Sgren Bisgaard’s
Contributions to
Quality Engineering




Also available from ASQ Quality Press:
To Come

To request a complimentary catalog of ASQ Quality Press publications, call
800-248-1946, or visit our website at http://www.asq.org/quality-press.

69024_Does_pi-000.indd 2 3/20/17 4:18 PM



Sgren Bisgaard’s
Contributions to
Quality Engineering

Ronald ].M.M. Does, Roger W. Hoerl,
Murat Kulahci, and Geoff G. Vining
Editors

ASQ Quality Press
Milwaukee, Wisconsin



American Society for Quality, Quality Press, Milwaukee 53203
© 2017 by ASQ

All rights reserved.

Printed in the United States of America

222120191817 54321

Library of Congress Cataloging-in-Publication Data

Names: Bisgaard, Seren, 1951-2009, author. | Does, R.J. M. M., editor.

Title: Seren Bisgaard’s contributions to quality engineering / Ronald ].M.M.
Does, Roger W. Hoerl, Murat Kulahci, and Geoff G. Vining, editors.

Other titles: Contributions to quality engineering

Description: Milwaukee, Wisconsin : ASQ Quality Press, [2017] | Includes
bibliographical references and index.

Identifiers: LCCN 2017012321 | ISBN 9780873899567 (hardcover : alk. paper)

Subjects: LCSH: Quality control. | Experimental design. | Time-series
analysis. | Medical statistics. | Bisgaard, Seren, 1951-2009.

Classification: LCC TS156 .B566 2017 | DDC 658.5/62—dc23

LC record available at https://lccn.loc.gov /2017012321

No part of this book may be reproduced in any form or by any means, electronic, mechanical,
photocopying, recording, or otherwise, without the prior written permission of the publisher.

Director of Products, Quality Programs and Publications: Ray Zielke
Managing Editor: Paul Daniel O’'Mara
Sr. Creative Services Specialist: Randy L. Benson

ASQ Mission: The American Society for Quality advances individual, organizational, and
community excellence worldwide through learning, quality improvement, and knowledge
exchange.

Attention Bookstores, Wholesalers, Schools, and Corporations: ASQ Quality Press books, video,
audio, and software are available at quantity discounts with bulk purchases for business,
educational, or instructional use. For information, please contact ASQ Quality Press at
800-248-1946, or write to ASQ Quality Press, P.O. Box 3005, Milwaukee, WI 53201-3005.

To place orders or to request a free copy of the ASQ Quality Press Publications Catalog, visit our
website at http://www.asq.org/quality-press.

Printed on acid-free paper

Quality Press
600 N. Plankinton Ave.
Milwaukee, WI 53203-2914

E-mail: authors@asq.org

ASQ@ The Global Voice of Quality®

69024_Does_pi-000.indd 4 3/20/17 4:18 PM



Table of Contents

Listof Figuresand Tables . .. ........... ... ... ... ... .. . . . xi
Preface: An Introduction to Seren Bisgaard’s Body of Work . ..................... xxi
Part] Seren Bisgaard’s Work on the Design and Analysis of
Experiments................. ... . 1
Must a Process Be in Statistical Control before Conducting Designed
Experiments? ....... ... ... . 5
A Method for Identifying Defining Contrasts for 2“7 Experiments . ....... 17
Blocking Generators for Small 27 Designs. . ........................... 31
A Note on the Definition of Resolution for Blocked 27 Designs. .......... 45
The Design and Analysis of 27 x s Prototype Experiments . ............. 51
The Design and Analysis of 2“7 x 27 Split Plot Experiments ............. 71
Quality Quandaries: Analysis of Factorial Experiments with
Defects or Defectives as the Response ............................. 99
PartII Seren Bisgaard’s Work on Time Series Analysis................... 113
Quality Quandaries: Interpretation of Time Series Models ............... 121
Quality Quandaries: Practical Time Series Modeling .................... 129
Quality Quandaries: Practical Time Series Modeling IT .................. 143
Quality Quandaries: Time Series Model Selection and Parsimony......... 155
Quality Quandaries: Forecasting with Seasonal Time Series Models. . ... .. 177
Quality Quandaries: Studying Input-Output Relationships, PartI ........ 195
Quality Quandaries: Studying Input-Output Relationships, PartII........ 205
Quality Quandaries: Beware of Autocorrelation in Regression............ 215
Quality Quandaries: Box-Cox Transformations and Time Series
Modeling—PartI.......... ... . ... 223
Quality Quandaries: Box-Cox Transformations and Time Series
Modeling—Part Il ......... ... ... ... 243
PartIII Seren Bisgaard’s Work on Quality Improvement ................. 255
The Scientific Context of Quality Improvement......................... 259
The Science in Six Sigma .............. ... .. 277
Quality Quandaries: Economics of Six Sigma Programs ................. 283
Six Sigma and the Bottom Line....................................... 295
Quality Quandaries: An Effective Approach to Teaching Quality
Improvement Techniques................. .. ... ... oo 303
v

69024_Does_pi-000.indd 5 3/20/17 4:18 PM



vi Table of Contents

Twenty-Year Retrospective of Quality Engineering.......................
After Six Sigma—What's Next? ................... ... ... ...,
The Future of Quality Technology ....................................

Part IV Seren Bisgaard’s Work on Healthcare Engineering ...............
The Need for Quality Improvement in Healthcare ......................
Dutch Hospital Implements Six Sigma .................... ...
Standardizing Healthcare Projects . ...................................
Reducing Start Time Delays in Operating Rooms . ......................
Quality Quandaries: Health Care Quality—Reducing the Length of

StayataHospital.......... ... . ..
Quality Quandaries: Efficiency Improvement in a Nursing
Department. ....... ...

69024_Does_pi-000.indd 6

309
313
321

331
337
353
359
373

391

413

423

3/20/17 4:18 PM



Part1

Must a Process Be in Statistical Control before Conducting Designed Experiments?

Figure 1
Table 1
Figure 2
Figure 3
Table 2
Figure 4
Table 3

Table 4
Figure 5

Table 5
Table 6

Table 7

Table 8

List of Figures and Tables

A reproduction of the symbolic diagram from Box et al. (1990, p. 190)

referred to by Ryan (2000) . ...

Twenty observations from adjacent plots of the yield of mangold roots
from uniformity trials reported by Mercer and Hall (1911) and used by

Fisher (1925). . ...t
A normal probability plot of Mercer and Hall’s datain Table 1 ..........

Mercer and Hall’s yield data from narrow adjacent plots of land

plotted in south-north direction across an agricultural field.............

Random allocation of five treatments to the 20 uniformity trials on

mangold from Table 1 ......... ... ... ... .. .

Mercer and Hall’s yield data plotted in the south-north direction
with superimposed labels for five dummy treatments A, B, . .., E

from an unrestricted random layout.................... ... ...l
Analysis of variance for the unrestricted random layout................

Random block allocation of five treatments to four blocks ..............

Fisher’s randomized block design in Table 4 applied to Mercer and

Hall’s uniformity trial data plotted in south-north direction.............

Analysis of variance for the randomized block design..................

The simulated data for the random layout and for the randomized

block design with simulated real effects........................... ...

Analysis of variance for the unrestricted random layout with

simulated real effects . ... .

Analysis of variance for the randomized block design with

simulated real effects . ... .

A Method for Identifying Defining Contrasts for 27 Experiments

Table 1

Table 2

Table 3

69024_Does_pi-000.indd 7

Layout of Taguchi’s design for a five factor experiment on wear

using the standard plus/minus notation for factorlevels ...............

A two-level factorial for five factors used to illustrate the importance

of choosing independent basic generators . ...........................

A sixteen run, two-level fractional design with nine factors .............

vii

10
10
10

11
11

12

13

13

18

21
23

3/20/17 4:18 PM



viii List of Figures and Tables

Table 4

Table 5
Table 6

Taguchi’s design matrix for an experiment on reduction of variability

of the diameter of holes made by a cutting tool. . ......................

Taguchi’s design rewritten, in the common plus/minus notation ........

A sixteen run, two-level fractional factorial design with eight factors

Inrandom order .. ... ...

Blocking Generators for Small 2" Designs

Table 1a

Table 1b

Table 2
Table 3

Table 4

Table 5

Generators for all possible combinations of factors in 8 run two-level

factorial and fractional factorial designs..............................

Generators for all possible combinations of factors in 16-run two-level

factorial and fractional factorial designs.................... ... ... ...

An eight-run two-level fractional factorial for four factors ..............

The design in Table 2 divided into two blocks using AB as the block

gENETatOr .. ...

The design in Table 2 divided into four blocks using AB and AC as the

block generators .......... ... ...

A 257 design on solder thickness run in four block of four trials .........

A Note on the Definition of Resolution for Blocked 2“7 Designs

Table 1
Table 2

A 25 design blocked into fourblocks . .......... ... i

Taguchi’s shower-washing experiment demonstrating the idea of
converting two, two-level columns to accommodate a four-level

fACtOT . L e

The Design and Analysis of 2% x s Prototype Experiments

Table 1

Figure 1
Table 2

Figure 2

Figure 3

Table 3
Figure 4
Table 4

Table 5

69024_Does_pi-000.indd 8

Taguchi’s prototype experiment on reduction of CO exhaust of a

combustion engine . ............ ... il

Plots CO content versus driving mode for each prototype ..............

The factor effects on each of the three sets of orthogonal polynomial

CORffiCIONES . . . oot

The normal probability plot of effects from the CO exhaust
experiment using (a) the prototype averages as the responses and
(b) the linear and quadpratic coefficients of the orthogonal

polynomials as the responses . ................. ... i

(a) The mean response curve (solid line) and the estimated response
curve when factors D and E are at their low levels (dashed line),
and (b) the effects of factor A on the shape of the estimated response

Data on (the natural logarithm of) pressure drop from a prototype

experiment on a fluid-flow-control device . . .............. ... ... ... ..

Cube plot of the response surfaces for the fluid-flow-controller

eXPeriment. .. ...

First-stage parameter estimates for each of the prototype control

AOVICOS .« o vt

The factor effects on each of the six sets of orthogonal polynomial

CORTFICIONES . . . o ot

24
24

27

35

35
37

38

39
42

47

49

53
54

56

57

58

60

60

61

61

3/20/17 4:18 PM



List of FIGURES AND TABLES  iX

Figure 5 The normal probability plots of the effects from the fluid-flow-

controller experiment using (a) the prototype averages across the

test conditions as the response and (b) the coefficients of the

orthogonal polynomials as the response. ............................. 62
The Design and Analysis of 27 x 297 Split Plot Experiments
Figure 1 (a) A square plot of hypothetical data showing a strong interaction

effect between a design factor, D, and an environmental factor, E.

(b) The corresponding interaction plot for Figure 1(a) .................. 73
Table 1 A 2% x 2" inner and outer array design ............ ... ... oL 75
Table 2 A 27! x 2" inner and outer array design from Table 1 as a 2*' design

mMatriX. . ... 75
Table 3 Two different 2% x 2> split plot designs. ... ... 77
Table 4 Astandard 2> x 2°' split plot designs with confounding within

but not between the two arrays (R=PQand C=AB) ................... 79
Table 5 A 2% x 2" inner and outer array design with split plot confounding

(I=ABC=CPQR=ABPQR) . ..o 79
Table 6 A 2% x 2% split plot design with split plot confounding (I = POR =

RABC =PQABC) ..t 80
Table 7 A 252 x 252 design with split plot confounding of PQS with A and PRT

W B 86
Table 8 Taguchi’s 2'*? x 2> experiment on washing and carding of wool . . ....... 87
Table 9 Daniel’s split plot design (A is a whole-plot factor, B and C are subplot

fACEOTS) . o oottt 89
Table 10 Daniel’s 2' x 2 split plot experiment written as a single matrix

indicating the error terms and the seven different contrasts . ............. 89
Table 11 The design matrix and the response for the plasma split plot

experiment ............. . 92
Table 12 The estimated effects for the plasma experiment written in yates

order grouped by whole-plot and sub-plot error variance................ 93
Figure 2 (a) The normal plot of the whole-plot effects. (b) The normal plot of

the sub-plot effects for the plasma experiment ........................ 93
Figure 3 The normal plot of all effects in the plasma experiment................ 94
Quality Quandaries: Analysis of Factorial Experiments with Defects or
Defectives as the Response
Figure 1 The distributions of proportions for n = 20 and (a) p = 0.1,

(b)p=03,and () p=0.5. .. o 101
Table 1 Standard transformations and Freeman and Tukey’s (F&T)

modifications when using proportion of defectives or count of

defectsastheresponse. ................. . i 102
Figure 2 The variance functions for sample sizes of #n = 20 and n = 50 for

binomial distributed proportions when using no transformation

[(a) and (d)], the arcsin square root of proportions [(b) and (e)], and

Freeman and Tukey’s modification to the arcsin square root

transformation [(c)and ()] .. ..... it 102

69024_Does_pi-000.indd 9

3/20/17 4:18 PM



X  List of Figures and Tables

Figure 3

Table 2

Figure 4

Table 3

Figure 5

Part 11

The variance functions for Poisson distributed counts when using
(a) no transformation, (b) the square root of counts, and (c) Freeman
and Tukey’s modification to the square root transformation. The
y-axis scale on the left applies to (a) and the scale on the right to

(D) and (€) -« v v o ettt e

Design matrix, data, and confounding pattern for the sand-casting

experiment ............ .

The Normal plots of effects and residuals versus predicted values plots
for the sand-castings using p, arcsin \/;? , and Freeman and Tukey’s

modification (arcsiny/np/(n + 1) + arcsin \/(nﬁ +1)/(n+1)/2. ..o

Design matrix, data, and confounding pattern for the car grille opening

panels experiment. . ....... ... ... .

The Normal plots of effects and residuals versus predicted values
plots for the car grille opening panels using ¢, \/?F,) and Freeman and

Tukey’s (F&T’s) modification We+~NE+1)/2. o

Quality Quandaries: Interpretation of Time Series Models

Figure 1
Figure 2

Figure 3
Figure 4

Table 1
Figure 5

Figure 6

Asimplependulum ......... ... ...

Time series plot of hourly temperature readings from a ceramic

FUTNACE .« .ot

A time series model as a linear filter of random shock inputs ...........

Impulse response function for the AR(2) for the pendulum or the

FUINIACE .« o o ettt e e

The impulse response function for the AR (2) for the pendulum or

the furnace . ... ...

The impulse response for a pendulum with parameters ¢, = 0.2 and

Oy = 0.8

(a) Ten independent random white noise shocksa, t=1,...,10 and
(b) the super-imposed responses of a linear filter generated by the

AR(2) model Z, = 0.9824, — 0.3722Z, , + 0, ..o

Quality Quandaries: Practical Time Series Modeling

Figure 1

Figure 2
Figure 3
Figure 4
Figure 5

Figure 6
Table 1

Figure 7
Figure 8

69024_Does_pi-000.indd 10

Time series plot of the temperature from a pilot plant observed every

minute (Series C from Box and Jenkins, 1970) .. .......................
Autocorrelation for the temperaturedata.......................... ...
Autocorrelation of the first difference of Series C ......................

Autocorrelation of the second difference of SeriesC ...................

Time series plots of (a) the original data Series C, (b) the first

difference, (c) the second difference and (d) the third difference . ........

Sample variogram for (a) the raw temperature data, Series C,

(b) the first difference and (c) the second difference....................

Summary of properties of autoregressive (AR), moving average (MA)

and mixed autoregressive moving average (ARMA) processes ..........

Stages in the iterative process of building a time series model . ..........

Partial autocorrelation function for the differenced chemical process

data . .o

103

105

106

109

110

122

123
125

126

126

127

127

130
132
132
133

133

134

136
136

137

3/20/17 4:18 PM



LisT oF FIGURES AND TABLES  Xi

Table 2 Estimation summary from fitting an AR(1) model to the first difference

of the chemical process data, seriesC ................................ 137
Figure 9 (a) Autocorrelation and (b) partial autocorrelation of the residuals

with 5% significance limits ............ ... ... . ool 138
Table 3 Modified Ljung-Box-Pierce Chi-Square statistic for the residuals ........ 138
Figure 10 Residual analysis: (a) Normal plot of residuals, (b) residuals versus

fitted values, (c) a histogram of the residuals and (d) time series plot

oftheresiduals ....... ... ... . 139
Figure 11 Plot of the differenced process data versus the same differenced data

lagged by one time unit (jitters added) ............... .. ... oL 140
Figure 12 Estimates of the autoregressive parameter (T)M_226 and a 95% confidence

interval based on the entire data set as well as parameter estimates

4)1/1757 for the first 57 observations before the process upset and the

parameter estimated (1)1'617226 based on the observations 61 to 226 after

the processupset ......... ... 140
Table Al Chemical processdata.............. ... ... i 142
Quality Quandaries: Practical Time Series Modeling II
Figure 1 Time series plot of chemical process concentration readings sampled

every 2 hours: Box and Jenkins (1976), Series A. ....................... 144
Figure 2 Simulated random independent data with the same average and

standard deviationasinFigure1.................................... 144
Figure 3 Autocorrelation function of chemical process concentration,

BJ Series A . .. 145
Figure 4 Partial autocorrelation function of chemical process concentration,

BJ Series A ... 145
Figure 5 Variogram of (a) Series A and (b) the first difference of B] Series A ... .... 146
Figure 6 First difference of chemical process concentration, B] Series A........... 147
Figure 7 Autocorrelation of the first difference of B] Series A.................... 147
Figure 8 Partial autocorrelation for the first difference of B] Series A ............. 147
Table 1 Summary of properties of autoregressive (AR), moving average (MA)

and mixed autoregressive moving average (ARMA) processes .......... 148
Table 2 Summary of information from fitting an IMA (1, 1) model to the

concentrationdata ........ ... .. 148
Figure 9 Sample autocorrelation function of the residuals after fitting an

IMA (1, 1) model to the concentration data, B] Series A................. 149
Figure 10 Sample partial autocorrelation function of the residuals after fitting

an IMA(1, 1) model to the concentration data, B] Series A............... 149
Figure 11 Summary of residual plots after fitting an IMA(1, 1) model to the

concentration data, Bf Series A ... ... ... .. 150
Figure 12 Weights assigned to past observations in an exponentially weighted

moving average when©=0.705............. ... ... . ... ..ol 151
Figure 13 Time series plot of the concentration data (solid dots) with the fitted

values from the IMA (1, 1) model superimposed (open dots)............ 152
Table 3 Estimated parameters and summary statistics from fitting a stationary

ARIMA (1, 0, 1) model to the concentration data, B] Series A ............ 152

69024_Does_pi-000.indd 11

3/20/17 4:18 PM



xii  List of Figures and Tables

Table Al Box and Jenkins Series A, chemical process concentration: every
2ROUIS .o

Quality Quandaries: Time Series Model Selection and Parsimony

Figure 1 The U.S. population according to the Census versus time from
1900 t0 2000 . . ettt
Figure 2 Time series plot of the number, z,, of Internet server users over a

100-minute period ......... ... .

Figure 3 The sample autocorrelation for the number, z,, of Internet server users
over a 100-minute period. . ......... ... ... oo oo

Figure 4 Time series plot of the difference w, = Vz, (changes) of the number of
Internet server users over a 100-minute period........................

Figure 5 (a) The sample ACF and (b) the sample PACF of the differences
(changes) of the number of Internet server users over a 100-minute

period . ...
Table 1 Summary of properties of autoregressive (AR), moving average (MA)

and mixed autoregressive moving average (ARMA) processes. ...........
Table 2 Estimation summary for fitting the ARIMA(3, 1, 0) model to the

100 Internet serverdataz, .............o o i
Table 3 Estimation summary for fitting the ARIMA(1, 1, 1) model to the

100 Internet serverdataz, ............. ..

Figure 6 Sample ACF and sample PACEF for the residuals from the
ARIMA, 1,00 model .. ...

Figure 7 Summary residual check from the ARIMA(3,1,0) model ...............
Figure 8 Sample ACF and sample PACEF for residuals from the ARIMA(1, 1, 1)

MOdel . .o
Figure 9 Summary residual check from the ARIMA(1,1, 1) model ...............
Table 4 The AIC, AICC, and BIC values for ARIMA(p, 1, q), withp =0, ..., 5;

q=0,...,5models fitted to the Internet serverdata .....................

Figure 10 The representation of a stationary time series as the output from a
linear filter .. ........ ... . ..

Figure 11 Impulse response for an AR(1) model with ¢, =0.66 ...................

Figure 12 Impulse response functions for ARMA(1, 1) model with ¢, = 0.66 and
0,=0,-0.1,-02,-03,-04,and -0.5. . . ... ... i

Figure 13 Impulse response functions for the two competing models, the
ARMA(3, 0) and ARMA(L, 1) ... vt

Figure 14 Impulse response functions of ARMA(3, 0) model together with
ARMAC(1, 1) model with various sets of coefficients....................

Table 1A Spreadsheet computation of the impulse response function.............

Table 1B Internet user data: 100 observations of the number of users each
minute recorded linebyline................. ... ... ...

Quality Quandaries: Forecasting with Seasonal Time Series Models

Figure 1 The relationship between sales forecast and production decisions .......
Figure 2 The relationship between sales forecast and airline operation
decisions. ... ...
Table 1 Monthly passenger totals (measured in thousands) in international
airtravel ... ...

69024_Does_pi-000.indd 12

154

156

157

157

158

158

159

159

160

160
161

161
162

165

166
167

168

169

171
175

176

177

178

178

3/20/17 4:18 PM



List of FIGURES AND TABLES ~ Xiii

Figure 3 Time series plot of the monthly international airline passenger data;

Box, Jenkins and Reinsel (1994), Series G .. ..........oiiiiiii... 179
Figure 4 Interaction plot of the monthly international airline passenger data;

Box, Jenkins and Reinsel (1994), Series G .. ....... ..., 179
Figure 5 Time series plot of the natural logarithm of the number of airline

PASSENZEIS . .\ttt ettt e 181
Figure 6 Interaction plot of the natural logarithm of the number of airline

PASSENZEIS . .\ttt ettt e e 181
Figure 7 Range mean plot of the airline passengerdata ........................ 182
Figure 8 Time series plots of (a) the log transformed series z, (b) the first

difference Vz, (c) the seasonal difference V,,z, and (d) the combined

first difference and seasonal difference VV ,z, ........... ... .. . oL 183
Figure 9 Autocorrelation functions for (a) the log transformed series z,, (b) the

first difference Vz,, (c) the seasonal difference V ,z,and (d) the combined

first difference and seasonal difference VV ,z,. The horizontal lines at

+0.167 are approximate 2 x standard error limits for the sample

autocorrelations +2SE ~ +2//n where n is the sample size .............. 183
Table 2 Summary of properties of autoregressive (AR), moving average (MA)

and mixed autoregressive moving average (ARMA) processes ........... 184
Figure 10 The sample partial autocorrelation function forw,=VV z........... ... 185
Figure 11 The sample autocorrelation function of the residuals after fitting a

first order seasonal moving average model tow,=VV z,............ ... 185
Table 3 ARIMA (0,1, 1) x (0, 1, 1),, model fit for the airline passenger data......... 187
Figure 12 Plots of (a) the autocorrelation and (b) the partial autocorrelation of

the residuals after fitting a Seasonal ARIMA (0,1, 1) x (0, 1, 1),, model

to the log airline data from January 1949 to December 1959 ............. 187
Figure 13 Residual checks after fitting a Seasonal ARIMA (0, 1, 1) x (0, 1, 1),,

model to the log airline data from January 1949 to December 1959 . .. .. .. 188
Figure 14 Residuals versus month. Residuals are computed after fitting a

Seasonal ARIMA (0, 1, 1) x (0, 1, 1),, model to the log airline data

from January 1949 to December 1960 ................. ... ... ... .. ..., 188
Figure 15 Residuals versus years. Residuals are computed after fitting a

Seasonal ARIMA (0, 1, 1) x (0, 1, 1),, model to the log airline data

from January 1949 to December 1960 ................. ... ... ... .. ..., 189
Table 4 Forecasts with 95% prediction intervals for 1960 for the airline passenger

data on log scale after fitting a seasonal ARIMA (0, 1, 1) x (0, 1, 1),, model

to the log airline data from January 1949 to December 1959 ............... 191
Figure 16 Forecasts together with the actual observations and 95% prediction

intervals for 1960 for the airline passenger data on the log scale after

fitting a seasonal ARIMA (0,1, 1) x (0, 1, 1),, model to the log airline

data from January 1949 to December 1959 . ........................... 191
Figure 17 Forecasts together with the actual observations and 95% prediction

intervals for 1960 for the airline passenger data in actual units .......... 192
Quality Quandaries: Studying Input-Output Relationships, Part I
Figure 1 A diagrammatic representation of a process ................. ... 195
Figure 2 Time series plots of Box and Jenkins’ gas furnacedata. ................. 196
Figure 3 Scatterplot of CO, versus gas feed rate with a superimposed

regressionline .......... ... 197

69024_Does_pi-000.indd 13

3/20/17 4:18 PM



xiv List of Figures and Tables

Figure 4

Figure 5
Table 1

Figure 6
Figure 7
Table 2
Figure 8
Figure 9
Table 3
Figure 10

Estimated cross-correlation function between the input gas feed rate

and theoutput CO,......... ...
Prewhitening stepbystep......... ... ... .o

Summary of properties of autoregressive, moving average, and

mixed ARMA ProCeSSeS. ... ..ottt
Autocorrelation of the input, gas feedrate........................... ...
Partial autocorrelation for the input, gas feedrate . ......................
Summary statistics from fitting an AR(3) model to the gas rate data. . ... ...
Residual plot of the input (also called the prewhitened input).............
Estimated cross correlation between prewhitened input and output ... ....
Approximate transfer function weights ........................... ...

Approximate transfer function weights ............ ... ... .. ..o L

Quality Quandaries: Studying Input-Output Relationships, Part II

Figure 1
Figure 2
Figure 3

Figure 4

Figure 5
Figure 6

Figure 7

Table 1a
Table 1b

Time series plots of two simulated IMA(1,1) processes, x,and y, .........

Scatter plot of the simulated process data with the regression line . ......

Diagnostic residual plots after fitting a straight line to the simulated

processdata. ....... ...

Estimated autocorrelation plot of the residual and 95% confidence

limits after fitting a straight line to the processdata....................
First differences of the simulated processdata ........................

The residual plots after fitting a straight line to the differences of the

simulated data. .. ... ..

Residual plot after fitting a straight line to the differences of the

simulateddata........... ... ... .
The simulated x, data recorded row wise . ............................

The simulated y, data recorded row wise . ............................

Quality Quandaries: Beware of Autocorrelation in Regression

Figure 1

Figure 2
Figure 3

Figure 4

Figure 5
Table Al

Time series plots, quarter by quarter, of the “output,” Y, = Financial
Times ordinary share index, the two “inputs,” X, = United Kingdom
car production and X,, = Financial Times commodity index fromthe

second quarter of 1954 totheend of 1964.......................... ...

Cross correlation function computed (incorrectly) from two

NON-StatioNary ProCEeSSES . . . ..ottt

Cross correlation between a detrended X, and a detrended Y, ..........

The estimated autocorrelation function for the residuals after fitting
Eq. (1) to the data. The dotted lines are approximate 95% confidence

IS . oo
Autocorrelation of the residuals for the Box and Newbold model. . ......
The Coen, Gomme and Kendalldata ...................................

Quality Quandaries: Box-Cox Transformations and Time Series
Modeling—Part I

Table 1
Figure 1

69024_Does_pi-000.indd 14

Monthly sales data for Company X from January 1965 to May 1971 .. . ...

Time series plot of Company X’s monthly sales of a single product ... ...

198
199

199
200
200
201
201
202
203
203

207
207

208

209
210

210

211
212
212

216

217
217

218
220
221

224
224

3/20/17 4:18 PM



LisT oF FIGURES AND TABLES XV

Figure 2 Stages in the iterative process of building a time series model . .......... 225
Figure 3 Interaction graphs for (a) sales, (b) In(sales), (c) sales’*, and

(d) SalES L L e 226
Figure 4 Range-mean charts for (a) no transformation, (b) In(y,), (c) /%,

and (d) Yo .o 227
Figure 5 Time series plots of (a) sales, (b) In(sales), (c) sales””, and (d) sales® ... .. 228
Figure 6 Autocorrelations for (a) ¥, (b) V'y®, and (c) VEVY?® ... oL 229
Figure 7 Partial autocorrelation for V2V'y?® . ... .. oo 229
Table 2 Summary of properties of autoregressive (AR), moving average (MA)

and mixed autoregressive moving average (ARMA) processes............ 230
Table 3 Estimation summary for fitting seasonal ARIMA(1,1,0) x (0,1,1),, model

to the 77 transformed sales data z, =y ........ ...l 230
Figure 8 ACF and PACEF of the residuals after fitting a seasonal

ARIMA(1,1,0) x (0,1,1),, model toz, =y, .. .......................... 231
Figure 9 Summary residual checks after fitting a seasonal

ARIMA(1,1,0) x (0,1,1), model toz, =y, ... ... 231
Figure 10 Plot showing the Box-Cox transformation, y®, for selected

Values Of A ..o 233
Figure 11 Algorithm for manually carrying out a Box-Cox transformation......... 234
Figure 12 Log 10 of the residual sum of squares for a range of values of the

transformation parameter A using all 77 observations . ................. 235
Table 4 Summary of estimation results after fitting a seasonal

ARIMA(1,1,0) x (0,1,1),, model to {z®'*} using all 77 observations. ......... 235
Figure 13 (a) ACF and (b) PACEF of the residuals after fitting a seasonal

ARIMA(1,1,0) x (0,1,1),, model to {z ™} . ... ... . 236
Figure 14 Summary plot of the residuals after fitting a seasonal

ARIMA(1,1,0) x (0,1,1),, model to {z™} .. ... 236
Figure 15 Log 10 of the residual sum of squares for a range of values of the

transformation parameter A using the first 72 observations ............. 238
Table 5 Summary of estimation results after fitting the ARIMA(1,1,0) x (0,1,1),,

model to z, = y%* using the 72 first observations ......................... 238
Figure 16 (a) ACF and (b) PACEF of the residuals after fitting a seasonal

ARIMA(1,1,0) x (0,1,1),, model to the first 72 observations of {z®*)} ... ... 239
Figure 17 Summary plot of the residuals after fitting a seasonal

ARIMA(1,1,0) x (0,1,1),, model to the first 72 observations of {z®*} ... ... 239
Figure 18 Residuals after fitting a seasonal ARIMA(1,1,0) x (0,1,1),, model

to the first 72 observations of {z"*} plotted (a) versus month and

(D) VEISUS YEATS . . . ..ottt 240
Figure 19 Time series plot of all 77 observations of {z"*} with outliers

highlighted .......... .. . . 240
Quality Quandaries: Box-Cox Transformations and Time Series
Modeling—Part II
Figure 1 Weights assigned to past observations in an exponentially

weighted moving averagewhen©=0.7.............................. 245

69024_Does_pi-000.indd 15

3/20/17 4:18 PM



xvi List of Figures and Tables

Table 1

Figure 2

Figure 3

Figure 4
Figure 5

Figure 6

Table 2

Table 3

Figure 7

Part II1

Summary of estimation results after fitting a seasonal
ARIMA(1,1,0) x (0,1,1),, model to {In(y )} and= {y?*} using all

77 0bSEIVAtiONS . .o\ttt

Sales data and two alternative forecasts using the transformations
suggested by Chatfield and Prothero (CP; 1973) and Box and Jenkins

BI1973). . oo e et

The ©t weights for the seasonal ARIMA (1,1,0)(0,1,1),, model fitted

0.25

10 SAleS 2 L

Sales for each of the 12 months of theyear......................... ...

(a) Untransformed data, (b) after first-order seasonal differencing,

and (c) after second-order seasonal differencing.......................

(a) ACF and (b) PACEF of the second-order seasonal difference,

2
W, =V Lz,

Estimation summary for fitting the seasonal ARIMA (2,0,0) x (0,2,2),,
model to the 77 transformed sales data z, using MINITAB and

conditional least squares.............. .. ... o i

Estimation summary for fitting the seasonal ARIMA (2,0,0) x (0,2,2),,
model to the 77 transformed sales data z, using exact maximum

likelihood estimation (SCAOrJMP) .. ..ot
Sales together with MINITAB and maximum likelihood forecasts . ... ...

The Scientific Context of Quality Improvement

Figure 1

Table 1

Figure 2
Figure 3
Figure 4
Table 2

Table 3

(a) Pareto diagram of defective springs from one week’s production.
(b) Histogram of crack size from production of springs.

(c) Stratification of crack size insprings ............... ... ... .. ...

The experimental design for testing three factors in eight runs using
Fisher’s idea is simultaneously varying all factors according to a

two-level factorial scheme. ......... ... ... . . .
Two-level, three-factor designed experiment............................
Half-fraction of an eight-run factorial design............................

The projections of a fractional factorial in two dimensions................

An eight-run two-level fractional factorial experiment for varying

SEVEN fACtOTS . . oottt

Quinlan’s experiment on speedometer cable shrinkage...................

The Science in Six Sigma

Table 1
Figure 1
Table 2

Six Sigma’s define, measure, analyze, improve and control method . .. ...
Sawtooth model of inquiry .......... .. ... ... . i

Seven core principles of the Six Sigma method ........................

Quality Quandaries: Economics of Six Sigma Programs

Table 1
Table 2
Table 3

69024_Does_pi-000.indd 16

Simplified monthly income statement (in $1000s). .....................

The impact of eliminating defect on the bottomline ...................

The impact of eliminating defect on the bottom line when taking into

account the investment in improvement....................... ... ...

247

247

249
250

250

251

251

252
252

262

266
266
269
269

270
271

278
279
282

283
284

285

3/20/17 4:18 PM



List oF FIGURES AND TABLES XVii

Figure 1 Break-even diagram with cost-profit line, based on Table 1............. 285
Figure 2 Break-even diagram showing the impact of reducing the internal

defect rate from 10% to a zero-defectlevel ............................ 286
Figure 3 The profit and loss as a function of the internal defectrate.............. 287
Figure 4 Break-even diagram for the improved process, taking into account

the investment in improvement as well as the original profit/loss

function . ... 287
Figure 5 The relationship between the individual defect rate for CTQs and

the overall defect rate for a product withn CTQs...................... 288
Figure 6 The profit/loss function as a function of the individual defect

rate g, for a product with 1000 CTQs .. ................. ... 289
Six Sigma and the Bottom Line
Table 1 Quarterly income statement . .............. .. . oL 296
Figure 1 Break-even diagram based ondatain Table 1 ......................... 296
Table 2 Bottom line impact of achieving a six sigma defectlevel................ 297
Figure 2 Impact of reducing internal defectrate............................ ... 298
Table 3 Impact of eliminating defect on the bottom line ....................... 299
Figure 3 IMproved process . ...ttt 300

After Six Sigma—What’s Next?

Figure 1 Processinnovation ............. ... .. i 318

The Future of Quality Technology

Figure 1 Manufacturing as % of total employment: comparing 1970 with 2005. . .. .. 321
Part IV
Figure 1 A graphical summary of the main economic relations of quality

defined as “features” and “freedom from deficiencies”................. 332

The Need for Quality Improvement in Healthcare

Figure 1 Effective medical care requires medical science and medical

management as equal partners................ ... . 338
Figure 2 Summary flowchart of the steps of the define, measure, analyze,

improve, and control cycle used in Lean Six Sigma ...................... 341
Figure 3 A typical organizational structure for deploying Lean Six Sigma

within a healthcare organization .................... .. ... ... ... 344

Standardizing Healthcare Projects

Figure 1 Pareto chart of healthcare projects................................... 361
Figure 2 CTQ flowdown for projects aimed at increasing the number

of admiSSIONS. . . ..ot e 362
Figure 3 Operational definitions for projects aimed at increasing the number

Of admiSSIONS. . . . oot e 363
Figure 4 CTQ flowdown for projects aimed at increasing efficiency.............. 364
Figure 5 Operational definitions for projects aimed at increasing efficiency ....... 364
Figure 6 CTQ flowdown for projects aimed at reducing material usage .......... 366

69024_Does_pi-000.indd 17 3/20/17 4:18 PM



xviii List of Figures and Tables

Figure 7
Figure 8
Figure 9
Figure 10
Figure 11

Figure 12

Figure 13

Operational definition for projects aimed at reducing material usage
CTQ flowdown for projects aimed at reducing deficiencies . .......
Operational definitions for projects aimed at reducing deficiencies .
CTQ flowdown for projects aimed at improving resource planning .
Operational definitions for projects aimed at improving resource
planning. ... ...
CTQ flowdown for projects aimed at improving the use of facilities
and equipment ............. .

Operational definitions for projects aimed at improving the use of
facilities and equipment ........... ... ... . o oL

Reducing Start Time Delays in Operating Rooms

Figure 1 Overview process map for a surgical procedure..................
Figure 2 CTQ fIoW dOWNL .. vttt e
Figure 3 Pareto chart of the first operations stratified by specialty ..........
Figure 4 Pareto chart of the first operations stratified by anesthesia technique
Figure 5 Two-way Pareto chart of anesthesia technique used by specialty. . . .
Figure 6 Time series plot of the delay in start times for all nine operating
roomsatRCH ............... oo oo o
Figure 7 Histogram of the delay in start times atthe RCH .................
Figure 8 Normal probability plot of the delay in start times at the RCH .. . ..
Figure 9 Box-Cox transformation for one-way ANOVA anesthesia techniques . . ..
Figure 10 Algorithm for manually carrying out a Box-Cox transformation . ..
Figure 11 Alternative Box—Cox transformation for one-way ANOVA
anesthesia techniques. . ....................... ...
Figure 12 Residual plot of ANOVA for anesthesia techniques ...............
Figure 13 Box plots of the log start times by anesthesia technique in the RCH .
Figure 14 Box plots of the log start times by specialty inthe RCH ...........
Figure 15 Benchmark study of 13 hospitals . ..................... ... ... ...
Figure 16 Histogram of the transformed start times of hospital 2 ............
Figure A1 ~ DMAIC roadmap for improvement projects .....................
Quality Quandaries: Health Care Quality—Reducing the Length of
Stay at a Hospital
Figure 1 Summary of the steps of the define, measure, analyze, improve,
and control cycle used in Six Sigma. . .......... .. ... o oL
Table 1 Variables collected for the study and short descriptions ...........
Figure 2 A plot of the length of stay versus case number for each of the
146 cases of COPD at the Red Cross Hospital for a period of
12months. ...
Figure 3 Dot plot of the length of stay for the COPD patients ..............
Figure 4 Lognormal probability plot of the length of stay data .............
Figure 5 Dot plot of the natural log of the length of stay data ..............
Figure 6 Pareto chart of patients admitted to the pulmonary department (A1)

69024_Does_pi-000.indd 18

and the internal medicine department (A4)......................

366
367
367
368

368

369

370

374
375
377
377
378

378
379
379
383
383

384
385
385
386
386
387
389

393
395

396
397
397
398

398

3/20/17 4:18 PM



LisT oF FIGUREs AND TABLES  XiX

Figure 7 Pareto chart of patients admitted to the pulmonary department (A1)

and the internal medicine department (A4) stratified on urgent

versus planned admission. ............ ... ... .o oo oL 399
Figure 8 A Pareto chart of COPD patients by the hour of the day (military

time) admitted to the Red Cross Hospital stratified on urgent

versus planned admission. ............ ... ... oo o oo 399
Figure 9 Pareto chart of COPD patients by the day of the week admitted to

the Red Cross Hospital ............. .. ... ... .o ... 400
Figure 10 Pareto chart of COPD patients by the day admitted to the Red Cross

Hospital stratified on planned versus urgent admissions ............... 400
Figure 11 Scatterplot of length of stay versus patient’s age stratified by gender. . ... 401
Figure 12 Scatterplot of length of stay versus patient’s age stratified by discharge

destination. . ... 401
Table 2 Analysis of variance table (2) based on all data and (b) after

removing twooutliers . ......... ... o oo 402
Figure 13 Residual plot after performing a one-way ANOVA for a difference

between departments using the full dataset.......................... 403
Figure 14 Residual plot after performing a one-way ANOVA for a difference

between departments after removing two outliers..................... 403
Figure 15 Box plot of the natural log of length of stay versus gender.............. 404
Table 3 Analysis of variance table for testing gender differences after

removing the twooutliers........... ... ... ... ... o oo 404
Table 4 Number of cases of the study in each of four categories ................ 405
Table 5 Analysis of variance table for testing department, urgency, and

their interaction; the two outliersremoved ........................... 405
Figure 16 A plot of the log of the length of stay versus department and

L = T 405
Figure 17 Box plot of log length of stay versus admissionday.................... 406
Table 6 Analysis of variance table for testing the influence of department,

admission day, and urgency after removing two outliers and

weekend admissions ......... ... oo o oo 407
Figure 18 Box plot of the log of the length of stay by day in the week ............. 407
Table Al A subset of the data used in the COPDstudy ......................... 409
Quality Quandaries: Efficiency Improvement in a Nursing Department
Figure 1 The Lean Six Sigma organization at the University Medical Center

in Groningen, The Netherlands ....................... ... ... .. .. 415
Figure 2 Nursing efficiency project summary ................................. 416
Figure 3 SIPOC analysis .. ....vvviii i 417
Figure 4 CTQ flow-down for nursing efficiency project ........................ 417
Figure 5 Pie chart of the distribution of nurse activities ........................ 418
Figure 6 Pareto chart of the distribution of nurse activities...................... 418

69024_Does_pi-000.indd 19

3/20/17 4:18 PM



69024_Does_pi-000.indd 20 3/20/17 4:18 PM



Preface: An Introduction to
Sgren Bisgaard’s Body of Work

Seren Bisgaard was an extremely productive and insightful scholar of modern
industrial statistics and quality engineering. Unfortunately Seren passed away in
December, 2009 at the age of 58. Many of us felt that the best way to honor his
memory was to compile a selection of his published works into this volume. Seren
was very proud of his affiliation with ASQ and a large proportion of his works
appeared in ASQ journals. It was only natural that we would approach ASQ’s
Quality Press to publish this work.

Seren’s total opus was much too large and too rich for a single volume, even if
we restricted our attention to those works that appeared in ASQ journals. Hence,
a major challenge that we faced was selecting the specific manuscripts included
in this volume. We all struggled with the final decision on which specific papers
to include. To put things into proper perspective, four times Seren won ASQ’s
Brumbaugh Award that annually goes to the paper published in an ASQ journal
that makes the greatest contribution to the field of quality control.

Seren was a true visionary, which made some of these decisions very difficult.
Many of his papers are relatively timeless. Others were important as preludes to
other, more foundational work. Some were ahead of their time, for example, “The
Future of Quality Technology: From a Manufacturing to a Knowledge Economy
and from Defects to Innovation,” for which Seren posthumously won the Brum-
baugh Award in in 2013. This paper was Seren’s Youden address at the 2005 Fall
Technical Conference.

We divided Seren’s works into four broad areas:

1. Design and Analysis of Experiments
2. Time Series Analysis

3. The Quality Profession

4. Healthcare Engineering

Each editor selected what he considered the most important manuscripts and
ordered them according to broad themes. Seren was truly amazing for both his
breadth of interests and the depth of his scholarship. Seren was one of the very
few people of making substantial contributions in so many basic areas in statistics
and quality engineering.

XXi
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xxii Preface: An Introduction to Sgren Bisgaard’s Body of Work

Those of us who knew Seren well miss our colleague. With the passage of
time, we see more and more how important he was to our profession. We also
realize more and more how we miss him, the person, especially his laugh, his love
of good food, and his love of good conversation. Of course, most of all, we miss
our friend.
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