and will be required of your organiza-
tion if it is to be registered to one of the standards.

For distinguishing between the design and process FMEA, a key item to 
remember is, what is your end goal in creating the FMEA document? Sequen-
tially, you should consider creating a concept FMEA first, followed by a design 
FMEA, and then a process FMEA. Many times in a manufacturing setting there is 
no concept FMEA or design FMEA, so the engineer or manager must work with 
what they have to create the process FMEA without knowing all aspects of the 
design intent.

Design FMEA is about the product design and should be used by designers 
and process engineers to think through possible issues in creating the designs/
drawings in certain ways versus other alternatives. If they design something in 
one particular way versus another, what ramifications could that characteristic 
have on the part, how it is made, or how it will be used by the customer? If we 
are designing toys for small children, are there any small components that could 
come loose and become choking hazards? If we design a tire jack that might slip 
when used by the vehicle owner with a flat tire, additional injury might be the 
end result.

XYZ Corporation

Management Review Report—FMEA Implementation Progress

No. of FMEA risks over cutoff 100 = 245

Total no. of FMEA risks identified = 550

No. of risks to be reduced below cutoff by end of quarter* = 60

*Organizations review their performance by end of Q1, Q2, Q3, and Q4.

Figure 3.9     A typical top-level management review report for FMEA progress.
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As discussed earlier, working through the design FMEA during these early 
stages before tooling is cut and final processes have been established can save 
your organization vast amounts of time and money. Design FMEAs can be done 
at various levels, as seen in Figure 3.12, such as the system level, subsystem level, 
or component level.

Process FMEA is about the shop floor manufacturing process and should be 
done at the beginning of developing the manufacturing process layout for either 

Spatter

Moisture

Broken

Shallow

CapacitorSettings

Welds

Scratches

Handling

Runs

Viscosity

Best setting
not known

Paint

Clamped
wrong

Clamping
instructions

missing

Bad 
tubing

Poor
specifications

Sprung

Tables rejected

Figure 3.11     This example of a tree diagram is a fault tree (used to study defects and failures).

Figure 3.12     Common types of FMEA.
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manufacturing or assembly of parts or components. Here, too, we can view man-
ufacturing or assembly at various levels: system level, subsystem level, or compo-
nent level.

Differences between Design and Process FMEA

If you are reviewing an FMEA to understand the process more, you should first 
note what the header block says about which type of FMEA you’re looking at. 
The header should clearly indicate the type of FMEA, such as design, process, or 
some other system-level document. The methods of analyzing and completing the 
forms are similar, as has been discussed. The difference between design and pro-
cess FMEA will be in the application of the FMEA as used in the organization.

The general forms used by both SAE J-1739 and AIAG PFMEA-2 are very 
similar except for the name in the header block and the spacing of some of 
the columns. Examples of each are presented on the CD-ROM disk for further  
reference. Many people use an Excel spreadsheet to create their FMEA forms, and 
there are also many software packages available for working through the FMEA 
process.

Note: Most of the discussion around DFMEA and PFMEA was centered around 
a manufacturing organization and can equally apply to any service organization.
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Part II
Define Phase

Chapter 4	 A. Project Identification 
Chapter 5	 B. Voice of the Customer (VOC) 
Chapter 6	 C. Project Management Basics 
Chapter 7	 D. Management and Planning Tools 
Chapter 8	 E. Business Results for Projects 
Chapter 9	 F. Team Dynamics and Performance

Part II is an overview of the define process for Six Sigma systems. It covers 
approximately 23 of the 100 questions that will be asked on the ASQ CSSGB 
Exam. 

Where are we? Or, what is the problem? Where do we want to be? How will 
we get there? How will we know when we are there?

These are critical questions that are asked and answered during the define 
phase. Without understanding these basic tenets, the activity (or project) to resolve 
the problem or improve performance can flounder aimlessly, wasting needed 
resources and frustrating personnel to the point of not supporting an improve-
ment culture.

This section will provide:

	 1.	 An overview of the define phase that includes process flows and 
guidelines to help ensure that a project is on track. Here the difference 
between defining the “improvement project” and defining the “issue or 
problem” will be discussed. We will also discuss how these two items, 
“project” and “problem,” differ, and how they are similar. Finally, the 
overview will close out with guidance on tailoring the define phase 
intensity to the specific activity to be worked, in other words, how to 
keep this simple.

	 2.	 A review of each area of the American Society for Quality’s Certified 
Six Sigma Green Belt Body of Knowledge. The goal here is to provide 
information that can help you successfully pass a certification exam, but 
more importantly, to ensure that this handbook is a tool that helps you 
execute improvement projects. In this review, tools that can be used will 
be discussed at a high level, with more in-depth explanations provided 
later in the section.
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	 3.	 A tools section to provide detailed information regarding applicable 
define phase tools—how they work and how and when to use them. This 
section also lists additional resources in different media (that is, in print, 
on the included CD-ROM, or on the Web). The purpose of listing these 
additional resources is to ensure a balanced view of the tools and to 
provide usable templates and resources to execute a Green Belt project.

	 4.	 A summary of the items discussed that highlights the most commonly 
used tools, key resources, critical factors to success, and general process 
flows for successful execution of a project.

Overview
The define phase of the DMAIC model serves two purposes: to define the project 
management process for the Green Belt improvement project and to define the 
problem or issue to be worked on by the Green Belt project team. This overview 
will outline these two focus areas by detailing basic processes and recommended 
items for each area, and annotating potential pitfalls to avoid.

As noted, when we execute the define phase, two primary deliverables are the 
project plan and detailed knowledge of the current state of the problem. The proj-
ect plan outlines several aspects of the project to ensure that the Green Belt project 
team and key stakeholders understand what needs to be done, what resources (for 
example, people, financial, tools and equipment, infrastructure) are anticipated, 
and when things will be completed. The documentation associated with gaining 
knowledge of the problem and the current state of the process varies widely based 
on the problem or issue being worked on. The primary goal is to have sufficient 
detail on what is happening to cause the undesirable performance or nonconfor-
mance to keep the project focused through the remaining DMAIC phases.

An organization that has an improvement culture based on a proven meth-
odology, such as DMAIC, will be able to consistently improve performance and 
eliminate problems. However, if the organization allows itself to become mired in 
bureaucracy, it could lose this edge and reduce the overall effectiveness and moti-
vation to improve. One method to avoid this pitfall is to ensure that the improve-
ment culture process (based on a methodology like DMAIC) allows for flexibility 
in the level of project detail and tool selection. For example, some projects may only 
need a short charter approved by a process owner, champion, Black Belt, or Mas-
ter Black Belt. Yet others, especially larger projects, may require a more detailed 
plan, coordination with multiple process owners, intra-phase reviews, and so on. 
Keep things simple, adjust based on the process, but stay true to the basic meth-
odology—this should lead to a successful improvement program embraced across 
the entire organization. One caution: be aware not to focus on sub-area/process 
optimization to the detriment of the whole process or “system.” As noted above, 
the first chapter of this section will follow the outline of the ASQ Six Sigma Green 
Belt Certification Body of Knowledge. Although this makes the most sense for  
the handbook and as a certification resource, note that in many cases it is better 
to outline the project management aspects and get stakeholder buy-in prior to 
spending too many resources on defining the problem and fully understanding 
the current state of the problem or process.
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Key Point: Ensure that the management and money are lined up before starting 
any project—and check in often.

Key Point: The more time you spend up front in good planning, the higher the 
probability of a successful project.
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1. Project Selection

Describe the project selection process 
and what factors should be considered in 
deciding whether to use the six sigma DMAIC 
methodology or another problem-solving 
process. (Understand)

Body of Knowledge II.A.1 

When looking for Six Sigma projects, there will usually be more ideas than it is 
possible to undertake at one time. Some sort of project proposal format may be 
needed, along with an associated process for project selection. If your organiza-
tion does not already have a selection process in place, use of some basic tools such 
as advanced quality planning and quality function deployment may be useful in 
setting up a selection process.

It is common to require that project proposals include precise statements of 
the problem definition and some preliminary measures of the seriousness of the 
problem, including its impact on the goals of the organization. For some man-
agers, these will be the criteria that define which projects to start first based on 
which ones save the most bottom-line dollars (S-double bar).

If available, a project selection group could be made up of Master Black Belts, 
Black Belts, organizational champions, and key executive supporters. They should 
establish a set of criteria for project selection and team assignments. In some com-
panies the project selection group assigns some projects to Six Sigma teams and 
other projects to teams using other methodologies. For example, problems involv-
ing extensive data analysis and improvements using designed experiments would 
likely be assigned to a Six Sigma team, whereas a process improvement not involv-
ing these techniques might be assigned to a lean manufacturing team employing 
kaizen tools.

The project selection criteria should always have the furthering of organi-
zational goals as a key element. One key to gauging both the performance and 
the health of an organization and its processes lies with its selection and use of  

Chapter 4

A. Project Identification
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metrics. These are usually converted to financial terms such as return on invest-
ment, cost reduction, and increases in sales and/or profit. Other things being 
approximately equal, projects with the greatest contributions to the bottom line 
receive the highest priority.

Project selection typically means that a project is now in suitable form and is 
ready to be judged against suitable criteria to determine its viability as a Lean Six 
Sigma project.

2. Process Elements

Define and describe process components 
and boundaries. Recognize how processes 
cross various functional areas and 
the challenges that result for process 
improvement efforts. (Analyze)

Body of Knowledge II.A.2

A process is a step or sequence of steps that uses inputs and produces a product or 
service as an output. Every process has inputs and outputs. Inputs are tradition-
ally categorized as man (used here to allow for five to eight M’s—we do include 
women), material, methods/machines, Mother Nature, management, money, and 
measurement system (as the measurement system may have an impact on the out-
put). Outputs are usually products (hardware, software, systems, and so on) or 
services. Figure 4.1 depicts the model of a process.

Processes often are made up of smaller subprocesses. For example, a part may 
be produced through a process that has a machining step. This machining step 
may be thought of as a process whose steps might include clamping, turning, 
plunging, facing, and so on. In addition, the plunging step is a process in itself. 
In a similar manner, a payroll process has subprocesses, which include gather-
ing time clock information, making deductions, and so on. The deduction process 

Inputs
• People (Man)
• Materials (Resources)
• Methods
• Mother Nature
• Management
• Measurement system

Process
Transform
inputs
into
outputs

Outputs
• Products
   – Hardware
   – Software
   – Systems
   – Data
   – Information
• Services

Figure 4.1     Process diagram/model.
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itself could be thought of as having subprocesses for tax deductions, insurance, 
and so on.

When defining a process it is important to define its start and end points—its 
boundaries. If, for example, a team is charged with improving a process, they need 
to know these process boundaries. Cross-functional processes may incur subpro-
cess boundaries defined by the organizational structure, geography, and so on.

3. Benchmarking

Understand various types of benchmarking, 
including competitive, collaborative and best 
practices. (Understand)

Body of Knowledge II.A.3

Improving processes and products is often aided by comparing the current state 
with outstanding processes or products. In some cases, the comparison will be 
with other divisions of the same company. In other cases, external comparisons 
are more appropriate. The use of these comparisons is called benchmarking. Bench-
marking often assists a Six Sigma team in setting targets and finding new ways to 
achieve them. It is an especially helpful technique when a quality improvement 
team has run out of new ideas. 

Depending on which reference source you review, there are many “types” of 
benchmarking processes and methodologies utilized today. For the Green Belt, 
identifying whether you can conduct benchmarking internally and/or externally 
to your organization will be a starting point.

The information for benchmarking may come from various sources, including 
publications, professional meetings, university research, customer feedback, site 
visits, and analysis of competitors’ products. A downside of benchmarking within 
a particular industry is that it tends to put one in second place, at best.

Benchmarking helps teams strive toward excellence while reducing the ten-
dency to feel that locally generated ideas are the only ones worth considering. 
Moreover, it is important because it provides an organization with the opportu-
nity to see what level of process performance is possible. Seeing a gap in process 
performance between what is and what could be helps an organization determine 
its desired rate of improvement and provides the ability to set meaningful inter-
mediate stretch goals or targets. Benchmarking is useful for driving breakthrough 
improvement over continuous improvement.

There are four steps in benchmarking:

•	 Analyze the operation

•	 Know the competition and the industry leaders

•	 Incorporate the best of the best

•	 Gain superiority
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Several types of benchmarking exist, and each has advantages and disadvantages:

•	 Internal benchmarking. Provides easy access to other departments 
within the same company. However, the search for exceptional 
performance is often limited by the company’s culture, norms,  
and history.

•	 Competitive benchmarking. Forces an organization to take an external 
perspective. However, focusing on industry practices may limit 
opportunities to achieve high levels of performance, particularly if a 
given industry is not known for its quality.

•	 Functional benchmarking. Compares similar functions, typically outside 
the organization’s industry, and provides ample opportunities to seek 
out benchmarking partners.

•	 Collaborative benchmarking. Refers to the cooperation between 
various functions or organizations to achieve benchmarking 
results. Collaborative benchmarking may permit access to specific 
benchmarking partners that may not exist with the other types  
of benchmarking.

One quick example: If you want to benchmark a process that has excellent flow 
and is capable of taking an order from a customer and servicing that order within 
minutes (talking about a lean pull system here), then visit your local McDonald’s! 
How is it that they can have a process in place to take orders quickly and provide 
exactly what is requested, and do it with a group of high school students (in many 
cases)? If you doubt it—go watch their process.

Some useful tips for planning a formal benchmarking exercise are shown in 
Table 4.1. Additional information on benchmarking is also included in Chapter 7.

4. Process Inputs and Outputs

Identify process input and output variables 
and evaluate their relationships using the 
supplier, inputs, process, output, customer 
(SIPOC) model. (Analyze)

Body of Knowledge II.A.4

Everything we do can be defined in terms of a process or system. Many of the tools 
discussed in this book can help identify the causes and effects, the frequency and 
distribution of measures, the most frequently occurring data, the process flow as 
it is occurring, and other factors about the process or system. When planning to  
study a process or system, it is very important to first identify the boundaries  
to work within. There are many ways to identify the process boundaries; most are 
not complex and can be implemented easily with common process knowledge and 
some investigation.
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Table 4.1  Tips for benchmarking.

Do . . .	 Don’t . . .

✓	Select benchmarking projects that are tied	 ✗	 Benchmark just to say you did it 
	 to strategic goals/objectives

✓	Benchmark a core process	 ✗	 Expect big paybacks when benchmarking 
			   a non-core process

✓	Obtain management commitment	 ✗	 Benchmark without sufficient support

✓	Get the support/involvement of process	 ✗	 Leave out the middle managers 
	 owners

✓	Know and clearly map out your own	 ✗	 Expect to benchmark another’s process  
	 process before attempting to benchmark		  without a thorough understanding of  
			   your own

✓	Identify the important measures of the	 ✗	 Trust what you can’t measure 
	 process

✓	Allocate adequate resources	 ✗	 Think you can get a big return without  
			   some investment of resources

✓	Plenty of research	 ✗	 Forget to research public domain

✓	Limit the number of site visits and the	 ✗	 Confuse benchmarking with industrial 
	 benchmarking team members who		  tourism 
	 participate in visits

✓	Research companies/organizations you	 ✗	 Go on a site visit unprepared 
	 visit before you go

✓	Reciprocate	 ✗	 Ask for information that you would not be 
			   willing to share

✓	Debrief benchmarking teams ASAP after	 ✗	 Delay a debrief more than three days after 
	 each site visit		  the site visit

✓	Keep communications flowing up and	 ✗	 Wait until the benchmarking study is 
	 down the chain of command		  complete to get management’s thumbs up 
			   or thumbs down on progress

✓	Implement the improvements identified	 ✗	 Forget that the primary reason for bench- 
	 by the benchmarking study ASAP		  marking is to implement the best practices

✓	Ask internal/external customer what they	 ✗	 Forget what’s important to your 
	 think would improve the process		  customers

✓	Provide guidance/resources/chapter	 ✗	 “Over control” the team

Adapted from: The Department of the Navy Benchmarking Handbook: A Systems View.
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The two primary tools used to identify process boundaries are the basic pro-
cess model identified in Figure 4.1 and the suppliers–inputs–process–outputs–
customers (SIPOC) diagram in Figure 4.2. The basic process model provides a 
quick high-level look at the process but, in some cases, may be too simplistic to 
provide an improvement team with a clear understanding of the process/problem 
to work on and the boundaries of where and when to stop.

The SIPOC diagram can be enhanced by also capturing the requirements of 
the process and customer, as shown in Figure 7.15.

Remember, understanding the boundaries of the improvement project and/or 
process does not prevent outside-of-the-box thinking; it just provides clear guide-
lines of what to deal with as daily activities and improvement activities are per-
formed. Taking the time to actually list or draw the components of the process will 
assist in visualizing and being able to find issues quicker than might have other-
wise been possible.

Key Point: Many projects flounder due to the lack of clear boundaries for  
the project.

When identifying the process it is important to recognize that processes usually 
affect multiple departments and organizations. Crossing functional areas (depart-
ments) and organizations (suppliers, intercompany, teammate company, and so 
on) can add challenges to an improvement project. The first step in recognizing 
the challenges is to understand the organizations and functional areas involved 
with the process. As noted, the SIPOC diagram can help in identifying these orga-
nizations and functional areas as process suppliers and customers. The flowchart 
(especially the “swim-lane” style) and process map are other tools that can be 
used to help recognize these interactions. Challenges associated with these inter-
actions include, but are not limited to:

•	 Process ownership (two or more areas may think they own the process 
and have final decision authority on changes).

•	 Sharing of information (for example, proprietary issues, hiding poor 
performance).

•	 Commonality of measures (for example, finance usually measures 
things in dollars, production may use defects or productivity, 
engineering considers productivity and design completion).

•	 Process knowledge or expertise (that is, manufacturing may not fully 
understand how the supply chain works or the requirements).

If the challenges identified are significant, it is recommended that the challenges 
be included as potential risks for the project so associated mitigation activities can 
be performed. Risk identification and mitigation are discussed in more detail in 
Chapter 3.

The details of how to use and implement the basic process model diagram and 
SIPOC diagrams are provided in Chapter 7. SIPOC templates are provided on the 
accompanying CD-ROM for both the basic SIPOC diagram and the SIPOC dia-
gram with requirements capture formats.
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Figure 4.2     Basic SIPOC diagram.
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Systems Thinking

According to Rice, the recognition/identification and consideration of all the var-
ious individual elements that interrelate with a common purpose toward a whole 
function of a unit is considered systems thinking. Systems thinking is about using 
tools and methods available to understand what is being done at a specific oper-
ation and how that activity affects tasks and products further downstream and 
how prior tasks and products affect the process being reviewed. Far too often a 
change made in one part of an operation causes new problems somewhere else—
this type of change is effected without applying systems thinking.1

Using systems thinking, we strive to understand the process and know that if 
one factor is changed or influenced in some particular way, then something dif-
ferent might happen downstream in the process. For example, if a supplier ships 
a material with a higher than normal moisture content, how do processes that 
use that product need to adjust to ensure that the end product meets require-
ments? All of this is part of systems thinking, and we are able to use the tools and 
processes in this book to assist us in reducing variation and satisfying the cus-
tomer. Note: For those who received training in continuous improvement during 
the 1980s and early 1990s, please note that in order to actually improve the pro-
cess, the process behavior charts (called control charts back then) will sometimes have 
to go out of control to show an improvement in the system. Thinking that we can 
have both continuous improvement and control charts that are always in control 
is not systems thinking!

5. Owners and Stakeholders

Identify the process owners and other 
stakeholders in a project. (Apply)

Body of Knowledge II.A.5

Process owners are those who have responsibility for the execution and implemen-
tation of a specific process. Process owners are usually formally recognized in 
this role through related documentation (for example, procedures, work instruc-
tions, documentation approval authority), through their job/position description, 
or through the organization chart.

Stakeholders are those who have a vested interest in the process and/or its 
products and outputs. Generally, stakeholders of an organization include custom-
ers, suppliers, employees, investors, and communities. Stakeholder interest and 
involvement with the process may change over time depending on economic, con-
tractual, and other influences. Process owners are those that are responsible for 
the definition, execution, maintenance, and improvement of the process; in some 
cases process owners may also be referred to as subject matter experts. Personnel 
involved with process design usually have a specific interest in systems, subpro-
cesses, and individual steps within processes.
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The most effective methods of process improvement utilize teams represent-
ing process owners and all stakeholders because:

•	 Stakeholders have the best knowledge base about the process.

•	 Stakeholders tend to have the best ideas for process improvement.

•	 Stakeholders are often the most aware of unintended consequences of 
process changes.

•	 Stakeholders’ buy-in is usually necessary to implement real process 
improvement.

The stakeholders in a process are:

•	 Process operators and managers from all shifts

•	 Process customers, internal and external

•	 Process suppliers, internal and external

•	 Process design personnel

•	 Maintenance personnel

•	 Others impacted in some way by process changes
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Chapter 5

B. Voice of the Customer (VOC)

1. Customer Identification

Identify the internal and external customers 
of a project, and what effect the project will 
have on them. (Apply)

Body of Knowledge II.B.1 

Who is the customer of the project? This question should always be asked up front 
on any project, and in many cases, a plan is needed to go talk to those individuals 
(see Section 2, Customer Data). Customers can be found both internal to the proj-
ect (individuals who work in the process to be studied) and external to the project 
(individuals outside of the boundaries of the project), thus the terms internal cus-
tomer and external customer. Setting the boundaries of the project will allow for 
easier identification of who to consider as internal versus external customers. If 
someone is outside what we might consider as internal or external customers, we 
sometimes will refer to those individuals as stakeholders.

When reviewing the external customer list, please remember to include people 
who might be outside of your direct organization as stakeholders. These could 
include the board of directors of your company, organizations who buy the ser-
vices or products of your company, neighbors to your company’s local address(es), 
and local, state, and federal government agencies. A method for ensuring that you 
have external customers identified is to look at the social responsibility of your 
company to the society at large. Your safety manager or lead might be a good 
source of information on this topic.

It is important to identify and understand a project or process’s customers. 
Depending on the maturity of the product or process, the customers may be 
known. Even if the customers are known, it is always good practice to identify the 
customers using some of the tools in this book. Methods used to identify custom-
ers include:

•	 Brainstorming

•	 SIPOC
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•	 Marketing analysis data

•	 Tracking a product or service to delivery

Internal and external customers should be identified when applicable. Custom-
ers can be grouped into segments, with this segmentation driven by customer 
requirements, and often includes the following categories:

•	 Internal and external

•	 Age groups, especially for consumer products

•	 Geographical location, including climate, language, ethnicity, and so on

•	 Industry type (for example, construction, agricultural)

Where possible, a listing of customers within a segment should be constructed. 
When a project team proposes changes of any type, customers—internal and 
external—must be consulted, or at minimum the customers’ concerns must be 
represented.

2. Customer Data

Collect feedback from customers using surveys, focus 
groups, interviews, and various forms of observation. 
Identify the key elements that make these tools 
effective. Review data collection questions to 
eliminate vagueness, ambiguity, and any unintended 
bias. (Apply)

Body of Knowledge II.B.2

A lot of research data are available on how to set up effective communication sys-
tems with customers. The primary thing to remember is, how do you know that 
you really know what the customer needs and/or wants? The simple answer is to 
ask them. 

It is an interesting phenomenon that many managers and engineers think that 
they know what the customer wants simply because they are the experts in what 
they do. This is readily seen when computer software programmers develop new  
programs or patches without a full testing of what was developed. Inevitably,  
new patches and rework are needed to fix the new software.

As the Green Belt for a project, after you get your benchmark process data on 
the system, talk with the people who are doing the work to get an understanding 
of what they are doing and what might make their jobs easier. Starting here and 
seeing what can be done to improve the local job can be a key to building support 
for the project you will be working on. Then start talking with individuals both 
upstream and downstream of the target project area. What would help them do 
their work better that might relate to the project that you are working on?
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Once identified, the next step is to understand the wants, requirements, and 
expectations of the customer. One of W. E. Deming’s more famous statements is 
that some of the most important numbers are unknown and unknowable. He 
was referring to such things as the financial value of customer goodwill. And 
if a supplier/employee disappoints a customer, the customer will “. . . tell all his 
friends and some of his enemies . . . ” in Deming’s words. His point, of course,  
is that it is easy to underestimate the value of understanding and providing for 
customers’ needs. Without customers we have nothing!2

There are several tools available for capturing customer data. The most widely 
used tools include:

•	 The voice of the customer (VOC)

•	 Surveys

•	 Quality function deployment (QFD)

•	 Interviews

•	 Focus groups

Statistically, the most valid procedure for collecting customer data is to randomly 
select a reasonably large group of customers and obtain complete and accurate 
data on each one selected. Since this procedure is not possible in many situations, 
various other methods are employed. Each method usually comprises “statisti-
cally valid” procedures in one or more ways.

The data collected should be objective and designed to shed light on customer 
requirements. It is important to use several independent resources to obtain this 
information. The results can be played against each other to determine patterns of 
reinforcement or contradiction of conclusions. After customer data have been col-
lected, the accuracy and consistency of the data should be verified; it is important 
to resolve conflicts or ambiguous data.

Taking the time to talk with people openly about what you can do to help 
them (in the context of your project) can lead to good insights about what might 
be roadblocks in the current system.

3. Customer Requirements 

Use quality function deployment (QFD) to translate 
customer requirements statements into product 
features, performance measures, or opportunities  
for improvement. Use weighting methods as needed 
to amplify the importance and urgency of different 
kinds of input; telephone call vs. survey response; 
product complaint vs. expedited service request. 
(Apply)

Body of Knowledge II.B.3
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Some of the most important applications of Six Sigma are in the design and rede-
sign of processes and products. The ideal design meets or exceeds customer 
requirements at the lowest possible cost. Key steps in achieving this ideal are:

	 1.	 Link customer requirements to features of products and processes. 
Quality function deployment (QFD) provides a valuable approach to  
this activity.

	 2.	 Design a product and processes that will result in the desired quality at 
the lowest possible cost.

	 3.	 Employ design tools that will result in entirely new approaches to 
problem solving.

QFD (also known as the house of quality) provides a process for planning new or 
redesigned products and services (organizes customer requirements and desires 
[wants] and allows them to be traced to specifications). The input to the process  
is the voice of the customer (VOC). The QFD process requires that a team discover 
the needs and desires of their customer and study the organization’s response  
to these needs and desires. The QFD matrix aids in illustrating the linkage between 
the VOC and the resulting technical requirements.

A quality function deployment matrix consists of several parts. There is no 
standard format matrix or key for the symbols, but the example shown in Figure 
5.1 is typical. A map of the various parts of Figure 5.1 is shown in Figure 5.2. The 
matrix is formed by first filling in the customer requirements ➀, which are devel-
oped from analysis of the voice of the customer (VOC). This section often includes 
a scale reflecting the importance of the individual entries. The technical require-
ments are established in response to the customer requirements and placed in 
area ➁. The symbols on the top line in this section indicate whether lower (â) or 
higher (á) is better. A circle indicates that target is better. The relationship area 
➂ displays the connection between the technical requirements and the customer 
requirements. Various symbols can be used here. The most common are shown 
in Figure 5.1. Area ➃ is not shown on all QFD matrices. It plots comparison with 
competition of the customer requirements. Area ➄ provides an index to documen-
tation concerning improvement activities. Area ➅ is not shown on all QFD matri-
ces. It plots comparison with competition of the technical requirements. Area ➆ 
lists the target values for the technical requirements. Area ➇ shows the co-rela-
tionships between the technical requirements. A positive co-relationship indicates 
that both technical requirements can be improved at the same time. A negative 
co-relationship indicates that improving one of the technical requirements will 
make the other one worse. The column weights shown at the bottom of the fig-
ure are optional. They indicate the importance of the technical requirements in 
meeting customer requirements. The value in the column weights row is obtained 
by multiplying the value in the “importance” column in the customer require-
ments section by values assigned to the symbols in the relationship matrix. These 
assigned values are arbitrary; in the example, a strong relationship is assigned a 9, 
moderate 3, and weak 1.

The completed matrix can provide a database for product development,  
serve as a basis for planning product or process improvements, and suggest oppor-
tunities for new or revised product or process introductions.
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The customer requirements section is sometimes called the “what” informa-
tion, while the technical requirements section is referred to as the “how” area. 
The basic QFD product-planning matrix can be followed with similar matrices for 
planning the parts that make up the product and for planning the processes that 
will produce the parts (see Figure 5.3).

Figure 5.1     Example of a QFD matrix for an animal trap.
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If a matrix has more than 25 customer voice lines, it tends to become unman-
ageable. In such a situation, a convergent tool such as the affinity diagram (see 
Chapter 7) may be used to condense the list.

Application

Relationships are tracked and the key links are determined to find out which cus-
tomer wants are correlated with a specific design approach. These relationships 

Figure 5.2     Map to the entries for the QFD matrix illustrated in Figure 5.1.
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Figure 5.3     Sequence of QFD matrices for product, part, and process planning.
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are ranked to determine the targets of opportunity by technical importance, and 
areas of focus for improvement or innovation.

The completed matrix, as depicted in Figure 5.4, can provide a database 
for product development, serve as a basis for planning product and/or process 
improvements, and suggest opportunities for new or revised product and/or pro-
cess introductions.

QFD can be applied to other processes to improve quality. In a staged environ-
ment, the outcomes of one stage are the inputs of the succeeding stages, as shown 
in Figure 5.5. QFD is a useful technique to entrench the customer requirements 
into the earliest stages and allow the captured information to cascade to subse-
quent stages to ensure that there are no gaps to customer satisfaction.

QFD is applied to improve customer satisfaction at acceptable cost. The basic 
relationship is captured in the input–output matrix (see Figure 5.6). “Whats” can 
be expressed as required (must have), necessary (expected to have), and optional 
(nice to have). “Hows” refer to the technical details, and should be defined to 
address—at minimum—the specific requirements of the customer.

Quality function deployment supports the adoption of customer value within 
the product. Table 5.1 shows product and service value characteristics.

QFD supports customer-driven quality and the total customer experience by 
providing an objective and traceable matrix linking customer wants and expec-
tations to technical details and acceptance criteria. This reinforces the robustness 
of the design, and will more accurately define the terms of product development, 
delivery, maintenance, and fulfillment.
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Figure 5.4     Example of a completed QFD matrix.
Source: R. T. Westcott, The Certified Manager of Quality/Organizational Excellence Handbook, 3rd ed. 
(Milwaukee: ASQ Quality Press, 2006): 477.
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Figure 5.5     QFD stage flow and relationships.
Source: R. T. Westcott, The Certified Manager of Quality/Organizational Excellence Handbook, 3rd ed. 
(Milwaukee: ASQ Quality Press, 2006): 478.
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Table 5.1  QFD value characteristics.

Product value characteristics	 Service value characteristics

Performance	 Responsiveness

Benefit relative to cost	 Reliability

Durability	 Competence

Safety	 Access

Serviceability	 Communication

Usability/ease of use	 Credibility/image

Simplicity of design	 Confidentiality/security

Functionality	 Understanding the customer

Availability	 Accuracy/completeness

Performance	 Timeliness
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Chapter 6

C. Project Management Basics

1. Project Charter

Define and describe elements of a project 
charter and develop a problem statement that 
includes baseline data or current status to be 
improved and the project’s goals. (Apply)

Body of Knowledge II.C.1 

A charter is a document stating the purposes of the project. It serves as an informal 
contract that helps the team stay on track with the goals of the organization. Each 
charter should contain the following points:

•	 Problem statement. This is a statement of what needs to be improved.

•	 Purpose. Establishes goals and objectives of the team.

•	 Benefits. States how the enterprise will fare better when the project 
reaches its goals.

•	 Scope. Provides project limitations in terms of budget, time, and other 
resources.

•	 Results. Defines the criteria and metrics for project success—including 
the baseline measures and improvement expectations.

The problem statement is a summation of what requires improvement. Examples 
include:

“The computer modem circuit card assembly takes too long to produce”

“The response time to Internet inquiries from potential customers is 
too long, and the responses are not adequate based on customer survey 
feedback”
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Project Planning

Project planning is a disciplined approach to monitoring how and when a project 
will be accomplished, with recognition of the system that the project is working 
in. If you want to go on a long trip, do you just jump in a car and go? Most of us 
plan the trip—some to more detail than others—so that we know what needs to  
be taken, how long we will be gone, and any number of other details that have  
to be handled.

As with many of the tools and processes listed in this book, there is a lot of 
information available in various references on project planning and project man- 
agement. There is even a professional certification available just for project 
management. Here, only the basics involved are discussed to assist in daily work.

Effective project planning requires skills in the following areas:

•	 Information processing

•	 Communication

•	 Resource negotiations

•	 Securing commitments

•	 Incremental and modular planning

•	 Assuring measurable milestones

•	 Facilitating top management involvement1

2. Project Scope

Help define the scope of the project using 
process maps, Pareto charts, and other 
quality tools. (Apply)

Body of Knowledge II.C.2

As noted above, the purpose of documenting the project scope, or boundaries, is 
to ensure a common understanding of what the project team and its associated 
resources will work on, and what is outside those defined boundaries. The scope 
is usually defined, at least in part, based on the problem statement, which gives 
the project its initial focus. Using the problem statement, experience, and tools like 
SIPOC, brainstorming, Pareto charts, and so on, the scope of the project can be 
defined and documented.
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3. Project Metrics

Help develop primary metrics (reduce defect 
levels by x-amount) and consequential 
metrics (the negative effects that making the 
planned improvement might cause). Apply

Body of Knowledge II.C.3

Project timelines and activity plans can become little more than paperwork if 
meaningful performance measurements are not included. These measurements 
or metrics should link directly to the project goals and through them to the bene-
fits for the enterprise. For example, if a goal is to increase process throughput by 
25 percent, a key metric might be cycle time. The project’s intermediate objectives 
and documentation need to include incremental cycle time reduction measures. 
Project measures typically are linked to a specific project, usually for the life of 
just that specific project, and they are often manifested as:

•	 Percentage of work accomplished on time (schedule performance 
index)

•	 Percentage of work accomplished on budget (cost performance index)

•	 Other similar measures (for example, availability of resources, quality 
of key deliverables)

A key aspect of measuring a process is to start as early as possible in tracking the 
data to benchmark the current state. It is common that as soon as personnel in 
the process start realizing that you are measuring something, the numbers will 
start improving almost immediately as the process is now aware that someone is 
watching.

In selecting metrics for your project, it is advisable to review what the key per-
formance indicators (KPI) (sometimes called key process indicators) are for the topi-
cal area that you are going to investigate. What does management feel is important 
as it relates to your area of study? What subset of information are you directly 
working on that will be an important aspect of the KPI?

4. Project Planning Tools 

Use Gantt charts, critical path method 
(CPM), and program evaluation and review 
technique (PERT) charts to plan projects and 
monitor their progress. (Apply)

Body of Knowledge II.C.4
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Project planning tools include project charters, project management plans, mile-
stone charts, Gantt charts, project schedules, goal and objective statements or 
bullets, and so on. The number of tools used and depth of data contained in the 
tools varies based on the project size and scope. Usually, larger projects have more 
documentation as they take more time and expend more resources. Project doc-
umentation is controlled and maintained (that is, updated) during the life cycle 
of the improvement project. There are many software programs that can assist in 
this effort.

For a beginning project planning tool, starting with an Excel spreadsheet 
and listing the projected dates of the project may be sufficient to show the team 
the intended project process flow. Another good starting point is to brainstorm a 
flowchart of how you and the team envision the project might develop and then 
assign some projected dates to the flowchart.

5. Project Documentation

Describe the types of data and input needed 
to document a project. Identify and help 
develop appropriate presentation tools 
(storyboards, spreadsheet summary of 
results) for phase reviews and management 
updates. (Apply)

Body of Knowledge II.C.5

Failure to provide project documentation leads to miscommunication and misun-
derstanding. Examples abound of projects that solved a problem other than the 
one they were intended to solve or answered a question no one was asking.

Project documentation usually includes:

•	 Goals and objectives

•	 Project sponsors and stakeholders

•	 Project plans and schedules—usually for larger projects

•	 Key project milestones

•	 Project budget

•	 Project boundaries

•	 Roles and responsibilities of project team members

•	 List of deliverables

•	 Metrics to be used to assess the project’s performance

Smaller projects include these critical areas in the project charter; larger projects 
may require more detailed documentation and plans. A project charter can be in 
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many formats but is usually limited to one or two pages to serve as a top-level, 
quick overview of the project.

In addition to the project charter and project management plan, additional 
charts and diagrams can be produced for each of the activities listed. These 
graphical tools are also useful for tracking and evaluating the project at various 
phases and at final management reviews. Storyboards are sometimes used to con-
vey project information involving changes that are easier to draw or photograph 
than to explain in words. A common application of storyboards is before-and- 
after pictures, often called current state and future state, for a proposed project. This 
approach is appropriate for facility or product redesign projects. Storyboards for 
Six Sigma projects are often formatted into five sections labeled define, measure, 
analyze, improve, and control (DMAIC) with charts, figures, and documents illus-
trating the activity in each area.

6. Project Risk Analysis

Describe the elements of a project risk analysis, 
including feasibility, potential impact, and risk priority 
number (RPN). Identify the potential effect risk 
can have on project goals and schedule, resources 
(materials and personnel), costs and other financial 
measures, and stakeholders. (Understand)

Body of Knowledge II.C.6

Project risk analysis is initially performed early in the project’s life cycle—usually 
during the planning stage—to identify potential risks, the associated impacts, 
and potential mitigation plans. In addition to performing the initial risk analy-
sis, it is recommended that the analysis be periodically reviewed and updated—
especially if an identified risk is realized. Risk analysis is a formal process that can 
be performed using dedicated tools such as:

•	 Strengths–weaknesses–opportunities–threats (SWOT) analysis

•	 Risk priority number (RPN) or risk priority matrix

•	 Failure mode and effects analysis (FMEA)

•	 Formula for expected profit

These tools can be combined with other tools like brainstorming to ensure effec-
tive coverage for risk identification, analysis of potential impact if the risk is real-
ized, and potential mitigation plans.

Successful risk analysis depends, in part, on ensuring that appropriate orga-
nizations are represented during risk analysis meetings and that all aspects of 
potential risk are considered. Aspects of risk to consider include, but are not lim-
ited to, the potential impact on:
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•	 Meeting established goals or objectives

•	 The planned schedule

•	 Identified resources

•	 Safety

•	 Producibility

•	 Serviceability

•	 Reliability

•	 Meeting customer expectations and requirements

Risk assessment involves determining the impact severity if the risk occurs and 
the probability that the risk will occur. Determining the impact severity is usually 
done by performing analysis of like risks from other projects and historical data, 
and through the use of brainstorming, as well as other methods. Risk probability 
is determined based on the likelihood that the risk will occur during the execu-
tion of the project. A risk assessment assignment matrix, as shown in Figure 6.1, 
helps the project by having each risk individually ranked on a scale from 1 to 3 for 
severity and probability. The assignment number (a simpler version of the risk pri-
ority number [RPN] derived from FMEA data) is calculated as the severity rating 
multiplied by the probability rating. Risks with the highest assignment number 
require the most attention from the project team and the organization’s leadership.

After identification of the risks, risk mitigation and verification are per-
formed throughout the project’s life cycle. Risk mitigation begins with identify-
ing activities the team or organization can perform to reduce the likelihood that 
an identified risk will occur and/or to reduce its impact (that is, reduce the delay 
in the schedule or the cost in dollars, product quality, or customer satisfaction) if  

Figure 6.1     Risk assessment assignment matrix.
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the identified risk is realized. For example, if a risk is associated with a key 
supplier not delivering on time, mitigation activities might include developing 
another supplier, providing additional supplier oversight, colocation of personnel, 
shared design information, and so on, to help the supplier deliver on time.

Once risk mitigation planning occurs, the plans are implemented during the 
project and should be reviewed on a regular basis (usually weekly or monthly) to 
assess the status of existing risks (that is, are mitigation activities working?) and 
determine whether new risks have been identified or if identified risks were real-
ized (that is, occurred). In some cases mitigation is not always possible and the 
risk is realized; the risk identification, mitigation, and review processes provide 
the team with knowledge of the worst-case scenario and what they should do. Risk 
verification is the process of ensuring that the risk mitigation activities reasonably 
prevent the risk from occurring. An example is the security risk for an automated 
teller machine. The risk is that someone else can improperly access your bank 
account. The mitigation is the additional requirement of a secured six- to 10-digit 
numeric password, along with a restriction of three false attempts before freezing 
the account. The verification is the attempt to access a secured account with an 
invalid or null password.

A risk management system will curtail the potential losses arising from qual-
ity problems and build quality into designs and processes more effectively than 
a reactive, trial-and-error approach of finding and fixing problems as they occur.

7. Project Closure

Review with team members and sponsors the project 
objectives achieved in relation to the charter and 
ensure that documentation is completed and stored 
appropriately. Identify lessons learned and inform 
other parts of the organization about opportunities 
for improvement. (Apply)

Body of Knowledge II.C.7

It is important to note that project closure is not a negotiation, it is a final step per-
formed based on proving that the project met established goals and objectives, 
ensuring that required documentation is completed and appropriately stored, and 
conducting a closure meeting with the project sponsors to ensure agreement that 
the project is completed.

The project charter is an excellent tool to use as a measure of project com-
pletion as it established the scope, goals and objectives, and time frame for the 
project. Usually, a review of the charter against documented project results is suf-
ficient for closing a project. At times, the project sponsor may want an indepen-
dent review or assessment prior to formal project closure. Typically, this is done 
using an audit approach. Another method of proving that the project achieved its 
intent is analysis of project measures.
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Chapter 7

D. Management and Planning Tools

Define, select, and apply these tools: 
1) affinity diagrams, 2) interrelationship 
digraphs, 3) tree diagrams, 4) prioritization 
matrices, 5) matrix diagrams, 6) process 
decision program charts (PDPC), and 7) 
activity network diagrams. (Apply)

Body of Knowledge II.D 

In this chapter, the typical tools used during the define phase are highlighted. 
Many of these tools have templates and additional information available on the 
accompanying CD-ROM. Other highly recommended resources include:

•	 www.asq.org. See the “Quality Tools” page in the Knowledge Center 
for tools and explanations of their use.

•	 The Quality Toolbox, Second Edition, by Nancy R. Tague, ASQ Quality 
Press, 2005.

•	 Customer Driven Company, by Richard C. Whiteley, The Forum 
Corporation, 1991.

•	 www.iSixSigma.com. An improvement-based website that has 
numerous templates and tool guides, as well as case studies.

•	 www.freequality.org. This website has several free templates available 
for download.

Activity Network Diagram
The activity network diagram (AND) is similar to the PERT chart discussed later in 
this chapter because it graphically shows interdependencies between tasks. An 
AND highlights key tasks, the time to accomplish the tasks, flow paths (serial or 
parallel), and so on. This tool, like PERT and critical path analysis, can provide a 
top-level overview or detailed data depending on the project need. An example of 
an AND is shown in Figure 7.1.



Advanced Quality Planning
Advanced quality planning (AQP) is founded on the idea that solid planning helps 
prevent surprises and saves valuable resources. Anything that is to be done can 
be first thought out, or written plans can actually be made to lay out a pattern or 
blueprint of what you are going to do.

AQP is a process where we first look at the parameters of what we are going 
to do. Do we have the right amount of material available? Do we have the right 
people to do the job or provide the service needed? Do we have the right tools to 
do the job well? Do we know the correct way of using everything we have to pro-
vide a safe working environment? All of these questions and many more should 
be answered before we start work! One of several tools that could be used here 
to help answer these questions is the cause-and-effect diagram. This forces us to 
ensure that we have thought of all the elements/inputs (causes) that will give us 
the desired output (effect). You can also think of AQP as the first step of the plan–
do–study–act (PDSA) cycle, where the plan is done before work actually starts.

Note: Some industries now call this advanced product quality planning (APQP).

Affinity Diagram
Affinity diagrams are used to produce many possible answers to an open-ended 
question such as “What are some of the ways to reduce cycle time for process 
A?” The first step is to brainstorm to obtain two to three dozen responses. Each 
response is clearly written on sticky note paper. The next step is to move the notes 
around until they fall into five to 10 natural groups. Some suggest this be done in 
silence with all team members participating, as they prefer. If a note gets moved 
back and forth between two groups several times, a duplicate may be made so that 
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Figure 7.1     Example of an activity network diagram.
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one can be placed in each group. The next step is to find a name for each group. 
This may take several iterations before team consensus is reached. The last step  
is to draw lines containing all the notes in a group with the group name. An 
example of an affinity diagram is shown in Figure 7.2.

Auditing
Auditing is an independent assessment of processes and/or projects against estab-
lished plans and goals. This checking process is sometimes called “quality” 
auditing and is commonly performed in organizations with established quality 
management systems (for example, AS9100, ISO 9001, ISO/TS 16949) or those that 
have applied for a quality award (Malcolm Baldrige National Quality Award or 
state-level quality awards).

The first thing to know when planning to audit something is what the stan-
dard or criteria are that we will be auditing against. If it is a process audit, the 
auditor needs to know what applicable standard operating procedures or other 
process sheets are used to ensure that things are done in a standardized manner. 
If conducting a safety audit, then having the written safety rules would be import-
ant. Some other items that could be audited include project closure, cleanliness, 
product quality, system knowledge, emergency procedures, and so on.

Machine

• Run machine faster

• Get a new machine

• Apply new controls

• Reduce setup time

• Simplify machine
 operations

Personnel

• Assign more people

• Provide additional
 training

• Let Joe run the process/
 machine

• Provide help during setup

Infrastructure

• Reduce paperwork

• Improve forklift uptime

• Better conveyor

• New overhead crane

• Prompt delivery of route
 sheets

Vendor

• Improve vendor
 communication

• Use cell phone to 
 contact vendor

• Have additional sources

• Work with vendor to
 improve quality and
 delivery

• Reduce resupply time

Maintenance

• Better lubricant

• Reliability-centered
 maintenance

• More frequent lubrication

• More prompt response to
 maintenance calls

Problem: What are some of the ways to reduce cycle time for process A?

Figure 7.2     Example of an affinity diagram.
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An individual audit, like most other activities, is a sequence of processes 
and typically includes audit planning (or preparation), audit performance, audit 
reporting, and audit closure. Audit planning is the auditor’s preparation phase 
to ensure familiarity with the item being audited, to schedule the audit, and to 
notify the auditee. The audit performance phase is where the auditor gathers the 
evidence of performance through interviews, observations, and so on. This phase 
also includes reconciliation to ensure the validity of any potential findings (that 
is, noncompliances or nonconformances) or opportunities for improvement  
(that is, items that could lead to a finding). The audit report phase includes drafting 
the report, which summarizes the audit scope, activities, and results, and the gen-
eration of associated corrective actions (findings) or preventive actions (opportu-
nities for improvement). The audit closure phase includes any necessary follow-up 
activities to ensure that action plans are implemented and effective in eliminating 
their associated causes.

It should be noted that there are several types of audits, including first-party, 
second-party, third-party, internal (most likely used for Six Sigma), and external. 
Audits typically focus on products, systems, suppliers, or regulatory compliance. 
There are numerous books available through ASQ Quality Press and other pub-
lishers related to auditing.

When asked to be part of an audit team, there are some basic things to be 
aware of and know in conducting an audit:

•	 Be pleasant to the person being audited; you are not a cop looking to 
catch them doing something wrong.

•	 Be prepared. Understand the process to be audited and associated 
documentation, and verify document availability, revision, and 
references prior to audit conduct.

•	 Be factual in what you observe. Hiding things does not help the 
company to improve, and being too critical may harm personal 
objectivity.

•	 Be thorough in looking at the process as it relates to the standard.  
If you miss something, customer satisfaction may suffer, or worse yet, 
someone might get hurt.

•	 Ask questions for clarity. We want to be as positive as possible given 
the situation.

•	 Record your observations for the record and the next person who will 
audit the area.

•	 Follow what the internal lead auditor directs you to do.

Being an internal auditor for your organization can be both challenging and infor-
mative as we usually get a better view of what our companies are doing if we have 
a chance to look at other operations. For some of us it will also break the routine 
of what we do every day and give us a chance to see how others might be doing 
things and to benchmark (see the following section) that against what we do.
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Benchmarking
Benchmarking is the process of looking at one system(s) and applying the concepts 
observed to another system. This usually involves some give and take between 
the organization doing the benchmarking and the organization that is the bench-
mark. The idea is to make it a win/win situation—how can the organizations 
learn from each other? Another critical point about benchmarking is that it can be 
done internally and externally. When performed internally, different departments 
assess each other’s processes and take the best from each process to improve their 
own process. When external benchmarking is performed, it can be done within 
the same industry or with an organization from another industry. Usually, bench-
marking against an organization in another industry is easier as it removes the 
competitive aspects of comparing processes. All information gained during the 
benchmarking process should be considered protected—for internal use only.

The basic process steps of benchmarking are:

	 1.	 Flowchart the current process

	 2.	 Identify the areas to be improved

	 3.	 Brainstorm ideas

	 4.	 Investigate how others (internal and external) perform similar  
processes

	 5.	 Develop plans for application of ideas

	 6.	 Pilot test ideas

	 7.	 Initiate the new process

	 8.	 Evaluate the new process

Before starting a benchmarking project, it is advisable to ensure that you know 
exactly how your current process works. That may sound unnecessary, but it has 
been shown that when people actually flowchart a process, there is usually a lot of 
disagreement as to the exact steps and/or the order of those steps. Thus, any time 
that there is more than one person who works on or around a machine, the pro-
cess should be flowcharted.

Then it is time to do some research into how others (internal or external to the 
organization) do similar things. Once you have seen other ways of doing things, 
it is time to try to figure out how you can do things differently in your own oper-
ations. Establish a plan for the changes and acquire the needed resources from 
management. The plan should list what materials are needed, when and where 
new operations will be installed, identification and planning of any training that 
may be needed, and other details that will allow for a changeover to the new idea. 
Then prepare and run a pilot test to ensure that the plan will work. It is usually 
unwise to just jump right into the new idea without testing it first. Even the best-
laid plans may have unforeseen bugs that cause problems, so run a small test first.
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Brainstorming

See the brainstorming discussion in Chapter 9 under Section 3, Team Tools, for 
additional information.

Cause-and-Effect Diagram (Fishbone,  
Ishikawa Diagram)

Originally developed in the 1940s by Kaoru Ishikawa in Japan, the cause-and-
effect diagram is a graphical analysis tool that allows the user to display the factors 
involved in a given situation. Cause-and-effect diagrams are drawn to clearly illus-
trate the various causes (x) affecting the item being investigated. “A good cause-
and-effect diagram is one that fits the purpose, and there is no one definite form.”1

These causes can be any item or occurrence that is related to the effect (y) 
that is being studied. Thus, the effect of a situation is the result of the function of 
the causes [y = f(x)]. Other names for this tool that are sometimes used include 
Ishikawa diagram, fishbone diagram, or even feather diagram given the shape of the 
graphic.

Key Point: Cause-and-effect diagrams can be used to analyze positive effects as 
well as undesirable ones.

Asking the five Ws and one H (what, why, when, where, who, and how) can be 
effective in developing the elements of the cause-and-effect diagram. Besides 
using the five Ws and one H in creating the cause-and-effect diagram, consider 
starting with the six Ms:

•	 Man (people/operator)

•	 Machine (equipment)

•	 Methods (operating procedures)

•	 Materials

•	 Measurement

•	 Mother Nature (environment)

•	 Money (optional—but an important consideration)

•	 Management (optional)

This tool is relatively simple to use and yet very powerful. Once it is completed, 
it is able to show graphically the factors of the system or process to management 
and other teams.

Figure 7.3 is a cause-and-effect diagram example in which a manufacturing 
team tries to understand the source of periodic iron contamination in product. 
The team used the six generic headings to prompt ideas. Layers of branches show 
thorough thinking about the causes of the problem.
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For example, under the heading “machines,” the idea “materials of construc-
tion” shows four kinds of equipment and then several specific machine numbers.

Note that some ideas appear in two different places. “Calibration” shows up 
under “methods” as a factor in the analytical procedure, and also under “measure-
ment” as a cause of lab error. “Iron tools” can be considered a “methods” prob-
lem when taking samples or a “manpower” problem with maintenance personnel.

Check Sheets
Check sheets are used to observe or review a process, usually during execution 
of the process. Check sheets pre-categorize potential outcomes for data collection 
using sets of words, tally lists, or graphics. Figure 7.4 is an example of a completed 
check sheet, in tabular format, used to collect data related to a paint mixing pro-
cess. This simple tool provides a method of easy collection of the data. By collect-
ing data on a check sheet, common patterns or trends can be identified.

The basic steps in making a check sheet are:

	 1.	 Identify and agree to the causes or conditions that are to be collected.

	 2.	 Decide who will collect the data, over what time period(s), and how the 
data will be collected.

	 3.	 Create a check sheet that will work within the operation where it will  
be used.

	 4.	 Collect the data as designed to ensure consistency and accuracy of the 
information.
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Figure 7.3     Example of a cause-and-effect diagram.
Source: N. R. Tague, The Quality Toolbox, 2nd ed. (Milwaukee: ASQ Quality Press, 2005): 87.
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Check sheets can be the basis for other analytical tools and are incorporated into 
attribute process behavior charts. Creating and using a check sheet can help focus 
on continual improvement and may foster changes just because the check sheet is 
being used.

Customer Feedback
Feedback is a method or process of finding out what the customer actually thinks 
of your products or services. Finding out what the customer thinks, wants, and 
needs is a very time-consuming effort, and many customers are getting tired of 
filling out paper surveys. Sometimes, when customers (internal or external) do tell 
us something, we either can’t do anything about it, do not want to hear what they 
are saying, or they expect something other than what we offer.

There are many traditional techniques for talking with customers and, with 
the advent of e-mail and the Internet, even more so today. The problem with many 
surveys is that we really do not know how many or which customers actually 
bothered to send them back. Also, paper surveys tend to have a very low return 
rate, so we really do not get a very good overall picture. The point is that we must 
keep trying to talk with customers as often as possible to ensure that we know 
what their wants and needs are. The most effective method still seems to be actu-
ally getting out into the world with the customers to experience what they do and 
to interact with them as they use your products and services.

Failure Mode and Effects Analysis (FMEA)
This tool is discussed in Chapter 3, Sections 2 and 3.

Flowchart
According to Nancy Tague in The Quality Toolbox, a flowchart is a picture of the 
separate steps of a process in sequential order, including materials or services 
entering or leaving the process (inputs and outputs), decisions that must be 
made, people who become involved, time involved at each step, and/or process 
measurements.
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Tague describes the basic procedure for development of a flowchart as:

	 1.	 Define the process to be diagrammed. Write its title at the top of the 
work surface.

	 2.	 Discuss and decide on the boundaries of your process: Where or when 
does the process start? Where or when does it end? Discuss and decide 
on the level of detail to be included in the diagram.

	 3.	 Brainstorm the activities that take place. Write each on a card or sticky 
note. Sequence is not important at this point, although thinking in 
sequence may help people remember all the steps.

	 4.	 Arrange the activities in proper sequence.

	 5.	 When all activities are included and everyone agrees that the sequence  
is correct, draw arrows to show the flow of the process.

	 6.	 Review the flowchart with others involved in the process (workers, 
supervisors, suppliers, customers) to see if they agree that the process  
is drawn accurately.2

Figures 7.5 and 7.6 depict typical flowchart examples.

Focus Groups
Focus groups are an attempt to improve the depth and accuracy of customer 
responses. Focus groups generally provide more accurate answers with more 
depth than other techniques. However, the sample is often nonrandom and too 
small. As statisticians say, “The plural of anecdote is not data.” Understanding the 
limitations of focus groups, they can still be effective in gaining knowledge related 
to product quality and perceptions of the organization’s ability to satisfy its cus-
tomers (internal and external). Prior to conducting focus group sessions, planning 
for the sessions must occur. Focus group planning includes:

•	 Identifying the goals of the session

•	 Developing actual or prototype products

•	 Determining how the sessions will be conducted: brainstorming, 
survey, cause-and-effect (or question–response)

Once the planning is completed, the focus groups can be identified, the focus 
group sessions conducted, the data collected, and the data analyzed to determine 
how the process or product should be adjusted to better meet the expectations 
of the targeted groups. Focus group techniques are usually limited to consumer 
product–related activities.

Order
receipt

Credit
check

Inventory
check Production Shipment Billing

Figure 7.5     High-level flowchart for an order-filling process.
Source: N. R. Tague, The Quality Toolbox, 2nd ed. (Milwaukee: ASQ Quality Press, 2005): 257.
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Figure 7.6     Detailed flowchart for the order-filling process.
Source: N. R. Tague, The Quality Toolbox, 2nd ed. (Milwaukee: ASQ Quality Press, 2005): 261.
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Force-Field Analysis
Force-field analysis is illustrated in Figure 7.7. A goal or objective is first listed as 
the future or desired state. Then, two columns are produced from brainstorming 
or a similar technique to determine the driving and restraining forces on achiev-
ing the future or desired state. The “driving forces” column lists the things that 
help make the future state occur, while the items in the “restraining forces” col-
umn are those that prevent the future state from occurring. The team then ranks 
the two lists using nominal group technique (NGT) or a similar tool. The team 
consensus provides guidance on how to proceed. It is often more useful to reduce 
or remove restraining forces than to focus entirely on driving forces.

Gantt Chart
A Gantt chart, as shown in Figure 7.8, is used to graphically display a project’s  
key activities and the duration associated with those activities. These are then 

Figure 7.7     Example of force-field analysis.

Future state: number of errors is less than three per hundred documents.

Pressure from customer A

Group incentive system

Operator enthusiasm

Use of control charts
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Weak spell-checker
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Poor input data

Driving forces Restraining forces

Figure 7.8     Gantt chart example.
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overlaid on a calendar to show when the activities occur. In addition to showing 
the key activities, the Gantt chart also shows the task milestones and the task rela-
tionships between predecessor and successor tasks. This provides a visual repre-
sentation and allows for quick identification of the impact on the schedule (that 
is, delay or pull-in to tasks or the entire project) based on the delay or pull-in of a 
single task. The Gantt chart provides a quick look at the project planned activities 
and schedule, allows for assessment of key resources against the plan, and also 
allows for the assessment of the project’s performance against the plan.

Graphical Charts, Control Charts, and  
other Statistical Tools

This information on control charts is provided as a quick overview; details are 
available in Chapter 7 of this handbook.

A control chart is a graph used to study how a process changes over time. 
Comparing current data to historical control limits leads to conclusions about 
whether the process variation is consistent (in control) or is unpredictable (out of 
control—affected by special causes of variation).

Different types of control charts can be used depending on the type of data. 
The two broadest groupings are for variables data and attributes data.

•	 Variables data are measured on a continuous scale. For example, time, 
weight, distance, or temperature can be measured in fractions or 
decimals. The possibility of measuring to greater precision defines 
variables data.

•	 Attributes data are counted and can not have fractions or decimals. 
Attributes data are used when you are determining only the presence 
or absence of something: success or failure, accept or reject, correct or 
not correct. For example, a report can have four errors or five errors, 
but it can not have four and a half errors.

Variables Charts

•	 X
– and R chart (also called averages and range chart)

•	 X
– and s chart

•	 Chart of individuals (also called X chart, X– and R chart, IX-MR chart, 
XmR chart, moving range chart)

•	 Moving average–moving range chart (also called MA–MR chart)

•	 Target charts (also called difference charts, deviation charts, and 
nominal charts)

•	 CUSUM (also called cumulative sum chart)

•	 EWMA (also called exponentially weighted moving average chart)

•	 Multivariate chart (also called hotelling T2)
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Attributes Charts

•	 p-chart (also called proportion chart)

•	 np-chart

•	 c-chart (also called count chart)

•	 u-chart

•	 D-chart (total weighted deficiencies)

•	 U-chart (average weighted deficiencies per unit)

Charts for Other Kinds of Data

•	 Short-run charts (also called stabilized charts or Z-charts)

•	 Group charts (also called multiple characteristic charts)

•	 Paynter charts3

More details are available in Chapter 21 of this handbook.
Graphical tools are an effective way to understand and convey customer feed-

back, process performance, defect data, and so on. The examples shown in Figure 
7.9 are less complex graphical data representations.

The use of statistical tools to analyze data is explained in detail in other chap-
ters in this book. One cautionary note: Analysis of customer data almost always 
falls in the general category of “observational studies,” which means that high 
correlation between variables doesn’t imply cause-and-effect relationships. For 

Figure 7.9     Graphical representations of question responses.
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example, suppose a survey shows a correlation coefficient of r = 0.83 between the 
number of television advertisements watched and the amount of money spent on 
product W. The analyst is not statistically justified in concluding that watching the 
ad causes an increase in the amount spent on the product.

It is useful to compare internal predictive metrics with customer feedback 
data. This helps shape internal prediction methods and procedures.

Interrelationship Diagram (Digraph)
Interrelationship digraphs are used to identify cause-and-effect relationships. A typ-
ical application would begin with the listing of a half dozen to a dozen concerns, 
one to a note sheet, arranged in no particular order around the perimeter of a flip-
chart or a whiteboard. For each pair of concerns draw an arrow from the one that 
is most influential on the other. Draw no arrow if there is no influential relation-
ship. This is most easily accomplished by starting at the twelve o’clock position 
and comparing the item to the next item in a clockwise direction. Draw the appro-
priate arrow (or no arrow). Then compare the twelve o’clock note with the next 
note, again moving clockwise. After the twelve o’clock note has been compared 
to all other notes, begin with the note clockwise from the twelve o’clock note and 
compare it to all other notes that it has not been compared to. Repeat this process 
until all pairs of notes have been compared. In each case ask, “Does A influence 
B more than B influences A?” Revise this diagram as necessary using additional 
information or data if needed. An example of an interrelationship digraph at this 
stage is shown in Figure 7.10. The next step is to find the note that has the most out-
going arrows. This note is called the driver. In the example shown in Figure 7.10 
“poor scheduling practices” is the driver. The driver, or drivers if there is a tie or 
near tie, is often a key cause of the problem. The note with the greatest number of 
incoming arrows, “poor scheduling of trucker” in the example, is called the out-
come and can often be used as a source of a metric for determining project success.

Interviews
Interviews by phone or in person permit a higher response rate than written sur-
veys. Although interviews take more effort, the effort is usually returned with 
more accurate data gathered and additional information provided by the inter-
viewee that may not be captured in written (hard copy or electronic) surveys. A 
skillful interviewer can record customer feelings that written surveys would not 
detect by noting interviewee emotions, body language, other nonverbal clues, and 
so on.

Matrix Diagram
A matrix diagram is typically used to discover and illustrate relationships between 
two groups of items. In Figure 7.11 the two groups are the units of a training 
course and the objectives of the course. The items in one group are listed across 
the top of the chart, and the items in the other group are listed down one side. 
The team examines each square in the matrix and enters one of three symbols or 
leaves it blank depending on the relationship between the items in the row and 



116	 Part II: Define Phase

column represented by the square. The most conventional symbols are shown in 
the example although letters and numbers are sometimes used. The team then 
examines the completed matrix and discusses possible conclusions.

Multivoting
As discussed in Chapter 9, multivoting complements the nominal group technique 
(NGT). Even though this tool is typically used in combination with NGT, it can be 
used independently (for example, to prioritize brainstorming results). Please ref-
erence Chapter 9 for details on multivoting.

Nominal Group Technique
This is also a type of brainstorming but with limited team vocal interaction. The 
tool is hence named “nominal” group technique (NGT). This technique has its 
application when some group members are much more vocal then others, to 

Figure 7.10     Example interrelationship digraph.
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encourage equal participation from all members, or with controversial or sensitive 
topics, and so on. This technique helps to alleviate peer pressure and reduces the 
impact of such pressure on the generation of ideas.

Similarly to brainstorming, the facilitator explains the rules. The team leader 
presents the topic to the assembled members. The team is given a good 10 to 15 
minutes so that they can silently sit, think, and generate ideas.

No verbal interactions are allowed during the session. The members’ ideas are 
collected and posted in a space where all can read them. The members may also 
read the ideas aloud one by one in a round-robin format. At this stage no judg-
ment or criticism is passed. The ideas are simply written down. The members are 
allowed to expand on existing ideas, provide clarity, and eliminate redundancy 
during the consolidation. For a controversial or sensitive subject, the team leader 
may opt to collect the ideas and write them down on the board, maintaining ano-
nymity of the contributors.

PDCA (PDSA and SDCA) 
PDCA is an improvement cycle methodology that has evolved since 1939, starting 
with Shewhart and updated by Deming, with iterations of the model by Ishikawa 
and the Japanese Quality Circle movement. There are variations of the improve-
ment model. 

The model is a simple circle divided into four quadrants named plan–do– 
check–act. The improvement team brainstorms the activities that the four quad-
rants should encompass in the context of the problem at hand and populates them 
into the quadrant. Quality gurus like Deming and Ishikawa have already provided 

Figure 7.11     Example matrix diagram.
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a foundation to this model to build upon, and both suggested that more time is 
needed in the plan quadrant to ensure that the others perform more smoothly. 

The initial PDCA cycle (Figure 7.12) was created by solving shop floor prob-
lems and preventing recurrence of the problem. The seven tools of quality were 
used along with the PDCA model. The model is robust and applies to many appli-
cations including product design and development, service offering, educational 
curriculum, healthcare, and so on. No matter what the application is, we can map 
the activities to P-D-C-A. This forces a disciplined approach to program man-
agement and provides the team members with a big picture of what needs to be 
accomplished and where they are in the quadrant.

Plan: Define a problem and hypothesize possible causes and solutions.

Do: Implement a solution.

Check: Evaluate the results.

Act: Return to the plan step if the results are unsatisfactory, or  
standardize the solution if the results are satisfactory.

Near the end of Deming’s career, someone suggested to him at a conference that 
what he was describing in the PDCA model was not totally correct! The question 
concerned the check quadrant/phase, which is a reactive state to issues that have 
happened. If in fact the process team is projecting what will happen, then a bet-
ter descriptor for this phase would be to study (S) the issues as they are occurring 
instead of waiting until later—thus Deming modified the approach and the PDSA 
model was started.

The existence of both a reactive and proactive part of projects was noted by 
Munro and the standardize–do–check–act (SDCA) cycle was introduced to part-
ner with the PDSA (see the e-book Six Sigma for the Shop Floor on the CD-ROM). 
Taken together, these allow for both sides of the improvement cycle: to both 

Figure 7.12     PDCA cycle.
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standardize the improvement for stabilization as well as allow for planning for 
future improvements.

Prioritization Matrix
A prioritization matrix is used to aid in deciding between options. In the example 
shown in Figure 7.13 the options are four different software packages, A, B, C, and 
D. The team determines by consensus the criteria against which the options will 
be measured (for example, requirements document) and the relative importance 
of each of the criteria items. In the example, the criteria and their relative impor-
tance are compatibility (.25), cost (.30), ease of use (.40), and training time (.05).

Each option is ranked against the criteria, with the desirable numbers being 
larger. In the example, since there are four options, the highest-ranking option 
would be assigned a value of 4, the second-place item would be assigned a 3, and 
so on. Assigning each option the average values for the two places designates a tie. 
For example, if two options are tied for third place, the two places are third and 
fourth, which have values of 2 and 1 respectively, so each of the options would 
receive a value of 1.5. In the example in Figure 7.13, options A and C are the most 
desirable (lowest) cost, so each is assigned a value of 3.5 (A and C are tied). The 
package with the next lowest cost is option D and is assigned a value of 3. Option 
B has the highest cost and is assigned a value of 1.

Once the values are assigned, the next step is to multiply each of the option 
values by the criteria weights at the top of the column and calculate the row totals. 
The option with the highest total is the one most favored by the prioritization 
matrix.

Problem Solving
Some of the most successful attempts to solve problems have been accomplished 
through the use of a model or tools that outline the steps that should be followed 
in investigating and containing issues, and fixing the problems so that they will 
not return. Unfortunately, many of us have seen situations where someone or even 
a group or team will fix a problem, only for the same issue to crop up again in a 
week, month, or year. The question is, how do we permanently solve problems?

Figure 7.13     Prioritization matrix example.
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One common approach to problem solving is called the eight discipline approach 
(8D). The steps usually associated with this process are:

	 1.	 Use a team approach. Organize a small group (note that we did not say 
team) of people with the process/product knowledge, allocated line 
authority, and skill in the required technical disciplines to solve the 
problem and implement corrective actions. The group must have a 
designated champion.

	 2.	 Describe the problem. Specify the internal/external customer problem  
by identifying the quantifiable terms for who, what, when, where, why, 
how, and how many (5W2H) for the problem. Use such methods as 
SIPOC, brainstorming, flowcharts, and any other methods that the  
group feels are appropriate.

	 3.	 Start and check interim (containment) actions. Define and implement 
containment actions to isolate the effect or problem from the current 
problem. Verify the effectiveness of this containment action to  
ensure that the internal or external customer does not see further 
problems.

	 4.	 Define and check root causes. Identify all potential causes that could 
explain why the problem occurred (a cause-and-effect chart is useful 
here). Isolate and verify the root cause by testing each potential cause 
(sampling is used here) against the problem description and test 
data (individual test or a design of experiments if needed). Identify 
alternative corrective actions to eliminate root causes using a process 
behavior chart to ensure that the process remains stable.

	 5.	 Check corrective action. Through a sampling plan, quantitatively  
confirm that the selected corrective actions will resolve the problem  
for the customer, and will not cause undesirable issues (FMEA and 
control plans).

	 6.	 Start permanent corrective action. Once it is verified that corrective action 
is working, update all procedures and processes to incorporate the new 
process. This should include training where appropriate.

	 7.	 Stop future problems. Modify the management systems, operating  
systems, preventive maintenance, practices and procedures, and 
documentation to prevent recurrence of this and all similar problems. 
Note: If similar processes are found in the shop, look closely at them  
also to ensure that they do not develop the same issue.

	 8.	 Congratulate your team. Improvements happen only because many  
people work together. Everyone deserves credit.4

Besides the method described above, your external customers may have a pre-
scribed problem-solving methodology that they want the shop to use. Other meth-
ods that can be used in problem solving are the plan–do–study–act (PDSA) cycle 
or, although not recommended, the scientific method that you probably learned 
in high school.
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Process Decision Program Chart
The process decision program chart (PDPC) is a tree diagram that is used to illus-
trate anticipated problems and list possible solutions. It may be used as a dynamic 
document to be updated as the project proceeds. An example PDPC is shown in 
Figure 7.14.

Project Evaluation and Review Technique (PERT)
The project evaluation and review technique (PERT) and critical path method (CPM) 
have become essentially merged in current software packages. The critical path is 
the path from start to finish that requires the most time. In Figure 7.15 there are 
just two paths: ACEGH and BDFGH. Path ACEGH requires 10 + 5 + 10 + 10 + 15 
= 50 days, and path BDFGH requires 5 + 15 + 10 + 10 + 15 = 55 days. Therefore 
BDFGH is the critical path. Software packages are available to identify and cal-
culate the critical path for projects with multiple paths. If activities on the critical 
path are delayed, the entire project will be delayed. The critical path time is the 
time required to complete the project. The only way to complete the project in less 
time is to decrease the time for at least one of the activities. This is usually accom-
plished by putting more resources into one or more activities on the critical path. 
This is sometimes referred to as “crashing” the project.

Quality Function Deployment
See Chapter 11, Section 2, for details.

Figure 7.14     Example process decision program chart (PDPC).
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Risk Priority Number
The risk priority number (RPN) is calculated from FMEA data, specifically the 
severity rating (S), occurrence rating (O), and detection rating (D). RPN = S × D 
× O. The RPN is used to help determine the potentially highest-risk items to aid a 
project team in prioritizing the items to work on most aggressively.

RPN is covered in more detail in Chapter 3, Sections 2 and 3.

Key Point: The RPN is a factor of the process, not some external goal or prescribed 
numeral listing. The intent of the RPN is to use the full range (typically: 10 × 10 × 
10 = 1000) to distinguish the most important risks for the team to work on!

Sampling Plan
Dr. Joseph Juran said that 100 percent inspection is only 80 percent effective: 
“Collectively, these inspector errors result in a performance of about 80 percent 
accuracy.”5 Whenever we try to inspect large quantities, any number of things can 
happen to distract us from the task at hand or cause problems in correctly identi-
fying the items to be addressed. One solution to this is to take samples (preferably 
randomly) from the population in question to get an idea of what the population 
contains.

Usually, the quality organization will assist in developing a sampling plan for 
inspecting products. These plans take into account the various factors, for exam-
ple, line speed, technology available, number of personnel available, customer 

Figure 7.15     PERT/critical path chart example.
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expectations, and so on, to establish a sampling plan to ensure that the process, 
product, and customer requirements are met.

Randomness in sampling is when every part that could be measured has an 
equal chance or probability of actually being selected by the operator. Instead of 
saying “we only check the first parts after setup,” we might say that we will check 
the first piece and then every x (specified number) part after that. Or we could say 
that once each hour we will check a certain number of parts. Then the operator 
must pick a random time each hour that fits into the production cycle to check the 
parts (versus doing it only at 15 minutes past each hour).

A check sheet to demonstrate that the checks were actually done and to sim-
plify the collecting of the data will usually accompany sampling plans. An oper-
ator using a check sheet can quickly see if they are following the sample plan and 
when the next part(s) should be evaluated.

Sampling is a useful tool, and the sampling plan gives us a guide as to how 
and when we are to do the sampling. The sampling plan should be designed ahead 
of actual use and be available for inspection itself at any time.

Suppliers-Inputs-Process-Outputs-Customers 
(SIPOC) Diagram

To develop a suppliers–inputs–process–outputs–customers (SIPOC) diagram, 
start by defining the process and its boundaries (center of the diagram shown 
in Figure 7.16). Next, identify the outputs of the process, including data, services, 
products, information, records, and so on. For each identified output, identify all 
of the associated inputs. Then, move on to the internal and external customers— 
those that receive the identified outputs. Finally, move back to the supplier column 
to identify the internal and external suppliers for each identified input. Although 
it may seem odd to bounce back and forth from side to side on the chart, this is 
done to help stimulate thinking. For example, new outputs are often identified 
when discussing inputs or customers.

External suppliers to a process are those outside the enterprise that provide 
process inputs, including materials, purchased parts, contracted services, electri-
cal power, and so on. Internal suppliers to a process are departments or processes 
inside the enterprise that provide process inputs. Similarly, a process’s external cus-
tomers are those outside the enterprise who receive process outputs, while internal 
customers are those inside the enterprise who receive process outputs.

Suppliers of either type are responsible for meeting the requirements of their 
customers. Customers of either type are responsible for communicating their 
requirements to their suppliers.

Tree Diagram
Tree diagrams help to break a general topic into a number of activities that contrib-
ute to it. This is accomplished through a series of steps, each one digging deeper 
into detail than the previous one. A note listing the general topic is posted at the 
top of a flip-chart or whiteboard. Have the team suggest two to five slightly more 
specific topics that contribute to the general topic and write these on individual 
notes and post them in a horizontal row beneath the original general topic. For 
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Figure 7.16     SIPOC diagram with requirements capture.

Suppliers

Providers of the required 
inputs/resources to ensure 
that the process executes 
as planned.

Inputs

Resources required by the 
process to obtain the 
intended output.

Process

Top-level description of activity.

Outputs

Deliverables from the 
process. Note: deliverables 
can be hardware, software, 
systems, services, data,
information, and so on.

Customers

Any organization that receives an output or deliverable 
from the process.
Note: can also capture systems/databases that receive 
outputs, information, data, and so on.

Development team S/W size estimating guide S/W size estimation 
methods/formulas

External customer/
program manager

System specifications

• Prime item development
 specification

• System requirements
 doc

• And so on

Total count of requirements
allocated to S/W

Preferred soft copy with
requirements identified
(“shall”)

• New SLOC

• Modified SLOC

• Reused SLOC

• Auto-generated SLOC

SLOC formatted for entry
into price estimating
software and organizational
metrics collection system

Project/pursuit 
software lead

S/W development leads of
past and current projects

Legacy systems 
knowledge

Legacy SLOC data from
project assessment library 
and organizational metrics

Basis of estimate (BOE)
for quote

Rational for SLOC estimates

Information for fact finding

Proposal manager 

Organization subject
matter experts

Identification of most
applicable/similar 
legacy S/W

Determine scope of
similarities (number 
of requirements 
new, modified, reused,
or deleted)

Legacy code product
information

Reused S/W development
information

• Documentation

• Version

• Qualification test/results

• Standards (498, DO178B,
 and so on)

Proposal manager 

Requirements Requirements

Customer
requirements

Identify
customer

requirements
impact to code

Software lines
of code
(SLOC)
estimate



	 Chapter 7: D. Management and Planning Tools	 125

each of these new topics, have the team suggest two to five even more specific top-
ics and post these on the next level down. Continue each branch of the tree as far 
as seems practical. Draw appropriate connecting lines. Review the tree by making 
sure that each item actually contributes to the item above it. The resulting diagram 
should provide specific activities that, when they occur, contribute to the general 
topic. An example is shown in Figure 7.17.

Written Survey
Written surveys can be sent to a randomly selected group of customers or poten-
tial customers, but getting responses from all those selected almost never occurs. 
In addition, the accuracy of the responses is questionable. A carefully worded and 
analyzed survey can, however, shed significant light on customer reactions.

Tool Review
The define phase focuses on determining the scope of the improvement project and 
the resources and schedule needed to execute the project. There are many tools 
to aid in the definition and management of the project, including the charter and 
Gantt chart. The tools and level of detail should be selected based on the size of the  
project and organization requirements. Additionally, the tools used to scope  
the problem and define the current state vary in detail, focus, and complexity. 
During the initial project planning, an initial determination of the tools to be used 
for the problem/current state definition should be identified, allowing for adjust-
ment as the project matures. The primary goal of the define phase is to ensure that 
the problem and project are defined to provide focus for the remaining phases—
measure, analyze, improve, and control.

Figure 7.17     This example of a tree diagram is a fault tree (used to study defects and failures).
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Chapter 8

E. Business Results for Projects

Business results can be shown in many forms and at many levels of detail. 
The measures for project results should be identified during the initial plan-
ning stages and be refined as the project progresses. Results, also known as 

performance measures, are usually related to the business, project, or process. Busi-
ness performance measures are usually expressed through tools known as:

•	 Balanced scorecard

•	 Performance to established goals

To provide an approach to measuring multiple aspects of a business, not just the 
financial aspect, Dr. Robert Kaplan and Dr. David Norton developed the balanced 
scorecard in the early 1990s. Their research indicated that the financial aspect of 
measurement is restricted to past events and is only one part of the business. The 
balanced scorecard requires the organization to look at its performance in five 
primary areas: financial, customer, internal processes, and learning and growth. 
This approach helps the organization align its vision and goals with the objec-
tive of ensuring that no single area far outweighs the others—thus providing a 
balanced method of results measurement. Kaplan has written several books on 
activity-based costs and activity-based management, both central to the profitabil-
ity emphasis of Six Sigma. These topics also provide other approaches for estab-
lishing business results for projects.

Performance to established goals is as simple as it sounds. The organization 
establishes goals and periodically measures its performance against them. The 
goals usually reflect desired results such as:

•	 Increase revenue (for example, sales) 10 percent over last year 

•	 Improve net profit by eight percent over last quarter 

•	 Ensure that all employees receive 40 hours of job-related training

Project performance measures usually include:

•	 Cost performance index (CPI). Measures the project’s performance in 
dollar terms (for example, the ratio of value earned [budgeted cost of 
work performed] versus the actual cost of work performed). A ratio  
of 1 or higher is the desirable condition.
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•	 Schedule performance index (SPI). Measure of the project’s efficiency to 
schedule as expressed in the ratio of earned value to planned value.

•	 Other measures based on project or organizational requirements  
such as:

–	 Defects per single line of code (SLOC) for software projects

–	 Customer complaints or corrective action requests

–	 Inquiry response time

–	 Defect containment

1. Process Performance

Calculate process performance metrics such as 
defects per unit (DPU), rolled throughput yield (RTY), 
cost of poor quality (COPQ), defects per million 
opportunities (DPMO), sigma levels, and process 
capability indices. Track process performance 
measures to drive project decisions. (Analyze)

Body of Knowledge II.E.1 

Note: Some industries have a legal obligation to make references to products or 
services that do not totally meet the specifications as nonconforming, nonconfor-
mities, or deficiencies! The word “defect” is not allowed to be used related to prod-
ucts or services. Check with your management team to see if this applies to your 
organization.

Process performance is usually a measure of how the process is executing 
against some established goals or statistical measure.

Process performance measures usually include:

•	 Defects (deficiencies) per unit (DPU). Calculated as the total number of 
defects divided by the total number of products produced in some 
time period (for example, per day).

•	 Defects (deficiencies) per million opportunities (DPMO).1 To calculate the 
number of opportunities, it is necessary to find the number of ways 
each defect can occur on each item. In a hypothetical product, blurred 
printing occurs in only one way (the pencil slips in the fixture), so in 
the batch there are 40,000 opportunities for this defect to occur. There 
are three independent places where dimensions are checked, so in 
the batch there are 3 × 40,000 = 120,000 opportunities for dimensional 
defects. Rolled ends can occur at the top and/or the bottom of the 
pencil, so there are 40,000 × 2 = 80,000 opportunities for this defect  
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to occur. The total number of opportunities for defects is 40,000 + 
120,000 + 80,000 = 240,000. Let us consider that this product has an 
average 165 defects/unit:

DPO = DPU ÷ (Total number of opportunities)

DPMO = DPO × 106 = (165 ÷ 240,000) × 106 = 687.5

•	 Rolled throughput yield (RTY).2 RTY applies to the yield from a series of 
processes and is found by multiplying the individual process yields 
(Throughput yield = e–DPU). If a product goes through four processes 
whose yields are .994, .987, .951, and .990, then RTY = .994 × .987 × .951 
× .990 ≈ .924

•	 Sigma levels.3 Suppose the tolerance limits on a dimension are 5.000 
± 0.012, that is, 4.988 to 5.012. Data collected from the process during 
second shift indicates that the process mean is 5.000 and its standard 
deviation s = 0.004. Note that ±3s fits inside the tolerance because  
±3s = ±3 × 0.004 = ±0.012. A capability calculation would show  
Cp = Cpk = 1. The traditional way to calculate yield in this situation is 
to use a standard normal table to determine the area under the normal 
curve between ±3s. This gives a yield of about 0.9973. Experience 
indicates, however, that the process mean doesn’t remain constant. 
There is general agreement on the somewhat arbitrary rule that the 
process mean may shift 1.5s to the right or 1.5s to the left. If we 
assume a 1.5s shift to the right, the yield is the area under the normal 
curve to the right of –1.5s or about 0.9332. Suppose, now, that process 
variation is reduced so that s = 0.002. There is now ±6s between 
the tolerance limits, and the process can be called a 6s process. To 
calculate the yield for a six sigma process, we allow the mean to  
shift ±1.5s. Suppose the mean shifts 1.5s to the right so the yield is  
the area under a normal curve to the right of –4.5s. This turns out  
to be 0.9999966. The defect level is 1 – 0.9999966, which is 0.0000034  
or 3.4 ppm, the oft-quoted defect level for six sigma processes. At best 
this is a rather theoretical number, because the mean may not shift 
exactly 1.5s on each side, and no process is truly normal to the sixth 
decimal place.

•	 Process capability indices. There are various process capability indices, 
the most common being Cp, Cpk, and Cr.

–	 Cp is the ratio of tolerance to six sigma, or the upper specification 
limit (USL) minus the lower specification limit (LSL) divided by  
six sigma.

–	 Cpk is the lesser of the USL minus the mean divided by three sigma 
(or the mean) minus the LSL divided by three sigma. The greater  
the Cpk value, the better.

–	 Capability ratio (Cr) is the ratio of 1 divided by Cp. The lower the 
value of Cr, the better, with 1 being the historical maximum.
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2. Communication

Define and describe communication 
techniques used in organizations: top-down, 
bottom-up, and horizontal. (Apply)

Body of Knowledge II.E.2

A message is sent to convey information; information is meant to change behavior. 
Hence, the effectiveness of a communication is vital if we expect desired action to 
happen. Communication is a key skill that is required for any individual, be they 
an operator on the assembly line or the CEO of an organization. The skill-level 
expectation increases as the individual moves up to higher positions and commu-
nicates information that can literally change the lives of employees, the future of 
the organization, and the consequences to society. For situations that can make an 
impact of this magnitude, it is important to “plan to communicate.” In a project 
setting with a matrix organization structure, the importance of communication 
can not be stressed enough. Go/no-go decisions for the project and support from 
stakeholders require effective communication.

There are several types of communication flow that are used in different 
situations:

•	 Top-down flow or downward flow. Used when top management or 
the executive sponsor of the project is providing instructions, 
communicating policies, or providing feedback on project 
performance. If this communication is passed from executive sponsor 
to champion to process owner to Black Belt to team members, there 
is a possibility of losing some information, as the message may get 
filtered or distorted. It is better for the top manager to send a written 
communication to the team and/or convene a meeting to communicate 
to the entire chain of command. Management may leave sensitive 
information to be communicated through the chain of command.  
This will help make the middle-level managers feel they are not  
losing their importance.

•	 Bottom-up flow or upward flow. When a line operator or front desk 
personnel want to provide feedback to the management, or a team 
member wants to communicate to the executive sponsor of the project, 
a bottom-up flow of communication occurs. Similarly to top-down, the 
bottom-up method may also see information distorted as it reaches 
the higher level. Top management should encourage an open-door 
policy, survey employees, and set up suggestion boxes and stand-up 
meetings. Luncheon meetings are good for providing bottom-up 
communication opportunities. All these ideas have to be planned 
and executed correctly or they will become a mockery of the system. 
Examples of poor implementation include suggestion boxes turning 
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into complaint boxes, and the open-door policy being misused to 
disrupt work or point fingers.

•	 Horizontal communication. This is more effectively used in “flatter” 
organizations. This is very effective and quicker to get results. 
However, where there is a process to be followed for authorization and 
approval of management, horizontal communication is not suitable 
as it may tend to shortcut the process. In a vertical organization, 
the middle and higher management personnel may feel that they 
have been bypassed due to horizontal communication. It is better 
for management to provide guidelines as to where horizontal 
communication is encouraged.

Communication delivery method and meeting room setting are helpful to the 
effectiveness of the message as well. Reprimanding must be done in private, 
whereas appreciation has to be given in public. Sensitive issues have to be com-
municated in person, as body language plays a key role between the sender and  
receiver of the message. E-mails are not good at communicating emotions,  
and hence disagreements are best handled face to face.

To be a good communicator, you must also learn to be a very good listener. 
The BoK does not include listening as a topic for the exam and thus it is not pre-
sented in this handbook; however, there is a lot of useful information available on 
listening skills that could be useful in learning to be a better communicator.
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Chapter 9

F. Team Dynamics and Performance

Team Basics
Remember the famous quote, “There is no ‘I’ in ‘team’”? The essence of it is to 
imply that a team is a collective effort of individuals. To harness the best of each 
individual, the team members need to understand each other’s strengths, roles, 
and responsibilities, and the scope of the task. There are several books that go into 
detail about how to form a team, organize meetings, manage projects, and accom-
plish the desired goals. In the context of Six Sigma, we will cover areas important 
to a Green Belt. Protocols such as setting the team agenda, recording the min-
utes of the meeting with actions, sticking to meeting time, and enforcing meeting 
attendance need to be followed for an effective team meeting. An initial meeting 
to kick off the team, with introductions and high-level discussion on the goal, 
objective, milestones, and so on, will provide an opportunity for the team to get to 
know each other and understand the expectations. A team agenda can be flexible, 
but you need to have one.

Some teams have their team goals, objective, and scope/boundaries visibly 
displayed in every meeting to keep the members on track. Management presence 
during kickoff and with regular frequency during the project helps enforce the 
importance of the team objective.

Team Formation
A team usually comprises five to nine members (seven is considered an ideal size) 
with complementary skills to achieve the goals and objectives of the team. Team 
composition should be driven by the size and scope of the project; it is possible to 
have a team of one or two for a smaller project and a large team with subteams for 
a big project. The team includes subject matter experts and stakeholders. Subject 
matter experts sometimes remain outside the team as resource or extended team 
members. Stakeholders are always part of the team. The team will not be able to 
implement their ideas and solutions without having stakeholders or their repre-
sentation on the team. Teams smaller than five reduce the opportunity for interac-
tion problems and are easier to manage, whereas teams greater than nine produce 
a lot of interaction that can be counterproductive to a team’s progress. Teams with 
greater diversity tend to produce better interaction between team members. Some 
teams also bring in individuals who are neither subject matter experts nor stake-
holders but are outsiders to the team. The outsider helps the team ask questions 
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that were never explored by the team members closer to the process. This needs to 
be moderated, as the outsider might ask too many questions and frustrate the core 
members. Typically, Six Sigma teams are cross-functional to address the issues 
from every angle.

Virtual Teams
This is an interesting innovation that has evolved in the last several decades due 
to the development of technology in communication tools and the Internet, which 
have led to the ability to meet and share data virtually. Virtual teams enable people 
from all over the globe to meet via teleconferences, videoconferences, and Inter-
net tools such as shared computers. There are many benefits to virtual teaming, 
the most prevalent being reduced costs and real-time data sharing and updating. 
However, virtual teams also face challenges that include slowing of the progres-
sion of normal team-building, inability to get true commitment and buy-in, and 
the potential for miscommunication—especially with voice-only teleconferencing, 
as the important factor of nonverbal communication is lost. Virtual teaming has its 
place in every organization and can be very effective, especially if team members 
are familiar with each other.

1. Team Stages and Dynamics

Define and describe the stages of team evolution, 
including forming, storming, norming, performing, 
adjourning, and recognition. Identify and help resolve 
negative dynamics such as overbearing, dominant, or 
reluctant participants, the unquestioned acceptance 
of opinions as facts, groupthink, feuding, floundering, 
the rush to accomplishment, attribution, discounts, 
digressions, and tangents. (Understand)

Body of Knowledge II.F.1 

It is important to understand team dynamics and performance. There are many 
projects that have failed miserably because of lack of teamwork and not under-
standing the roles and responsibilities of the team members. It is important to note 
that the team members were technically competent and had complementary skill 
sets to succeed in those projects.

According to B. W. Tuckman’s “Developmental Sequence in Small Groups,” 
teams typically go through the stages of forming, storming, norming, and perform-
ing. Let us explore each stage and identify the appropriate management approach 
required for that stage.1 We will also discuss two additional stages.
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Stage 1: Forming

	 1.	 Team members getting to know each other.

	 2.	 Group is immature.

	 3.	 Sense of belonging to the group.

	 4.	 Take pride in membership with the group.

	 5.	 Trying to please each other.

	 6.	 May tend to agree too much on initial discussion topics.

	 7.	 Not much work is accomplished.

	 8.	 Members’ orientation on the team goals.

	 9.	 Members understand the roles and responsibilities.

	10.	 Group is going through the “honeymoon” period.

Stage 2: Storming

	 1.	 Team members voice their ideas.

	 2.	 Understanding of the scope and members’ roles and responsibilities  
will be put to the test.

	 3.	 Ideas and understanding start to conflict.

	 4.	 Disagreements start to slow down the team.

	 5.	 Not much work is accomplished.

	 6.	 Necessary evil that every team member has to go through to  
position themselves on the team.

	 7.	 Caution to be aware of negative interactions between team  
members as too much disagreement can completely stall the  
team progress.

Stage 3: Norming

	 1.	 Team members resolve their conflicts.

	 2.	 Team members agree on mutually acceptable ideas to move  
forward.

	 3.	 Some amount of work gets accomplished.

	 4.	 Starting to function as a team.

	 5.	 Team members start to trust each other and share their ideas and work 
products without hesitation.
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Stage 4: Performing

	 1.	 Team is effective, skills complementary, synergy is created.

	 2.	 Team members realize interdependence.

	 3.	 Develop ability to solve problem as a team.

	 4.	 Large amount of work gets accomplished.

Stage 5: Transitioning/Adjourning

	 1.	 Team is disbanded.

	 2.	 Team members go on with other activities of their work.

	 3.	 If the project is continued with additional scope, some team members 
may be changed.

	 4.	 Team dynamic changes and tends to go back to one of the  
earlier stages.

	 5.	 Major changes can result in going back to forming stage.

Stage 6: Recognition

Recognition is the often forgotten piece of team dynamics, or rather, often  
taken for granted. Even though team members are salaried or compensated mone-
tarily for their time and skill, it does not mean that the team is already recognized. 
Teams can be recognized in many ways, from a simple pat on the back by senior 
management, to thank-you notes, bulletin boards, organization-wide e-mails, 
newsletters, all-employee meetings, certificates of accomplishment, bonuses, stock 
options, and many other ways.

This is the typical evolution of team stages. Depending on organizational cul-
tural issues, some stages may shorten or lengthen, but the team still goes through 
them. It is healthy for the team to go through these stages as they set ground rules 
and expectations for themselves. These stages also depend on team maturity, com-
plexity of the task (project), and team leadership.

Team Leadership

The team leadership may vary depending on the maturity of the team and the 
stage the team is at based on the leader’s perception. Examples of leadership activ-
ities during these stages include:

Forming. Appropriate leadership style during this stage is directing:

•	 Leader provides close supervision, exhibits directive behavior.

•	 Leader instructs the team as to what to do when, where, and how.

•	 Leader also listens to team’s feedback.

•	 Encourages and welcomes the team.
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•	 Leader explains the roles, responsibilities, and goals of team members.

•	 Leader identifies opportunities for developing skills to meet  
team goals.

Storming. Appropriate leadership style is coaching:

•	 Leader still continues close supervision, exhibits directive behavior.

•	 Leader also starts some supportive behavior.

•	 Leader increases the listening level to solicit the team’s feedback.

As discussed earlier, to keep the storming at an acceptable level (not detrimental 
to the task at hand) the leader may use conflict resolution approaches.

Norming. Appropriate leadership style is supporting:

•	 Leader reduces the level of directive behavior and increases the 
supportive behavior.

•	 Leader encourages the team on decision-taking responsibilities.

•	 Helps move to a performing stage before the team reverts to  
earlier stages.

•	 Emphasizes ground rules, scope, roles and responsibilities.

Performing. Appropriate leadership style is delegating:

•	 Since the team is mature, the leader reduces the level of being directive 
and supportive in day-to-day functions.

•	 Team leader still monitors the goals and performance of the team.

•	 Watches for any change in dynamics due to major changes.

Negative Team Dynamics

Several negative team dynamics are pretty much reflective of the organizational 
culture rather than personalities of individuals. If something is “acceptable” 
within the organization as a norm, that becomes the way of running the business. 
In other words, the organizational culture becomes the “enabler” of the many 
team problems that organizations face.

Negative dynamics in the team can:

•	 Have a negative impact on team member motivation

•	 Hurt a team member’s ego and self-esteem

•	 Intimidate team members

•	 Reduce the self-confidence of others

•	 Increase stress and exhaust patience

•	 Increase feelings of insecurity

•	 Foster a lack of morale
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As a result, unchecked or unaddressed negative team dynamics may cause:

•	 Goals and objectives of the project/task to not be met

•	 Targets to be frequently revised to team’s advantage

•	 The project to be canceled

•	 The team to miss project milestones and deadlines

•	 Project resources to not be effectively utilized

•	 The project to overrun its cost targets

Table 9.1 outlines common negative team dynamics and possible countermea-
sures. There are more facilitation tactics discussed in The Certified Six Sigma Black 
Belt Handbook and the Team Handbook.

Table 9.1  Common negative team dynamics and potential countermeasures.

Negative			   Potential 
dynamic	 Symptoms	 Probable causes	 countermeasures

Overbearing 	 Team interaction is	 Team is composed 	 With the support of 
member(s)	 limited to a few 	 of a few influential	 the influential team 
	 individuals. The rest of 	 members (senior	 member, the team 
	 the team is always in 	 management staff,	 leader reinforces 
	 listening mode rather 	 founders, inventors),	 round-robin voicing 
	 than participating in 	 members with	 of opinions, using 
	 the discussion.	 legitimate authority 	 methods like nominal 
		  (investor, major 	 group technique,  
		  shareholder, owner), 	 conducting the meeting 
		  subject matter experts, 	 in a more informal 
		  and so on. This may 	 setting, keeping 
		  intimidate other team 	 experts and influential 
		  members, who hesitate 	 members as an  
		  to voice their opinions.	 extended team, and  
			   so on.

Dominant	 Meeting discussion 	 Dominant team	 Structure the agenda 
member(s)	 getting chaotic and 	 members keep	 to provide equal 
	 difficult to listen to or 	 interrupting the	 participation for all 
	 understand. Only a few 	 conversation of other	 team members.  
	 members dominating	 team members.	 Effective moderation 
	 the entire discussion.		  by team leader that  
			�   allows other team  

members to finish their 
thoughts. Team leader 
initiates round-robin to 
provide opportunity for 
every team member.

Continued
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Table 9.1  Common negative team dynamics and potential countermeasures. (Continued)

Negative			   Potential 
dynamic	 Symptoms	 Probable causes	 countermeasures

Floundering	 Team is currently 	 Lack of team direction.	 During early stages of 
	 proceeding or 	 Some teams have high-	 the team more direction 
	 performing in an 	 profile team leaders	 is required. 
	 unsteady, faltering 	 from the organization	  
	 manner.	 but they hardly ever 	 Team leadership should 
		  attend meetings 	 be visibly present 
		  or team discussions.	 during the team 
		  There are situations	 meetings and decisions. 
		  where the organiza-	  
		  tions are going 	 Team leadership should 
		  through major changes 	 keep the team focused 
		  and no one is clear 	 by not getting 
		  about the future of 	 distracted by events 
		  the team.	 happening within 
			   the organization. 
		  Team members are 	  
		  overwhelmed. This 	 Team leaders should 
		  can be due to multiple 	 address the concerns of 
		  reasons. Organization 	 the team members but 
		  going through a major	 not allow the team 
		  change: leadership, 	 agenda to be hijacked 
		  downsizing, new 	 by other events. 
		  mergers and 	  
		  acquisitions, offshore 	 Reinforce management 
		  transfers, and so on.	 support and 
			   commitment when 
		  Postponing of team 	 team starts to challenge 
		  decisions. This is 	 the purpose of the team. 
		  related to lack of 	  
		  direction from the 	  
		  team leadership. If 	  
		  there is no clear 	  
		  direction, decision- 
		  making gets difficult.	

Reluctant	 Lack of participation,	 Team member may not	 Team leaders support 
participants	 noncommittal 	 have any stake in the	 the team members’ 
	 feedback. Basically 	 team’s outcome.	 active participation and 
	 showing disinterest.	 Intimidated by other 	 protect the team 
		  team members or 	 members voicing their 
		  leaders. In the process 	 opinions. 
		  of moving out of the 	  
		  current job function or 	  
		  organization. Fear of 	  
		  losing job or position 	  
		  by voicing opinions.	

Continued 
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Table 9.1  Common negative team dynamics and potential countermeasures. (Continued)

Negative			   Potential 
dynamic	 Symptoms	 Probable causes	 countermeasures

Unquestioned 	 Members present	 Mainly organization	 Team leader requests 
acceptance 	 information without	 cultural reasons. 	 supporting data, 
of opinions 	 backing up data or	 Lack of management	 analysis, and 
as facts	 analysis. Members 	 by facts.	 conclusions that are 
	 present unfounded 		  statistically valid. 
	 assumptions, and		   
	 so on.		  Question the  
			   assumptions behind  
			   the analysis.

Groupthink	 No public 	 Members fear group	 Bring independent 
	 disagreements. Doubts 	 cohesiveness will be 	 members from 
	 expressed in private 	 at stake if there are 	 outside to participate.  
	 discussions. There are 	 any disagreements. 	 Rotate roles and 
	 several other classical 	 Putting group 	 responsibilities of 
	 symptoms identified 	 harmony as 	 members at milestones.  
	 by researchers.	 paramount.	 Management by fact.

Feuding	 Hostilities resulting in 	 Conflict resolution 	 Confront the 
	 heated arguments, 	 not effectively handled 	 adversaries offline and 
	 slowed progress, low 	 by the team leadership.	 not in the team meeting. 
	 morale of the team.	 Lack of mutual respect 	 Confronting in public 
		  between team 	 can worsen the 
		  members. Team 	 situation. 
		  operating ground	  
		  rules not enforced.	 Enforce discipline and  
			�   emphasize mutual 

respect among team 
members. 
 
Restate the objective of 
the team as main focus.

Rush to 	 Incomplete data	 Team under	 Team leadership asks 
accomplishment	 collection. Inconsistent 	 unrealistic deadline.	 for data collection, 
	 analysis. Trying to get 	 Untrained team	 analysis, and 
	 conclusion faster.	 members. Looking for 	 statistical significance. 
		  short-term gains.	� Ask for alternate  

solutions. Revise the 
deadline to a more 
realistic one based on 
resources.

Continued 



	 Chapter 9: F. Team Dynamics and Performance	 139

2. Team Roles and Responsibilities

Describe and define the roles and 
responsibilities of participants on six sigma 
and other teams, including black belt, master 
black belt, green belt, champion, executive, 
coach, facilitator, team member, sponsor, and 
process owner. (Apply)

Body of Knowledge II.F.2

Six Sigma successes are not just about application of statistical tools. A strong Six 
Sigma organization is necessary for sustainable success. Without this organiza-
tion, there will be no accountability to the investment made in employees in terms 
of training, resources spent, and consistent approach of methodologies. Smaller 

Table 9.1  Common negative team dynamics and potential countermeasures. (Continued)

Negative			   Potential 
dynamic	 Symptoms	 Probable causes	 countermeasures

 Attribution	 Members make casual 	 Similar to “rush to	 Team leaders challenge 
	 references. Members 	 accomplishment”	 the assumptions made 
	 don’t seek 	 causes.	 by team members. 
	 explanations, 		  Use devil’s advocate 
	 preferring 		  approach. Ask for 
	 psychological and 		  analysis behind the 
	 emotional judgments.		  conclusions drawn.

Discounts	 Members’ opinions 		  Encourage mutual 
	 are ignored. Members 		  respect. Enforce 
	 do not seem to listen 		  discipline. Ask for 
	 to each other. Sarcasm, 		  clarification from the 
	 low team morale.		  members providing  
			   opinions.

Digressions 	 Discussion straying	 Organization going	 Enforce compliance to 
and tangents	 out of the scope/	 through major change.	 agenda items and time 
	 agenda of the meetings.	 Cultural issues. Lack	 allotment. Restate 
	 Distractions. Meeting 	 of focus from	 meeting ground rules. 
	 time not properly 	 leadership.	 Redirect the 
	 utilized. Not much 		  discussions. 
	 achieved from the 		   
	 meetings.
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organizations may combine some roles; however, the responsibilities should be 
maintained. Six Sigma organizational structures may range from the typical large 
Six Sigma organization shown in Figure 9.1 to a typical small Six Sigma organiza-
tion as depicted in Figure 9.2, or anything in between.

One factor that has helped Six Sigma be successful is the structure it demands 
of organizations. Table 9.2 shows typical Six Sigma roles, the organizational mem-
bers that typically fill the roles, their expected training or background, and the 
primary responsibilities for each role.

Figure 9.1     Typical large Six Sigma organization.
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Figure 9.2     Typical small Six Sigma organization.
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Table 9.2  Typical Six Sigma roles.

Role	 Candidate	 Training/background	 Primary responsibilities

Executive 	 Business unit leader	 Six Sigma concepts,	 •	 Set direction and 
sponsor	 responsible for profit 	 strategies, overview,		  priorities for the Six 
	 and loss (usually at 	 operational definitions.		  Sigma organization 
	 director level or above)	 	 •	 Allocation of resources  
				    for projects 
	 	 	 •	 Set Six Sigma vision,  
				    overall objectives for  
				    the program 
	 	 	 •	 Monitor the progress  
				    of the overall program 
	 	 	 •	 Initiate incentive  
				    programs 
	 	 	 •	 Reward successful  
				    projects

Champion	 Typically upper-level 	 Six Sigma concepts,	 •	 Liaison with senior 
	 managers	 strategies, tools and 		  management 
	 	 methods, operational 	 •	 Allocation of resources 
		  definitions. Emphasis 		  for projects 
	 	 on management tools.	 •	 Determine project  
				    selection criteria 
	 	 	 •	 Remove barriers  
				    hindering the success  
				    of the project 
	 	 	 •	 Approve completed  
				    projects 
	 	 	 •	 Implement change

Continued
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Table 9.2  Typical Six Sigma roles. (Continued)

Role	 Candidate	 Training/background	 Primary responsibilities

Process 	 An individual	 Six Sigma concepts,	 •	 Select team members 
owner	 responsible and 	 strategies, tools and	 •	 Allocation of resources 
	 accountable for the 	 methods, operational		  for projects 
	 execution and results of 	 definitions. Emphasis	 •	 Provide process 
	 the process. The sponsor 	 on statistical tools.		  knowledge 
	 or champion could also 	 	 •	 Review process changes 
	 be a process owner.	 	 •	 Approve changes/ 
				    support change  
				    management 
	 	 	 •	 Implement change 
	 	 	 •	 Ensure that  
				    improvements are  
				    sustained

Master 	 Individuals trained in	 Six Sigma Body of	 •	 Coach Six Sigma Black 
Black Belt	 Six Sigma methodologies, 	 Knowledge, lean		  Belts and Green Belts 
	 statistical tools, basic 	 enterprise synergy,	 •	 Utilize the resources 
	 financial tools, change 	 finance for nonfinancial		  provided by 
	 management, risk 	 managers, risk		  management effectively 
	 assessment, project 	 assessment, project	 •	 Formulate overall 
	 management, executive 	 management, change		  business strategy 
	 communication, and 	 agent skills, Master		  linking to Six Sigma 
	 well experienced in 	 Black Belt train the		  program 
	 teaching, coaching, and 	 trainer, presentation	 •	 Monitor project 
	 mentoring Black Belts 	 skills, communication		  progress closely 
	 and Green Belts. This 	 skills, leadership skills,	 •	 Typically between  
	 is always a full-time 	 facilitation skills.		  15–20 projects 
	 position.			   overseen at a time 
	 	 	 •	 Provide coaching,  
				    mentoring for new  
				    Black Belts and  
				    Green Belts 
	 	 	 •	 Work with champions  
				    and process owners for  
				    selection of projects 
	 	 	 •	 Address issues of 
				    project stagnation 
	 	 	 •	 Remove barriers  
				    hindering the success  
				    of the project 
	 	 	 •	 Support as a subject  
				    matter expert for the  
				    organization 
	 	 	 •	 Review and approve  
				    completed projects 
	 	 	 •	 Share lessons learned  
				    with the extended team 
	 	 	 •	 Provide inputs to  
				    rewards committee

Continued



	 Chapter 9: F. Team Dynamics and Performance	 143

Table 9.2  Typical Six Sigma roles. (Continued)

Role	 Candidate	 Training/background	 Primary responsibilities

Black Belt	 Individuals trained in Six 	 Six Sigma Black Belt	 •	 Lead and manage Six 
	 Sigma methodologies, 	 Body of Knowledge,		  Sigma projects 
	 statistical tools, basic 	 lean enterprise synergy,	 •	 Utilize the resources 
	 financial tools, change 	 finance for nonfinancial		  provided by  
	 management, risk 	 managers, risk		  management effectively 
	 assessment, project 	 assessment, project	 •	 Provide net present  
	 management, and 	 management, change		  value, return on 
	 well experienced in 	 agent skills, presentation		  investment (ROI),  
	 managing Black Belt 	 skills, communication		  payback calculations 
	 projects. This is always 	 skills, leadership and		  on projects 
	 a full-time position.	 facilitation skills. 	 •	 Work full-time on four 
		  Certified as Six Sigma 		  to six projects per year 
	 	 Black Belt.	 •	 Monitor project 
				    progress closely 
	 	 	 •	 Follow DMAIC process,  
				    apply appropriate  
				    statistical methods 
	 	 	 •	 Work with champions,  
				    Master Black Belt, and 
				    process owners for  
				    selection of projects 
	 	 	 •	 Address issues of  
				    project stagnation/ 
				    consult Master Black 
				    Belt 
	 	 	 •	 Remove barriers  
				    hindering the success  
				    of the project 
	 	 	 •	 Update and present  
				    project progress to  
				    management 
	 	 	 •	 Review completed  
				    projects 
	 	 	 •	 Share lessons learned  
				    with the extended  
				    team

Continued
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Table 9.2  Typical Six Sigma roles. (Continued)

Role	 Candidate	 Training/background	 Primary responsibilities

Green 	 Individuals trained in Six	 Six Sigma Green Belt	 •	 Support Six Sigma 
Belt	 Sigma methodologies, 	 Body of Knowledge,		  projects with higher 
	 basic statistical tools, and 	 lean enterprise synergy,		  ROI 
	 process improvement 	 presentation skills,	 •	 Lead smaller projects 
	 techniques. This is 	 communication skills.		  with moderate savings 
	 typically a full-time 	 Certified as Six Sigma		  and ROI 
	 position. However, some 	 Green Belt.	 •	 Follow DMAIC process, 
	 organizations make this 			   apply appropriate 
	 part of an existing job 			   statistical methods 
	 responsibility.	 	 •	 Review the approach  
				    periodically with the  
				    experienced Black Belt 
				    and Master Black Belt 
	 	 	 •	 Provide inputs to  
				    Master Black Belt and 
				    Black Belt and process  
				    owners during selection  
				    of projects 
	 	 	 •	 Identify issues of  
				    project stagnation/ 
				    consult Black Belt,  
				    Master Black Belt 
	 	 	 •	 Identify and report  
				    barriers hindering the  
				    success of the project 
	 	 	 •	 Share lessons learned  
				    with the extended team

Project 	 Selected by process	 Six Sigma methodologies,	 •	 Support and contribute 
team 	 owner and trained in	 quality tools, process		  to Six Sigma projects 
member	 Six Sigma methodologies, 	 improvement, teamwork.	 •	 Participate in charter 
	 quality, basic statistical 			   and scope definition 
	 tools, and process 	 	 •	 Provide inputs during 
	 improvement techniques.			   project meeting,  
				    brainstorm ideas 
	 	 	 •	 Help collect data  
				    where responsible 
	 	 	 •	 Follow DMAIC process, 
				    apply appropriate tools 
	 	 	 •	 Review the approach  
				    periodically with the  
				    Green Belt and  
				    experienced Black Belt 
	 	 	 •	 Provide inputs to  
				    Green Belt and Black  
				    Belt and process owners  
				    during project

Continued
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3. Team Tools

Define and apply team tools such as 
brainstorming, nominal group technique, and 
multi-voting. (Apply)

Body of Knowledge II.F.3

As we discussed earlier, teams go through several stages before performing, and 
may face obstacles due to human interactions. Hence, soliciting ideas from all 
team members by providing an equal opportunity and arriving at sound conclu-
sions requires the use of a systematic and proven approach.

Team tools are useful for guiding team interaction in a systematic way. There 
are times when the topic of discussion is sensitive or controversial. There are times 
when a problem has not been explored enough, and the team leader is looking for 
as many ideas as possible. There also are times when team members have multi-
ple ideas and want to explore everything. These scenarios are not uncommon in a 
typical team setting. We will be discussing in this section some of the team tools 
and their application to solving these issues.

Brainstorming

Brainstorming is a process where an individual or team develops as many ideas 
concerning a topic as they can, using various creativity techniques or methods. 
There are two basic phases to brainstorming: the creative phase, which is used to 
generate a large number of ideas, and the evaluation phase, where the ideas gen-
erated are looked at for usefulness or applicability. There should be a time break 
between the two phases as different parts of the brain are used in each phase. At 
minimum, a 10-minute stretch break should be taken versus going directly into 
evaluation after being creative.

Table 9.2  Typical Six Sigma roles. (Continued)

Role	 Candidate	 Training/background	 Primary responsibilities

Yellow	 Those new to the world 	 Six Sigma	 •	 Follow DMAIC process, 
Belt	 of Six Sigma who have 	 methodologies,		  apply appropriate tools 
	 a small role, interest, 	 quality tools,	 •	 Support management 
	 or need to develop 	 process improvement.		  and teams as needed 
	 foundational knowledge	 	 •	 Make suggestions for 
				    future projects  
	 	 	 •	 Use process and tools  
				    in the workplace 
	 	 	 •	 Be ready to talk  
				    knowledgeably with  
				    others
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During the creative phase, there should be no criticism or other distractions 
allowed. During this phase, the team should maintain open minds to all the possi-
bilities no matter how wild the idea—the goal is to get as many ideas as possible. If 
ideas are being put on a flip-chart with a large group, you should have two or more 
available to capture all of the ideas as they develop. Otherwise you could have 
each person say what they are thinking and have them or someone else record the  
idea on a sticky note and put it on the wall. Facilitation can be used during  
the creative phase, but freewheeling also works well. Some basic guidelines that 
should be followed in the creativity phase of brainstorming include:

•	 No criticism, compliments, or questions

•	 Wild ideas are welcome

•	 Don’t wait

•	 Quantity is important (versus quality)

•	 Hitchhike—build on previous ideas

During the evaluation phase, at some point after the creativity phase, it is best to 
have a facilitator work with the group to look over the ideas in a sequence. There 
are many ways to go about evaluating the ideas generated. One good starting 
point is to organize the list of things into like groups or categories (that is, build 
an affinity diagram) to help in the evaluation process. The caution here is to not get 
overly critical, as there may be something in one of those “crazy” ideas that might 
actually work for the given situation. This is often true because of new technol-
ogy or different ways of doing things that are not common in our organizations.

To make brainstorming most effective, prior to starting the activity review, 
help the team understand the importance of avoiding these idea-stopping thoughts 
or behaviors:

•	 Don’t be ridiculous

•	 Let’s shelve it for right now

•	 It won’t work here

•	 Our business is different

•	 Let’s think about it some more

•	 We did all right without it

•	 It’s too radical a change

•	 Management won’t like it

•	 Where did you dig up that idea?

•	 It’s not practical

•	 It’s too expensive

•	 You can’t be serious

•	 You can’t do that

•	 The technology will not allow that
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•	 Where will you get . . .

•	 We’ve never done it before

•	 I have something better

•	 It’s too risky

•	 Let’s be sensible

•	 We’ll never get it approved

•	 The employees won’t like it

•	 It’s good, but . . .

•	 Let’s check on it later

•	 It’s too much work

•	 Let’s get back to reality

•	 That’s been tried before

•	 That’s not my job

•	 You do not know how we do things around here

•	 That’s too high-tech for us

•	 It will never work

As stated earlier in this section, brainstorming is a method of generating a large 
number of creative ideas in a short period of time. This tool is used when broad 
ranges of options and creative and original ideas are desired. This tool also encour-
ages team participation.

In practical application, the team identifies the subject or problem at hand and 
writes it down on a whiteboard. It is important to clearly define the problem. This 
will keep the ideas on topic. Sometimes for a totally unfamiliar issue, it is accept-
able to keep it open so that we get a very wide range of ideas. The team leader 
explains the problem or subject to the team members.

Following are example topics with the scope defined to facilitate the majority 
of ideas focusing in the defined area:

•	 Contamination of polished surfaces before optical subassembly

•	 Low attendance at ASQ section program meetings

•	 Food menu for Thanksgiving dinner

Following are examples with the scope wide open:

•	 Global warming

•	 Unemployment

•	 Organizational culture

The team is given few minutes to think about the subject. In structured brain-
storming the team leader opens up a round-robin discussion. This way everyone 
gets the opportunity to contribute. If someone doesn’t have an idea at this time, 
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they are allowed to pass and contribute during the next round. The team mem-
bers are not allowed to criticize each other or evaluate the ideas at this stage. The 
recording individual can ask for clarity on an idea and phrases it the same way 
as the idea contributor. Rephrasing without the consent of the idea owner is not 
allowed. Everyone is allowed one idea at a time. Some members will have the 
urge to provide multiple ideas during their turn. The team leader should facilitate 
such situations. Members are allowed to develop an idea already cited by a fellow 
member. Quantity is more important than quality so that the ideas keep flowing. 
All ideas are recorded on the whiteboard or flip-chart.

Let us examine an example of defined-scope brainstorming: How can 
member attendance of ASQ section programs be improved? (Problem rephrased 
as a question.)

Every major city in North America has a local ASQ section run by volunteers.
One of the main benefits of this section is the monthly program meeting. 

Unfortunately, the section monthly program meetings draw a very low atten-
dance (about seven to 10 percent) of members from the region, with at least 20 per-
cent of the members attending once throughout the year.

The program chair (responsible for ASQ section monthly meetings) chairs the 
brainstorming session as a team leader. The section chair may act as a facilitator.

A team has been assembled with other section executives, past section chairs, 
and/or executives, section senior members, and members who were randomly 
selected from the membership database.

One of the members volunteered as a recorder, and the team was given three 
minutes to think about the subject in a focused manner, then the session was 
started in a round-robin style.

Ideas started flowing. Keep in mind, it is about quantity and not quality at this 
point! No judgment or evaluation is allowed.

How can member attendance of ASQ section programs be improved?

	 1.	 Bring in reputed speakers.

	 2.	 Present topics that are current.

	 3.	 Provide value for time and money.

	 4.	 Keep program interactive; debate, quiz.

	 5.	 Survey members for desired topics.

	 6.	 Rotate program locations based on member concentration.

	 7.	 Conduct some programs in the organizations with most members.

	 8.	 Not charge for meeting.

	 9.	 Offer pizza, snacks, sandwiches, and coffee.

	10.	 Offer time for networking.

	11.	 Section chair and executives mix with members and attendees  
during break (rather than talking among themselves as a small  
group).

	12.	 Check weather forecast before planning meetings.
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	13.	 Update members on other section events.

	14.	 Conduct less frequent but more effective meetings.

	15.	 Not waste meeting time with logistics issues—be prepared.

	16.	 Offer the meeting virtually—webcast, teleconference.

	17.	 Draw name cards from fishbowl and offer a small gift.

	18.	 Make the process easier for program attendance, recertification  
units claim.

	19.	 Present two diverse topics so that members do not choose to attend  
only some meetings.

	20.	 Active members provide carpool to meeting location for new or  
potential members.

	21.	 Liaise with other professional organizations to offer combined program 
meeting.

	22.	 Attract more students from universities.

	23.	 Conduct some meetings on the local community college or university 
campus to attract students.

	24.	 Provide “back to basics” programs with applications for students and 
small business owners.

	25.	 Interview random sample of members who never attended a single 
meeting and find out why.

	26.	 Interview random sample of members who always attend every meeting 
and find out why.

	27.	 Introduce first-time attendee members/nonmembers in the group to 
make them feel wanted.

	28.	 Program chair to survey every program for attendee satisfaction and 
review feedback.

	29.	 Appoint marketing chair to reach wider member base and potential  
new members.

	30.	 Keep the section website updated and easily accessible.

	31.	 Upload archive presentations to the website.

	32.	 Communicate at least twice about monthly program—three weeks 
before and one week before.

	33.	 Announce and recognize newly certified professionals.

	34.	 Record and archive the program events on DVD/VHS/MP4 and make 
available to local libraries and online for free.

Wow, isn’t this quite a collection of ideas? Now the team leader looks for any 
redundancy or any ideas that require further expansion for clarity.
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Some teams will break after a few rounds and revisit the list with any addi-
tional thoughts. However, this should not be prolonged as the team may get bored, 
and ideas will start to be counterproductive or too critical.

There are other team tools used to take these ideas to the next step:

•	 Multivoting, to short-list the ideas as a group.

•	 Cause-and-effect diagram, to assign each idea under one category, 
namely, person–machine–material–method–measurement–
environment, and further analyze why.

Nominal Group Technique

This is also a type of brainstorming but with limited team vocal interaction. The 
tool is thus named “nominal” group technique (NGT). This technique is applied 
when some group members are much more vocal then others, to encourage equal 
participation from all members, or with a controversial or sensitive topic, and so 
on. This technique helps to alleviate peer pressure and reduces the impact of such 
pressure on the generation of ideas.

Similarly to brainstorming, the facilitator explains the rules, and the team 
leader presents the topic to the assembled members. The team is given a good 10 
to 15 minutes so that they can silently sit, think, and generate ideas.

No verbal interactions are allowed during the session. The member ideas are 
collected and posted in a space where all can read them. The members may also 
read the ideas aloud one by one in a round-robin format. At this stage no judg-
ment or criticism is passed. The ideas are simply written down. The members are 
allowed to expand on existing ideas, provide clarity, and eliminate redundancy 
during the consolidation. For a controversial or sensitive subject, the team leader 
may opt to collect the ideas and write them down on the board, maintaining ano-
nymity of the contributors.

Multivoting

Multivoting complements nominal group technique. This can also be successfully 
used with brainstorming results. Even though this tool is typically used in com-
bination with NGT, it can be a technique on its own. The consolidated ideas are 
numbered or identified by an alphabetical letter, and the team members are asked 
to prioritize the top five or 10 items that can be of significant influence on the 
problem.

The team members are given five to 10 minutes to prioritize, and the results 
are tabulated. Let us extend the previous example of “How can member atten-
dance of ASQ section programs be improved?” The members were asked to 
submit and prioritize ideas. As we see, there were 34 ideas provided from the 
diversified member group. Even though many of these ideas are good, the section 
may not have resources to address them all at one time. The section chair wants to 
select the five most important ideas to address in the next three years, and imple-
ment them in order of priority.

Every team member selects the five most important ideas by placing check 
marks by the idea. It is important for the facilitator to restate the objective and 
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refocus the team to select ideas from the ASQ section point of view. If this facil-
itation is not done, you may end up with multiple ideas with an equal number 
of check marks. Once this is done and you have the five ideas that most team 
members have selected as significant to improving the attendance of a section 
program, the prioritization process is begun. This can be done through either a 
non-weighted (ranking) or weighted approach.

The members selected the following five ideas as having the most significant 
impact on improving section attendance:

	A.	 Value. Bring in reputed speakers and present topics that are current.

	 B.	 Logistics. Rotate program locations based on member concentration.

	C.	 Affordability. Not charge for meeting and offer pizza, snacks, sandwiches, 
and coffee.

	D.	 Outreach. Conduct some meetings on the local community college or 
university campus to attract students.

	 E.	 Communication. E-mails twice per month, updated section calendar event 
web page.

The multivoting ranked approach outcome is shown in Figure 9.3.
In the weighted multivoting approach, the team rates rather than ranks the 

choices. This is like the $100 or 100 points approach where the team member is 
asked to split $100 or 100 points between five choices. The multivoting weighted 
approach outcome is shown in Figure 9.4.

As can be seen by examining the data in Figure 9.3 and Figure 9.4, the two 
approaches produced similar ranking in this example. However, this is not always 
the case, which is why using both approaches can help a team to focus on the most 
critical items. If the values get too close to each other, another round of voting can 
be conducted between the close choices to select a clear winner.

Note: The problem chosen for this example and ideas generated are realities 
for most ASQ sections. However, this example is not targeted to a specific ASQ 
section. The top choices and ranking were created to demonstrate the example 
rather than to provide solutions to the existing problem.

Figure 9.3     Multivoting ranked approach example.
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4. Team Communication

Identify and use appropriate communication 
methods (both within the team and from 
the team to various stakeholders) to report 
progress, conduct reviews, and support the 
overall success of the project. (Apply)

Body of Knowledge II.F.4

Basics of communication were discussed in Chapter 8, Section 2.
When defining team communication, a subset of communication is needed 

to identify how to talk with other potential project groups that may be working 
around you. Here again, the main challenge is to identify what you are doing 
that may impact what they are doing and vice versa. Simply talking to them as 
partners in the overall continual improvement process is key to effective business 
operations.

Using your project report (this could be the formal company system, A3 report, 
or some form of a scoreboard), you can allow non–team members to be aware of 
your progress and possibly your next steps in your project path.

Figure 9.4     Multivoting weighted approach example.
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Part III

Measure Phase

Chapter 10	� A. Process Analysis and 
Documentation

Chapter 11	 B. Probability and Statistics
Chapter 12	 C. Statistical Distributions
Chapter 13	 D. Collecting and Summarizing Data
Chapter 14	� E. Measurement System Analysis
Chapter 15	 F. Process and Performance Capability

Part III is an overview of the measure phase, including summaries of those 
Six Sigma methods and practices designed and intended to determine and 
prioritize improvements to products, processes, systems, and organizations. 

It covers approximately 23 of the 100 questions that will be asked on the ASQ 
CSSGB exam. While there are no major additions to the measure phase in the  
2014 revised CSSGB BOK, there are changes to Bloom Taxonomy cognitive levels 
of the chapters:

Process analysis and documentation—Analyze to Create

Central limit theorem and statistical distributions—Apply to Understand

Descriptive statistics—Analyze to Evaluate

The BoK was slightly reorganized for Part III. Eliminated sections Drawing Valid 
Statistical Conclusions and Process Capability for Attributes Data are retained in 
the handbook for the benefit of practitioners. 
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Develop process maps and review written 
procedures, work instructions, and 
flowcharts to identify any gaps or areas of the 
process that are misaligned (Create)

Body of Knowledge III.A

Process Maps and Flowcharts
ISO 9000 (Quality management systems—Fundamentals and vocabulary) defines a  
process as a set of interrelated or interacting activities that transforms inputs into 
outputs. A process is easily understood by visually presenting the process using 
common flowcharting shapes and symbols. Practitioners use process mapping 
and flowcharting interchangeably, however, there are differences. Namely, process 
mapping includes additional process details with the flowchart. Organizations 
often send their process information in the form of process map documentation 
to their suppliers and customers for contractual reasons. From my personal expe-
rience, I have seen Japanese organizations use process maps and flowcharts more 
extensively. They call it “QC process flow.” It is typically an end-to-end process 
flow starting from contract review and approval through to delivery of goods. 
The flowchart is presented at the left of the page, continuously running for multi-
ple pages in one column, and the space on the right is utilized to describe the pro-
cess, responsibility, control points, metrics, and so on. Using consistent mapping 
icons helps different individuals to interpret the maps in the same way. Interna-
tional standard ISO 5807:1985 Information processing—Documentation symbols and 
conventions for data, program and system flowcharts, program network charts and system 
resources charts helps accomplish just that. Process mapping is often the first step in 
improving a process. Risk analysis tools such as process failure mode and effects 
analysis (PFMEA) start with process mapping. Value stream mapping, used in 
lean enterprise projects, is also a type of process mapping but uses different map-
ping icons.

Flowcharts show each step in a process, including inputs, decision points, and 
outputs. Process maps usually contain additional information about the steps, 

Chapter 10

A. Process Analysis and 
Documentation
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including costs, setup time, cycle time, inventory, types of defects that can occur, 
probability of defects, and other relevant information that helps in understanding 
the process better.

Process maps and flowcharts enable a broader perspective of potential prob-
lems and opportunities for process improvement. Teams using these tools get 
a better understanding of process steps and sequence of operations. Figure 10.1 
shows some of the most frequently used process mapping symbols from the inter-
national standard ISO 5807:1985. Figure 10.2 gives a basic flowchart example. There 
are a number of mapping icons available within most widely used office produc-
tivity software applications. Also see Chapters X and X for additional examples of 
flowcharting.

Process mapping involving multiple departments or functions is more easily 
understood using “swim lane” mapping. Imagine different departments, func-
tions, or stakeholders involved in a process as being in different swim lanes either 
horizontally or vertically. A swim lane process map is similar to a typical process 
map except that the process blocks are arranged in alignment with the lane of the 
department or function that performs a given process step. 

Let us re-map the previous example (Figure 10.2) using the swim lane flow-
chart approach. For simplicity we have taken out the decision loops from the pre-
vious chart. In a real business scenario, the swim lane flowchart (see Figure 10.3) 
contains all the components presented in a basic flowchart. It uses the same flow-
chart symbols and guidelines (Figure 10.1) for creating the chart.

Creating a Flowchart (Process Map or Process Flow Diagram). When creating 
a flowchart, we are creating a picture of the actual steps in a process or system as 
it actually operates or is supposed to operate. Given the old adage that a picture 

Figure 10.1     Symbols commonly used in flowcharts and process maps.
Source: N. R. Tague, The Quality Toolbox, 2nd ed. (Milwaukee: ASQ Quality Press, 2005): 262.
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out of the diamond, each one showing the direction the process takes for a given 
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Delay or wait

Link to another page or another flowchart. The same symbol on the other page 
indicates that the flow continues there.

Input or output

Document

Alternate symbols for start and end points

Preparation

Manual operation
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Figure 10.2     Basic flowchart for warranty product replacement.
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is worth a thousand words, this tool allows us to communicate using standard 
symbols. The flowchart is very useful when looking at a process that we want to 
improve.

A flowchart should be developed for a new process before implementing the 
process. However, there may be situations where you are documenting an already 
existing process using a flowchart. We can follow some basic steps to create the 
flowchart:

	 1.	 Create the boundaries of the process that we intend to flowchart. These 
might be the inputs and outputs of the process or the suppliers and 
customers of the process. 

	 2.	 Determine the various steps in the process through team brainstorming 
or walking the process (for documenting an already existing process).  
At this point, we are not worried about sequence, only collecting all of 
the steps.

	 3.	 Build the sequence of the process, putting everything into the 
appropriate order. We have to also make sure we understand that 
some process steps happen in parallel, and the chart should reflect this 
accordingly. There are also alternative paths identified in some charts.

	 4.	 Draw the flowchart using the appropriate mapping symbols.

	 5.	 Verify that the flowchart is complete and appropriate for the given 
operation (for a new chart). Verify that the flowchart fully matches 
with the process (for an already established process). This can be 
very important if more than one group is working on a large process. 
Overlaps or deletions may occur between processes. Hence, this activity 
is best performed as a team. 

Figure 10.3     Cross-functional or swim lane flowchart.
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Flowcharts are a good graphical tool for monitoring process changes over time, 
and also for conducting training of new operators or supervisors. By referencing 
the flowcharts on a regular basis, we will be able to use them as visual standards 
to help ensure that things are still running as they are supposed to. Note that if 
there is a change made to the process, it is important to update the flowchart to 
reflect the change. Regular audits may be done in a given area for any number of 
reasons (safety, quality, environmental, and so on), so having the flowcharts read-
ily available helps everyone involved in verifying compliance.

Process mapping can help visualize redundancy in the process, non-value-
added steps, and unnecessary complexities. Process mapping can be used to iden-
tify and eliminate those process issues and improve the process (see Chapter 20, 
Lean Tools, for more information).

Common mistakes in process mapping: 

•	 Team representation for the process is inadequate or inappropriate.

•	 Unclear scope, lack of coordination with other process flow mapping 
teams results in redundant flows.

•	 Team not walking through the process (for an existing process) to 
capture what exactly is followed. 

•	 Team spending too much time trying to create a “perfect” process flow 
diagram rather than focusing on the process. 

Key Point: The biggest mistake of all in process mapping is not trying to do one!

Written Procedures and Work Instructions

Due to worldwide recognition and demand for ISO 9001 quality management sys-
tems compliance, the necessity of written procedures and work instructions has 
become very important. Irrespective of whether or not an organization pursues 
ISO 9001 registration, having written procedures and work instructions for busi-
ness and manufacturing processes helps drive consistency. A consistent approach 
to process management helps with yield improvement, root cause analysis, trace-
ability, and so on.

Procedures are written to describe:

•	 What is done during the process

•	 Why it is done (business reason, purpose)

•	 Where it is done (location/process step)

•	 When it is done (trigger)

Work instructions explain two other important aspects:

•	 Who does what (personnel with specific skill set)

•	 How it is done (step by step)

Where the organization has no specific internal procedure for a particular activity, 
and is not required to by a standard, it is acceptable for this activity to be conducted 
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as a “method.” A method is an unwritten process but must be followed consis-
tently. In determining which processes should be documented, the organization 
should consider factors such as:

•	 Effect on quality

•	 Risk of customer dissatisfaction

•	 Statutory and/or regulatory requirements

•	 Economic risk

•	 Effectiveness and efficiency

•	 Competence of personnel

•	 Complexity of processes

Work instructions can be documented as:

•	 Written instructions

•	 Checklists

•	 Flowcharts

•	 Photographs

•	 Drawn pictures

•	 Videos

•	 Electronic screen shots

•	 Electronic software-driven process steps

Process Inputs and Outputs
Every process has input variables, output responses, and feedback loops. The 
feedback is required to improve the process.

Examples of inputs include:

•	 Needs

•	 Ideas

•	 Expectations

•	 Requirements

•	 Information

•	 Data

•	 Documents

•	 Resources

Examples of outputs include:

•	 Designs
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•	 Decisions

•	 Results

•	 Measurements

•	 Products

•	 Services

•	 Proposals

•	 Solutions

•	 Authorizations

•	 Action

Identification of inputs and outputs is important before we start with analysis 
of relationships. Earlier, we dealt with process mapping, which provides a clear 
visual view of inputs to processes, interrelated process steps, and outputs of the 
process. Process maps provide a detailed view of the process. If we had to create a 
process map for a value stream or product line, or at the organizational level, we 
might end up creating a complex map with several hundreds of process blocks, 
decision boxes, inspection points, and storage locations. Hence, it is important to 
create a high-level process map that can encompass suppliers, inputs, processes, out-
puts, and customers. This high-level map, called SIPOC for short, provides a bird’s-
eye view at an enterprise level. It is recommended that in the process portion of 
a SIPOC chart you limit the number of process blocks to between four and seven 
high-level process steps to ease the complexity.

A SIPOC chart helps a team to quickly familiarize themselves with the pro-
cess at an organizational level and visually understand the scope of the project.

The process input variables (x) are measured and variations are controlled 
so that resulting variations in output response (y) are correspondingly reduced. 
See Six Sigma philosophy in the earlier chapter on y = f(x) (Chapter 1, Section 1). 
The effects of variations of input on output are explored through quality tools 
like cause-and-effect diagrams, cause-and-effect diagrams with addition of cards 
(CEDAC), relationship matrices, cause-and-effect matrices, scatter diagrams, 
design of experiments, and so on.

A thorough understanding of process inputs and outputs and their relation-
ships is a key step in process improvement. The cause-and-effect diagram (also called 
the Ishikawa diagram or fishbone diagram) traditionally divides causes into several 
generic categories. In use, a large empty diagram is often drawn on a whiteboard 
or flip-chart as shown in Figure 10.4.

This diagram is then used to populate the final list of causes from a brain-
storming session. The participants in the session should include people with a 
working knowledge of the process as well as those with a theoretical background. 
For example, suppose a machining operation is producing surface defects. After a 
few steps of typical brainstorming, the cause-and-effect diagram would look like 
Figure 10.5. 

Brainstorming is a powerful technique for soliciting ideas. Brainstorming 
intentionally encourages divergent thinking through which most possible causes 
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are identified. This is a team exercise and requires a trained facilitator to get the 
ideas flowing without hesitation. The facilitator’s job is to enforce ground rules 
and encourage ideas during brainstorming. A common tendency within the 
brainstorming team is to criticize ideas instantly and discard them during the 
session. This will discourage team members from contributing for fear of being 
judged or their ideas being rejected. There are no bad ideas. At this stage, quantity 

Figure 10.4     Empty cause-and-effect diagram.
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of ideas is given priority. A typical brainstorming session can generate between 
25 to 40 ideas. Once the ideas are collected, the team can review them for redun-
dancy and feasibility and prioritize the ideas. The selected ideas are categorized 
under people (personnel)–machine–material–methods–measurement–environ-
ment. Sometimes the team includes measurement under methods. Cause-and-effect 
diagram categories are flexible depending on the operation (for example, software 
development uses people–processes–products–resources–miscellaneous). Try not 
to force-fit categories like machine or environment for a service type situation.

It is not uncommon for the team to continue the brainstorming in a second 
sitting to add more ideas to the existing list. There are other variations of brain-
storming, like nominal group technique, idea mapping, and mind mapping that 
are used in different scenarios.

CEDAC (cause-and-effect diagram with addition of cards) is an alternative 
approach tried out by some organizations, where the fishbone diagram is dis-
played on a huge wall or board, and employees are encouraged to identify causes 
by writing on it or using sticky notes. The success of this approach depends on 
organizational culture and communication.

Once the ideas are collected by performing brainstorming, the next step is 
to condense the list into those causes most likely to impact the effect. Multivoting 
and nominal group technique (NGT) are two convergence tools that also rank the 
priorities. NGT is particularly effective when the issue being discussed is sensi-
tive and emotional or when the team is composed of members from several layers 
of the organization (rank and file to senior management), and encourages quiet 
team members to contribute, think without pressure, and so on. Once the ideas 
are collected, redundant items are removed and the rest are displayed, and the 
team silently ranks the items. The ranks are tallied, and priority items to work on 
are identified. The prioritization obtained by this approach is not swayed by dom-
inant members (typical in some teams). Hence, this provides better team own-
ership of the identified items. Multivoting is similar to this approach; 100 points 
are divided between the choices based on relative importance. Brainstorming, 
NGT, and multivoting are explained in Chapter 9, Section 3 under Team Tools.  
The affinity diagram (explained in more detail in Chapter 7) also complements 
brainstorming. The affinity diagram organizes a large number of ideas into their 
natural relationships. When the team is confronted with overwhelming facts and 
ideas, issues seem too large and complex to grasp, or when group consensus is 
necessary, the team arranges the ideas in the form of an affinity diagram. This tool 
is very helpful in analyzing customer qualitative data and feedback.

Convergence can also be accomplished by asking brainstorming participants 
to collect data on the various causes for a future reporting session. In some cases 
the data might come directly from the process, for example, “I used two differ-
ent coolants and found no difference in the surface defects.” In other situations 
the sources of the data might be exterior to the process, for example, “We found 
that the manufacturer recommends a relative humidity of 55 to 60 percent.” As 
data are collected, the various causes are prioritized on a Pareto chart, as shown 
in Figure 10.6.

The Pareto chart has been so widely used in recent years that “Pareto” is 
sometimes used as a verb. It is not uncommon to hear from managers to “Pareto” 
data for presentation. Some people who are not familiar with Pareto charts 
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interchangeably use a bar graph to “Pareto” data. The true Pareto chart, however, 
has uniqueness to it. It shows the data arranged in descending order of frequency 
of occurrence (or other chosen measures like cost), the “trivial many” data are 
often pooled together as “miscellaneous” or “other,” and the chart contains a sec-
ondary axis with percentages, and a cumulative percentage line plotted.

These characteristics make the Pareto chart more informative and useful com-
pared to an ordinary bar graph that only displays the frequency of categories no 
matter how it is presented. The Pareto chart helps us to visualize the items charted 
as “vital few” and “trivial many” using the famous 20th-century Italian economist 
Vilfredo Pareto’s principle of 80:20. Credit has been given to Dr. Joseph Juran for 
first applying this principle in quality improvement.

Figure 10.6     Pareto chart of final assembly inspection defect codes.
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In the final assembly inspection example shown in Figure 10.6, the data are 
presented as a Pareto chart based on frequency of occurrence. While these data  
are important, one might want to put their resources into issues critical to custom-
ers, or issues that have more financial impact. So, the data are assigned weights 
based on criticality and multiplied by occurrence, and a Pareto diagram is created 
based on the weighted score. The table in Figure 10.7 shows the reprioritized 
defects based on criticality. Cost of repair or rework can also be used in place of 
weight, and the Pareto chart can be expressed in cost.

One important point to remember before performing a Pareto analysis is to 
make sure that the data are not too specific, with few occurrences for each specific 

Figure 10.7     Pareto chart of final assembly inspection defect codes (weighted).
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item. This will result in a poor Pareto chart resulting in vital many and trivial 
few—the exact opposite of the intended purpose (see Figure 10.8).

While defect data with specific locations or appearance are important, they 
may not serve the purpose “as is” in a Pareto chart. You may have to understand 

Figure 10.8     Example of a Pareto chart of a too-detailed defect summary.

0 0

20

40

60

80

100

30

20

10

50

40

60

70

80

O
cc

u
rr

en
ce

s

P
er

ce
n

t

Defect code

Count
Percent

Cumulative %

Final assembly inspection (as recorded in the inspection sheet)

10
13.7
13.7

S
ta

in
s 

on
 th

e
di

sp
la

y 
m

on
ito

r

7
9.6
23.3

D
en

t o
n 

th
e

fr
on

t p
an

el

7
9.6
32.9

S
cr

at
ch

es
 o

n
di

sp
la

y 
sc

re
en

7
9.6
42.5

S
ta

in
s 

on
 

th
e 

co
ve

r

5
6.8
49.3

D
en

t o
n 

th
e 

ca
si

ng

5
6.8
56.2

La
be

l w
ith

fo
nt

s 
sm

ud
ge

5
6.8

63.0

S
cr

at
ch

es
 o

n
th

e 
na

m
e 

pl
at

e

4
5.5

68.5

B
ro

ke
n 

re
d 

LE
D

4
5.5

74.0

La
be

l w
ith

lo
go

 s
m

ud
ge

3
4.1

78.1

B
ro

ke
n 

gr
ee

n 
LE

D

3
4.1

82.2

La
be

l w
ith

ed
ge

s 
sm

ud
ge

13
17.8

100.0

O
th

er

Occurrences

4

3

1

1

2

1

1

1

1

4

Broken red LED

Broken green LED

Device with no display

Device with erroneous reading

Device with error display

Device with fading display

Missing screw on lid

Missing screw on the stand

Missing screw on the handle

Label with logo smudge

Defect description Occurrences

3

5

7

10

3

7

5

5

7

2

Label with edges smudge

Label with fonts smudge

Stains on the cover

Stains on the display monitor

Scratches on the body

Scratches on the display screen

Scratches on the name plate

Dent on the casing

Dent on the front panel

Dent on the name plate

Defect description



166	 Part III: Measure Phase

the defect or data and move one level up (that is, generalizing as scratches or dents 
or nonfunctional device) to be able to best leverage Pareto’s strength. This way, 
they point to systemic issues that require a root cause resolution. Data with spe-
cific locations can be better visualized with a measles chart.

Depending on the nature of the data and their intended purpose, appropriate 
quality tools can be selected. Once a team has decided to focus on the specific top 
items in the Pareto chart, then the team can drill down further using the specific 
data for those top items. This will help the team to focus on the problem and obvi-
ate trying to solve all issues at one time.

The table in Figure 10.8 shows an example of detailed defect data with specif-
ics as to location and appearance. Figure 10.8 also shows a Pareto chart generated 
from this data that is spread out and not useful for analysis.

Measles charts are very useful where the product is large (for example, auto- 
mobiles) and opportunities for defects are numerous. It is difficult to explain in 
words the type and location of defects, and a measles chart can save time at the 
repair or rework station. We often see an example of a measles chart in the car 
rental contract form that we sign when we rent a car. It will typically have a picture 
of a car in front and side views for the rental office to circle preexisting scratches 
and damage (Figure 10.9).

Relationship Diagram

The relationship diagram is used to display the degree of the relationship between 
variables, causes and effects, and so on. The degree is often expressed as strong 
(¤), medium (), and weak (r) or numerically, 9 for strong, 3 for medium, and 
1 for weak. The totals of rows and columns are added and prioritized based 
on the total score. This analysis is further strengthened by adding a “weights” 
column and/or row to the matrix. In this case, the overall weighted score is used 

Figure 10.9     Example of a measles chart (pictorial check sheet).
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for prioritization. The relationships between causes and effects can be shown in 
a relationship matrix, as shown in Figure 10.10. In this example causes are listed 
on the left side of the matrix, and various customer issues are placed along the 
top. For example, cause “traffic jam” has a strong relationship to customer issue 
“delivered late.” A team can use brainstorming and/or data collection tech-
niques to determine the list on the left side and the relationship symbols shown in  
the matrix.

In the example in Figure 10.10, “traffic jam” is an unpredictable scenario that 
is beyond the caterer’s control. However, the pizza caterer could invest in a better 
quality heat-insulated container, get the address correct, and travel in a path less 
prone to traffic incidents so that the pizza is still delivered hot.

By taking actions to identify pizzas by customer information on the delivery 
shelf and reduce the clerical errors, the caterer can reduce customer issues like 
delivering wrong toppings and wrong pizza.

The relationship matrix can also be used to describe the connection between 
process inputs and desirable process outputs. Refer to the discussion of QFD 
(Chapter 5, Section 3) for a more elaborate example.

Figure 10.10     Relationship matrix.
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Chapter 11

B. Probability and Statistics

1. Basic Probability Concepts 

Identify and use basic probability concepts: 
independent events, mutually exclusive 
events, multiplication rules, permutations, 
and combinations. (Apply)

Body of Knowledge III.B.1

Probability is probably the word most often used when people expect something to 
happen based on data or historical knowledge or experience:

“It is probably going to rain today.” (Based on observation)

“The flight is probably going to be late.” (Based on historical  
knowledge)

Hence, probability is closely attached to an event. Saying “It is not going to rain 
today” is probability 0, while “It will rain today” with complete certainty is prob-
ability of 1. In real life we can provide a complete certainty to events only very 
rarely. Most of the time the probability of an event happening is between 0 and 1. 
The sum of the probabilities of all possible outcomes of an event is 1.

The probability that a particular event will occur is a number between 0 and 1 
inclusive. For example, if an urn containing 100 marbles has five red marbles, we 
would say the probability of randomly drawing a red marble is .05 or 5%. Symbol-
ically this is written P (Red) = .05.

The word “random” implies that each marble has an equal chance of being 
drawn. If the urn had no red marbles, the probability would be 0 or zero percent. 
If the urn had all red marbles, the probability would be 1 or 100 percent.

Simple Events Probability

Probability of getting a head or tail in a fair coin = 1/2

Probability of getting 2 in a single toss of a die = 1/6



Summary of Key Probability Rules

For events A and B: 

Special addition rule: P(A or B) = P(A) + P(B)	�� [Use only if A and B are 
mutually exclusive]

General addition rule: P(A or B) = P(A) + P(B) – P(A & B)	 [Always true]

Special multiplication rule: P(A & B) = P(A) × P(B)	� [Use only if A and B are 
independent]

General multiplication rule: P(A & B) = P(A) × P(B|A)	 [Always true]

Conditional probability: P(B|A) = P(A & B) ÷ P(A) 

Mutually exclusive (or disjoint):

	 1.	 A and B are mutually exclusive if they can’t occur simultaneously 

	 2.	 A and B are mutually exclusive if P(A & B) = 0

	 3.	 A and B are mutually exclusive if P(A or B) = P(A) + P(B)

Independence:

	 1.	 A and B are independent events if the occurrence of one does not change  
the probability that the other occurs

	 2.	 A and B are independent events if P(B|A) = P(B)

	 3.	 A and B are independent events if P(A & B) = P(A) × P(B)

Compound Events Probability

Compound events are formed by two or more events.

Compound events can be better explained by the concept of the Venn 
diagram (see Figure 11.1).

Relations between Events

Complementation Rule. The probability that event A will not occur is 1 – (the 
probability that A does occur). Stated symbolically, P (not A) = 1 – P(A). Some texts 
use other symbols for “not A” including –A, ~A, A’, and sometimes A with a bar 
over it.

	 Chapter 11: B. Probability and Statistics	 169

Figure 11.1     Venn diagram.
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Example

If the probability of a car starting on a rainy day is 0.4, the complement of not starting 
would be 0.6. Pa = 0.4, (1 – Pa) = 0.6

Conditional Probability. Conditional probability is the probability of an event 
happening given that another event has happened. This concept is used exten-
sively in reliability calculations. A formal definition for conditional probability is

/( ) ( ) ( )P B A = P A & B P A

Example

Probability of getting 4 from throwing a die is 1/6.

Probability of getting 6 from throwing a die is 1/6.

Probability of getting either 4 or 6 is 1/6 + 1/6 = 1/3.

Probability of getting both 4 and 6 in a single throw is 0 (because we can get either of 
those but not both simultaneously). This means the two events are mutually exclusive.

If the two events are not mutually exclusive:

( ) ( ) ( ) ( )∪ ∩P A B = P A +P B – P A B

If an organization has two injection molding machines each having a probability of 
working 0.8, what is the probability the organization will meet the weekly production?

P A B = 0.8 + 0.8 – 0.8 0.8 = 1.6 – 0.64 = 0.96∪ ×( ) ( )
(This is like building a redundancy for improving the reliability.)

Since both injection-molding machines can work simultaneously, this situation is 
not mutually exclusive.

If the two events are mutually exclusive, the additive law reduces to:

( ) ( ) ( )∪P A B = P A +P B

Suppose an urn contains three white marbles and two black marbles. The proba-
bility that the first marble drawn is black is

2/(2 + 3) = 2/5

The probability that the second marble drawn is black (given that the first marble 
drawn is black) is
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1/(1 + 3) = 1/4

The probability that both marbles drawn are black is

2/5 × 1/4 = 2/20 = 1/10

(Without replacement.)

Mutually Exclusive Events

If occurrence of any one of the events excludes the occurrence of others, the events 
are mutually exclusive (see Figure 11.2). If two events A and B are mutually exclu-
sive, then P(A ∪ B) = P(A) + P(B).

Example:

The assembly of product requires an electronic board. This electronic board is sup-
plied by three different suppliers. Probability of the board from supplier A working on 
the product is 0.2, board from supplier B is 0.3, board from supplier C is 0.5. What is the 
probability that either board from B or C is working on the product?

( )∪P B C = 0.3 + 0.5 = 0.8

The Multiplicative Law

If the events are dependent (no replacement):

Example

A production lot of 50 units has 10 defective units. Three units were sampled at random 
from the production lot. What is the probability that all three are defective?

( )∩ × ×P A B = 10 / 50 9 / 49 8 / 48 = 720 / 117,600 = 0.0061 or 0.6%

Figure 11.2     Mutually exclusive events.

A B



172	 Part III: Measure Phase

If events are independent (replacement):

Example

The assembly of an electronic board has two major components. Probability of com-
ponent A working is 0.7, component B is 0.8. What is the probability the assembly  
will work?

( )∩ ×P A B = 0.7 0.8 = 0.56

(The probability of component A and B working to make the assembly work.)

Permutations and Combinations

Permutations. Permutation is an ordered arrangement of n distinct objects. The 
number of ways of ordering the arrangement of n objects taken r at a time is des-
ignated by nPr. Permutations are an important concept that we use in our every-
day life.

Example

One might think AB and BA are same. It matters when arranging people for seating. 
In an airplane, AB seating is not the same as BA. One has a window and the other the 
aisle! Maybe A is a right-hander and B is a left-hander. Seating AB may cause inconve-
nience as their elbows interfere, whereas BA is a convenient seating arrangement.

The counting rule:

…
!

!
( )( ) ( ) ( )= − − − + = =

−
P 1 2 1 Pn n n n r

n
n rn r n r

Important factorials to remember during calculations (proof beyond the scope of 
this book):

…

! , !,

!

= = =

= × × ×

0 1 P P 1

1 2 3 (! is pronounced “factorial”)

0n

n n

n n n

Note: Calculators have an upper limit to the value that can use the x! key. If a prob-
lem requires a higher factorial, use the statistical function in a spreadsheet pro-
gram such as Excel.

How many words can be made by using the letters of the word “sigma” taken 
all at a time?
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There are five different letters in the word sigma.

Number of permutations taking all the letters at a time = 5P5

We know that nPn = n! = 5! = 120.

Combinations. The number of distinct combinations of n distinct objects taken 
r at a time. This is denoted by nCr. Combinations are used when order is not sig-
nificant. Example: AB and BA are the same, and hence the result shows only AB. 
(Unlike permutation, where the result will have both AB and BA.)

The counting rule:

Number of combinations of r objects from a collection of n objects =

n r

n
r n r

C
!

! !
=

−( )

Note: Another symbol for number of combinations is 





n
r

Important factorials to remember during calculations (proof beyond the scope of 
this book):

0! = 1, nCn = 1!, nC0 = 1

Let us consider an example where order arrangement is not a concern: selection of 
r people from n available people.

Example

A local ASQ section with 10 volunteers wants to form a task force of three volunteers 
to send for proctor training to potentially become exam proctors. How many different 
three-person combinations could be formed? 

The combinations formula will be used to calculate the number of combinations of 
three objects from a collection of seven objects.

( )
C =

10!

10 – 3 !3!
= 12010 3

Now with the 120 different combinations, the section chair can find out which combi-
nation of people are available on a given date.

Excel formula: =COMBIN(10,3)
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2. Central Limit Theorem 

Define the central limit theorem and describe 
its significance in relation to confidence 
intervals, hypothesis testing, and control 
charts. (Understand)

Body of Knowledge III.B.2

Key Point: The central limit theorem (CLT) is an important principle used in sta-
tistical process control.

Definition and Description

The central limit theorem is the foundation for several statistical procedures. In a 
nutshell, the distribution of averages tends to be normal, even when the distribu-
tion from which the average data are computed is from nonnormal distributions. 
Mathematically, if a random variable X has a mean m and variance s2, as the sam-
ple size n increases, the sample mean x– approaches a normal distribution with 
mean m and variance xσ 2 :

σ σ

σ σ

=

=

(See number 2 below)2
2

n

n

x
x

x
x

The central limit theorem consists of three statements:

	 1.	 The mean of the sampling distribution of means is equal to the mean of 
the population from which the samples were drawn.

	 2.	 The variance of the sampling distribution of means is equal to the 
variance of the population from which the samples were drawn divided 
by the size of the samples.

	 3.	 If the original population is distributed normally (that is, it is bell 
shaped), the sampling distribution of means will also be normal.

If the original population is not normally distributed, the sampling distribution 
of means will increasingly approximate a normal distribution as sample size 
increases (that is, when increasingly large samples are drawn). Weirder popula-
tions will require larger sample sizes for the sampling distribution of the mean to 
be nearly normal. Statisticians usually consider a sample size of 30 or more to be 
sufficiently large. See Figure 11.3.

(Instructor note: You may use the central limit theorem feature in the Quality 
Gamebox provided with this handbook to demonstrate this concept to students. If 
you are learner, you may still use this as a learning tool.)
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The standard error of the mean is expressed as:

s
n
x

It is used extensively to calculate the margin of error, which is used to calculate 
confidence intervals:

Figure 11.3     Various populations and sampling distributions of the mean for selected 
 sample sizes.
Source: D. W. Benbow and T. M. Kubiak, The Certified Six Sigma Black Belt Handbook (Milwaukee: ASQ 
Quality Press, 2005): 58.

n = 10 n = 10 n = 10

n = 30 n = 30 n = 30

Population Population Population

n = 2 n = 2 n = 2
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	 a.	 The sampling distribution of the mean roughly follows a normal  
distribution

	 b.	 95% two sided confidence interval on m is:

s m s
 .  .  .−



 ≤ ≤ +











=1 96 1 96 0 95pr x
n

x
n

Or, 95 percent of the time the true mean should lie within ±1.96(s/ n ) of the 
interval: 

s m s aa a−



 ≤ ≤ +











= −1pr x z
n

x z
n

where

s
n

is standard error and

s
az n

is margin of error.

Use of Central Limit Theorem in Control Charts

In the real world, not all processes are normally distributed. By applying the cen-
tral limit theorem when taking measurement samples, the status of the process 
can be monitored by averaging the measurement values in subgroups, for exam-
ple, in SPC control charts. Since control charts like X– and R charts and X– and s 
charts are plotted with averages of the individual readings, the charts are robust 
to departures from normality.

Use of Central Limit Theorem in Hypothesis Testing

Exercise Using the Central Limit Theorem. Historical standard deviation of a 
chemical filling process s is 0.012 milligram. Estimate the sample standard devia-
tion for a sample size of 16 fillings.

s s  .
 .= = =0 012

16
0 003 milligrams

nx
x

Calculate the 95 percent confidence interval for the mean if the process average is 
10 milligrams.
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s / .  .  .  .
 .  .

( ) ( )= ± = ± = ±
=

10 1 96 10 1 96 0 003 10 0 0059
9 9941 to 10 0059 milligrams

n

(See http://asq.org/quality-progress/2010/08/expert-answers.html where the 
authors explain confidence intervals.)

Drawing Valid Statistical Conclusions

Does this sound familiar?

•	 Is process A better than process B? (Manufacturing organization)

•	 Can we guarantee our customers “15 minutes or free?” (Restaurant)

•	 Is same-day delivery feasible? (Package forwarding company)

•	 Does medicine X reduce cholesterol? (Healthcare)

•	 How many missiles are required to destroy the enemy target? (Army)

In our everyday life, we come across many situations that demand decision 
making. Whether in the office or at home or in society, decisions made can impact 
the organizational bottom line, personal finances, and the economics of society. 
Decisions of such criticality can not be made just by “gut feeling.” Comparing two 
scenarios merely by looking at the numbers may be better than gut feeling but 
still not good enough. The question is “Is the difference statistically significant?” 
Hence, statistics is used to draw valid conclusions.

In this area of study what we do is to draw representative samples from a 
homogenous population. By analyzing the samples we draw conclusions about 
the population. There are two types of studies used for drawing statistical conclu-
sions, namely descriptive and analytical (inferential) (see Table 11.1).

In a statistical study, the word “population” refers to the collection of all 
items or data under consideration. A descriptive study typically uses all the data 
from a population. Significant values from a population are referred to as pop-
ulation parameters. A parameter is a numerical value that provides information 
about the entire population being studied. Examples of population parameters are  

Table 11.1  Descriptive versus analytical statistics.

Descriptive (or enumerative) statistics	 Analytical (or inferential) statistics

This consists of a set of collecting, organizing, 	 This consists of a set of making inferences, 
summarizing, and presenting the data	 hypothesis testing, and making predictions

A descriptive study shows various properties 	 Uses data from a sample to make estimates 
of a set of data such as mean, median, mode, 	 or inferences about the population from 
dispersion, shape, and so on	 which the sample was drawn

Graphical tools include histograms, pie 	 Uses tools such as hypothesis testing  
charts, box plots, and others	 and scatter diagrams to determine the  
	 relationships between variables and make  
	 predictions using regression equations
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population mean and population standard deviation. A statistic is a numerical value 
that provides information about a sample. A sample is a subset of the population. 
Samples are selected randomly so that they represent the population from which 
they are drawn.

It is traditional to denote sample statistics using Latin letters and population 
parameters using Greek letters. An exception is made for the size of the set under 
consideration. The symbols shown in Table 11.2 are the most commonly used in 
textbooks.

The Greek letter m is pronounced “mew.” The Greek letter s is pronounced 
“sigma.” This is a lower-case sigma. The capital sigma, S, is used to designate sum-
mation in formulas.

Table 11.2  Sample versus population notations.

	 Sample	 Population

Size	 n	 N

Mean	 x–	 m

Standard deviation	 s	 s
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Chapter 12

C. Statistical Distributions

Define and describe various distributions as 
they apply to statistical process control and 
probability: normal, binomial, Poisson, chi 
square, Student’s t, and F. (Understand)

Body of Knowledge III.C

Formulas for some of the probability distributions are shown in Table 12.1.

Binomial
The “bi-” prefix indicates that a binomial distribution should be applied in situa-
tions where each part has just two states, typically:

•	 Good or bad

Table 12.1  Formula, mean, and variance of certain distributions.

Name	 Formula	 Mean	 Variance

Normal
	 s p

m
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e
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( )
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•	 Accept or reject

•	 Conformance or nonconformance

•	 Success or failure

The binomial distribution (Figure 12.1) is used to model discrete data. Examples of 
binomial data that are frequently used in everyday life are:

•	 The number of defectives in a manufacturing lot

•	 The number of defective quotes sent by an insurance company

•	 The number of wrong patient prescriptions issued by a healthcare 
professional

•	 The number of goods shipped to a wrong address by a forwarding 
company

The binomial distribution has some conditions. It is applicable when the popu-
lation denoted by N is greater than 50. In other words, for smaller lots, binomial 
modeling will not be accurate.

Another important condition is the ratio of the sample n to population N. The 
binomial model best applies when n < 0.1N (that is, sample size is less than 10 per-
cent of the population).

In one type of problem that is frequently encountered, the Six Sigma Green 
Belt needs to determine the probability of obtaining a certain number of defec-
tives in a sample of known size from a population with known percentage  
defective. The symbols are: n = sample size, x = number of defectives, p = defective 
rate in the population.

The binomial formula is:

x
n

x n x
p px n x( )( ) ( )=

−
− −

P
!

! !
1

Figure 12.1     Binomial distribution.
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As discussed in Chapter 11, x! is pronounced “x factorial” and is defined as  
x(x – 1)(x – 2) . . . (1). Most scientific calculators have a factorial key.

Example

A sample of size five is randomly selected from a batch with 10 percent defective. Find 
the probability that the sample has exactly one defective. Substitute n = 5, x = 1, p = .10 
into the above formula: 

P(1) = [5!/(1!(5 – 1)!)](.10)1(.9)5–1 = [120/(1×24)](.10)(.6561) ≈ .328 

This is the probability that the sample contains exactly one defective. 

The same can be calculated using a simple Excel formula (see Figure 12.2):

=BINOMDIST(1,5,0.1,FALSE)

We can also use several online Java interactive calculators. 

Teaser: Try the following example using the calculator above:

Figure 12.2     Binomial distribution using Microsoft Excel.
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An ASQ Six Sigma Green Belt exam has 100 questions and four choices per ques-
tion. Assuming the exam requires 80 right answers, what is the probability of a 
student passing the exam if he/she randomly chose from the four choices for all 
100 questions (let us believe that this student doesn’t have an iota of a clue about 
any question—no knowledge bias). Also find out up to how many questions on 
which the student may get lucky with maximum binomial probability.

As per Table 12.1, the mean and variance can also be calculated for the bino-
mial distribution.

Example

If we take an unbiased coin and toss 60 times, what is the average and standard devia-
tion of the number of tails?

Unbiased coin: Having equal probability to be heads or tails. 

m m

s s ( )( )

( )

( )

( )

=

=

= = × =

= − = − =

p

n

np

np p

/ .

.

. / .

1 2 or 0 5

60

, 60 0 5 30 tails

1 , 30 1 0 5 1 2 3 872

Normal Approximations of the Binomial
For large values of n, the distributions of the count X and the sample proportion p 
are approximately normal. This is understood from the central limit theorem. The 
normal approximation is not accurate for small values of n; a good rule of thumb 
is to use the normal approximation only if np ≥ 10 and np(1 – p) ≥ 10.

Poisson Distribution
The Poisson is also a discrete probability distribution (Figure 12.3). Examples of 
Poisson data that are frequently used in everyday life are:

•	 The number of defects in an assembly unit (also known as defects per 
unit [DPU])

•	 The number of defects on a painted surface

•	 The number of errors per quote by an insurance company

•	 Number of bugs in software code

Defects per unit is the basis for the other metrics like defects per opportunity 
(DPO), defects per million opportunities (DPMO), and related Six Sigma metrics.

The formula for Poisson probability is

ll
x

e
x

x

( ) =
−

P
!
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Note: DPU monitoring may be performed through c-charts. See Chapter 21.

Example

The number of defects on an assembly unit has a Poisson distribution with l = 5. Find the  
probability that the second unit produces fewer than two defects.

The probability that the second unit has fewer than two defects is the sum of the 
probability of zero defects and the probability of one defect.

( ) ( ) ( )

( )

( )

( )

< = = + =

= = ≈

= = ≈

< =

−

−

.

.

.

P x P x P x

P x
e

P x
e

P x

2 0 1

0
5

0!
0 006

1
5

1!
0 034

2 0 04

5 0

5 1

The Poisson distribution also has a mean and standard deviation. An interesting fact is 
that the mean and variance of a Poisson distribution are the same! (l)

Example

A mechanical assembly process has a historical defective rate of 10 percent. What is the 
probability that a lot of 50 units will contain exactly five defectives?

n = 50

Proportion defective p = 10%, that is, 0.1

l = np = 50 × 0.1 = 5

x = 5 defectives as per the problem

Continued

Figure 12.3     Poisson distribution.
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Continued

P x
e
x

P x
e

x

( ) =

=( ) = = ≈

−

−

ll
!

!
5

5
5

0.175   18%
5 5

The same can be calculated using a simple Excel formula (see Figure 12.4):

=POISSON(B2,B4,FALSE)

Additional exercises:

	 a.	 Try calculating the Poisson probability for defectives = 0, 1, 2, 3, 4

	 b.	 Try calculating the Poisson probability for historical defective rates of 
two percent, five percent, and seven percent

	 c.	 Now try creating the matrix of Poisson probability for the historical 
defective rate in (b) and defectives 0 to 5 in (a).

Figure 12.4     Poisson distribution using Microsoft Excel.
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Normal Distributions
The normal distribution is the one most frequently used by various professionals.

This is a continuous distribution used for variable data like measurement of 
length, mass, time, and so on. Several statistical analyses make an assumption 
that the data are following a normal distribution. According to the central limit 
theorem, the averages of measurements of individual data follow a normal distri-
bution even if the individual data are from a different distribution. Since the dis-
tribution is in the shape of a bell, it is often referred to as a bell curve (Figure 12.5).

Mathematically, the formula for the normal distribution probability density 
function is

s p

m
s

P x
e

x

( ) =

( )−
−

2

2

2

2

See Figure 12.6.
The area under the curve between any two points, expressed in standard 

deviation units (Z scores), can be determined from the statistical tables shown in 
Appendix E. The standard normal distribution has mean = 0 and standard devia-
tion = 1. (See details on mean and standard deviation from Table 11.2.)

Figure 12.5     Normal distribution (bell) curve.
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Figure 12.6     Normal probability density function and cumulative density function.
Source: http://www.itl.nist.gov/div898/handbook/eda/section3/eda3661.htm.

X

Normal probability density function

P
ro

b
ili

ty
 d

en
si

ty

0.4

0

0.3

0.2

0.1

–4 –3 –2 –1 10 2 3 4

X

Normal cumulative density function

P
ro

b
ab

ili
ty

1.00

0

0.75

0.50

0.25

–4 –2–3 –1 10 2 3 4



186	 Part III: Measure Phase

Example

Find the area under the standard normal curve between +1.50 standard deviations and 
+2.50 standard deviations.

Solution: Refer to Figure 12.5. Find the area to the right of 1.50 and subtract the area 
to the right of 2.50:

	Using the standard normal tables, the area to the right of 1.50 = 0.0668	and

	 the area to the right of 2.50 = 0.0062

	 subtracting: 0.0606

Using Minitab and Excel, the analysis results are:

Cumulative Distribution Function 

Normal with mean = 0 and standard deviation = 1

xP(X ≤ x)

2.5  0.993790

Excel function =NORMDIST(2.5,0,1,TRUE)

Cumulative Distribution Function 

Normal with mean = 0 and standard deviation = 1

xP(X ≤ x)

1.5  0.933193

Excel function =NORMDIST(1.5,0,1,TRUE)

Therefore the area under the curve between the two values is 0.0606. The total area 
under the standard normal curve is 1 so the area under the curve between the two 
vertical lines is 6.06 percent of the area under the curve. Hence, we can mathemati-
cally calculate the area between any two Z-scores of interest. This is a very important 
concept as this calculation is used for process capability measurement. In this example, 
the Z-score is provided directly. Let us explore a real-life example where we have to 
compute the Z-score and find out the area under the curve. 

Example

A pizza restaurant’s order processing time is normally distributed. A random sample 
has mean 30 minutes and standard deviation five minutes. Estimate the percent of the 
orders that are between 35 and 20 minutes.

Solution: Find the Z-score for 20 and 35. The Z-score is the number of standard 
deviations that the measurement is from the mean and is calculated by the formula  
Z = (x – m)/s.

Continued
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Continued

Z(20) = (20 – 30)/5 = –2.00

Z(35) = (35 – 30)/5 = 1

	 Area to the right of –2.00 = 0.97724

	 Area to the right of +1.00 = 0.15865

	 Subtracting: 0.8186

Approximately 82 percent of the orders are processed between 35 minutes and 20 
minutes. Put another way, the probability that a randomly selected order will have a 
processing time between 35 minutes and 20 minutes is approximately 0.82. 

Extended exercise:

If the pizza restaurant promises their customers “35-minute delivery or 
free” and average order cost is $30, estimate the total cost of free food the 
restaurant has to give away with the current process variation.

Distributions like chi-square (c2), t, and F are used for decision making using 
hypothesis testing.

Chi-Square Distribution
If w, x, y, and z are random variables with standard normal distributions, then the 
random variable defined as f = w2 + x2 + y2 + z2 has a chi-square distribution.

The chi-square (c2) distribution is obtained from the values of the ratio of the 
sample variance and population variance multiplied by the degrees of freedom. 
This occurs when the population is normally distributed with population vari-
ance s2.

The most common application of the chi-square distribution is testing propor-
tions. As the degrees of freedom increase, the chi-square distribution approaches 
a normal distribution. See Figure 12.7.

Properties of the chi-square distribution:

•	 Chi-square is nonnegative. (It is the ratio of two nonnegative values, 
therefore must be nonnegative itself).

•	 Chi-square is nonsymmetric.

•	 There are many different chi-square distributions, one for each degree 
of freedom.

•	 The degrees of freedom when working with a single population 
variance is n – 1.
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Degrees of Freedom
The amount of information your data provide that you can “apply” to estimate the 
values of unknown population parameters, and calculate the variability of these 
estimates (Minitab Help Guide). 

Exercise

Find the critical value for one percent of the area under the chi-square probability den-
sity for a random variable that has five degrees of freedom.

From the chi-square table (Appendix N), df = 5 and c 2
0.01 is 15.09.

Let us also look at another example of chi-square distribution using tabulated 
data.

A Green Belt is interested in exploring the relationship between age group 
and social network usage hours. After interviewing 100 people about their social 
networking online hours and dividing them into groups of either 3 hours/day or 
5 hours/day for  ages 13–18 (column 1) and ages 21–35 (column 2) the worksheet 
data are tabulated as follows. Did the Green Belt see any difference between the 
two groups (that is, number of users from 3 hours/day and 5 hours/day)? Assume 
an alpha risk of 5%.

	A ge 13–18	A ge 21–35

3 hours/day	 21	 31

5 hours/day	 29	 19

Continued

Figure 12.7     Chi-square distribution example.
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Continued

	A ge 13–18	A ge 21–35	A ll

1	 21	 31	 52 
	 26	 26 
	 0.9615	 0.9615

2	 29	 19	 48 
	 24	 24 
	 1.0417	 1.0417

1: 3 hours/day, 2: 5 hours/day

All	 50	 50	 100

Cell Contents:	 Count 
	 Expected count 
	 Contribution to chi-square

Pearson Chi-Square = 4.006, DF = 1, P-Value = 0.045 
Likelihood Ratio Chi-Square = 4.034, DF = 1, P-Value = 0.045

Since the p-value is < the assumed alpha value of 0.05, we can conclude statistically 
there is a difference between the two groups.

Now for an additional exercise, did the Green Belt see any difference between 
the two age groups?

t-Distribution
If x is a random variable with a standard normal distribution and y is a random 
variable with a c2 distribution, then the random variable defined as

t
x
y
k

=

is the t-distribution with k degrees of freedom where

k = the degrees of freedom for the c2 variable

Notice that as k → ∞, t approaches the normal distribution. This distribution is 
used in hypothesis tests as illustrated in Chapter 17.

Following are the important properties of Student’s t-distribution:

	 1.	 Student’s t-distribution is different for different sample sizes.

	 2.	 Student’s t-distribution is generally bell-shaped, but with smaller 
sample sizes shows increased variability (flatter). In other words, the 
distribution is less peaked than a normal distribution and with thicker 
tails. As the sample size increases, the distribution approaches a normal 
distribution. For n > 30, the differences are negligible.

	 3.	 The mean is zero (much like the standard normal distribution).

	 4.	 The distribution is symmetrical about the mean.
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	 5.	 The variance is greater than one, but approaches one from  
above as the sample size increases (s2 = 1 for the standard  
normal distribution).

	 6.	 The population standard deviation is unknown.

	 7.	 The population is essentially normal (unimodal and basically 
symmetric).

Example

Twelve randomly selected chemical packs were measured before mixing with the raw 
material. The weights in grams of chemicals supplied by a vendor to an organization 
are as follows:

7.3, 7.9, 7.1, 7.3, 7.4, 7.3, 7.0, 7.3, 7.7, 7.3, 7.1, 7.8

The weight on the pack says 7.5 grams.
What is the probability that the weight of the rest of the packs in storage is greater 

than 7.5?

Solution:

The mean of the 12 packs is 7.375

The sample standard deviation of the 12 packs is 0.2832

To find the area under the curve:

m
=

−
/

t
x
s n

Minitab analysis:

Test of m = 7.5 versus > 7.5

                                            95% 
                                          Lower 
Variable  N     Mean     StDev  SE Mean   Bound       T       P 
Weight   12  7.37500  0.28324    0.08177  7.22816  –1.53  0.923

Approximately 7.8 percent of the packs could be greater than 7.5.

F-Distribution
The -distribution is the ratio of two chi-square distributions with degrees of free-
dom n1 and n2, respectively, where each chi-square has first been divided by its 
degrees of freedom. The F-distribution is commonly used for analysis of variance 
(ANOVA), to test whether the variances of two or more populations are equal. 
This distribution is used in hypothesis tests.

(See more details on ANOVA in Chapter 17, Section 2.)
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where n1 and n2 are the shape parameters and Γ is the gamma function. The for-
mula for the gamma function is

Γ a a i( ) = − −∞

∫ t e dt1

0

The F probability density function for four different values of the shape parame-
ters is shown in Figure 12.8.

Exercise

Find the F ratio given that F0.05 with degrees of freedom (n1) 4 and (n2) 6 is 4.53. Find F0.95 
with degrees of freedom (n1) 6 and (n2)4. 

F0.95,6,4 = 1 / F0.05,4,6 = 1 / 4.53 = 0.22

Figure 12.8     F-distribution with varying degrees of freedom.
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Chapter 13

D. Collecting and  
Summarizing Data

1. Types of Data and Measurement Scales

Identify and classify continuous (variables) 
and discrete (attributes) data. Describe and 
define nominal, ordinal, interval, and ratio 
measurement scales. (Analyze)

Body of Knowledge III.D.1

Table 13.1 gives the description and definition of nominal, ordinal, interval, and 
ratio measurement scales with examples and applicable arithmetic and statistical 
operations.

Quantitative data are grouped into two types, continuous (also called variables) 
and discrete (also called attributes). Continuous data result from measurement 
on some continuous scale such as length, weight, temperature, and so on. These 
scales are called continuous because between any two values there are an infinite 
number of other values. For example, between 1.537 inches and 1.538 inches there 
are 1.5372, 1.5373, 1.53724, and so on.

Discrete data result from counting the occurrence of events. Examples might 
include the number of paint runs per batch of painted parts, the number of valves 
that leaked, or the number of bubbles in a square foot of floated glass.

There is another type of data called locational data. This is very useful to iden-
tify where the data are coming from. An example is paint defects in an automo-
bile assembly line. It is not adequate if the data are collected as continuous or 
discrete. The rework technician needs to know where the defect is found on the 
massive surface area of the automobile. More details on location data displayed as 
a measles chart (Figure 10.9) are explained in Chapter 10.

Effort should always be made to move from discrete to continuous measure-
ments. There are two reasons for doing this:

•	 Control charts based on continuous data are more sensitive to process 
changes than those based on discrete data.
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•	 When designed experiments are used for process improvement, 
changes in continuous data may be observed even though the discrete 
measurement hasn’t changed.

Discrete data require larger statistically valid sample sizes for decision making 
than continuous data for the same consumer risk protection (type II error).

2. Sampling and Data Collection Methods

Define and apply various sampling methods 
(random and stratified) and data collection 
methods (check sheets and data coding). 
(Apply)

Body of Knowledge III.D.2

Table 13.1  Measurement scales.

The measurement scales

Nominal	 Ordinal	 Interval	 Ratio

The values of the scale 	 The intervals	 Intervals between	 There is a rational 
have no “numeric” 	 between adjacent	 adjacent scale values	 zero point for the 
meaning in the way 	 scale values are	 are equal with	 scale. 
that usually applies 	 indeterminate.	 respect to the	

Example:
 

with numbers, and 	
Example:

	 attribute being	
Ratios are equivalent;

 
no ordering scheme.	

Categorization of
	 measured.	

for example, the
Example: 	 defects by criticality.	 Example:	 ratio of 10 to 5 is 
Color-coded wires 	 Critical: functional	 The difference	 the same as the ratio 
by quantity in an 	 failures.	 between 20 °C and	 of 64 to 32. 
electrical cable.	 Major: performance	 40 °C is the same	  
	 degradation.	 as the difference	  
	 Minor: cosmetic	 between –10 °C	  
	 defects, and so on.	 and –30 °C.	

Applicable arithmetic and statistical operations for the measurement scales

Nominal	 Ordinal	 Interval	 Ratio

Counting	 “Greater than” 	 Addition and	 Multiplication and 
Mode	   or “less than” 	   subtraction of	   division of scale 
Chi square	   operations 	   scale values	   values 
	 Median	 Arithmetic mean	 Geometric mean 
	 Interquartile range	 Standard deviation	 Coefficient of 
	 Sign test	 t-test, F-test	   variation

For more details please refer to: http://en.wikipedia.org/wiki/Level_of_measurement.
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Data collection is performed in an organization for various reasons:

•	 Legal, regulatory, or statutory requirements

•	 Analysis, improvement, and knowledge management

•	 Contractual requirements of customers

Irrespective of reasons, data collection can be very expensive if the data collection 
is not planned and effectively implemented. Many organizations tend to collect 
more data than required. Answering some basic questions before actually start-
ing to collect the data, such as what, why, where, when, who, and how (5W1H), 
can help make planning the data collection more effective. Where possible, real-
time data acquisition from equipment is more effective and reduces human errors 
and data transfer errors. Also, with real-time data collection, action can be taken 
swiftly without significantly impacting goods produced or service rendered. Data 
that are not collected in real time will have a lag between data collection and deci-
sions made. This can sometimes result in expensive corrections. One has to weigh 
the cost benefit. Real-time data acquisition can require additional costs for infra-
structure upgrading.

Where manual data entry is involved, it is more efficient to use data coding 
to avoid repetitive recording of numbers and errors due to fatigue. Decoding (see 
Table 13.2) may be applied depending on the analysis to be performed.

There are several methods for collecting data:

•	 Surveys

•	 Face-to-face interviews

•	 Focus groups

•	 Mystery shopping

•	 Customer feedback

•	 Automatic data capture

•	 Manual data capture

Data collection methods that are one-on-one like focus groups and face-to-face 
interviews have higher integrity of data and provide opportunities to clarify with 
the respondents, while data collection methods like surveys have low response 
rates (approximately 10 to 15 percent), and improperly constructed surveys can 
result in misleading responses.

Customer feedback after a product failure or service issue is reactive. Hence, 
organizations should strive to gather as much up-front information as possible 
before designing the product or service. 

Techniques for Assuring Data Accuracy  
and Integrity

Even sophisticated data collection and analysis techniques can be defeated if the 
data are entered with errors. Common causes of errors include:
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•	 Units of measure not defined (for example, feet or meters?)

•	 Closeness of handwritten characters/legibility (for example, 2 or Z?)

•	 Inadequate measurement system resolution/discrimination

•	 Rounding off measurements and losing precision

•	 Emotional bias resulting in distortion of data (for example, flinching)

•	 Inadequate use of validation techniques—using guesswork or 
personal bias

•	 Multiple points of data entry—opportunity for inconsistency and 
errors

•	 Poor instructions or training causing erroneous data entry

•	 Ambiguous terminology

•	 Clerical or typographical errors

To minimize error:

•	 Have a carefully constructed data collection plan following 5W1H—
what, where, who, when, why, and how.

•	 Maintain a calibration schedule for data collection equipment

•	 Conduct repeatability and reproducibility (R & R) studies on 
measurement system

•	 Record appropriate auxiliary information regarding units, time of 
collection, conditions, measurement equipment used, name of data 
recorder, and so on

•	 Use appropriate statistical tests to remove outliers

•	 If data are transmitted or stored digitally, use an appropriate 
redundant error correction system

•	 Provide clear and complete instruction and training for collection, 
transformation, analysis, and interpretation

Types of Sampling

Random Sampling. Every sample randomly picked from the lot has equal prob-
ability of getting picked. If effectively administered, sampling can save money 
for the organization. The lot being sampled has to be homogeneous for random 
sampling. 

Sequential Sampling. Sequential sampling is used in destructive testing and reli-
ability testing applications where higher cost is involved in testing the unit. The 
samples are tested one by one sequentially until the desired results are reached.

Stratified Sampling. When there is a mixture of parts from different machines, 
different streams, different raw material lots, or different process settings, there 
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is no homogeneity of the lot. Hence, random sampling will not yield the right 
results. It will be more effective to stratify the lot based on the criteria (by machine, 
stream, lot, or settings) and pick random samples from the stratified group. Many 
quality practitioners do not take into consideration the lack of homogeneity of the 
lots coming out of their end of the manufacturing line or from the supplier, and 
attempt random sampling. This may result in proportion nonconformities greater 
than anticipated by applying a specific AQL sampling plan. 

Random and stratified sampling are applicable to many industry sectors. In a 
service application like a call center, calls can be sampled using one of the above 
methods, in a healthcare setting, drugs in inventory, in education, students and 
faculty can be sampled. 

Where manual data entry is involved, it is more efficient to use data coding to 
avoid repetitive recording of numbers, and errors due to fatigue. Decoding may be 
applied depending on the analysis to be performed.

Example

An inspector is measuring the diameter of a machine part. If the data are expected to 
fall between the upper and lower specification limits, typing the measurement data 
repetitively may result in clerical or administrative errors. In this case, the measure-
ment values can be coded in a single digit number representing the full measurement 
value. An important aspect of this approach is that we should still be able to arrive at 
the measurement value after decoding (see Table 13.2).

Table 13.2  Coding—decoding.

Coding		  Decoding

Actual 			   Actual 
measurements	 Coded value	 Coded value	 measurements

10.120	 1	 1	 10.120

10.121	 2	 2	 10.121

10.122	 3	 3	 10.122

10.123	 4	 4	 10.123

Decoding is turning the code back to actual measurements. Coding is also 
used to communicate the distribution and general trend of the data and protect 
confidentiality.

Check Sheets
Check sheets are used to observe or review a process, usually during execution 
of the process. Check sheets pre-categorize potential outcomes for data collection 
using sets of words, tally lists, or graphics. Figure 13.1 is an example of a completed 
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check sheet, in tabular format, used to collect data related to a paint mixing pro-
cess. This simple tool provides a method of easy collection of the data. By collect-
ing data on a check sheet, common patterns or trends can be identified.

The basic steps in making a check sheet are:

	 1.	 Identify and agree to the causes or conditions that are to be collected.

	 2.	 Decide who will collect the data, over what time period(s), and how  
the data will be collected.

	 3.	 Create a check sheet that will work within the operation where it  
will be used.

	 4.	 Collect the data as designed to ensure consistency and accuracy of the 
information.

Check sheets can be the basis for other analytical tools and are incorporated into 
attribute statistical process control charts. Creating and using a check sheet can 
help focus on continual improvement and may foster changes just because the 
check sheet is being used.

3. Descriptive Statistics

Define, calculate, and interpret measures of 
dispersion and central tendency. Develop 
and interpret frequency distributions and 
cumulative frequency distributions. (Evaluate)

Body of Knowledge III.D.3

Two principal types of statistical studies are descriptive and inferential. Inferential 
studies analyze data from a sample to infer properties of the population from 
which the sample was drawn. The purpose of descriptive statistics is to present 
data in a way that will facilitate understanding.

Figure 13.1     Example of a check sheet.
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The following data represent a sample of critical dimensions of a chemical 
deposition operation. What conclusions can be reached by looking at the data set?

5.551, 5.361, 5.392, 5.479, 5.456, 5.542, 5.423, 5.476, 
5.298, 5.499, 5.312, 5.319, 5.317, 5.314, 5.382

The charts in Figure 13.2 reveal information about the sample data that was not 
obvious from the data list, such as:

•	 The spread of the sample

•	 An indication of the shape of the sample

•	 Center of the sample

•	 Fitting of normal distribution of the sample (explained later in this 
chapter)

The first three attributes—spread, shape, and center—are key to understanding the  
data and the process that generated them.

The spread of the sample is also referred to as dispersion or variation and is usu-
ally quantified with either the sample range (defined as the highest value minus 

Figure 13.2     Example of a data set as illustrated by a frequency distribution, individual plot, 
 histogram, and probability plot.
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the lowest value) or the sample standard deviation. The sample standard devia-
tion is the more sophisticated metric and is defined as

s
x x
n

( )= Σ −
− 1

2

where

x– = The sample mean or average

n = Sample size

This formula produces an estimate of the standard deviation of the population 
from which the sample was drawn. If data for the entire population are used (rare 
in practical applications), the population standard deviation is defined as

s
mx

N
( )=

Σ − 2

where

m = The population mean or average

N = Population size

Due to the complexity of these formulas, one should use a calculator with stan-
dard deviation capabilities.

The shape of the sample refers to a smooth curve that serves as a sort of 
umbrella approximately covering the tops of the bars in the histogram. In this 
case, it appears that the sample came from a normally distributed population. 
Other descriptors of shape include kurtosis, symmetry, and skewness. The center of 
the sample may be quantified in three ways:

•	 The mean, statistical jargon for the more common word “average”

•	 The median, which is defined as the value that is in the middle of  
a sorted list of data 

•	 The mode, which is the value that appears most frequently in  
the sample

See more on the median in "Understanding Medians," Quality Progress, July 2014.
In the example in Figure 13.2:

•	 The mean = (Sum of the values) ÷ (Number of values) = Sx/n = 
81.121/15 = 5.408

•	 The median of the 15 values would be the eighth value when the 
sample is sorted in ascending order, in this case 5.392. If there are an 
even number of values, the median is obtained by averaging the two 
middle values.
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Of these three measures, the mean is the most useful in quality engineering appli-
cations. The sample mean is often denoted as an x with a bar above it and pro-
nounced “x-bar.”

Summary of Descriptive Measures

Name	 Symbol	 Formula/Description

Measures of central tendency

    Mean	 x–	
Σx

n

    Median	 x~	 Middle number in sorted list

    Mode		  Most frequent number

Measures of dispersion

    Range	 R	 High value–low value

Sample standard deviation	 s	
– 1

2( )Σ x – x

n

(Instructor note: You may use Quincunx feature in the Quality Gamebox software 
provided with this handbook to demonstrate this concept to students. If you are a 
learner, you may still use this learning tool.) 

The population standard deviation s uses the same formula as sample stan-
dard deviation with a denominator n.

Cumulative Frequency Distribution

If a column showing totals of the frequencies to that point is added to the fre-
quency distribution, the result is called a cumulative frequency distribution. An 
example is shown in Figure 13.3.

Figure 13.3     Cumulative frequency distribution in table and graph form.
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4. Graphical Methods

Construct and interpret diagrams and 
charts that are designed to communicate 
numerical analysis efficiently, including 
scatter diagrams, normal probability plots, 
histograms, stem-and-leaf plots, box-and-
whisker plots. (Create)

Body of Knowledge III.D.4

Table 13.3 provides an overview of the graphical methods discussed in this sec-
tion. The following paragraphs provide more information about those not already 
discussed.

Table 13.3  Comparison of various graphical methods.

Name	 Purpose	 Application	 Interpretation	 Ease of use

Tally	 Provides a 	 Used to count	 Tally mark concentration	 Very easy to 
	 quick tally of 	 defect	 and spread roughly	 create and 
	 total quantity 	 quantity by	 indicate distribution	 interpret 
	 and by class 	 type, class,	 shape. Tally marks of five	  
	 interval. 	 and/or	 are crossed out as a group 
	 Provides 	 category	 for easy counting. 
	 visual idea of 		  Isolated groups of tally 
	 the distribution 		  marks indicate uneven 
	 shape.		  distribution.

Frequency 	 Provides a	 Especially	 Concentration of data is	 Not so easy 
distribution	 pictorial view 	 useful if tally	 seen as a peak, and	 to create 
	 of numerical 	 column cells	 spread of the data is	 but easier 
	 data about 	 have a large	 demonstrated by the	 to interpret 
	 location and 	 number of	 width of the curve.	  
	 spread	 marks	 Thinner distribution 	  
			   indicates lesser 	  
			   variation. Distribution 	  
			   can be unimodal (with 	  
			   one peak), bimodal (two 	  
			   peaks), or multimodal 	  
			   (multiple peaks) 	  
			   indicating a mixture of 	  
			   populations. Distribution 	  
			   with no peak and flat 	  
			   curve indicates 	  
			   rectangular distribution. 

Continued
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Table 13.3  Comparison of various graphical methods. (Continued)

Name	 Purpose	 Application	 Interpretation	 Ease of use

Stem-and-	 Provides	 Useful to	 If data values within	 Easy to 
leaf plot	 numerical data 	 quickly identify	 cells are not fairly evenly	 create but 
	 information 	 any repetitive	 distributed, measurement	 difficult 
	 about the 	 data within	 errors or other anomalous	 to interpret 
	 contents of 	 the class	 conditions may be present	  
	 the cells in 	 interval		   
	 a frequency 			    
	 distribution

Box-and-	 Provides a	 Provides more	 If the location of the	 Easy to 
whisker plot	 pictorial view 	 information	 center line of the box is	 create and 
	 of minimum, 	 than	 right in the middle, the	 interpret 
	 maximum, 	 distribution	 data may be normally	  
	 median, and 	 plot but easier	 distributed. If moved to	  
	 interquartile 	 to interpret.	 one of the sides, the data	  
	 range in one 	 Outliers are	 may be skewed. The	  
	 graph.	 easily identified 	 data points outside the	  
		  on the graph.	 whiskers indicate outliers. 	  
			   Unequal whiskers indicate 	  
			   skewness of the 	  
			   distribution.	

Scatter 	 Detects possible	 Used for root	 To estimate correlation,	 Easy to 
diagram	 correlation or 	 cause analysis,	 the relationship has to	 create and 
	 association 	 estimation of	 be linear. Nonlinear	 interpret 
	 between two 	 correlation	 relationship may also 
	 variables, or 	 coefficient,	 exist between variables. 
	 cause and 	 making	 If the plotted data flow 
	 effect	 prediction 	 upward left to right, the 
		  using a 	 relationship is positively 
		  regression 	 correlated. If the plotted 
		  line fitted to 	 data flow downward 
		  the data	 from left to right, the  
			   relationship is negatively  
			   correlated. If data are 
			   spread about the center  
			   with no inclination to  
			   right or left, there may  
			   not be any correlation.

Continued
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Stem-and-Leaf Plot

A stem-and-leaf plot is constructed much like a tally column except that the last 
digit of the data value is recorded instead of the tally mark. This plot is often used 
when the data are grouped. Consider the following example:

These are the weight values in grams collected by weighing a batch of mixed 
chemical products:

10.3, 11.4, 10.9, 9.7, 10.4, 10.6, 10.0, 10.8, 11.1, 11.9, 
10.9, 10.8, 11.7, 12.3, 10.6, 12.2, 11.6, 11.2, 10.7, 11.4

The normal histogram would look like the first chart in Figure 13.4.
The stem-and-leaf plot on the right conveys more information than a tally col-

umn or the associated histogram would. Note that the ordered stem-and-leaf sorts 
the data and permits easy determination of the median.

The display has three columns:

	 1.	 The leaves (right). Each value in the leaf column represents a digit  
from one observation. The “leaf unit” (declared above the plot)  
specifies which digit is used. In the example, the leaf unit is 0.1.  
Thus, the leaf value for an observation of 7 is 7, while the leaf value  
for an observation of 10 is 0.

	 2.	 The stem (middle). The stem value represents the digit immediately  
to the left of the leaf digit. In the example, the stem value of 10  
indicates that the leaves in that row are from observations with  
values greater than or equal to 10 (for example, 10.0, 10.3, 10.4).

Table 13.3  Comparison of various graphical methods. (Continued)

Name	 Purpose	 Application	 Interpretation	 Ease of use

Run chart	 Provides a 	 Used when	 Patterns like cluster,	 Easy to 
	 visual indicator 	 real-time	 mixture, trend, and	 create and 
	 of any 	 feedback is	 oscillation are spotted	 interpret 
	 nonrandom 	 required for	 based on the number of 
	 patterns	 variables data	 runs above and below  
			   the mean or median.  
			   p-value identifies the  
			   statistical significance  
			   of a nonrandom pattern.  
			   p-value less than 0.05  
			   identifies a stronger  
			   significance.*

*p-value explained in Chapter 16, Section 2.
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	 3.	 Counts (left). If the median value for the sample is included in  
a row, the count for that row is enclosed in parentheses. The values  
for rows above and below the median are cumulative. The count for  
a row above the median represents the total count for that row and  
the rows above it. The value for a row below the median represents the 
total count for that row and the rows below it.

In the example, the median for the sample is 10.9, so the count for the third row  
is enclosed in parentheses. The count for the second row represents the total  
number of observations in the first two rows. Similarly, the fourth row provides 
the count of the fourth, fifth, and sixth rows.1

Box Plots

The box plot (also called a box-and-whisker plot), developed by Professor John Tukey 
of Princeton University, uses the high and low values of the data as well as the 
quartiles.

The quartiles of a set of data divide the sorted data values into four approxi-
mately equal subsets. The quartiles are denoted Q1, Q2, and Q3. Second quartile Q2 
is the median. Q1 is the median of the set of values at or below Q2. Q3 is the median 
of the set of values at or above Q2. This is illustrated in Figure 13.5.

See the YouTube video by Keith Bower on outliers in box plots at http://www.
youtube.com/watch?v=yK1RcuzMsqA.

Figure 13.4     Histogram and stem-and-leaf plot comparison.
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Example

Following are the pull test data from testing bond strength of a consumer product:

8.250, 8.085, 8.795, 9.565, 11.880, 9.180, 9.950, 9.630, 8.150

The data after sorting: 

8.085, 8.150, 8. 250, 8.795, 9.180, 9.565, 9.630, 9.950, 11.880 

Low value is 8.085, high value is 11.88, Q1 = 8.20, Q2 = 9.18, and Q3, = 9.79. (Note that 
quartiles need not be values in the data set itself.) The resulting plot is shown in Figure 
13.6. Figure 13.7 shows how the shape of the dot plot is reflected in the box plot.

Figure 13.6     Example box plot.
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Figure 13.5     Box plot.
Source: Copyright Minitab Inc.

*
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Continued

Figure 13.7     Box plots versus dot plots.

a) Approximately symmetric b) Increased variability c) Left skewed

Box plots can be used to mine information from a database. Box plots can also 
be used to compare two or more populations visually and see the shift in median 
and variation.

Example

An experiment was conducted in an assembly process with three different process set-
tings. The Six Sigma Green Belt wants to know visually if there is any variation between 
processes. (Statistical methods more appropriate for this application, such as ANOVA, 
are discussed in Chapter 17, Section 2.)

Partial data from the experiment are shown in Table 13.4.

Table 13.4  Example of yield data from three periods.

	 Yield	 Period	 Yield	 Period	 Yield	 Period

	 87.0%	 1	 57.1%	 2	 77.1%	 3

	 84.4%	 1	 62.5%	 2	 74.2%	 3

	 76.9%	 1	 60.0%	 2	 62.3%	 3

	 90.0%	 1	 72.3%	 2	 66.7%	 3

	 84.4%	 1	 42.9%	 2	 80.0%	 3

	 86.2%	 1	 69.1%	 2	 71.4%	 3

	 89.6%	 1	 59.5%	 2	 55.1%	 3

	 94.2%	 1	 71.3%	 2	 36.2%	 3

	 95.6%	 1	 79.5%	 2	 94.3%	 3

	 85.2%	 1	 43.8%	 2	 71.4%	 3

	 89.7%	 1	 94.7%	 2	 67.1%	 3

	 100.0%	 1	 66.0%	 2	 91.4%	 3

	 89.1%	 1	 40.0%	 2	 71.4%	 3

	 96.9%	 1	 67.8%	 2	 61.4%	 3

	 93.6%	 1	 65.0%	 2	 75.4%	 3

Continued
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Continued

The resultant data and box plots are shown in Figure 13.8.
The period can be further divided into major process settings like gas flow or tem-

perature between the three periods and further analyzed to get even greater insight. 
The box plots in Figure 13.8 show that the largest variation is in period 2. The Green Belt 
would probe further to see what may have caused the largest variation in the second 
setting using more appropriate root cause analysis tools.

Figure 13.8     Box plot by period.
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The Run Chart

The run chart is used to identify patterns in process data. There are also related 
statistical tests that can be performed to detect any nonrandom behavior. All of the 
individual observations are plotted in time sequence, and a horizontal reference 
line is drawn at the median. Typically, a run chart is used when the subgroup size 
is one. When the subgroup size is greater than one, the subgroup means or medi-
ans are calculated and connected with a line, similarly to control charts. However, 
run charts are different from control charts (for example, X– and R charts); run 
charts do not have statistical control limits to monitor variation. 

Run chart tests can detect trends, oscillation, mixtures, and clustering. These 
are nonrandom patterns and suggest that the variation observed can be attributed 
to special causes. Common cause variation is variation that is inherent in the pro-
cess. A process is in control when only common causes are present. (See more 
details on common and special causes in Chapter 21, Section 1). 

Lack of steadiness in a process can cause oscillation. In the example shown in 
Figure 13.9, the p-value for oscillation is 0.78, indicating that it is not significant. A 
trend can be either upward or downward due to tool wear, loosening of a fixture, 
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gradual change in temperature setting, and so on. Since the p-value for trends is 
0.21 in this example, we can conclude that it is not very significant (although a 
visual trending can be seen in two regions). When there is a mix-up between parts 
from two different machines, two different operators, or two lots of materials, the 
process points tend to appear on either side of the chart with nothing closer to  
the centerline. We don’t see that in this example as the p-value is 0.998 (almost 
so high that we can rule out this possibility). Now we have a problem with clus-
tering, which is highly significant and may be due to measurement problems or 
lot-to-lot or setup variability. Carefully reviewing the measurement system anal-
ysis reports and procedure for setting up the machine, and verifying whether the 
operator is trained for machine-setting, and so on, can reveal some insight into 
clustering. (See Chapter 16, Section 2 for definition of p–value.)

Key Point: The common run chart is an extremely powerful tool for showing how 
stable a process is behaving. This assumes, of course, that you want to see process 
behavior. Otherwise, use a bar graph.

Scatter Diagrams

The scatter diagram is a powerful visual tool used to display relationships or asso-
ciations between two variables, cause and effect, and so on. While plotting the 
scatter diagram, the independent variable corresponds to the x axis, or horizontal 
axis, with the dependent variable on the y axis, or vertical axis. The plot pattern 
identifies whether there is any positive or negative correlation, or no correlation. 
There is also the possibility for a nonlinear relationship between the variables 

Figure 13.9     Run chart analysis (using statistical software).
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(these are explored through more-advanced statistical techniques). Also note that 
positive correlation between variables does not mean there is a cause-and-effect 
relationship. See correlation versus causation explanation in Chapter 16, Section 2.

Figure 13.10 shows different types of relationships between two variables or 
between causes and effects.

Example

Let us take an example from an injection-molding process. The following potential 
causes have been suggested using engineering judgment by a cross-functional team 
during a brainstorming session:

•	 Mold compression pressure

•	 Coolant temperature

•	 Mold cooling time

•	 Mold hold time

The team is trying to identify the relationship of these variables to the quality charac-
teristic “part surface finish.” The data are shown in Table 13.5.

Continued

Figure 13.10     Scatter diagrams.
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Four scatter diagrams have been plotted in Figure 13.11. In each plot, “surface 
finish” is on the vertical axis. The first plot shows mold pressure versus surface finish. 
On each diagram, one point is plotted for each batch.

Table 13.5  Mold process data.

		  Mold 	  
	Batch	 compression 	 Coolant	 Mold	 Mold	 Part surface 
	 no.	 pressure	 temperature	 cooling time	 hold time	 finish

	 1	 242	 112.75	 15.95	 0.792	 40.70

	 2	 220	 110.88	 17.60	 1.001	 33.00

	 3	 451	 112.86	 16.50	 0.99	 44.00

	 4	 385	 111.65	 17.82	 0.748	 35.20

	 5	 539	 110.88	 18.48	 0.935	 29.70

	 6	 396	 111.54	 16.28	 0.836	 38.50

	 7	 407	 112.75	 15.73	 1.034	 47.30

	 8	 363	 109.78	 18.15	 0.781	 25.30

	 9	 308	 110.88	 16.50	 0.715	 35.20

	 10	 440	 111.32	 18.26	 1.056	 33.00

Figure 13.11     Examples of scatter diagrams (variables versus effects).
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Continued

A best-fit line is drawn to cover the plotted points across the axes. In the manual 
approach, practitioners use an “eyeball” estimation to draw a line approximately in the 
middle of the plotted points covering end to end. Statistical software does a more thor-
ough job in fitting a line. If the points are closer to each other, the fitted line identifies 
a lesser variation in the relationship estimation. The relationship between the two vari-
ables or causes and effects (Figure 13.12) can be mathematically expressed and rep-
resented by a letter “r,” called the correlation coefficient or Pearson correlation. The 
value of r is always between –1 and +1 inclusive. This may be stated symbolically as –1 
≤ r ≤ +1.

2
2

2

2( )( )
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Σ − Σ Σ
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Figure 13.12     Correlation between variables and effects (using statistical software). 

 Mold  Coolant Mold  Mold 
 compression temperature cooling time hold time

Coolant temperature 0.028
 0.940

Mold cooling time 0.336 –0.712
 0.342 0.021

Mold hold time 0.328 0.292 0.082
 0.355 0.412 0.821

Part surface finish –0.033 0.935 –0.855 0.281
 0.927 0.000 0.002 0.432

Pearson
correlation

P value

A correlation coefficient measures the extent to which two variables tend to cor-
relate. To be able to calculate the correlation coefficient, a linear relationship is 
required. This can be visually verified without any sophisticated software. For 
example, suppose a relationship is suspected between exercise time in minutes/
day and weight loss in pounds. To check that relationship, four readings are taken 
from a weight loss center’s data, although in an actual application much more data 
would be desirable to reduce the error in estimation.

Exercise time in minutes/day	 30	 45	 60	 75

Weight loss in pounds	 1	  2	  4	  4.5

The first step is to plot the data as shown in Figure 13.13 to see if it seems reason-
able to approximate it with a straight line.

Although a straight line can’t be drawn through these four points, the trend 
looks linear. The next step would be to calculate the coefficient of linear correlation.

This can be done using the statistical functions in a spreadsheet or the follow-
ing formula:
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r
S

S S
xy

xx yy

=

where

n = number of points

Sxx = Σx2 – (Σx)2 /n

Sxy = Σxy – ΣxΣy/n

Syy = Σy2 – (Σy)2/n

Figure 13.13     Example scatter plots—exercise versus weight loss.
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In the above example, using x for minutes and y for pounds:

		  x	 y	 x2	 xy	 y2

		  30	 1	 900	 30	 1

		  45	 2	 2,025	 90	 4

		  60	 4	 3,600	 240	 16

		  75	 4.5	 5,625	 337.5	 20.25

	 Σ	 210	 11.5	 12,150	 697.5	 41.25

Sxx = 12,150 – 2102/4 = 1125

Sxy = 697.5 – 210 × 11.5/4 = 93.75

Syy = 41.25 – 11.52/4 = 8.1875

So

r
 .

 .
 .

( )( )
= ≈93 75

1125 8 1875
0 9768

The value of r will always satisfy the inequality –1 ≤ r ≤ 1.
When r is positive, the scatter diagram displays a positive slope, and when 

r is negative it displays a negative slope as per the figures displayed earlier. The 
closer r is to 1 or –1, the stronger the association between the two variables and 
the higher the likelihood that the variables are related. A key issue here is the dis-
tinction between association and causality. When engineering judgment is used to 
select the variables, relationships between variables can reveal opportunities for 
improvement. Similarly, scatter diagrams also help as a root cause analysis tool.

The reason engineering judgment is required is because mathematical 
relationships can be identified even between irrelevant variables. For example,  
a relationship could exist between two unrelated variables like the price of gold 
and the infant mortality rate from 1930 to 2000. We should not conclude, however, 
that as gold prices increase over the years, infant mortality decreases. This can 
misguide rather than help with root cause identification. This is an example of 
correlation that does not imply causation. Hence, engineering judgment should be 
solicited before exploring relationships.

The fact that there is a strong association or correlation between exercise time 
and weight loss in the above example might lead one to believe that weight loss 
could be controlled by increasing or decreasing exercise time. This is not neces-
sarily always true. Many variable pairs have a strong association with no causal 
relationship.

Another related value is the coefficient of determination, denoted by r2 or R. It 
is defined as the square of the correlation coefficient, as the notation implies. The 
coefficient of determination is a measure to indicate how well the regression line 
fits the data. In other words, r2 explains how much of the variability in the y’s can 
be explained by the fact that they are related to x.
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Normal Probability Plots

Normal probability plots are constructed to test whether random data come from a 
normal probability distribution. Several statistical analyses have a base assump-
tion of normality. Hence, it is important to test for normality before proceeding 
with further analysis. Normal probability plots can be constructed either manu-
ally or by statistical software. Software packages are a more efficient and accurate 
way of generating probability plots. Normal probability graph paper is designed 
so that a random sample from a normally distributed population will form an 
approximately straight line (using the manual construction).

Example

Following are the data for bond strength tested on an assembly. Does it appear that the 
following randomly selected measurements came from a normal population? 

8.250, 8.085, 8.795, 9.565, 11.880, 9.180, 9.950, 9.630, 8.150, 10.800,  
10.800, 11.080, 10.730, 10.520, 10.380, 10.535, 9.600, 10.340, 10.410

The analysis shown in Figure 13.14 performed using Minitab also tests the data using 
the Anderson-Darling formula. Notice the term “AD” in the graphic output. When the 
Anderson-Darling values are smaller, the distribution fits the data better. This is also 
reflected in the higher p-value. As the p-value is greater than 0.05 (alpha risk), we can 
conclude that these data come from a normal distribution.

Assuming that the specification (or tolerance) for the bond strength is 9 to 11 as 
indicated by the vertical dashed lines, the horizontal dashed lines show that about 20 
percent of the parts will be below the lower specification limit and about 17 percent 
will be above the upper specification limit (Figure 13.14).

Figure 13.14     Normal probability plot.
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There are several tests to check normality of random data. To name a few:

•	 The Anderson-Darling test for normality, an ECDF (empirical 
cumulative distribution function)–based test

•	 The Ryan-Joiner test, a correlation–based test

•	 The Shapiro-Wilk test, similar to the Ryan-Joiner test

•	 The Kolmogorov-Smirnov test for normality, also an ECDF-based test.

Of these tests, Anderson-Darling is most widely used by statistical software.

Weibull Plots

The Weibull distribution has the general form

P(x) = ab(x – g)b–1e–a(x – g )b

where

a = Scale parameter

b = Shape parameter

g = Location parameter

The Weibull function is mainly used for reliability data when the underlying dis-
tribution is unknown. Weibull probability paper can be used to estimate the shape 
parameter b and mean time between failures (MTBF), or failure rate. Weibull plots can 
be generated manually as well as by using computerized software packages. Soft-
ware packages are a more efficient and accurate way of generating Weibull plots. 
There is relevance between all these parameters and the life cycle of a product.

Weibull distributions with beta < 1 have a failure rate decreasing with time. 
This is also known as infant mortality or early life failures. Beta of close to 1 or 1 is 
the useful life or random failure period of Weibull distributions, with beta > 1 having 
failure rates increasing with time. This is also known as wear-out failure.

Example:

Fifteen units were tested for environmental stress and the number of hours the units 
managed to remain in operation under testing was collected from a precision timer. 
Estimate the value of the shape parameter b, MTBF, and the reliability at 3.9 hours. (See 
Figure 13.15.)

Fail duration 4.011, 3.646, 5.226, 4.740, 4.739, 5.833,  
4.861, 4.618, 4.012, 3.646, 4.497, 3.646, 4.49, 3.281, 3.889

In this example we need to find b (shape parameters) to know if these units are failing 
at a particular period of the life cycle such as infant mortality, constant failure, or wear-
out failure. Secondly, MTBF is required from the problem. For a normal distribution, 

Continued
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Continued

Figure 13.15     Example of Weibull plot. 
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the mean is the 50th percentile, whereas for a Weibull distribution, the mean is at the 
63.2 percentile. The problem also requires the reliability at 3.9 hours.

The data are input into Minitab statistical software, and the Weibull distribution is 
chosen to perform this analysis. Several commercially available software packages can 
perform this function. 

The software generates the Weibull plot on probability paper. The p-value is > 0.25 
and hence there is higher probability that the data come from a Weibull distribution.

The software also creates a 95 percent confidence interval for the data analyzed. 
This is useful for creating an interval estimate at a desired point.

The vertical axis on most Weibull paper is labeled “percent failure.” Since MTBF 
is located at 36.8 percent on a reliability scale, it is, in other words, at 63.2 percent on a 
failure scale. The horizontal coordinate of the point where the 63.2 percent line crosses 
the best-fit line is the estimate for MTBF. Interpolation on this curve provides estimates 
for other values. From the above plot, by finding the point of intersection for 63.2 per-
cent, we can find the MTBF as 4.635 hours.

The b (shape) value is 6.734. We can conclude that the unit is failing at wear-out 
period.

A vertical line drawn through the 3.9-hour point on the horizontal axis crosses the 
fitted line at about 30 percent on the percent failure scale, so the estimate for reliability 
at 3.9 hours is R(3.9) ≈ 0.70.
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Chapter 14

E. Measurement System Analysis

Calculate, analyze, and interpret 
measurement system capability using gauge 
repeatability and reproducibility (GR&R) 
studies, measurement correlation, bias, 
linearity, percent agreement, and precision/
tolerance (P/T). (Evaluate)

Body of Knowledge III.E

Measurement system analysis (MSA) is an area of statistical study that explores the 
variation in measurement data due to:

•	 Calibration. Drift in average measurements of an absolute value.  
(See Glossary for ASQ definition of calibration.)

•	 Stability. Drift in absolute value over time.

•	 Repeatability. Variation in measurement when measured by one 
appraiser on the same equipment in the same measurement setting  
at the same time.

•	 Reproducibility. Variation in measurement when measured by two or 
more appraisers multiple times.

•	 Linearity. Accuracy of measurement at various measurement points  
of measuring range in the equipment.

•	 Bias. Bias (difference between absolute value and true value) with 
respect to a standard master at various measurement points of the 
measuring range.

•	 Accuracy. “Closeness” to the true value, or to an accepted reference 
value.

•	 Precision. “Closeness” of repeated readings to each other. A random 
error component of the measurement system.
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Until the early 1990s MSA was used extensively in measurement laboratories, and 
less known to the industrial world. Since the inception of the QS-9000 (now ISO/ 
TS 16949) standard in the automobile industry, the importance of MSA has been 
well understood by other sectors as well.

An important issue for the practitioner here is that in the quest to reduce vari-
ation, the measurement system should be one of the first things analyzed because 
all data from the process are, in effect, filtered through the measurement system.

Even statistical process control experts have started to rewrite their SPC flow 
with conducting an MSA study as a starting step. MSA is actually that important. 
It is not uncommon for measurement systems to have an error of 40 to 50 percent 
of the process specification.

Repeatability is the equipment measurement variation expressed as standard 
deviation. Measurements are taken from the same equipment by one appraiser 
over a short period of time. See Figure 14.1. (See Govind Ramu, “Evaluating 
Repeatability,” Expert Answers in Quality Progress, November 2014).

Reproducibility is the appraiser measurement variation expressed as standard 
deviation. Measurements are taken from the same equipment by more than one 
appraiser. See Figure 14.2.

The repeatability portion of the measurement variation is attributed to the 
inherent variation of the measurement equipment. Factors that influence this por-
tion of variation include the design of the measurement system itself. In the case 
of reproducibility, the influential factors are the setting of the work piece (any spe-
cial loading and unloading), operator training, skill, and knowledge, consistency 
in measurement, and so on.

Following are the steps in conducting a gage repeatability and reproducibil-
ity (GR&R) study:

1.  Plan the study in detail by communicating to the line supervisor, making 
sure the equipment and appraisers are available for the study, equipment is cal-
ibrated and in good working condition, the samples are in good condition, and 
so on. Some studies can take a very long time to complete all the trials due to the 

Figure 14.1     Gage repeatability.
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measurement duration of a specific characteristic. Make sure that the appraisers 
are aware of the measurement criteria and inspection method and are trained to 
perform this measurement. These should be the appraisers who perform these 
measurements in the process on a regular basis. Time is money. Think of every-
thing that can go wrong and plan for contingencies during the study.

2.  The first step is to select and identify samples for the GR&R study. It is 
important to handpick the samples covering the spread rather than picking  
random samples from the production bin. It is recommended that the experimenter 
identify the samples in a location that is not obviously visible to the appraisers. It 
is also recommended that the experimenter be present during the R&R study.

3.  The next step is to create a table for experimentation purposes with 
randomized samples between trials and appraisers. Table 14.1 is an example of 
running a GR&R experiment in a randomized manner (10 samples × 3 operators 
× 3 trials).

4.  Appraisers are called one after the other as per the randomized table 
and requested to perform measurements. This includes multiple trials by every 
appraiser. It is important that each appraiser complete the study by measuring all 
samples for every trial. The calculations assume a complete study. An incomplete 
study can cause imbalances in data, and most statistical software will indicate an 
error message.

5.  The complete study conducted based on the randomized experiment (see 
Table 14.1) is entered into the calculation tabular sheet (Figure 14.3). This sheet is 
arranged in the sample number sequence. The experimenter may also directly 
input the data on the tabular calculation sheet. However, care should be taken not 
to mistakenly fill in the wrong worksheet cells.

6.  Calculations: Calculate the values for row 16 by averaging the values in 
rows 4, 9, and 14. Calculate the values in the far right-hand column of rows 4, 
5, 9, 10, 14, and 15 by averaging the 10 values in their respective rows. Calculate  
the two entries in the right-hand column of row 16 by finding the average and 

Figure 14.2     Gage reproducibility.
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ranges of the 10 values in that row. Substitute from the right-hand columns of rows 
5, 10, and 15 into the formula in row 17 to calculate R–

–
. For clarity, the formula is 

repeated here:

R
R R R

k
a b c= + +

Figure 14.3     Gage R&R data collection sheet.
Source: Used with permission of the Automotive Industry Action Group (AIAG).

Gage Repeatability and Reproducibility Data Collection Sheet

Appraiser/
trial #

A  11

2
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7

8

9

10
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15

16

17

18

19

2

3

Average

Range

B  1

2

3

Average

Range

C  1

2

3

Average

Range

([R
–

a =   ] + [R
–

b =   ]) + [R
–

c =   ]) / [# of appraisers =   ] =

X
–

DIFF = [Max X
–
 =      ] – [Min X

–
 =      ] =

*UCLR = [R
––

 =      ] × [D4 =      ] =

Part
average

Part

1 2 3 4 5 6 7 8 9 10 Average

R
––

 =

X
–

DIFF =

*D4 = 3.27 for two trials and 2.58 for three trials. UCLR represents the limit of individual Rs. Circle those that are
beyond this limit. Identify the cause and correct. Repeat these readings using the same appraiser and unit as
originally used, or discard values and re-average and recompute R

––
 and the limiting value from the remaining

observations.
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where k = number of appraisers. Record this value in the right-hand column of 
row 17.

Let max X– = the largest of X–a, X
–

b, and X–c

Let min X– = the smallest of X–a, X
–

b, and X–c

Calculate X–DIFF = max X– – min X– and place the value in the right-hand 
column of line 18.

Calculate the upper control limit for the R values using the formula shown in line 
19. The R–

–
 value is from the right-hand column of row 17, and the D4 value is 2.58 if 

each part was measured three times as outlined above. If, instead, each part was 
measured only twice, the D4 value is 3.27.

Note the instructions at the bottom of the form. They indicate that each of the 
10 R values in row 5 should be compared to the UCLR value calculated in row 19. 
Any R value that exceeds UCLR should be circled. Repeat this for the R values in 
rows 10 and 15. The circled R values are significantly different from the others, 
and the cause of this difference should be identified and corrected. Once this has 
been done, the appropriate parts can be remeasured using the same appraiser, 
equipment, and so on, as the original measurements. All impacted values must be 
recomputed.

Recall that repeatability is the variation in measurements that occurs when the 
same measuring system, including equipment, material, appraiser, and so on, are 
used. Repeatability, then, is reflected in the R values as recorded in rows 5, 9, and 
15 and summarized in row 17. Repeatability is often referred to as equipment vari-
ation, but the individual R averages may indicate differences between appraisers. 
In the example in Figure 14.4, Ra is somewhat smaller than Rb or Rc. This indicates 
that appraiser A may have done better at repeated measurements of the same part 
than the other two appraisers. Further analysis may be required to investigate 
why a certain appraiser has wider variation than others.

Reproducibility is the variation that occurs between the overall average mea-
surements for the three appraisers. It is reflected by the X– values in rows 4, 9, and 
14 and summarized in the value of X–DIFF in row 18. If, for instance, X–a and X–b had 
been quite close and X–c were significantly different, it would appear that appraiser 
C’s measurements have some sort of bias. Again, further investigation can be very 
productive.

The next step in the study is to complete the Gage Repeatability and Repro-
ducibility Report as shown in Figure 14.5. A completed report based on the data 
from Figure 14.4 is shown in Figure 14.6. The quantity labeled EV for equipment 
variation is an estimate of the standard deviation of the variation due to repeatabil-
ity. It is sometimes denoted sE or srpt (repeatability error). The quantity labeled AV 
for appraiser variation is an estimate of the standard deviation of the variation due 
to reproducibility and is sometimes denoted sA or srpd (reproducibility error). The 
quantity labeled GRR is an estimate of the standard deviation of the variation due 
to the measurement system and is sometimes denoted sM. The quantity labeled 
PV is an estimate of the standard deviation of the part-to-part variation and is 
sometimes denoted sP. PV is calculated by multiplying with appropriate constant 
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K3 depending on number of parts selected for experiment. The quantity labeled 
TV is an estimate of the standard deviation of the total in the study and is some-
times denoted sT. The right-hand column in Figure 14.6 shows for each type of 
variation the percentage of total variation it consumes. Sometimes the right-hand 
column is based on the tolerance for the dimension.

Figure 14.4     Gage R&R data collection sheet with data entered and calculations completed.
Source: Used with permission of the Automotive Industry Action Group (AIAG).

Gage Repeatability and Reproducibility Data Collection Sheet

Appraiser/
trial #

A  1 0.29 –0.56 1.34 0.47 –0.80 0.02 0.59 –0.31 2.26 –1.36 0.194

0.41 –0.68 1.17 0.50 –0.92 –0.11 0.75 –0.20 1.99 –1.25 0.166

0.64 –0.58 1.27 0.64 –0.84 –0.21 0.66 –0.17 2.01 –1.31 0.211

0.447 –0.607 1.260 0.537 –0.853 –0.100 0.667 –0.227 2.087 –1.307 X
–

a = 0.1903

0.35 0.12 0.17 0.17 0.12 0.23 0.16 0.14 0.27 0.11 R
–

a = 0.184

0.08 –0.47 1.19 0.01 –0.56 –0.20 0.47 –0.63 1.80 –1.68 0.001

0.25 –1.22 0.94 1.03 –1.20 0.22 0.55 0.08 2.12 –1.62 0.115

0.07 –0.68 1.34 0.20 –1.28 0.06 0.83 –0.34 2.19 –1.50 0.089

0.133 –0.790 1.157 0.413 –1.013 0.027 0.617 –0.297 2.037 –1.600 X
–

b = 0.068

0.18 0.75 0.40 1.02 0.72 0.42 0.36 0.71 0.39 0.18 R
–

b = 0.513

0.04 –1.38 0.88 0.14 –1.46 –0.29 0.02 –0.46 1.77 –1.49 –0.223

–0.11 –1.13 1.09 0.20 –1.07 –0.67 0.01 –0.56 1.45 –1.77 –0.256
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Figure 14.5     Gage repeatability and reproducibility report.
Source: Used with permission of the Automotive Industry Action Group (AIAG).
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Figure 14.6     Gage repeatability and reproducibility report with calculations.
Source: Used with permission of the Automotive Industry Action Group (AIAG).
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Precision to tolerance ratio (P/T): In this case the value of the divisor TV is 
replaced by one-sixth of the tolerance, that is, (Tolerance) ÷ 6. Most authorities 
agree that in this situation the %GRR is defined as:

(100 × GRR error) ÷ (Tolerance/6)

Six is used to cover 99.73 percent of variation. Some practitioners also use 5.15 to 
cover 99 percent of the variation. For information on the theory and constants 
used in this form see MSA Reference Manual.

There are also many inexpensive Excel-based macro applications available as 
off-the-shelf software. Figure 14.7 shows the same data analyzed using Minitab 
statistical software.

Notice that there are several points outside the control limits in the sam-
ple mean chart. This is the way it is supposed to be, as we intentionally picked 
the samples to cover the spread of the process specification. Since parts used  
in the study represent the process variation, approximately one-half or more 
of the averages plotted on the X

– chart should fall outside the control limits. If  
less than half of the plotted average points fall outside the control limits, then 
either the measurement system lacks adequate effective resolution or the sample 
does not represent the expected process variation. On the other hand, the points 
in the sample range charts should be within the control limits. If all the calculated 
ranges are within control, all appraisers are consistent. If one appraiser is out-of-
control, the method used differs from the others. If all appraisers have some out-
of-control ranges, the measurement system is sensitive to appraiser technique and 

Figure 14.7     Example gage repeatability and reproducibility analysis.
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needs improvement. We notice that the fourth measurement point of appraiser B 
is outside the control limits. Investigate to verify whether this is a recording error 
or due to any special causes.

The other charts visually indicate the spread of measurement points and any 
noticeable outliers, analyzed by sample and by appraiser. If a sample had issues 
with retaining certain measurements during the study period, this will probably 
show up in the chart (by sample). Also, if an appraiser is consistently measuring 
higher or lower than the others, it will be noticeable in the chart (by appraiser). In 
our example, appraiser C is consistently measuring lower. This is also visible in 
the appraiser * sample interaction graph (Figure 14.7—bottom graph to the right).

Sources of measurement variation are shown in Figure 14.8 (for the previous 
example) and graphically in Figure 14.9.

The AIAG MSA Manual explains, “Discrimination is the measurement res-
olution, scale limit, or smallest detectable unit of the measurement device and 
standard. It is an inherent property of gage design and reported as a unit of mea-
surement or classification. The number of data categories is often referred to as the 
discrimination ratio since it describes how many classifications can be reliably dis-
tinguished given the observed process variation.”

Number of distinct categories: Measurement system discrimination is the 
ability to detect changes in the measured characteristic. If a measurement system’s 
discrimination is inadequate, it may not be possible to measure process variation 
or quantify characteristic values (such as the mean) of individual parts.

Number of distinct categories greater than or equal to 5 is considered accept-
able for process monitoring applications. There are minor differences between 
the manual method and Minitab software due to rounding errors. The Minitab 
analysis is more accurate.

Figure 14.8     GR&R report using statistical software.

Gage R&R study—XBar/R method

   %Contribution
Source VarComp (of VarComp)
Total Gage R&R 0.09542 7.26
 Repeatability 0.04315 3.28
 Reproducibility 0.05228 3.98
Part-to-part 1.21909 92.74
Total variation 1.31451 100.00

   Study Var #Study Var
Source StdDev (SD) (6 * SD) (%SV)
Total Gage R&R 0.30891 1.85343 26.94
 Repeatability 0.20772 1.24631 18.12
 Reproducibility 0.22864 1.37183 19.94
Part-to-part 1.10412 6.62474 96.30
Total variation 1.14652 6.87913 100.00

Number of distinct categories = 5

Less than 1%—the measurement system is
acceptable. Between 1% and 9%—the 
measurement system is acceptable depending 
on the application, the cost of the measuring 
device, cost of repair, or other factors. Greater 
than 9%—the measurement system is 
unacceptable and should be improved.

Less than 10%—the measurement system 
is acceptable. Between 10% and 30%—
the measurement system is acceptable 
depending on the application, the cost of 
the measuring device, cost of repair, or 
other factors. Greater than 30%—the 
measurement system is unacceptable and 
should be improved.

Number of categories
1—Information about conformance versus nonconformance, 
2–4 Insensitive controls, coarse estimates of process parameters
and capability indices, five or more control charts, process 
parameters, and capability indices.
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Effect of R&R on capability: As mentioned earlier, the measurement system 
plays a major role in process capability (Cp) assessment. The higher the gage R&R, 
the higher the error in Cp assessment. This increases even more as the capability 
increases. Example: With an observed Cp of 1 and a GR&R of 50 percent, the actual 
Cp is 1.23. By bringing the GR&R to 10 percent, the actual Cp is more reflective of 
the actual process, that is, 1.01. See Figure 14.10. More details on this table, formula, 
and graphs are available in Concepts of R&R Studies by Larry B. Barrentine.

Figure 14.9     Sources of measurement variation.
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Figure 14.10     Observed versus actual capability.
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Following are some common errors made while performing GR&R:

	 1.	 In process control situations, not selecting samples covering the tolerance spread 
(Figure 14.11). In fact, it is recommended to even pick samples outside 
the specification limits. It is a common tendency for experimenters to 
pick some random samples from the process to study GR&R. See AIAG 
Reference section at the end of this chapter for rationale.

	 2.	 Not randomizing the samples during measurement. Randomizing the 
experiment takes some effort and care from the experimenter, but it is 
really worth it. Not randomizing the R&R study will probably introduce 
knowledge bias in the repetitive measurement trials (see Table 14.1).

	 3.	 Using untrained appraisers or process-unrelated employees in the experiment 
because there are not enough appraisers to conduct the studies. This will 
result in inflated reproducibility errors. Using engineers instead of the 
appraisers will also impact the results.

	 4.	 Altering the samples during the study. This includes accidental dropping  
of the samples.

	 5.	 Experimenter not present during the R&R study. (Assigning responsibility 
to the appraisers directly and/or trying to study from a remote location.)  
R&R studies are expensive as they involve resources like equipment  
and labor. Any mistakes performed during the study can invalidate  
the results and require starting all over. There are cases where the  
measurement is automated and duration long enough that the 
experimenter need not stay. However, it is important to be present 
during the human interaction portion of the measurement, that is, 
loading, setting, aligning, unloading, and so on.

	 6.	 Publishing the results with appraisers’ names. It is important for the 
experimenters to know who has introduced more variation and analyze 
the root causes, assign additional training, and so on. It is not required 
to release the analysis with actual appraiser names for general viewing. 

Figure 14.11     GR&R sample selection.
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Table 14.1  GR&R random Excel sheet example.

	 Run			   Run			   Run 
	 order	 Parts	 Operators	 order	 Parts	 Operators	 order	 Parts	 Operators

	 1	 2	 B	 31	 1	 B	 61	 5	 A

	 2	 6	 B	 32	 4	 C	 62	 9	 C

	 3	 5	 C	 33	 8	 B	 63	 10	 B

	 4	 3	 B	 34	 9	 B	 64	 10	 C

	 5	 2	 A	 35	 3	 B	 65	 1	 A

	 6	 6	 C	 36	 5	 A	 66	 8	 B

	 7	 4	 C	 37	 8	 B	 67	 4	 A

	 8	 3	 B	 38	 4	 C	 68	 1	 C

	 9	 8	 A	 39	 9	 A	 69	 8	 C

	 10	 1	 A	 40	 4	 B	 70	 7	 B

	 11	 10	 B	 41	 3	 A	 71	 8	 C

	 12	 6	 A	 42	 5	 B	 72	 7	 B

	 13	 7	 B	 43	 10	 B	 73	 2	 B

	 14	 6	 A	 44	 7	 A	 74	 10	 A

	 15	 3	 C	 45	 5	 B	 75	 5	 C

	 16	 9	 C	 46	 2	 A	 76	 10	 C

	 17	 6	 A	 47	 8	 C	 77	 10	 A

	 18	 9	 B	 48	 5	 A	 78	 3	 A

	 19	 1	 B	 49	 7	 C	 79	 9	 C

	 20	 2	 C	 50	 9	 A	 80	 8	 A

	 21	 9	 A	 51	 2	 C	 81	 3	 A

	 22	 2	 A	 52	 6	 C	 82	 4	 B

	 23	 5	 B	 53	 4	 A	 83	 6	 C

	 24	 5	 C	 54	 6	 B	 84	 1	 B

	 25	 10	 C	 55	 6	 B	 85	 7	 A

	 26	 10	 A	 56	 1	 A	 86	 3	 C

	 27	 4	 A	 57	 3	 C	 87	 2	 C

	 28	 4	 B	 58	 8	 A	 88	 1	 C

	 29	 2	 B	 59	 9	 B	 89	 7	 A

	 30	 1	 C	 60	 7	 C	 90	 7	 C
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This can create unhealthy comparisons between appraisers or make 
some appraisers uneasy. This may result in not cooperating for future 
studies. It is recommended to present the results as appraiser A, B, C, 
and so on.

	 7.	 Assuming that the GR&R results are valid forever. GR&R results have to 
be periodically validated, just as we do gage calibration at a regular 
frequency. Over a period of time, the measurement methods change,  
the appraisers change, settings change. Equipment that uses  
software/firmware (embedded software) may also change.

	 8.	 Assuming that GR&R performed on a specific piece of equipment is the same 
as for all other equipment of that kind (sometimes referred to as a “family 
of gages”). This may not be true. Equipment #1 may be used by a set of 
appraisers from three shifts and equipment #2 used by a different set 
of appraisers. One piece of equipment may be used under controlled 
environmental conditions and others used under rugged conditions 
on the shop floor. They may be the same type of equipment but from 
different manufacturers or used in very different ways or settings.

Linearity and bias: Having discussed equipment variation and appraiser varia-
tion, we still have some unanswered questions. What if the equipment is accurate 
at one point of measurement and not at other points of measurement across the 
measurement range? We need to perform a linearity study to answer this question. 
Also, we would like to know how biased the measuring equipment is compared 
to a “master.” Let us review using a Minitab analysis: appraiser A measurements 
from the previous example were taken and compared with process variation  
to estimate percent linearity and compared with a master value of measure-
ment at the point where the measurement was made in the measuring range. See  
Table 14.2.

Figure 14.12 shows the Minitab analysis of these data. Our first important 
observation is that the R-Sq value is 0.0%. This shows a nonlinearity issue with 
the measuring equipment.

Possible causes of nonlinearity include instrument not calibrated properly at 
both the high and low end of the operating range, error in one or more of the mas-
ter part measurements, worn instrument, and characteristics of the instrument 
design.1

Percent linearity is smaller; however, due to the nonlinearity issue, the percent 
linearity is not valid.

In the same graph, we see that the average percent bias gives a p-value of zero, 
indicating a higher significance of bias issues with the instrument. The report also 
provides a breakdown of percent bias at the measurement points covered during 
the study.

The experimenter is advised to look into nonlinearity issues and also to try 
conducting the study on a broader range of measurements of the equipment to 
reassess the linearity.
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Table 14.2  Measurement test data for linearity and bias.

	 Sample	 Appraiser	 Trial	 Measurement	 Master

	 1	 A	 1	 0.29	 0.4

	 1	 A	 2	 0.41	 0.4

	 1	 A	 3	 0.64	 0.4

	 2	 A	 1	 –0.56	 0.6

	 2	 A	 2	 –0.68	 0.6

	 2	 A	 3	 –0.58	 0.6

	 3	 A	 1	 1.34	 1.2

	 3	 A	 2	 1.17	 1.2

	 3	 A	 3	 1.27	 1.2

	 4	 A	 1	 0.47	 0.5

	 4	 A	 2	 0.5	 0.5

	 4	 A	 3	 0.64	 0.5

	 5	 A	 1	 –0.8	 –0.85

	 5	 A	 2	 –0.92	 –0.85

	 5	 A	 3	 –0.84	 –0.85

	 6	 A	 1	 0.02	 –0.1

	 6	 A	 2	 –0.11	 –0.1

	 6	 A	 3	 –0.21	 –0.1

	 7	 A	 1	 0.59	 0.7

	 7	 A	 2	 0.75	 0.7

	 7	 A	 3	 0.66	 0.7

	 8	 A	 1	 –0.31	 –0.2

	 8	 A	 2	 –0.2	 –0.2

	 8	 A	 3	 –0.17	 –0.2

	 9	 A	 1	 2.26	 2

	 9	 A	 2	 1.99	 2

	 9	 A	 3	 2.01	 2

	 10	 A	 1	 –1.36	 –1.2

	 10	 A	 2	 –1.25	 –1.2

	 10	 A	 3	 –1.31	 –1.2


