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Prefac e e 

Thiss research was instigated by Ronald Does and Kit Roes. Under its original ti-
tlee 'Variation Reducing Strategies' its intended subject-matter comprised a study of 
thee strategies with which methods as experimentation, statistical process control, the 
Shaininn System and Taguchi's methods are applied. The research ought to result in a 
frameworkk that enables a comparison and a classification of the various approaches 
forr variation reduction. 
Duringg the research the insight grew that the stated problem covered in addition to sta-
tisticall  topics also many methodological ones. Thus, I started to explore the literature 
onn methodology and — eventually — philosophy of science and combined the liter-
aturee in these fields with mathematical statistics to form the basis of this research. In 
myy view, industrial statistics — the discipline to which this research belongs — is mul-
tidisciplinarr in nature and incorporates subjects from at least mathematical statistics, 
methodologyy and economics. For this reason, many topics in industrial statistics can-
nott be studied from the viewpoint of mathematical statistics alone, but require an inte-
grationn of ideas from various disciplines. In this thesis the disciplines of methodology 
andd mathematical statistics play complementary roles, where mathematical statistics 
offerss the techniques which are the tools in the inquirer's hands, while methodology 
placess these techniques in a coherent unity. 
Thee research for this thesis necessarily involved a thorough study of the work of Walter 
A.. Shewhart, by many considered to be the founding father of industrial statistics. 
Studyingg his books more and more thoroughly, I realised how much my research links 
onn to his line of thought, for example in modelling quality control as scientific inquiry 
(cf.. section 1.7). I also found myself to follow his seeking guidance from the literature 
onn a wide range of disciplines; see his bibliography in Shewhart (1931, appendix III) , 
whichh lists tens of books on diverse subjects such as physics, mathematical statistics, 
economics,, logic and philosophy of science. 
Thiss thesis has profited from the discussions I had with my colleagues Soren Bisgaard, 
Edwinn van den Heuvel, Chris Klaassen and Wessel van Wieringen. The comments 
off  Ronald Does, Frans de Mast, Kit Roes and Albert Trip on draft versions of the 
manuscriptt have greatly enhanced the final version. Ronald deserves special credits 
forr creating an environment in which statistical consultancy work is fruitfull y com-
binedd with scientific research. Finally, in the organisations where I have worked as a 
consultantt I wish to thank the persons with whom I have co-operated in improvement 
projects. . 

Jeroenn de Mast 
Amsterdam,, February 2002 
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11 Qualit y improvemen t from the 
viewpoin tt  of statistica l metho d 

"Statisticall  method from the viewpoint of quality control" was the title of Shewhart's 
19399 book; I chose to paraphrase it in the title of this thesis. Apart from inspiring 
thee title of this thesis, Shewhart as well suggested its objective, when he declared his 
intentionn to understand "(..) the operation of control as a scientific procedure" (ibid., 
p.. 23). 
Fromm the work of Shewhart on, statistical methods have been generally applied in 
qualityy control and improvement. This has led to the formulation of 'strategies' or 
'programmes',, such as Statistical Process Control, Taguchi's methods, the Shainin Sys-
temm and the Six Sigma programme. These programmes place statistical techniques 
forr the collection and analysis of measurements in a coherent strategy for the control 
and/orr improvement of the quality of products and processes. Statistical programmes 
forr quality improvement are the subject of this research. 
Thee objective of the thesis could loosely be stated to be the formulation of a method-
ologicall  framework for statistical quality improvement strategies. Such a framework 
shouldd provide definitions of relevant concepts, methodological rules and heuristics, 
bothh to help the practitioner carry out an improvement project, and as a paradigm for 
thee researcher. The basic assumption that underlies this research is that quality im-
provementt projects are empirical inquiry and that statistical method is applied in this 
context.. The literature on empirical inquiry is taken as a starting point to construct the 
framework. . 
Inn this first chapter I work towards a more thorough statement of the objective of the 
thesis.. First, I elucidate the terms in the thesis's title, namely quality improvement and 
statisticall  method. The latter leads the discussion to the so-called 'scientific method'. 
Hereuponn I have sufficient material to state the objective of the thesis. An outline of 
thee thesis and a brief discussion of Shewhart's work conclude the chapter. 

1.11 Qualit y improvemen t 

Qualityy could be described as: fitness for use (Juran, 1989, ch. 2). The concept is 
appliedd to products, which could be goods, advice or services. The use of a product 
iss dependent on a customer, where customer should be taken in a broad sense, and 
includess external customers — such as consumers, the government or society as a 
wholee — and internal customers (persons within the company). Juran discerns two 
directionss in the use of the word quality: 
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Qualityy improvement from the viewpoint of statistical method 

1.. The extent to which features of a certain type of product comply with the de-
mandss of a customer. 

2.. The extent to which an individual product is free of defects. 

Thesee two senses are named 'quality of design' and 'quality of conformance' by Mont-
gomeryy (1991, p. 2). In the first sense, a Mercedes could be said to be of a higher quality 
thann a Citroen 2CV for a customer who has high demands on safety and performance. 
However,, in the second sense an individual Mercedes could be of worse quality than 
ann individual 2CV. In this thesis the term quality is taken in both senses. 
Qualityy management is the aggregate of actions that lead to quality. It consists, accord-
ingg to Juran (1989, ch. 2), of three processes: 

1.. Quality planning: the determination of the needs of the customers and the devel-
opmentt of the products and processes which are required to comply with these 
needs. . 

2.. Quality control: the reaction to irregularities in the production process. This con-
sistss of three steps: 

oo Evaluate the current quality level; 
oo Compare the current quality level with objectives; 
oo Correct the difference. 

3.. Quality improvement: an organised change to increase the quality to unprece-
dentedd levels ('breakthrough'). It is this process which is the central theme in 
thiss thesis. 

Qualityy control is an ongoing and on-line operation. If, in the course of this opera-
tion,, an opportunity is encountered to improve the process, this opportunity is taken. 
Thiss opportunistic and reactive approach differs from quality improvement, where 
improvementt opportunities are sought systematically and off-line. "(..) control con-
sistss more of fully exercising present capabilities and maintaining them at their op-
timumm level, while improvement consists more of actually raising these capabilities" 
(Ishikawa,, 1990, p. 201). Quality improvement is best achieved by working in projects 
(Juran,, 1989, ch. 3). 
Qualityy control and quality improvement cannot be seen isolated from each other. 
Problemss that are repeatedly encountered in quality control can be tackled systemati-
callyy in a quality improvement project, whereas the results of a quality improvement 
projectt should be used to improve the quality control system. In the opinion of many 
authors,, an adequate quality control system is a first requisite for a process and im-
provementt projects should not be initiated before this requisite is met, because "(..) 
itt wil l be impossible even to figure out where to start improving, and the resulting 
benefitss wil l be unclear even if improvements are achieved" (Ishikawa, 1990, p. 201). 
Thee nature of quality planning, quality control and quality improvement, and their 
relations,, are depicted in figure 1.1. 
Note:: Montgomery (1991, p. 3) defines quality improvement as "the reduction of vari-
abilityy in processes and products." This definition is both wider in a sense and more 
narroww in a sense. It is more narrow in that it apparently excludes improvements such 
ass problem solving, optimisation of the yield of a process and reduction of cycle time. 
Itt is wider in that it includes quality control. Montgomery continues: "Since variation 
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Figuree 1.1 The relation between quality planning, control and improvement (after Juran, 1989). 

cann only be described in statistical terms, statistical methods are of considerable use in 
quality-improvementt efforts." This seems to overlook the fact that empirical inquiry 
inn general seeks to describe and explain variation (be it in statistical terms, or in terms 
off  differential equations or other models). Below I propose a different link between 
statisticall  method and quality improvement. 

1.22 Statistica l metho d 

Statisticss offers a range of methods for the collection, presentation and analysis of 
data1.. Underlying these methods is the framework of mathematics and mathemati-
call  modelling. 
Typicallyy in statistical methods, a major role is played by the notion of uncertainty and 
thee mathematical solution to deal with it, namely: probability, and — closely linked 
—— the concept of random variation. This uncertainty arises when one realises that an 
actuall  data set is just a specimen of a set of possible outcomes that one might have 
obtainedd in the given situation just as well. As a consequence, inferences which are 
madee from data should take into consideration not only the data themselves, but also 
thee alternative outcomes that would have been possible. Statistical method does this 
—— and by doing so enables an assessment of the reliability of a certain inference — by 
regardingg observed data as realisations of random variables. 

Thee connection between quality improvement and statistical method is provided by 
thee chosen line of approach of this thesis, namely, that quality improvement projects 
cann be regarded as empirical inquiry and that it is in this context that statistical method 
iss applied in quality improvement. Consequently, I study quality improvement from 

Thiss paragraph is partly based on Lehmann (1988). 
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thee viewpoint of the scientific method for empirical inquiry and I take the literature on 
thiss subject as a starting point to build a methodological framework. Statistical method 
ass part of scientific method is described in, for instance, Good (1988) and Mayo (1996). 
Inn quality improvement, the suggestion to consider statistical method in the context 
off  scientific method was supported by, for example, Box and Liu (1999), who refer 
too statistics as "a catalyst for learning by scientific method." Hereafter, I introduce 
scientificc method and then specify the role of statistical method in it. 

1.33 Scientifi c metho d 

Thatt there is one methodology that can be referred to as 'The Scientific Method' seems 
too be a hard case to make. First of all, when statisticians refer to scientific method, 
theyy usually refer to the approach that is followed in the empirical sciences, such as the 
naturall  sciences and major parts of the social sciences2. In this thesis this restricted 
meaningg of the word science is maintained. 
Secondly,, socio-historical research, for instance by Kuhn (1970), has shown that the 
praxiss of research in the empirical sciences cannot be completely characterised by a 
methodd which is solely based on the internal logic of the research process. Moreover, 
aa number of persistent problems with proposed accounts of scientific inference has 
preventedd philosophers of science to come up with a reasonably uncontroversial ac-
countt of empirical inquiry. In the light of this, some relativisation seems in place when 
talkingg about scientific method, and the phrase 'scientific approach' might be a better 
justifiedd designation. I maintain the former anyway because the approach is usually 
referredd to in the statistical sciences under this name. 
Empiricall  investigation by scientific method is — for the purpose of this thesis — char-
acterisedd by its function and its method. These are closely linked with the ontological 
assumptionn which underlies empirical research, namely that the object of study is in-
variablee and especially, that it is independent of our knowledge about it. 

1.3.11 Functio n of empirica l inquir y 

Thee function of an empirical investigation is to explain empirical phenomena and, as a 
consequence,, predict and control such phenomena (see, e.g., De Groot, 1961, p. 19; Van 
denn Bersselaar, 1997, p. 43; Kerlinger and Lee, 2000, p. 11). 
Explanationn should be contrasted with description: scientific research aims to answer 
thee question why?, rather than what? Explanations provide understanding by show-
ingg that the phenomena to be explained should be expected as a consequence of the 
generall  laws of nature (Kitcher, 1998). Hempel (1966, ch. 5) proposes the deductive-
nomologkall  pattern as a model for explanation. An explanation would be an argu-
mentt in which the phenomenon to be explained ('explanandum') is deduced from a 
numberr of statements (the 'explanans'). The explanans consists of a number of uni-
versall  laws and a number of other statements which make assertions about particular 

2Thee hermeneutical method, which is at the basis of research in the interpretative sciences such as 
historyy and literature, serves as an example that the empirical method is not the only scientific method. 
Otherr methods include phenomenology, dialectics, and the reconstructive methods which are used in 
sciencess such as mathematics, linguistics and computer science. Van den Bersselaar (1997) gives an 
overview. . 
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factss or circumstances. For instance, the fact that 4 is not prime (explanandum) can be 
deducedd from the universal law "Al l even integers greater than 2 are not prime" and 
thee particular statements "4 is an even integer" and "4 is greater than 2". 
Hempel'ss account, modelling explanation in purely logical terms, was abandoned in 
modernn day philosophy of science, but the idea that explanation consists in subsum-
ingg phenomena under a covering law has found wide appeal (see Kitcher, 1998, for an 
overvieww of recent accounts of explanation). Salmon (1984) proposes the Statistical-
Relevancee (S-R) model as a basis for explanation. In this model, a requisite for expla-
nationn is that factors which are statistically relevant are cited. A factor C is statistically 
relevantt to the occurrence of B under circumstances A if and only if P(B\A, C) ^ 
P(B\P(B\ A, not C) (Salmon, 1984, p. 33). A specifies the population that is considered, that 
is,, the circumstances under which the explanatory relations are supposed to hold. 
Forr Salmon, in order for an explanation to be satisfactory, it should contain causal rela-
tions.. The troublesome concept of causation is described by Salmon using the notion 
off  mark transition. Loosely speaking, this defines a causal process as one that is able 
too transmit in space-time a modification of its structure (Salmon, pp. 153-155). The 
vieww that scientific explanations specify causal mechanisms has been held by many 
philosopherss (and undoubtedly by many scientists as well), but is severely criticised 
byy others, who call attention to accepted explanations that do not make reference to 
causall  dependence (e.g., functional explanations in biology; see Kitcher, 1998). 
Inn this thesis I accept the view that explanations are based on statistical relations as 
specifiedd by Salmon's S-R model. Furthermore, the importance of causal relations is 
accepted.. In my opinion, this model links on to the views held by many industrial 
statisticians.. Grounding explanation in statistical relations resembles, for instance, the 
imagee of causal explanation provided by Shewhart (1931, pp. 364-368). Shewhart 
makes,, however, an interesting addition. For Salmon, the ideal of explanation is to find 
allall  relevant factors, so that the remaining variation is essentially stochastic (Salmon, pp. 
37-38).. Shewhart, though sharing this ideal3, introduced the concept 'maximum con-
trol'' to describe the state of a process that behaves like a stochastic process (Shewhart, 
1931,, p. 146). A process in this state is still affected by causes, but none of these causes 
producess a predominating effect. As a consequence, the aggregate of these causes be-
havess according to the normal distribution, whence the process is predictable. The 
levell  of explanation thus reached is a practical limit of what can be attained by em-
piricall  inquiry. In the appendix Shewhart's model — describing how far an inquirer 
shouldd go searching for causes — is presented. 

Byy uncovering relations in the system under study, explanations — together with the 
assumptionn that the object of study is invariable — make it possible to predict. Predic-
tionss have the same structure as explanations: where explanations show that observed 
phenomenaa follow from the laws underlying their behaviour, predictions show which 
unobservedunobserved phenomena would follow from these laws if conditions changed. Control 
consistss of the application of explanations and predictions for one's benefit, in that 
conditionss are changed in a way that has a positive predicted result. 

3Seee the last of the "six stages in the development of better ways and means of making use of past 
experience""  in Shewhart (1931, p. 352). 
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1.3.22 Metho d of empirica l inquir y 

Thee view that knowledge is derived directly from observations, for instance by induc-
tivee reasoning, is now an obsolete view (cf. Popper, 1959, Hempel, 1966, or Chalmers, 
1999).. Rather, hypotheses are invented by a process of creative thinking. The rule 
thatt hypotheses are justified by the way they are arrived at is replaced by the notion 
thatt hypotheses should be tested by deducing measurable predictions from them and 
confrontingg these with observations. The fundamental methodological rule for empir-
icall  research is therefore: that conjectures should be tested against empirical evidence. 
(Popper,, 1959, p.59, uses the metaphor that hypotheses are "(..) nets cast to catch what 
wee call 'the world' ". Testing whether a hypothesis grasps a part of the world is similar 
too bringing in a net to see if one has caught any fish.) 
Inn Popper's view, a test of a conjecture against empirical evidence should be aimed 
att its falsification (because, when one limits oneself to purely logical argumentation, 
itt is not possible to confirm a hypothesis decisively4; see Popper, 1959, p. 41). Later 
philosopherss of science, e.g., Kuhn and Mayo, are less reluctant to call a hypothe-
siss which has passed several severe tests 'confirmed' (Mayo, 1996, ch. 2). In these 
accounts,, tests guide constructive criticism, and do not serve merely to refute false 
hypotheses. . 
Thee confrontation of hypotheses with empirical evidence, especially in the controlled 
conditionss of an experiment, is considered a very important part of scientific method. 
Thee rationale behind this view is that empirical evidence is based on real things, which 
aree entirely independent of our opinions about them. As a result, the confrontation of 
hypothesess with empirical evidence ensures that the scientific method is self-corrective 
andd objective (this is C.S. Peirce's error-correcting doctrine. Mayo, 1996, ch. 12, pro-
videss a recent discussion). It is this self-corrective property of the scientific method 
whichh ensures that different paths of investigation tend to converge (see Box, Hunter 
andd Hunter, 1978, ch. 1.2). 
Thee methodological rule that hypotheses should be tried against empirical evidence 
leadss to a series of additional requirements. An important methodological rule is that 
conceptss should be defined operationally. Other additional requirements, for instance 
thatt hypotheses should be inter-subjectively tested, and that conclusions should be 
peer-reviewed,, follow from the observation that experimenters have a certain amount 
off  freedom when performing tests or making conclusions from the results. Conclu-
sionss are, after all, never coerced by the results of an experiment, but always decided 
upon. . 

1.44 The rol e of statistica l metho d in scientifi c inferenc e 

Ass we have seen above scientific inquiry aims to find relations in the process (as a 
basiss for explain — predict —> control) by conducting experiments to test hypotheses. 
Thee resulting knowledge is appropriately named 'experimental knowledge' by Mayo 
(1996).. The acquisition of experimental knowledge poses an inquirer for a number of 
problemss he has to solve, such as: 

oo How to collect data? 

lThatt is, if it is in the form of a universal statement, which is the typical form of scientific hypotheses. 
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oo How many observations to make? 

oo How to isolate relevant features of the data? 

oo How to arrive at hypotheses? 

oo How to associate observations with the hypothesis under study? 

oo How to assess the 'validity' (in some sense) of the data? 

oo How to distinguish a real effect from mere chance? 

oo How to distinguish the true cause of a phenomenon from a number of possible 
causes? ? 

oo How to assess the reliability of a certain inference? 

oo How to assess the precision of a certain estimate? 

Thee role that statistical method plays in scientific inference, is that it provides canonical 
modelss and standard arguments that can be employed to solve questions such as the 
oness mentioned above. I provide some examples of the methods that are used in such 
arguments: : 

oo A collection of canonical models, such as the binomial model, the normal distribu-
tiontion and regression models. These models represent idealised processes. Assum-
ingg that the process under study behaves in approximately the same way as the 
canonicall  model enables an inquirer to base his arguments on the (much better 
knownn and simpler) canonical model, rather than on the real process. 

oo Standard methods to verify the assumption that the chosen model gives an adequate 
representationrepresentation of the true process, such as a normality test. 

oo Standard methods of associating properties of the model with the hypothesis of interest. 
Thee canonical models are chosen so, that their parameters often reflect real re-
searchh questions. For example, in situations which are modelled as a binomial 
experimentt many questions of interest are related to the parameter p of the bino-
miall  distribution. 

oo Standard methods of estimating the model parameters from the data at hand. The pa-
rameterr p in the binomial model, for instance, can be estimated as the number 
off  occurrences divided by the number of trials. This point, combined with the 
previouss points, gives a canonical manner for linking the observed data with the 
questionn of interest. 

oo Standard methods to distinguish a real effect from mere chance, such as the Neyman-
Pearsonn approach to hypothesis testing. 

oo A toolkit of methods valuable for informal probing of data. A valuable technique for 
hypothesiss generation is to study a wide range of different (graphical) represen-
tationss of data. Exploratory data analysis and descriptive statistics offer a toolkit 
thatt serves this function. 

oo Standard methods for the collection of data in such a way that they enable reliable infer-
ences,ences, such as sampling theory and design of experiments. 

Thee canonical arguments provided by statistical method provide the building blocks 
forr the complete argumentation by which the inquirer makes his inferences. 

7 7 



Qualityy improvement from the viewpoint of statistical method 

1.4.11 Statistica l thinkin g 

Sneee (1990) and — more elaborately — Wild and Pfannkuch (1999), have proposed 
'statisticall  thinking' as a model of the thought processes that play a role in quality im-
provement.. Wild and Pfannkuch use the model as a framework for statistical educa-
tion.. It is unclear whether the statistical thinking framework could function as a (pre-
scriptive)) methodological framework. Moreover, both Snee and Wild and Pfannkuch 
doo not consider statistical thinking as part of scientific method, but rather discuss it 
ass a methodology in its own. I shall not follow this approach but regard statistical 
thinkingg as part of the scientific method. However, in the appendix in chapter 21 shall 
studyy in how far the elements of the statistical thinking framework can be traced in 
thee proposed framework. 

Thee two properties of scientific method that are discussed so-far, namely the explain 
—  predict —> control pattern and the methodological rule that conjectures are tested to 
empiricall  data, provide sufficient material to state the objective of this thesis. In chap-
terr 2 scientific method is studied in more detail as a starting point to find a method-
ologicall  framework. 

1.55 Objectiv e of the thesi s 

Thee subject of study in this thesis is formed by quality improvement strategies. I take 
thee phrase 'quality improvement strategy' to mean: a coherent series of steps aimed at 
bringingg the quality of a process or product to unprecedented levels. I have chiefly an 
industriall  situation in mind. I call a quality improvement strategy statistical if: 

oo It is aimed at the discovery of relations between the quality characteristic under 
studyy and influence factors in the process. Improvement actions are derived 
fromm these relations. 

oo Conjectured relations and opportunities for improvement are tested against em-
piricall  evidence. 

Inn effect this definition states that in order for an improvement strategy to qualify as 
statistical,, it should follow scientific method, and, implicitly, statistical method and 
itss way of dealing with variation and uncertainty. The definition demarcates the type 
off  approaches that is studied in this thesis, and excludes strategies such as sampling 
inspection,, mistake proofing and feedback control, although these techniques can be 
successfullyy exploited as part of a statistical improvement strategy. The definition 
specificallyy rejects 'problem fixing' to the favour of explain — predict —» control. 
II  study solely the methodological aspects of quality improvement strategies. In partic-
ular,, I leave organisational and business aspects out of consideration. Thus, I exclude 
thee selection of projects, their financial aspects, the assurance of improvements in an 
organisation,, the training of project leaders, cultural changes within an organisation, 
ett cetera. 

Inn order to state the objective of the thesis I describe the concept of reconstruction. Both 
methodologyy and statistics are reconstruction sciences5 such as logic, law and linguis-

5Thiss discussion is based on Van den Bersselaar (1997). 
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1.66 Outline of the thesis 

tics.. These sciences study systems of rules that underlie certain expressions — e.g., the 
grammaticall  rules in linguistics that underlie sentences, or the rules of logic that un-
derliee logical arguments — and seek to provide a rational reconstruction of these rules. 
AA reconstruction is a representation of a certain system's rules and their coherence 
inn such a way, that this representation enables the production of correct expressions 
withinn the system. Typically, ordinary users have an intuitive understanding of the 
ruless of the system, without explicit knowledge of them. 
Primitivee reconstructions take the form of recipes or protocols; they are based on a 
systematisationn of instructions. True reconstructions have the form of a grammar; 
theyy represent the logic that underlies expressions. 
Thee objective of the study is to make a rational reconstruction of statistical improve-
mentt strategies. It should provide: 

oo Definitions of relevant concepts, 

oo Heuristics, where appropriate, and 

oo Methodological rules, where appropriate. 

Thee motivation for the research presented in this thesis is threefold. The first mo-
tivationn is the conviction that methodological aspects of quality improvement should 
bee taken beyond primitive reconstructions. Reconstructions of statistical inference and 
statisticall  analyses have a highly refined grammar based on mathematics. But method-
ologicall  descriptions in quality improvement (for example: descriptions of quality im-
provementt programmes such as Six Sigma and the Shainin System) are usually ac-
ceptedd in the form of a 'roadmap': they simply consist of a sequence of instructions. A 
truee reconstruction would supply a system of rules which demonstrates the internal 
logicc of approaches in quality improvement projects. Based on this system of rules, 
aa practitioner would be able to generate a correct approach for a given improvement 
project. . 
Thee second motivation for this research arises from the observation that methodolog-
icall  aspects of quality improvement research are not firmly grounded in the relevant 
literature,, especially literature in the philosophy of science and methodology. In this 
researchh I seek to establish connections between ideas in quality improvement and 
relevantt theory in other disciplines. I try to accomplish this by providing detailed 
references. . 
Thee third motivation is that a methodological framework for improvement strategies 
enabless researchers to tailor statistical methods to their well-defined function in the 
framework.. The last two chapters of the thesis are examples of this perspective. 

1.66 Outlin e of the thesi s 

InIn the next chapter I build the proposed methodological framework. In the light of 
thee chosen approach, this framework is in part derived from the theory of emipirical 
inquiry.. In the third chapter, the proposed framework is critically confronted with 
thee praxis of quality improvement. The framework is applied to current popular ap-
proachess and to my consultancy experience. Furthermore, I present two case studies 
off  quality improvement projects. 
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Qualityy improvement from the viewpoint of statistical method 

Withinn the proposed framework various statistical techniques play an important role. 
Inn chapter 4 a statistical basis is proposed for the analysis of the well-known multi-vari 
chart.. The results of my research into the use of control charts for exploratory analysis 
off  data are presented in chapter 5. 

1.6.11 Helicopte r exampl e 

Thee theory that is developed in chapters 1 and 2 is illustrated from an example which 
hass appeared in the statistical literature more often, namely flight times of paper heli-
copterscopters (Box and Liu, 1999). The advantage of this example for illustrative purposes 
iss that it requires no specialised knowledge to be understood, and nothing more than 
standardd office supplies to be executed. The product in question is a helicopter made 
outt of paper. The initial design and resulting helicopter are displayed in figure 1.2. 
Whenn released at a distance from the floor, the helicopter starts spinning and floats 
downn to the floor. The quality characteristic that we shall study is the flight time of the 
helicopter,, longer flight times being desirable. 

S S 
CO O 

ST T 
3 3 

CO O 

Bodyy width 

Figuree 1.2 Paper helicopters: design and assembled specimen. 

Juran'ss two directions in the use of the word quality can be applied to the example. 
Qualityy of design relates to aspects of the chosen design of the helicopter. If the flight 
timee is increased by modifying the design (longer wings, for example), the quality of 
thee helicopter in this sense increases. If we prevent assembly mistakes, on the other 
hand,, we increase the average quality of conformance. 
Qualityy planning concerns the initial design of the helicopter, based on a conception 
off  the desires of a certain group of customers. Once the initial design is taken into 
production,, quality control consists of monitoring their construction and reacting to 
disturbances.. Examples of such disturbances are the use of a wrong kind of paper, 
orr mistakes made during the construction of the helicopter. Quality improvement 
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1.77 And how about Shewhart? 

concernss a systematic and off-line effort to increase the quality of the constructed he-
licopters,, usually in the form of an improvement project. It can tackle both quality of 
designn and quality of conformance. When such a project is conducted following a sta-
tisticall  improvement strategy, the basic approach is to identify factors that influence 
thee flight time and to use this knowledge to modify the helicopter's design or the pro-
ductionn process to increase flight time. Moreover, conjectured relations between flight 
timee and influence factors are tested to empirical evidence in order to establish that 
conjecturess are right, or to learn how they should be modified if they are not. 

1.77 And how abou t Shewhart ? 

Theree must be more than a resemblance between titles to open a thesis with a reference 
too a certain book. More important than the title of Shewhart (1939) is the intention 
too understand "(..) the operation of control as a scientific procedure" (ibid., p. 23). 
Thiss remark suggests some interesting parallels between Shewhart's work in quality 
controll  and the current thesis on quality improvement. I elaborate on this topic. Al l 
referencess are to Shewhart (1939). 
Shewhartt discerns three steps in quality control (p. 1 and p. 47): 

I.. The specification of the quality of the thing wanted; 

II .. The production of things designed to meet the specification; 

III .. The inspection of the things produced to see whether they meet the specification. 

Obviously,, II depends on I, and III on I and II , but Shewhart stresses that the pattern is 
inn fact circular: I depends on II and III (pp. 44-45). This is so because "[if ] a producer 
contractss to deliver goods within some specified range and upon applying Steps II 
andd III finds that some of his product fall outside the tolerance limits, he loses money" 
(p.. 47). Thus, he must specify a practically attainable tolerance range. This cannot be 
donee out of thin air, but requires knowledge of the possibilities of production, which 
iss revealed by inspection. Hence the dependence of I on II and III . 
Shewhartt compares steps I, II and III with 1. making a hypothesis, 2. carrying out an 
experiment,, and 3. testing the hypothesis (p. 45). This is — as we shall see in chapter 
22 — the basic approach of the scientific method. Steps I, II and III in quality control 

(..)) constitute a dynamic scientific process of acquiring knowledge. From 
thiss viewpoint, it might be better to show them as forming a sort of spiral 
graduallyy approaching a circular path which would represent the idealized 
casee where no evidence is found in Step III to indicate a need for changing 
thee specification (or scientific hypothesis) no matter how many times we 
repeatt the three steps. Mass production viewed in this way constitutes a 
continuingg and self-corrective method for making the most efficient use of 
raww and fabricated materials (p. 45). 

Thus,, the objective of the learning spiral is to bring the process in a state that enables 
thee most efficient use of raw and fabricated materials. This state implies that the pro-
cesss is in statistical control, which means that it behaves like a random process such as 
drawingg numbered chips from a bowl (pp. 9-11). A state of statistical control assures 
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(a)) that the process is predictable (in a probabilistic sense), and (b) that the variability 
inn the process is as small as economically attainable (p. 41). 
Wheree Shewhart models the process of quality control on the scientific method, the 
currentt thesis aims to do the same for quality improvement. Elements of scientific 
methodd in Shewhart's approach to quality control are: 

oo The steps hypothesis generation —* experiment —*  test of the hypothesis; 

oo The emphasis on the intrinsically cyclical nature of learning by scientific method; 

oo The emphasis on learning from mistakes. 

Learningg from mistakes — i.e., modifying a hypothesis upon the results of a test — is 
givenn operational meaning in the form of the control chart. The control chart serves 
twoo purposes: 

1.. To signal if there is evidence of an assignable cause of variation (i.e., to signal if 
learningg is possible), and 

2.. To provide clues that enable identification of the assignable cause (i.e., to facili-
tatee learning). 

Heree the difference between quality control — which is an on-line process — and qual-
ityy improvement — an off-line process — comes to light: when a quality improvement 
projectt is engaged, it is automatically assumed that learning can be achieved. 
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Appendi x x 
Statistica ll  contro l and assignabl e cause s 

"AA phenomenon that can be predicted, at least within limits associated with a given 
probability,, is said to be controlled. Prediction only becomes possible through the ac-
quisitionn of knowledge of principles or laws" (Shewhart, 1931, p. 121). Therefore, 
inn order to "(..) control quality we must make use of both exact and statistical laws" 
(ibid.,, p. 125). In these words Shewhart states the connection between control, pre-
dictionn and causal explanation. In this appendix I analyse Shewhart's ideas about the 
questionn how far an inquirer should go searching and discovering causes. 

Shewhar tt  on the limit s of causa l explanatio n 

AA minimal requirement for adequate quality control is that the process is predictable. 
Shewhartt gives the following definition for a process that is in a state of 'statistical 
control': : 

Forr our present purpose a phenomenon wil l be said to be controlled when, 
throughh the use of past experience, we can predict, at least within limits, 
howw the phenomenon may be expected to vary in the future. Here it is un-
derstoodd that prediction within limits means that we can state, at least ap-
proximately,, the probability that the observed phenomenon wil l fall within 
thee given limits (Shewhart, 1931, p. 6). 

Accordingg to Shewhart, an equivalent definition is provided by: "We shall assume 
thatt the necessary and sufficient condition for statistical control is that the causes of an 
eventt satisfy the law of large numbers [LLN] " (ibid., p. 146). The LLN (as stated on 
p.. 122) is an empirical fact. It says that long-term success frequencies in success-failure 
trialss converge to a certain limi t — the 'objective probability' — whenever the trials are 
donee under the same essential conditions. Empirical evidence of the existence of the 
LLNN is given on pp. 125-130. The observed long-term stability of frequencies, which is 
thee consequence of the LLN, serves as the basis for predictions, because it allows us to 
representt the empirical trials by an a priori probabilistic model, in which the observed 
objectivee probabilities are substituted for the a priori mathematical probabilities (ibid., 
p.. 130). Thus, long-term stability in the sense of the LLN is a necessary and a sufficient 
conditionn for making predictions on the basis of probabilistic models. 

AA second concept that is introduced is that of a 'constant system of chance causes'. 
Thiss is, according to p. 12 and p. 130, a system of unknown causes that produces an 
eventt in accordance with the LLN and so that the resulting probability distribution of 
thee event is independent of time. Processes that are the result of a constant system 
off  chance causes are by definition in a state of statistical control. Shewhart is not so 
clearr on the question whether there are processes which are in a state of statistical 
control,, but yet are not constant in time. When we combine, however, a constant 
systemm of chance causes with an additional known and predictable cause whose effect 
iss described by an exact law6, the result is predictable by making use of both the exact 
laww and the LLN. Such a process satisfies the definition of statistical control. Shewhart 

"Exactt law' is Shewhart's term for a natural law. 
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(1931)) provides an example of such a process on pp. 141-144. The exact law in question 
iss Pearl's law for the growth of populations. The deviations from the prescribed curve 
cann be predicted from the LLN. 

Note:: besides exact and statistical laws, Shewhart discerns empirical laws, which are 
regularitiess in time series for which no cause can be found. Shewhart remarks that 
nott much is known about these laws and refuses to use them for prediction (ibid., 
pp.. 140-141). Nowadays we know that many of such processes can be modelled 
usingg ARIMA or other time series models, and that these models can be used to make 
forecasts.. However, as long as the modelled regularity is not attributed to the effect 
off  an explanatory variable, these forecasts are based on a description of the behaviour 
off  a characteristic, not on an explanation of it. This kind of prediction is similar to the 
predictionn of a pre-newtonian person that after an ebb-tide wil l be a flood tide, without 
understandingg of the mechanism underneath this regularity. 

Thee causes that affect a phenomenon and whose existence is unknown to the inquirer 
aree called 'chance causes' (ibid., p. 7), because their effect is attributed to chance. An 
'assignablee cause of type I' is a chance cause which does not belong to a constant cause 
systemm (ibid., p. 14 and p. 146). When there are assignable causes of type I, the system 
iss unpredictable and therefore not in statistical control. Once an assignable cause is 
identifiedd it is no longer an assignable cause, but could perhaps be called an 'assigned 
cause',, although Shewhart does not introduce this (or another) term. 

Thee "(..) limi t beyond which it is not economically feasible to go in trying to eliminate 
chancee fluctuations" (p. 151) is called 'maximum control'. The definition is: "the 
conditionn reached when the chance fluctuations in a phenomenon are produced by 
aa constant system of a large number of chance causes in which no cause produces a 
predominatingg effect" (p. 151). For such a system Shewhart infers: "(..) no matter 
whatt the distribution function of a cause is, the distribution function of the resultant 
effectt wil l approach normality as the number m of causes increases indefinitely" (p. 
156).. Here, we have the model </ = // + e, with e ~ J\f(Q.cr2}. A process in a state 
off  maximum control is by definition a process that has a constant system of chance 
causes.. Processes that have a constant system of chance causes, but in which some of 
thesee causes have a predominating effect, are not in a state of maximum control. A 
predominatingg cause or group of causes forming a part of a constant system is called 
ann 'assignable cause of type II ' (p. 321). As an example, consider a process in which 
aa characteristic is the result of an aggregate of causes all having a A/"(0.1) distribution, 
pluss one cause having a A/"(0,10) distribution. This aggregate is a constant system of 
chancee causes, but the one cause having a variance of 10 is an assignable cause of type 
II . . 

Notee that all causes that are referred to are causes of variability (and patterns in variabil-
ityity are the means by which they are defined). In this sense, an influence factor such 
ass a machine setting whose value is not changed during production, does not feature 
anywheree in this model. In agreement with this, the discovery of causes is restricted 
too inductive reasoning from variation patterns in data. In chapter 2 we shall see that 
thiss restriction excludes other valuable means for discovery. 
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AA lucid symbolic representation of Shewhart's model is given by Bisgaard and Kulahci 
(1999).. They give the following general model for a characteristic y: 

yy = f(xu...,xk) + e- (1.1) 

Here,, the x1}... ,xk represent the already known explanatory variables (the 'assigned' 
causes).. The behaviour of y that is not explained by f(x\,..., ccj,) is modelled as emerg-
ingg from chance and is written as e. Although some of the behaviour of e might be es-
sentiallyy stochastic, the remainder is due to causes that we have no knowledge of (She-
whart'ss chance causes). Therefore, a more realistic representation is e(xk+i,xk+2,...). 
Assignablee causes are those chance causes that give away their existence by causing e 
too behave in a non-random way. The discovery of an assignable cause is symbolised 
byy Bisgaard and Kulahci as 

yy = f(xi,...,xk) + e(xk+1,xk+2,...). 

Shewhart'ss constant system of chance causes corresponds to the situation in which 
thee model ƒ (xi,..., xk) effectively reduces the unexplained part of the data — namely, 
ee = y — f(xi,..., xk) — to white noise. 
Shewhartt (1931) proposes five criteria that give operational meaning to the concept 
assignablee cause. The best known of these is Criterion I, which is based on the control 
chart. . 

Shift ss  in th e meanin g of statistica l contro l and assignabl e caus e 

Schipperss (2000, appendix 3) remarks that in literature the terms statistical control 
andd assignable cause are associated with many properties. These properties quite fre-
quentlyy imply each other, but not always. Below I study some shifts in the interpreta-
tionn of the introduced terms. 
Shewhartt (1939, p. 25) describes a continuing and self-correcting operation to bring 
aa process in a state of statistical control. Stated briefly, the procedure specifies when 
andd how a search for an assignable cause should be started. This operation can be 
lookedd upon from two viewpoints: the statistician wil l see it as a procedure for at-
tainingg a state in which he can use statistical theory to make predictions, whereas 
thee engineer wil l see it as a means of effecting certain economies (ibid., p. 23). The 
firstt viewpoint consists of causal explanation as a basis for prediction — this was ex-
poundedd above. The second viewpoint says that the discovery of assignable causes 
enabless a more efficient use of materials. The application of Shewhart's procedure en-
suress moreover that no efforts are wasted searching for assignable causes when there 
aree none. However, the procedure has a limiting situation — the state of maximum 
controll  — in which no further variation reduction can be achieved by making use of 
thee given procedure. Shewhart (1931, p. 25) suggests that in this limiting situation 
furtherr variation reduction cannot be achieved "without changing a major portion of 
thee manufacturing process as, for example, would be involved in the substitution of 
neww materials or designs." This adds a business perspective to the methodological 
theoryy above: until a process is in statistical control, the procedure of identifying and 
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removingg assignable causes effectuates economical improvements. Once maximum 
controll  is achieved, other procedures are required. 

Demingg introduced the term 'special cause of variation' for Shewhart's assignable 
cause,, and the word 'common cause' for all chance causes that are not a special cause 
(notee that Deming's common cause is not Shewhart's chance cause). The adjective spe-
cialcial is used to emphasise that such a cause is "(..) specific to some group of workers, 
orr to a particular production worker, or to a specific machine, or to a specific local 
condition""  (Deming, 1986, note 1 on p. 310). Variation from common causes, on the 
contrary,, is not attributable to someone or some special event, but is a "fault of the sys-
tem""  (ibid. p. 314). This is illustrated from a riot in a certain prison. The explanatory 
causess that were given for the fact that the riot took place in this particular prison were 
inn fact common to a majority of prisons, and were, therefore, common causes and not 
speciall  causes (that is, they did not explain why the riot took place in the particular 
prison). . 
Ann example illustrating the same idea, is when an observed defect rate of a particu-
larr machine is taken as an incentive to look for explanations why this machine's per-
formancee is so bad, while all other machines have defect rates which are not signifi-
cantlyy different. We see that Shewhart's constancy over time is extended to constancy 
overr 'the system', which gives the relation with Shewhart's constant system of chance 
causes.. Given the defect rates of the other machines, the defect rate of the machine 
inn question could have been predicted within limits, which gives the relation with 
Shewhart'ss state of statistical control. 
Thee two notions are not completely equivalent, however. First of all, Deming's defini-
tionn is subject to some degree of arbitrariness, because it is arbitrary what is considered 
'thee system'. For example, the probability of a riot breaking out may be homogeneous 
overr all American prisons (making the underlying causes common), but the probability 
mightt be lower or higher in European prisons. Therefore, taking all prisons in Europe 
andd America as 'the system', the same causes are special causes. 
Secondly,, it was Shewhart's intention to specify how far an inquirer should go search-
ingg for explanatory causes of unexplained variation. Deming adds to this method-
ologicall  rule a number of economical and administrative implications: 

oo Responsibilities: Improvement efforts concerning common causes are the respon-
sibilityy of management, and not the worker's (Deming, 1986, pp. 321-322). The 
discoveryy of special causes of variation is usually the responsibility of someone 
whoo is connected directly with some operation that yields data for the control 
chartt (ibid., p. 320). 

oo Phasing: first a process should be brought in a state of statistical control, and 
onlyy thereupon can a process be improved (ibid., p. 321). A motivation for this 
statementt is that statistical methods which are to be used for improvement have 
aa stable process as a prerequisite (ibid., p. 312). 

Thee prescribed phasing is in part a matter of terminology: Deming refuses to call the 
removall  of special causes improvement, with the motivation that in the situation of a 
processs which is not in statistical control there is no identifiable process. But in part 
Deming'ss phasing is essential, in that dealing with common causes should not be done 
beforee all special causes are removed. I consider this demand both unnecessarily rigid 
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andd unrealistic, although I acknowledge the importance of an adequate quality control 
systemm before starting an improvement project. It is unnecessarily rigid in the view 
off  current robust and nonparametric statistical methods. Moreover, the inquirer has 
att his disposal a number of before-the-trial and after-the-trial correction mechanisms 
too deal with disturbances (randomisation, blocking, residual analysis), and when the 
effectss of common causes are large enough, they can be discerned even in the presence 
off  many disturbances. Deming's demand is unrealistic because in many processes 
variouss special causes are not removed because that is impossible or economically 
uninteresting.. In section 3.2.2 I discuss an improvement project in a process which is 
nott in statistical control. 

Inn SPC literature more shifts in the use of the terms assignable/special and common 
causee can be noted. Where Shewhart bases his definition of an assignable cause on its 
effecteffect (in particular in comparison with the effects of otherr chance causes), other defini-
tionss are based on the behaviour of the causes themselves. Moreover, Shewhart's dis-
tinctionn between assignable causes and other chance causes concerns the (unknown) 
causess of unexplained variation, but later definitions seem also applicable to known 
('assigned')) causes. Nolan and Provost (1990), for example, define common causes as 
"thosee causes that are inherently part of the process (or system) hour after hour, day af-
terr day, and affect everyone working in the process." Special causes are "those causes 
thatt are not part of the process (or system) all of the time or do not affect anyone, but 
arisee because of specific circumstances." 
Thee implications of this modified interpretation can be illustrated from the following 
example.. In cheese production long-term fluctuations in various quality character-
isticss arise as a consequence of the variable constitution of milk. The variability of 
naturall  materials as milk seems to me 'inherently part of the production process' in 
aa wide range of senses, and it certainly affects everyone in the process and hour af-
terr hour, day after day. Thus, this would qualify as a common cause for Nolan and 
Provost. . 
Forr Shewhart, if it is known that the fluctuations are due to milk properties, these 
propertiess are simply explanatory ('assigned') variables, whose effect can be described 
byy an exact law. In the representation (1.1) it is one of the xi,...,Xk- Shewhart makes 
noo statements about such (known) causes, and in particular, he does not state that they 
aree or are not inherent to the system, or whether they can be removed. His concerns 
aree about unexplained variation and rules that specify how to deal with it, not about 
explainedexplained variation and how to deal with it. 
Whenn the fluctuations are not yet explained, they are ascribed to chance. The system 
off  chance causes is then not constant in time, whence the inquirer knows that there 
iss at least one assignable cause and an inquiry should be initiated. Thus, although 
milkk properties exert their influence continuously, they are assignable causes. The fact 
thatt a cause influences a phenomenon continuously is not equivalent with Shewhart's 
criterion,, which says that its effect should be constant (cyclical patterns are mentioned 
explicitlyy by him as examples of cause systems that are not constant; Shewhart, 1931, 
p.. 132). 
Sometimes,, the fact whether a cause can be removed or not is part of the definition of 
assignablee cause. Woodall (2000) defines: " 'Assignable (or special) causes' of variation 
aree unusual shocks or other disruptions to the process, the causes of which can and 
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shouldd be removed.' Although Shewhart repeatedly states that an inquirer should 
strivee after removal of causes of variation after they are discovered, the fact whether it 
iss possible to remove an assignable cause after its discovery is for him not a defining 
property.. When a cause leaves its marks in unexplained variation it is an assignable 
cause,, whether it can be removed after its discovery or not. 

Statistica ll  contro l and assignabl e caus e in thi s thesi s 

Inn this thesis: 

oo I use the term assignable cause in Shewhart's sense of the (unknown) cause of a 
nonrandomm pattern in unexplained variation. 

oo I use the term improvement in a wider sense than Deming, in that the identifica-
tionn and handling of special causes is considered an improvement action as long 
ass the effort is not an opportunistic part of an on-line operation, but part of an 
off-linee project in which causes are sought systematically. 

oo I do not follow Deming's phasing (dealing with special causes prior to dealing 
withh common causes). 
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Inn the previous chapter I characterised the scientific approach for empirical inquiry by 
describingg its function and its method. This description provides two elements for a 
methodologicall  framework for statistical improvement strategies, which I denote H1 
andd R1: 

H1:: The heuristic that improvement actions are derived from found relations in the 
processs (the explain —• predict —• control pattern); 

R1:: The methodological rule that all conjectures are tested to empirical data. 

Inn this chapter I propose more elements for the methodological framework in the form 
off  definitions of concepts (C1 to C3), heuristics (H2 to H5) and methodological rules 
(R22 to R4). The discussion is organised around a number of themes, which form the 
sectionss of this chapter. Especially the first three discussions start from the method-
ologicall  literature. 

2.11 The structur e of explanator y network s 

Empiricall  inquiry aims to result in an 'explanatory network' or 'theory'. A theory con-
sistss of a set of definitions of concepts and — most important — relations among these 
concepts.. By specifying which concepts are related to which concepts and how they 
aree related it explains phenomena (Kerlinger and Lee, 2000, p. 11). In the methodolog-
icall  literature the structure of theories is discussed. I adapt this structure for use in the 
contextt of quality improvement. 
Statementss in empirical inquiry can be categorised in four levels (see Losee, 2001, pp. 
159-160).. On the bottom level are statements about raw sense data (readings from 
measuringg devices, observations) such as: 'the mercury level in the thermometer is at 
22'' or 'the pointer is at 3.5'. On the second level values are assigned to concepts on 
thee basis of the raw data, for instance: 'the temperature is 22°C' or 'the pressure is 
3.55 bar'. The rules by which raw data are assigned to concepts are made explicit in 
thee operational definition of the concept, which specifies how the different values of a 
conceptt wil l be discriminated (in other words: how the concept wil l be measured). 
Onn the third level, relations among concepts are specified in the form of natural or 
statisticall  laws. A special role in scientific method is played by causal relations, in that 
thesee are the preferred type of relations among concepts that one should search for 
(seee the discussion in chapter 1). 
Finally,, on the top level the laws are placed in a coherent (especially: internally non-
contradictory)) system — a theory. In the natural sciences it is customary to formulate 
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aa theory as an axiomatic system from which laws can be deduced as theorems. In the 
behaviorall  sciences most theories are not so strictly formulated (De Groot, 1961, p. 42). 

Operationall  definitions of concepts could be contrasted with constitutive definitions, 
whichh define a concept in terms of other concepts (Kerlinger and Lee, 2000, p. 42). 
Makingg the meaning of concepts more specific by giving an operational definition 
makess sure that the statements in which they occur are testable and that they lend 
themselvess to use in explanations and predictions (Hempel, 1966, p. 85). An extreme 
versionn of this idea is put forward by Bridgman (1927, p. 5), who discusses as an 
examplee the concept length. 

Thee concept of length is therefore fixed when the operations by which 
lengthh is measured are fixed: that is, the concept of length involves as much 
ass and nothing more than the set of operations by which length is deter-
mined.. (..) the concept is synonymous with the corresponding set of operations. 

Accordingg to this view, two different measurement procedures for length would de-
finee two different concepts. Although this extreme position cannot be maintained 
(Hempel,, 1966, pp. 91-97), the maxim that concepts should consciously be made spe-
cificc by defining how they are to be measured is a healthy one (Kerlinger and Lee, 
2000,, p. 44). 
Manyy concepts cannot be observed directly and, consequently, their 'reality' is a hy-
pothesis,, invented by man (behavioral scientists use the word 'construct' in this sense. 
Seee Kerlinger and Lee, 2000). It is good practice to entertain a multiple of operational 
definitionss for a concept and to show that different operationalisations lead to similar 
resultss (compare also section 3.3.5 of this thesis). 

2.1.11 Applicatio n to qualit y improvemen t 

Inn quality improvement projects the emphasis is not on the formulation of axiomatic 
theoriess as in the natural sciences, but rather on the discovery of a number of relations 
which,, taken together, provide an explanation of the behaviour of a certain character-
istic.. De Groot (1961, p. 42) considers the word 'prototheory' for a theory that does 
nott achieve the rigor of an axiomatic system, but chooses the term 'theoretical frame-
work'' instead. I use the word explanatory network in this thesis to avoidd the pretentious 
associationss that the word theory has. 
Thee explanatory network has a characteristic form. Typically, there are one or a few 
conceptss which I shall refer to as Critical To Quality (CTQ). The CTQ is the characteris-
ticc whose improvement is the subject of the quality improvement project, in the sense 
thatt the problem that forms the subject of the project can be translated into this form: 
onee or a few CTQs do not meet their requirements. Although the thesis is mainly 
writtenn from the viewpoint that CTQs are variables, CTQs can very well be events. 
Often,, a distinction is made between external and internal CTQs. External CTQs are 
productt characteristics as they are experienced by customers. Their definition, as well 
ass their specifications, are usually vaguely stated. External CTQs are associated with 
internall  CTQs, or simply Ys, which have a meaning within the production process. 
Havingg established the relation between an external CTQ and one or more internal 
CTQss the inquirer sets off to improve the behaviour of the internal CTQ, which would 
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thenn imply an improvement of the external CTQ's performance. The internal CTQ 
shouldd be defined operationally, a fact which was often stressed by Shewhart (e.g., 
1939,, p. 134) and Deming (1986, ch. 9). 
Thee inquirer is interested in finding relations between the CTQs and influence factors, or 
Xs.Xs. An influence factor is a characteristic whose value affects the probabilistic proper-
tiess of a CTQ. Consistent with the notion of explanation that was discussed in chapter 
1,, this means that a factor X is an influence factor for a CTQ Y if: 

1.. X is statistically relevant for Y: 

FY\X=FY\X=XIXI  / FY\X=X2I  (2-1) 

forr at least one pair of relevant values x\, xi- FY\x=x is the distribution function 
off  Y conditional on the event that X has value x. If Y is an event instead of a 
variable,, (2.1) should be read P(Y\X = xx)  ̂ P(Y\X = x2). Likewise, if X is an 
event,, then the condition becomes FY\x  ̂ ^V|not x>or F{Y\X) =£ F(F|not X). 

2.. The relation between X and Y is one of cause and effect. This means that the 
processs connecting the events X — x and Y = y is a causal process: it is capable of 
propagatingg a modification in X in the form of an altered probabilistic influence 
tor. . 

Influencee factors wil l mostly be factors in the production process, but — depending 
onn the CTQ in question — this is certainly not a restriction. In particular, factors in the 
usee of a product can be interesting influence factors. Sometimes, relations among Xs 
mutuallyy and relations among CTQs mutually play a role. 
Thee typical form of the explanatory network in quality improvement projects can be 
representedd as in figure 2.1. The visualisation was inspired by such figures as in Losee 
(2001,, p. 122 and p. 171) and Kerlinger and Lee (2000, p. 45). The upper plane 
representss the explanatory network. It consists of CTQs and influence factors and 
relationss among them. The lower plane represents the realm of observations. Internal 
CTQss and influence factors are associated with measurements by means of operational 
definitions. . 
Note:: in scientific research it is important to specify the population for which the ex-
planatoryy relations hold. The units of the population in quality improvement projects 
aree usually products, batches, or any other entity of which the CTQ is a property. 
Thee population consisting of all units can be specified by describing the process that 
generatess these units. It is important to distinguish the process's system from its param-
eters.eters. The specification of the population is based on the system, whereas the parame-
terss could function as influence factors in the explanatory network. The distinction be-
tweenn the system and its parameters is often arbitrary to some extent and may change 
duringg the project. For example: the explanatory network is typically not supposed 
too hold across different factories or for other machinery than that used, so these are 
takenn as part of the system. But the influence of components of an assembly line or 
off  working procedures could very well be investigated, in which case they are seen as 
parameterss for which optimal settings are to be found. The decision which elements 
off  the process belong to the system, and which are seen as parameters whose effect 
cann be studied, is usually made at some time during the project. For this reason, the 
finall  specification of the process for which the found explanatory relations hold can 
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Figuree 2.1 The typical form of explanatory networks in quality improvement projects. 

frequentlyy only be given at the end of the project. This specification is important when 
thee quality control system for the process is updated to incorporate the changes that 
weree made as the result of the quality improvement project. 

Helicopte rr  exampl e (continued ) 
Thee CTQ in the helicopter example (section 1.6.1) is the flight time. The importance of 
definingg this concept operationally is evident: unless circumstances such as the height 
att which the helicopters are released are specified, flight time values are meaningless. 
II  define the measurement procedure as follows. The wings of a helicopter are held 
againstt the ceiling, which is at 3.0 metres above the floor. One person counts down 
too zero. On zero, the helicopter is released, and another person starts a stopwatch. 
Whenn the helicopter hits the ground the stopwatch is stopped. The lapsed time in 
hundredthss of seconds as indicated by the stopwatch is taken to be the flight time. 

Ann interesting question is whether the unit is a helicopter or a flight. In the first case 
thee population considered is that of all paper helicopters and the CTQ is a helicopter's 
meann flight time (and possibly the spread of its flight times). In the second case the 
populationn is that of all flights of all helicopters and the CTQ is the duration of a 
singlee flight. Both alternatives are sensible. Suppose we make four flights with each of 
tenn helicopters. Considering helicopters as units, our measurements are modelled as 
j / i , . . . ,, j/iO, where each yt is the mean of the four flight time measurements on a single 
helicopter.. Taking flights as units, we have a stratified sample t/y, i = 1, . . ., 10 and 
jj  = l , . . . , 4. 

Influencee factors could be factors such as the wing length, the sort of paper that is used, 
orr the care with which the helicopter is folded. The explanatory network consists of 
thee modelled relations between these influence factors and the flight time. 
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2.1.22 Element s for the methodologica l framewor k 

II  propose to add the following elements to the methodological framework for quality 
improvementt projects: 

C1::  The concepts CTQ and influence factor. 
R2:: The methodological rule that CTQs and influence factors should be defined op-

erationally. . 

2.22 Phases in empirica l inquir y 

Actionss in empirical inquiry can be grouped in a number of phases. The identification 
off  these phases serves two purposes: 

1.. As concepts these phases serve to group related activities. 
2.. As a heuristic these phases and their proposed order guide activities in improve-

mentt projects. 

Ass a basis for the discussion I take Dewey's (1910, ch. VI) much cited 'analysis of 
aa complete act of thought'. Dewey presents this analysis when discussing reflective 
thinking.. Reflective thinking always involves a leap beyond what is surely known 
(viz.,, the empirical observations that we make) to something else accepted on its war-
rantt (a hypothesis). Since this leap is exposed to error, a regulation is needed, which 
primarilyy means that we have to try, to test hypotheses. For Dewey, "science is the 
samee operations [as reflective thinking] carefully performed" (ibid., p. 84). Dewey 
discernss five steps in empirical inquiry: 

1.. The occurrence of a difficulty. The problem manifests itself as a vague, indetermi-
natee awareness of a difficulty. 

2.. Definition of the difficulty. The problematic situation is clarified by definition, ob-
servationn and the classification of facts. Dewey stresses the importance of this 
stepp for scientific thinking: 

(..)) diagnosis (..) is required in every novel and complicated situation 
too prevent rushing to a conclusion. The essence of critical thinking is 
suspendedd judgment; and the essence of this suspense is inquiry to 
determinee the nature of the problem before proceeding to attempts at 
itss solution. This, more than any other thing, transforms mere inference 
intoo tested inference, suggested conclusions into proof (ibid., p. 74). 

3.. Occurrence of a suggested explanation or possible solution ('hypothesis', 'conjecture', 
'theory').. The thinking in this step is adventurous and speculative. Dewey em-
phasisess the importance of the cultivation of a variety of alternative hypotheses. 

4.. The rational elaboration of an idea. By deductive reasoning1 verifiable and testable 
consequencess are derived from the hypothesis. The implications of the hypoth-
esiss are considered and their mutual consistency, as well as their consistency in 

11 Reasoning is named deductive if it goes from the universal to the particular, especially by a process 
off  logical derivations. Given that the premises are true, it is logically necessary that the conclusion is 
truee as well. The classical example is this: from the universal statement "all humans are mortal" and 
thee particular statement "Socrates is a human", we can deduce "Socrates is mortal". Hypotheses are in 
thee form of universal laws. In this form they cannot be tested. We have to deduce implications from 
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connectionn with other knowledge, are verified. Moreover, it is assessed whether 
thee hypothesis, supposing it were true, is of any use. (These points are formu-
latedd more rigorously by Popper, 1959, p. 32). 

5.. Corroboration of an idea and formation of a concluding belief. The derived conse-
quencess of the hypothesis are tested to empirical evidence. From the results a 
conclusionn is drawn, which could imply an acceptance or a rejection of the hy-
pothesis. . 

Inn steps 3 and 4 we see creative and critical thinking alternate. Remarks on the iterative 
naturee of the procedure are made later in this chapter. 

Thee core of the method — the alternation of creative and critical thinking — can be 
traced22 to Aristotle. In the 13th century Roger Bacon and his instructor Robert Gros-
setestee added experimental testing of hypotheses as a third stage. John Herschel (1792-
1871)) introduced in the philosophy of science the distinction between the context of 
discoverydiscovery (formulation of hypotheses) and the context of justification (corroboration or 
refutationn of hypotheses). He insisted that the method which is employed in the con-
textt of discovery for the formulation of a hypothesis — be it a meticulous application 
off  inductive schemata, or a wild guess — is irrelevant to the question of the hypothe-
sisee acceptability. This approach to inquiry — a free invention of hypotheses followed 
byy deduction and testing — has come to be known as the 'hypothetico-deductive' 
method. . 
Itss rival in the history of science has been inductive generalisation (or: enumerative 
induction),, in which knowledge is derived from observations by classification and 
generalisation.. John Stuart Mil l (1806-73) argued that scientific laws are justified if 
theyy are derived from inductive schemata. Mil l presented four such schemata: the 
methodss of agreement, difference, concomitant variations and residues. 
Althoughh both methods are types of inductive inference (see Maher, 1998), they repre-
sentt different views on inquiry. A crucial difference is the role played by hypotheses. 

oo Discovery: in inductive generalisation hypotheses are derived from observations, 
whereass the hypothetico-deductive method is indifferent regarding the way in 
whichh hypotheses are raised. 

oo Justification: in inductive generalisation hypotheses are justified by the way they 
aree derived from data (for instance, by assigning to them some degree of credibil-
ity).. The hypothetico-deductive method on the other hand evaluates hypotheses 
byy experimentally testing their consequences. Hypotheses are accepted not by 
assigningg a measure of probability to them, but as being provisionally true after 
theyy have passed severe tests. Strong emphasis is given to learning from false 
hypotheses. . 

Ann important problem with inductive generalisation is clearly stated by Cohen (1997): 

themm which are particular enough to associate them with specific observations. 
Whenn thinking proceeds from particular to universal statements it is called inductive. Given that the 
premisess are true, it is not necessary (but at most probable) that the conclusion is true. The following 
argumentationn may serve as an example: "Swan 1 is white, swan 2 is white,..., swan n is white; there-
fore,, all swans are white." This example also illustrates that the induction principle is not a logically 
validd way of reasoning: black swans do exist. 

2Thee historical overview in this and the next paragraph is based on Losee (2001). 
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Theree is (..) no genuine progress in scientific insight through the Baconian 
[i.e.,, Francis Bacon] method of accumulating empirical facts without hy-
pothesess or anticipation of nature. Without some guiding idea we do not 
knoww what facts to gather (..) we cannot determine what is relevant and 
whatt is irrelevant. 

Inn other words: hypotheses direct inquiry. Other drawbacks of inductive generalisa-
tion: : 

oo In providing a justification of laws, inductive generalisation is logically flawed 
(Losee,, 2001, p. 134, or Popper, 1959, p. 37). 

oo Inductive methods have a tendency to disregard refuting evidence. 
oo Not restricting discovery to generalisation from observations, the hypothetico-

deductivee method licenses conclusions that can never be reached by inductive 
generalisationn (Maher, 1998). For example, the atomic theory of matter could 
havee been reached by inductive generalisation only if scientists had observed 
instancess of matter composed of atoms, something which had not been done in 
thee time when this theory was formulated. 

oo If the justification of hypotheses consists of their derivation from observations, 
inquirerss are bound to formulate cautious hypotheses (Popper, 1959). 

oo Inductive generalisation makes an adequate data collection (in particular: by 
meanss of a designed experiment) difficult, because this would require that the 
inquirerr stated in advance the hypotheses he is considering (Hempel, 1966, pp. 
12-13). . 

oo Inductive generalisation does not account for the role played by imagination, 
chancee and intuition in the invention of hypotheses (Beveridge, 1953). 

oo Inductive generalisation does not account for the role that theory plays in making 
andd interpreting observations. For example: whales were first categorised as fish, 
laterr as mammals, on the basis of similar observations. 

Ass a consequence of these problems, by the 1960s the method of inductive general-
isationn had not many advocates. Also the hypothetico-deductive method, however, 
forr example in the variant formulated by Popper (1959), has a number of logical prob-
lems,, as was observed by Duhem, Kuhn and others (see Mayo, 1996, pp. 2-3). These 
problemss have led a group of philosophers of science to formulate again an inductive 
accountt of science in the form of Bayesian inference. It is seriously doubted whether 
thiss attempt is successful in solving the problems in question (Chalmers, 1999, ch. 12, 
orr Mayo, 1996, ch. 4). Moreover, Bayesian methods are not particularly popular in the 
praxiss of science (or quality improvement, for that matter), while Bayesian inference 
iss simply irreconcilable to actual scientific disputes (see Mayo, 1996, ch. 3). For these 
reasonss the Bayesian inductive approach is not considered in this thesis. 
Acknowledgingg that logic cannot provide a complete account, Mayo (1996) and other 
'Neww Experimentalists' appeal to an experimental framework and corresponding ex-
perimentall  strategies to provide answers to persisting problems in the philosophy of 
science.. These experimental methods (for example, the Neyman-Pearson approach to 
hypothesiss testing) are already well-known in standard experimental practice. Mayo 
showss how they can provide the basis for an epistemological framework. 
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Itt should be noted that it is too bold to state that all inductive inferences follow the 
hypothetico-deductivee pattern. Especially estimation procedures do not follow this 
pattern,, but follow statistical inductive generalisation. Also, some inductive proce-
duress for the identification of causes allow an argument demonstrating the inference's 
reliability3,, and thus further deductive testing is not required in these cases. By ad-
vocatingg the hypothetico-deductive method I want to emphasise that for the identi-
ficationn of causes — the most important part of inquiry — the flexible hypothetico-
deductivee pattern is a good starting point and in general it is good advice to test 
hypothesess using new observations. Especially, inquirers should not feel limited to 
statingg hypotheses which are warranted by observations. 

Helicopte rr  exampl e (continued ) 
Fromm a common sense understanding of physics an inquirer suspects that the weight 
off  the paper helicopters (see section 1.6.1) affects their flight time. From this hypothesis 
hee could deduce a number of consequences, for example: 

oo Helicopters made out of thick paper should have a different flight time than 
helicopterss made out of thinner paper. 

oo Helicopters with a paper clip attached to their body should have a different flight 
timee than helicopters without a paper clip. 

Thesee deduced consequences are basic enough to be tested. If the predicted conse-
quencess are contradicted by the results of the experiments, the hypothesis in its current 
formm cannot be maintained. If the experiments confirm the predicted consequences, 
thee inquirer could infer that the helicopter's weight is an influence factor. 
Ann approach based on inductive generalisation would consist of making observations 
off  different helicopters and their flight times. When differences in flight times co-
incidee with variation in certain factors — for example: the sort of paper of which 
thee helicopters are made — the inquirer could induce that these are influence factors. 
Somee of the drawbacks of this approach are illustrated. If — coincidentally — only 
onee sort of paper is used, the inquirer cannot identify this influence factor without his 
approachh becoming hypothetico-deductive. Moreover, the fact thatt in the hypothetico-
deductivee approach the inquirer formulates his hypothesis before he makes his obser-
vationss allows him to set-up a good experiment. Consequently, his observations are 
betterr suited to justify an inference than the observations of the inquirer following 
inductivee generalisation. 

2.2.11 Alternativ e form s of the scientifi c metho d in literatur e 

Beforee applying Dewey's procedure to quality improvement, it could be useful and 
illustrativee to test the account developed so far against procedures which can be found 

3Consider,, for instance, the case where the police tracks down a criminal by comparing the finger-
printss found on the scene of a crime with a database. In general, the inference that the person with 
matchingg fingerprints has in fact committed the crime can be demonstrated to be reliable by arguing 
thatt the probability of this match being accidental is very small. No further testing is then required. 
Onn the other hand, even in cases as this judges might require further hypothetico-deductive testing. For 
example:: from the suspect's hypothesised guilt i t follows that he cannot have been somewhere else on 
thee time of the crime. An alibi could therefore refute the hypothesised guilt. 
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inn the methodological literature of those disciplines where empirical inquiry following 
scientificc method is applied. 
Thee application of the hypothetico-deductive method in the natural sciences is dis-
cussedd in, for instance, Hempel (1966). Hempel describes the basic pattern as 'inven-
tion'' and 'test', and stresses that "scientific hypotheses and theories are not derived 
fromm observed facts, but invented in order to account for them." (ibid., p. 15). 
Empiricall  inquiry is generally applied in the behavioral sciences. Kerlinger and Lee 
(2000)) adopt Dewey's steps. De Groot (1961) poses an 'empirical cycle' in reflective 
thinking:: observe —• suspect —*  expect —• test —• evaluate. Applying this cycle to 
scientificc thinking, De Groot defines the 'empirical cycle in science' to be: 

1.. Observation (collection and categorisation of empirical evidence); 

2.. Induction (formulation of hypotheses); 

3.. Deduction (derivation of specific consequences from hypotheses, especially test
ablee predictions); 

4.. Testing (confrontation of predictions with empirical evidence); 

5.. Evaluation (of the hypotheses, which may lead to new hypotheses). 

Here,, Dewey's steps 1 and 2 (awareness and definition of the problem) seem to be 
narrowedd to 'observation', and the formation of hypotheses to 'induction'. De Groot 
andd others put these limitations in perspective and this is an important point: 

oo Inquiry will hardly ever start from random observations. An inquirer 'knows 
wheree to look', i.e., has a specific problem in mind when making his observa
tions.. An inquirer following scientific method has, moreover, made the problem 
moree specific before he thinks about solutions. Inquiry starts from a problem, 
nott from observations (perhaps with the exception of those seldom discoveries 
thatt are attributed to 'serendipity'). 

oo The formation of hypotheses is creative and cannot be restricted to inductive 
generalisationn or other procedures. Hypotheses could, for example, just as well 
bee derived from theoretical knowledge by deductive reasoning. Beveridge (1953, 
pp.. 136-137) concludes from a thorough study of scientific discoveries in biology 
andd physics that inductive reasoning — and indeed reasoning in general — is of 
limitedd use for the invention of hypotheses, and quotes from Einstein: "We now 
realisee with special clarity, how much in error are those theorists [= so many in
vestigatorss of the nineteenth century] who believe that theory comes inductively 
fromm experience." Instead, Beveridge discusses the role that chance, imagination 
andd intuition play. Another lucid description of the invention of hypotheses in 
physicss and mathematics is Poincaré's famous Science and Hypothesis (1905). 

InIn the statistical sciences, Box has proposed his famous sawtooth model (Box, 1976; 
Box,, Hunter and Hunter, 1978; and Box and Liu, 1999). This model — as represented in 
figuree 2.2 — stresses the advance of insight and understanding which results from the 
interactionn between empirical evidence (data, facts, phenomena) on the one hand, and 
theoryy (hypotheses, conjectures, models) on the other. Box stresses the importance of 
thee complementary roles of creative thinking (to which induction belongs) and critical 
thinkingg (deduction). The remarks made while discussing De Groot's cycle apply to 
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Hypothesiss (conjecture, model, theory) 

Dataa (facts, phenomena) 

Figuree 2.2 Box's sawtooth model for iterative learning (after Box, Hunter and Hunter, 1978, p. 
2). . 

Box'ss model as well: observation is not the first step in inquiry, and it is too restrictive 
too limi t the identification of hypotheses to inductive generalisation. 
Creativee thinking and critical thinking are at the core of Tukey's (1977) distinction 
betweenn exploratory and confirmatory data analysis4. During the latter an inquirer 
aimss to make a decision upon the acceptability of specific hypotheses. The procedures 
thatt are involved are formal and exact. Tukey uses as a metaphor the work of a judge, 
whoo has to assess critically whether the given evidence in favour of a suspected crime 
iss strong enough to accept the accusation. 
Ann exploratory data analysis, on the other hand, can be compared to the work of a 
detective.. Exploiting fairly informal techniques, its aim is to find clues about the main 
statisticall  features of the data. The functionality of an exploratory study is to raise 
hypotheses,, rather than to decide upon them (compare Herschel's context of discovery 
andd context of justification). 
Industriall  statisticians often refer to the PDCA-cycle, or Shewhart/Deming wheel (Joi-
ner,, 1994, pp. 44-51). PDCA is an acronym for: 

1.. Plan (given a conjectured solution, plan how to carry it out); 
2.. Do (carry out the solution according to the plan); 
3.. Check (evaluate the results); 
4.. Act (and act accordingly). 

Somee variants of this procedure can be found in Deming (1986, 1994). The PDCA-
cyclee follows the hypothetico-deductive pattern of putting hypotheses to the test and 
learningg from the results, but in its highly simplified form gives not much guidance. 

2.2.22 Phase s in statistica l improvemen t strategie s 

Translatingg the hypothetico-deductive procedure to the context of quality improve-
ment,, I propose to discern five steps in quality improvement projects that follow statis-
ticall  method. The core is formed by an exploratory phase in which potential influence 

4Exploratoryy and confirmatory data analysis are not explicitly presented as two different stages in 
inquiry,, but rather as different manners of data analysis. Lehmann (1988) brings them in relation with 
ourr account. 
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factorss are identified, a confirmatory phase in which the effects of these factors are 
tested,, and a concluding phase in which the results of the tests are exploited to arrive 
att improvements. Two more phases are required, one before the exploratory phase 
inn which the problem under study is operationalised, and one after the exploratory 
phasee in which the identified potential influence factors are operationalised. Dewey's 
proceduree therefore is put in the following form: 

1.. Operationalisation 

2.. Exploration 

3.. Elaboration 

4.. Confirmation 

5.. Conclusion. 

Thee proposed procedure assumes that a problem — however vaguely stated — is se-
lectedd in advance, usually in the form of an external CTQ. The sequence of five phases 
shouldd not be taken as a methodological rule, but rather as a heuristic. It is flexible 
enoughh to allow inferences that do not follow the hypothetico-deductive pattern but 
cann be warranted in other ways (this is explained in section 2.2.6). The discussion of 
thee phases below is used to state additional heuristics and methodological rules. 

2.2.33 Operationalisatio n 

Thee situation is diagnosed in order to localise the problem, assess its magnitude and 
makee it operational. I enumerate a number of methodological rules, describing when 
aa problem is considered to be defined operationally. 

1.. The CTQ is defined operationally. This means that the CTQ is associated with 
aa specific measurement procedure. In the measurement procedure the gauge 
iss specified and the procedure by which it is operated. Also, the sampling fre-
quencyy and method are specified. The validity and reliability of the thus defined 
measurementt procedure should be verified and when necessary improved. The 
relationshipp between the defined CTQ and the problem (external CTQ) is estab-
lished. . 

2.. The demands on the CTQ are defined operationally. Demands can be stated in a 
numberr of forms, such as a nominal value, an upper and/or a lower specification 
limit ,, or the demand that the CTQ should be as large or as small as possible. 

3.. By measuring the CTQ for a given time in which the process is operated in the 
usuall  fashion, the inquirer can assess the magnitude of the problem. This can 
takee the form of a percentage of defective products, or the form of a process 
capabilityy index. 

4.. The inquirer can now diagnose the problem by stating how the probability dis-
tributionn of the CTQ should be altered in order to be satisfactory ("when is the 
problemm accepted to be solved?"). Usually this is done by specifying desired 
changess for the mean of the CTQ, its short-term variation and its long-term vari-
ation. . 
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Inn order that the inquirer can define his CTQ adequately it is probably necessary that 
hee describes the relevant processes, for example in the form of a flow chart. Further-
more,, the inquirer should judge whether an empirical approach is suitable for the 
problem.. (Methodological) conditions that reduce the suitability of an empirical ap-
proachh include: 

oo The relations between influence factors and CTQs are not constant (cf. the on-
tologicall  assumption underlying empirical research stated in section 1.3). Note 
thatt this condition is not equivalent with a lack of statistical control. Statistical 
controll  implies that the behaviour of a CTQ is predictable. Constancy of relations 
impliess that it should be possible to make the behaviour of a CTQ predictable (by 
discoveringg influence factors) — and indeed, making the behaviour of a CTQ 
predictablee is in fact what an improvement project does. The condition occurs 
forr example when a process is frequently drastically modified. 

oo Measurements are difficult to obtain. In view of the requirement that conjectures 
shouldd be tested to empirical evidence this is a critical point. The condition oc-
curss if measurements are expensive, take a long time, or if it is problematic to 
findd a satisfactory operational definition for a CTQ. 

oo There are severe limitations to experimentation. Although it could be possible 
too establish explanatory relations in the process using observational data alone, 
experimentationn is the cornerstone of empirical investigation and restrictions on 
thiss point severely limi t the suitability of an empirical approach. The condition 
occurss mainly if it is too expensive to affect production or if experimentation 
endangerss safety. 

2.2.44 Exploratio n 

Possiblee relations between the CTQs and influence factors are identified. In order to 
identifyy influence factors the inquirer collects material, for example: 

1.. Empirical investigation (reasoning from observations). The inquirer makes mea-
surementss and studies these in order to find patterns. 

2.. Qualitative investigation (reasoning from convictions). People who work with 
thee process (operators, engineers, researchers) wil l have many convictions and 
conjecturess about the process. Some of these conjectures may have been sub-
jectedd to serious study, but many have not. Structuring these conjectures, the 
inquirerr identifies possible influence factors. 

3.. Literature investigation (reasoning from accepted knowledge). The literature on 
engineering,, physics, electronics, chemistry, et cetera provides principles that, 
whenn applied to the process under study, could suggest certain relations. 

Thesee three complement and reinforce each other. Qualitative and literature investiga-
tionn can, for instance, guide empirical investigation, suggesting which data to collect 
andd how to categorise them, whereas empirical investigation can be an inspiration for 
qualitativee investigation. 
Byy its creative nature, it is not possible to give detailed procedures for the work in this 
phase.. Discovery is problem-solving behaviour (cf. Nickles, 1998), involving a search 
throughh spaces of possible solutions. Heuristical procedures have been found which 
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makee such searches more efficient. More research is needed to find heuristics that are 
effectivee in the context of quality improvement. The heuristics given below give a first 
onset. . 

Zooming-i nn strateg y 
Thee idea is to rule out entire groups or classes of potential influence factors. This is 
possiblee by identifying characteristic behaviour (such as a certain type of variation) of 
thee influence factor one is searching for, and eliminating all groups of possible causes 
thatt do not show this behaviour. From R. Shainin (1993): "The key is to be detectives 
inn the tradition of Sherlockk Holmes. We need to generate clues and follow leads to find 
thee Red X. Along the way we eliminate all those variables that do not match the clues." 
Ann example is the use of the multi-vari chart to identify whether important sources of 
variationn are to be found within products, between products or as related to time (see 
chapterr 4). Another example is the approach that is often followed for debugging a 
computerr program: adding print commandos to the program, the programmer finds 
outt in which part of the program a bug should be sought. 

Thinkin gg in standar d categorie s 
Ass a heuristic for finding arguments Aristotle offered ten categories in which to find 
possiblee predicates (Essence, Quantity Quality, Relation, Place, Time, Position, State, 
Activit yy and Passivity). Offering standard categories does not serve the purpose of 
categorisingg influence factors, but guides a systematic search for them. Standard cat-
egoriess in quality improvement are for example: Man, Machine, Method, Measure-
ment,, Material, Mother Nature (or: environment, but this word does not start with an 
M)) (cf. Batson, 1994). Also, the approach to systematise a search by following the steps 
inn a process flow could be seen in this light, with process steps forming the categories 
inn which influence factors are sought. 

Classificatio nn and transformatio n of data 
Thee techniques of exploratory data analysis (Hoaglin, Mosteller and Tukey, 1983) serve 
too provide varying displays of data, which might show the effects of influence factors. 
Thee pioneering work in this area was done by Shewhart, and the concept of assignable 
causess of variation (see the appendix in chapter 1) plays a crucial role. The basic idea 
iss that "our clue to the existence of assignable causes is anything that indicates non-
randomness""  (Shewhart, 1939, p. 26). To detect nonrandomness, the order in which 
observationss were collected is a vital clue (ibid., p. 31). For this reason, graphical 
displayss such as control charts (see chapter 5 of this thesis) and the multi-vari chart 
(chapterr 4) are effective. An important point is that the specification which patterns 
aree attributed to a random operation and which to a nonrandom operation is based 
onn experience, and not so much on probability theory (ibid., pp. 15-16, and also p. 
26).. When an inquirer collects the successive measurements 1.42891,1.42892,1.42892, 
1.42894,, 1.42894, 1.42895, 1.42895, 1.42896, 1.42900, he would suspect that the under-
lyingg process is not completely random, and he would initiate an investigation to dis-
coverr the cause. But the given order is as likely as, for example, 1.42900, 1.42894, 
1.42896,1.42892,1.42895,1.42891,1.42892,1.42894,1.428955 (in the sense that choosing 
randomlyy a sequence from all 9! enumerations of these numbers, the probability of 
drawingg either of the given sequences is 1/9!). Shewhart stresses that an inquirer as-
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sociatess the first sequence with nonrandomness because of his experience. I would like 
too add that probably the principle of parsimony plays a role as well. 

Thinkin gg in analogie s 
Originalityy often consists in finding connections or analogies between two or more 
problemss not previously shown to have any bearing on each other. Influence factors 
thatt appeared to play a role in comparable problems could be translated to the problem 
att hand. 

Chance ,, imaginatio n and intuitio n 
Thesee factors unavoidably play an important role in discovery, as is described in de-
taill  by Beveridge (1951). There is evidence that the subconscious mind combines as-
sociationss until a possibly significant combination is found, which is presented to the 
consciouss mind as a sudden flash of enlightenment. Beveridge (ibid., p. 76) discusses 
howw this process can be stimulated: 

oo Prolonged contemplation of the problem and the data until the mind is saturated 
withh it. 

oo Freedom from other problems or interests competing for attention. 
oo Freedom from interruption or even fear of interruption. 
oo A period of apparent idleness and temporary abandonment of the problem fol-

lowingg periods of intensive work. 
oo Contact with other minds: discussion, presentation of ideas, literature study. 
oo The habit of carrying pencil and paper and noting down original ideas as they 

flashh into the mind. 

Concerningg imagination Beveridge discusses such factors as having a great store of 
contextt knowledge, the stimulating effect of visualisation, curiosity, and the danger of 
thinkingg becoming conditioned. 
Notee that, although it appears that good advice can be given to the inquirer to make 
moree efficient use of chance, imagination and intuition, I doubt whether this should 
bee part of a methodological framework. 

Helicopte rr  exampl e (continued ) 
InIn order to identify potential influence factors for the flight time of paper helicopters 
ann inquirer could hold a brainstorming session. The brainstorming session could be 
systematisedd by seeking for influence factors in the standard categories Man, Machine, 
Material,, Method, Measurement and Environment. A clear visualisation of these cat-
egoriess is provided by a fishbone diagram — an example is given in figure 2.3. Some 
off  the factors in the figure, such as cutting out the helicopter, are in a vague form. In a 
laterr stage elaboration is required to determine which aspect of the cutting of the heli-
copterss (its precision and care?) is relevant and how it can be measured. Some of the 
factorss could be classified under more than one category, whereas other factors seem 
too have some overlap. In this stage of an improvement project these matters are of less 
importancee than creativity and completeness. 
Brainstormingg makes use of convictions that the involved persons have. Alternatively, 
thee inquirer could study the literature on aerodynamics to find influence factors, or he 
couldd study data. I encountered an example of the latter in one of the courses that I 
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Figuree 2.3 Fishbone diagram systematising the search for influence factors in the helicopter 
example. . 

gave.. During this course my students had collected measurements of flight times. The 
helicopterr had a slightly different design: under its wings it had 2 centimetre strips of 
tape.. Comparing the results of the two groups of students, we noticed that the flight 
timess measured by one group were consistently higher than those of the other group. 
AA closer study learned that the group that collected the longer flight times had pasted 
thee strips of tape on the tip of the wings. The other group had pasted the tape on the 
otherr end of the wing (and half on the body). Thus, the data showed evidence of an 
assignablee cause, and the subsequent investigation led to the hypothesis that a small 
weightt attached to the tips of the wings influences flight time. 

2.2.55 Elaboratio n 

Thee implications of the conjectured relations are considered. 

oo Unpromising (i.e., very implausible, or not offering the prospect of being of any 
use)) relations are eliminated. 

oo Promising relations are ordered in an explanatory network. This network in turn 
guidess the search for other influence factors. The explanatory network could take 
thee form of a 'process matrix' (see Schippers, 1999). This is a matrix structure, 
havingg influence factors in its rows and the CTQs in its columns. Marks in the 
matrixx indicate conjectured relations between influence factors and CTQs. 

oo Possible influence factors are made more specific. For example: batches of raw 
materialsmaterials could be identified as a possible influence factor. Reasoning is needed 
too make this influence factor more specific, for example by specifying character-
isticss of raw materials as influence factors. 
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oo It is studied how the possible influence of factors can be tested. For example, 
weightweight could be identified as a possible influence factor for the flight time of paper 
helicopters.. This hypothesis cannot be tested in this form: we should deduce 
testablee consequences. We could deduce, for example, that flight times should be 
differentt if we used heavier paper, or if we attached paper clips to the helicopter. 
Thesee consequences are basic enough to enable being tested. 

oo If the list of possible influence factors is large, the tests to be conducted are priori-
tised,, based on assessment or experiences from the Exploration phase or earlier 
tests. . 

oo Additional hypotheses are formulated concerning the form of the relation be-
tweenn an influence factor and the CTQ, for example: what is the form of the 
relationn (e.g., linear, quadratic)? What is the range of interest of the influence 
factor? ? 

Helicopte rr  exampl e (continued ) 
II  elaborate some of the potential influence factors of figure 2.3. Height of the ceiling is 
droppedd as potential influence factor, because it is already incorporated in the opera-
tionall  definition of flight time (see section 2.1). Thickness of paper and firmness of paper 
aree combined in a single factor, namely the weight in grammes per square metre of 
thee paper. In my office two different types are at hand: 80 g/m2 and 160 g/m2, so the 
factorr wil l be tested using these two types of papers. Length of the wings wil l be tested 
onn two levels: 8 cm. and 12 cm. 

2.2.66 Confirmatio n 

Thee conjectured relations between influence factors and CTQs are tested, preferably 
usingg experimental data. Insignificant relations and influence factors are discarded, 
whereass the effects of important influence factors on the CTQs are modelled. 
Iff  it is not possible to use experimental data, the inquirer can perform tests and mod-
ellingg procedures on observational data5. However, an observational data collection 
showss correlation, rather than causation, and additional argumentation is required to 
licensee inferences about causality (cf. Spirtes, Glymour and Scheines, 1993). For this 
reasonn experimental data are to be preferred where feasible. 
Itt is not always necessary to conduct a test before accepting a hypothesised influence 
factor:: the evidence found in the Exploration phase could be sufficient to warrant a 
conclusion,, namely if this evidence constitutes a severe test for the hypothesis. This 
situationn is specified by the following rule: 

Evidencee E provides a severe test of (or: counts as good evidence for) a 
hypothesiss H if the probability is very low that the procedure by which E 
wass found would yield so good a fit for H as does E, if in fact H is false. 

(cf.. Mayo, 1996, p. 180). This definition is closely related to the Neyman-Pearson 
approachh to hypothesis testing, and especially the significance level and the p-value 

33 An observational study has the same objective as an experiment, namely to study causal effects of 
certainn factors. The difference with experimentation is that the inquirer cannot manipulate the factors 
whosee effects he studies. Observational studies differ from exploratory studies mainly in their objective. 
Seee Cochran (1983). 
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aree closely related to severity (where a rejection of the null-hypothesis because the p-
valuee is smaller than the significance level indicates that the alternative hypothesis has 
passedd a severe test). 

Helicopte rr  exampl e (continued ) 
Thee severity concept is illustrated by considering an experiment in which an inquirer 
testss whether a paper clip attached to the helicopter's body has an effect on the flight 
time.. The hypotheses the inquirer considers could be written down in symbols: 

H$H$ : \xw — Ho 

HAHA  V>w 7̂  Ho-, 

withh fiw the mean flight time of helicopters with a paper clip, and fi0 the mean flight 
timee of helicopters without a paper clip. Suppose the inquirer has recorded n flight 
timess of helicopters with, and n of helicopters without paper clip. Suppose moreover 
thatt he has specified the significance level of his test a sa = 0.05. Assuming a normal 
distributionn for flight time, the inquirer could compute a p-value using the two-sample 
t-test.. Suppose that he found a p-value of 0.02. Then, the hypothesis HA (/AU ¥" Ho) has 
passedd a severe test, because, if in fact H0 were true, the probability would be very low 
thatt the experiment would have resulted in so large a value for the t statistic. 
If,, however, the p-value is 0.5 (say), then the inquirer cannot infer that H0 is true. This 
doess not mean that the data license no conclusion at all. Let [L, U]  be a 95% confidence 
intervall  on \xw — \x0 and let H\ be the hypothesis that L < /J.W — \x0 < U, then Hi has 
passedd a severe test (or: we have good evidence that the effect of a paper clip is in 
betweenn L and U) (see Mayo, 1996, pp. 196-198). If U and L are sufficiently close to 
zeroo to make the influence practically irrelevant the inquirer can remove the potential 
influencee factor from his list. 
Mayoo (1996) gives a thorough treatment of the concept of severity and shows how it 
formss the rationale behind statistical procedures such as hypothesis testing and con-
fidencee interval estimation, and methodological advice such as the importance given 
too novel evidence and to predesignation of hypotheses, sample size, significance level, 
andd all other aspects of tests. 

Thee severity concept is useful in judging whether evidence found in the Exploration 
phasee is decisive enough to make further testing superfluous. Frequently, the sever-
ityy criterion is applied in an informal manner. I repeat an example that was given 
earlier,, in which a police investigator tracks down a murderer by matching the fin-
gerprintss found on the scene of the crime with a database. Upon finding a match, 
thee investigator could pose the hypothesis that the person in question is the murderer. 
Thee hypothetico-deductive method would require further deductive testing of this hy-
pothesis,, but the investigator could argue that, if the suspect had not committed the 
crime,, the probability would have been very low that his fingerprints gave so good a 
matchh (without making this statement precise in the form of a p-value). His hypothesis 
alreadyy has passed a severe test. 
Somee warnings are in place when evidence from the Exploration phase is used to 
supportt a hypothesis: 

oo The computed p-value associated with certain evidence and a certain hypothe-
siss does not necessarily represent the true severity of the test. This is especially 
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thee case when a hypothesis is tested on the basis of the same observations that 
suggestedd it. Suppose6, for example, that twenty sets of differences have been 
examined,, that one difference seems large enough to test and that the p-value 
computedd for this difference is smaller than 0.05. This does not mean that dif-
ferencess as large as the one tested would occur by chance less than 5 percent of 
thee time when the true difference is zero (which would establish the real severity 
off  this test). This is so because the difference tested has been selected from the 
twentyy differences that were examined. If we assume that each difference was 
testedd on an independent sample, then the probability of finding at least one 
significantt difference at the 0.05 level, if the true differences are all zero, equals 
11 (0.95)20 = 0.64 (instead of 0.05). What is wrong here is not the procedure per 
se,, but the fact that the results are treated as though they were obtained from a 
predesignatedd test. Note that if the differences were examined from one and the 
samee data set (which is a more realistic situation) the computation of the actual 
p-levell  would be extremely difficult. 

oo Related with this danger are procedures that could be described as 'hunting for 
hypotheses'.. If an inquirer tries by systematic exploration to get out of the data 
whatt is in them, he wil l surely as well get out of them what is in them by accident 
—— and this cannot be discerned from what is in them systematically. Computed 
p-valuess have not much to do with actual severity in these cases. 

oo Exploratory studies hardly ever have the same degree of control as experiments. 
Forr an experiment the inquirer has an opportunity to select carefully the settings 
off  the factors that he wishes to investigate and he can plan precautions to elim-
inatee the effects of disturbing influences. Data sets that are collected with an 
otherr purpose in mind than testing the hypothesis under study often suffer from 
typicall  problems, such as poor design points for the factors of interest, relevant 
factorss were not measured, or a high correlation among factors. 

2.2.77 Conclusio n 

Thee inquirer draws conclusions from the analysed results of the experiment. At least 
threee actions take place: 

1.. The inquirer alters the probability distribution of the CTQ by manipulation of 
thee influence factors. This is elaborated in section 2.5. 

2.. The inquirer assesses whether the stated objectives are met. Many times, a coun-
teractionn to solve a problem is again stated as a hypothesis, which could be tested 
inn the manner described in the Elaboration and Confirmation phases. 

3.. The inquirer designs or modifies the existing system for quality control to reflect 
thee changed situation. 

2.2.88 Element s for the methodologica l framewor k 

Thiss section offers the following elements for the methodological framework: 

6Thiss example is taken from Selvin (1970). 
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C2:: The concepts Operationalisation, Exploration, Elaboration, Confirmation and 
Conclusionn to group related activities. 

H2:: The heuristic that the given order of phases is a promising approach. 

R3:: The methodological rules stated in section 2.2.3 that specify when a problem is 
adequatelyy defined. 

H3:: The heuristics provided in section 2.2.4 for the discovery of possible influence 
factors. . 

R4:: The methodological rule that specifies when additional testing in the Confirmation 
phasee is required. 

2.33 The iterativ e natur e of empirica l inquir y 

AA feature of the scientific method which is emphasised by various scientists, is its it-
erativee nature. This is embodied in designations as empirical cycle (De Groot) and 
PDCA-cycle.PDCA-cycle. It is implicit in Dewey's procedure: especially steps 3 and 4 wil l be re-
peatedd over and over again. Finally, when the inquirer has enough confidence in a cer-
tainn hypothesis, he goes on to step 5. Step 5 may conclude the study, but wil l usually 
leadd back to step 3. At any point, advancing insight could as well make it necessary to 
returnn to step 2. 
Empiricall  inquiry means learning, and learning means that an inquirer starts out with 
incompletee knowledge and that he has to make assumptions. The inquirer has an 
opportunityy to learn precisely when observations appear to disagree with the expecta-
tionss that are derived from the made assumptions. Thus, the iterative nature of em-
piricall  inquiry follows from the principle that an inquirer learns from his 'mistakes'. 
Boxx and Liu (1999) and Box (2000) distinguish between one-shot testing procedures 
onn the one hand, and iterative learning and discovery on the other. In the latter, the 
inquirerr studies the data that he has collected in order to test a hypothesis not only 
too decide on his hypothesis, but also to decide on the question "so what should we 
doo next?". The differences between the experimental results and the predictions from 
thee hypothesis (residual analysis) provide opportunities to learn and to invent new 
hypotheses. . 
AA similar idea is Popper's model for the growth of knowledge. In Popper's view 
progresss is achieved by a sequence of conjectures and refutations (see Popper, 1963) 
or,, in other words, by 'trial and error'. Popper stresses the importance to make bold 
conjectures,, because it is when audacious conjectures withstand severe tests that our 
insightt makes a major leap forward. Because of its relevance for the praxis of quality 
improvement,, I quote from Popper (1963, p. 231): 

II  can therefore gladly admit that falsificationists like myself much prefer an 
attemptt to solve an interesting problem by a bold conjecture, even (and espe-
cially)cially) if it soon turns out to be false, to any recital of a sequence of irrelevant 
truisms.. We prefer this because we believe that this is the way in which we 
cann learn from our mistakes; and that in finding that our conjecture was 
falsefalse we shall have learnt much about the truth, and shall have got nearer 
too the truth. 
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Popper,, restricting himself to logical considerations, fails to explain how we learn from 
errorr and how we can gain confidence in the truth of a hypothesis. Mayo (1996), consid-
eringg the statistical and technical details of experimentation, elaborates the trial and 
errorr pattern to arrive at constructive criticism: "The key is to erect a genuine account 
off  learning from error — one that is far more aggressive than the Popperian detection 
off  logical inconsistencies. (..) If anomalies are approached with [the] white gloves [of 
logicall  analysis], it is littl e wonder that they seem to tell us only that there is an error 
somewheree and that they are silent about its source. We have to become shrewd in-
quisitorss of errors, interact with them, simulate them (with models and computers), 
amplifyy them: we have to learn to make them talk" (ibid., p. 4). 
Duringg iterations the hypotheses under study are more and more refined. First, the 
hypothesiss wil l concern the existence of a relation between a CTQ and an influence 
factor,, and preliminary hypotheses concerning the form of the relation (e.g., linear, 
quadratic)) and the range of interest of the influence factors, as well as hypotheses con-
cerningg measurement procedures. From the error found while testing, we can refine 
andd adjust these hypotheses. In later iterations the hypotheses concern also the values 
off  the parameters in the function describing the relation between a CTQ and influence 
factors. . 

Helicopte rr  exampl e (continued ) 
Ann elaborated illustration of the iterative nature of experimentation with paper heli-
copterss is given in Box and Liu (1999). In the beginning the inquirers had littl e knowl-
edgee and had to make guesses as to which factors affect flight time, about the nature 
off  their effect, about interesting values, et cetera. The factor wing length, for instance, 
wass initially probed in the range from 3.00 through 4.75 inches. Subsequent exper-
imentationn showed that optimal values were to be found around 5.50 inches. At a 
certainn stage, the inquirers learned that wing area and length to width ratio give better 
characterisationss than the initially selected factors wing length and wing width. 

2.3.11 Element s for the methodologica l framewor k 

Thee following element is added to the methodological framework: 

H4::  The heuristic that learning by scientific method is intrinsically iterative, and that, 
ass a consequence, the inquirer should be aware that his definitions and assump-
tionss are tentative. 

2.44 Types of influenc e factor s 

Shewhartt introduced in the context of quality control the concept of an assignable 
causee of variation to characterise two classes of variation patterns (see the discussion 
'Statisticall  control and assignable causes' in the appendix of chapter 1): 

1.. variation which should be responded to (by detecting its cause); 

2.. variation which should not be responded to (because it cannot be attributed to a 
singlee cause but 'emerges from chance'). 
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Thee distinction is vital in quality control — being an on-line operation, in which one 
needss a rule that specifies when to start an investigation and when not. The distinction 
iss less crucial in the context of quality improvement, for two reasons: 

1.. In quality improvement there is no need for a criterion that indicates when a 
searchh for causes is likely to be profitable: when an improvement project is en-
gagedd the assumption that such a search is profitable has already been made. 

2.. An inquirer in quality improvement is interested in influence factors, rather than 
inn causes of variation. For example, many times the settings with which a ma-
chinee runs during manufacturing are important influence factors that the in-
quirerr is interested to discover. However, since machine settings are usually kept 
invariable,, they do not emerge as a variation pattern. 

Thee distinction does play, however, a role in the Exploration phase, namely when 
hypothesess are generated by recognising patterns in data (see section 2.2.4). 
Whatt is required in the context of quality improvement is a distinction between cat-
egoriess of influence factors, instead of Shewhart's distinction between variation pat-
terns.. The criterion for the distinction is the approach in improvement projects that 
differentt types of influence factors require. I propose to discern three categories of 
influencee factors. 

Contro ll  variable s 
Thesee are continuous, discrete, or even binary variables which are the inquirer's in-
strumentt to manipulate the CTQ. This implies that it is possible and feasible to set a 
controll  variable to a desired value. Typical examples are: machine settings, working 
method,, recipe, type of lubricant, et cetera. 
Regularly,, control variables do not vary during production. Therefore, it is less likely 
thatt they leave their fingerprint in passively collected data. Hence, the inquirer should 
nott rely on empirical investigation alone to identify them. On the other hand, control 
variabless are typically well-known to the people who work with the process, making 
brainstormingg techniques suited for their discovery. The effect of control variables is 
studiedd by conducting designed experiments. 

Nuisanc ee variable s 
Thesee are continuous, discrete, or binary variables which are sources of unwanted 
variationn that have to be eliminated or compensated for. This does not necessarily 
implyy that an inquirer cannot exert influence on their value. However, especially dur-
ingg production it is either not feasible or unwanted to control this value. Examples 
include:: properties of raw materials, differences among machines and among shifts, 
deviationss from machine settings from their target value, and tool wear. However, 
dependingg on the CTQ in question, also factors during the use of a product can be 
nuisancee variables. Two examples: 

oo Tires perform less on certain types of road surfaces. Type of road surface is a nui-
sancee variable. 

oo Detergents work better or worse according to the carefulness with which the 
prescribedd dosage is followed. Used dosage is a nuisance variable. 
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Thee effect of nuisance variables can sometimes be studied from experiments. Taguchi's 
parameterr design experiments (see Ross, 1988) are an example of this. But often it is 
nott feasible to conduct experiments (due to lack of control of nuisance variables) and 
thee inquirer depends on observational data. Besides the effect of a nuisance variable 
—— the statistical model describing FY\x=-x for relevant values of x — the inquirer is 
oftenn as well interested to know its distribution Fx. 

Notee that many control variables cannot be perfectly controlled: machine settings vary 
aroundd their desired value, and components of a recipe vary from their prescribed 
amount.. In these cases, the target settings are considered control variables, whereas 
thee deviations from the target values are considered a nuisance variable. 

Disturbances s 
Itt was observed by Hinckley and Barkan (1995) that not all causes of nonconformance 
cann be described meaningfully in terms of variation. They acknowledge that some 
causes,, called 'mistakes' by them, are more meaningfully described as events (that 
is,, in terms of probability rather than variation). A mistake is defined by them to be 
thee execution of a prohibited action, or the failure to perform a required action, or 
thee misinterpretation of information essential for the correct execution of an action. I 
usee the word disturbance, rather than mistake, to emphasise that making a mistake 
iss not limited to humans: also a machine can make a mistake, for instance by being 
out-of-order. . 

AA disturbance is not statistically different from a binary control or nuisance variable: 
alll  three could be modelled as a Bernoulli variable. The distinction is based on the 
rolee that the factor plays in an improvement project. The role of a binary control or 
nuisancee variable is related to the two possible values the factor can take. The role of a 
disturbance,, on the other hand, is related to the frequency of its occurrence. Compare, 
forr example, the binary control variable do or do not attach a clip to a helicopter and the 
binaryy nuisance variable Albert or Bertrand folds the helicopter with the disturbance a 
paperpaper helicopter is folded incorrectly. 

Ass was remarked by Hinckley and Barkan, a disturbance can cause the CTQ to devi-
atee hundreds of standard deviations from its mean value. Typical examples include: 
mistakess from operators, technical malfunctions, congestions due to dirt. 
Hinckleyy and Barkan note that statistical methods are of limited use in identifying 
andd describing the effects of disturbances. Even moderate frequencies of occurrence 
(say,, once a week) require large sample sizes in order to be estimated. Conversely, for 
counteractionss against disturbances a rough assessment of their effect and frequency 
usuallyy suffices. A typical approach for the identification and prioritation is the Fail-
uree Mode and Effect Analysis (commonly known under the abbreviation FMEA; see 
Stamatis,, 1995). Because of the dramatic impact that disturbances can have on the 
analysiss of experimental data, it seems wise to focus on the detection and prevention 
off  disturbances before running experiments. 

2.4.11 Element s for the methodologica l framewor k 

C3::  The concepts control variable, nuisance variable and disturbance. 
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2.55 Improvemen t pattern s 

Uponn arriving in the Conclusion phase the inquirer has uncovered and modelled re-
lationss in the process. Based on these relations and the behaviour of the CTQ the 
inquirerr takes action to improve the CTQ's performance. Many of the improvement 
actionss follow known patterns. Below I define seven generic improvement patterns. 
Forr the definition I characterise the behaviour of the CTQ that is corrected, the uncov-
eredd relations that are exploited, and the improvement action that is taken. 

1.. Adjustment of the mean. 
Behaviourr of the CTQ: the mean is not on its desired value. 
Foundd influence factors: a control variable X. 
Improvementt action: X is adjusted to bring the CTQ's mean closer to its desired 
value.. The desired value can be a nominal value, but as well as large or as small 
ass possible. Therefore, adjustments of control variables to increase, for example, 
yieldd or capacity belong to this pattern. 

2.. Robust design on nuisance variable. 
Behaviourr of the CTQ: excessive variation. 
Foundd influence factors: a nuisance variable Z to which this variation can be at-
tributed,, and a control variable X, which has an interaction effect with Z. 
Improvementt action: X is adjusted so that the variation transmitted from Z is 
reduced. . 

3.. Robust design on dispersion effect. 
Behaviourr of the CTQ: excessive short-term variation. 
Foundd influence factors: a control variable X that has a dispersion effect. 
Improvementt action: X is adjusted to reduce the short-term variation of the 
CTQ. . 

4.. Tolerance design. 
Behaviourr of the CTQ: excessive variation. 
Foundd influence factors: a nuisance variable Z to which this variation can be at-
tributed. . 
Improvementt action: The tolerances on Z are narrowed (i.e., its variation is re-
duced).. Variation in nuisance variables is often completely eliminated, for exam-
ple:: the number of suppliers could be reduced to one, thus eliminating variation 
stemmingg from differences among suppliers. 

5.. Feedforward control. 
Behaviourr of the CTQ: excessive variation. 
Foundd influence factors: a nuisance variable Z to which this variation can be at-
tributed,, and a control variable X. 
Improvementt action: A feedforward control system is designed, which compen-
satess the variation caused by Z by adjustment of X. For example: if different 
machiness cause variation in a CTQ, an inquirer might use a control variable to 
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compensatee for these differences. 

6.. Feedback control. 
Behaviourr of the CTQ: the long-term variation is substantially larger than the 
short-termm variation. 
Foundd influence factors: a control variable A'. 
Improvementt action: A feedback control system is designed, which corrects the 
driftingg process by adjustment of X. 

7.7. Mistake proofing. 
Behaviourr of the CTQ: regular outliers. 
Foundd influence factors: a disturbance causing these outliers. 
Improvementt action: The occurrence of the disturbance is prevented, or its effect 
onn the CTQ reduced. 

Thee abovementioned patterns apply if the CTQ is a variable. If, instead, the CTQ is an 
eventt then the improvement pattern could rather be described as 'problem solving'. 
Inn this situation the explanatory network consists of control variables that affect the 
probabilityy of the event to occur. The improvement action consists of the adjustment 
off  one or more control variables so that the probability of occurrence is reduced. An 
examplee in a coffee packaging process is the CTQ package is not vacuum. An influence 
factorr is the capacity of the pump in the vacuum bell. Increasing this capacity reduces 
thee probability of a package being punctured, thus solving the problem. 

MacKayy and Steiner (1997) enumerate five strategies for variation reduction: 

I.. Introducing or tightening output inspection, 

II .. Introducing or improving feedback control, 

III .. Reducing variation in process inputs, 

IV.. Introducing or improving feedforward control, 

V.. Desensitizing the process to input variation. 

Accordingg to the authors, these five techniques encompass all possible variation re-
ductionn methods. Output inspection is not listed as an improvement pattern in this 
section,, because it is not based on found relations in the process. The other four meth-
odss of MacKay and Steiner correspond with feedback control (II.), tolerance design 
(III.) ,, feedforward control (IV.), and robust design on nuisance variable or on disper-
sionn effect (V). Adjustment of the mean, mistake proofing and problem solving are 
nott listed by MacKay and Steiner. 

2.5.11 Element s for the methodologica l framewor k 

H5::  The heuristics provided by the proposed improvement patterns. 
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2.66 Statistica l method s whic h suppor t the propose d framewor k 

Forr the statisticians among the readers it might be illuminative if the proposed frame-
workk is related to statistical methods and techniques that play a role in it. Below I give 
referencess to statistical techniques which are popular in quality improvement. They 
aree associated with various sections of this chapter. 

Technique ss relate d to 2.2.3 Operationalisation 
Forr the verification of the reliability of measurement procedures (listed under point 1. 
inn section 2.2.3) statistics offers various techniques. In situations in which a continuous 
variablee is measured a gauge repeatability and reproducibility (gauge R&R) study can 
bee performed (AIAG, 1990). Measurement error is estimated as a particular compo-
nentt of the variance of the measured values. The magnitude of this measurement error 
iss compared with the length of the range of interest, which is typically defined as the 
distancee between the specification limits on the CTQ. For ordinal, nominal and binary 
measurementss a range of measures for consistency and agreement have been proposed 
suchh as the kappa index and the intraclass correlation coefficient (Fleiss, 1981). 
Forr assessing the magnitude of the problem under study (point 3. in section 2.2.3) the 
processs capability analysis (Does, Roess and Trip, 1999) is popular. In such a study the 
distributionn of the CTQ is estimated from a sample of data that have been collected 
duringg a period of time from the running process. The result is expressed in a number 
off  metrics, such as the mean and the short- and long-term variance, but also in the form 
off  capability indices such as Cp and Cpk (Kotz and Lovelace, 1998) and the Six Sigma 
metricc (Harry, 1997, pp. 8.2-8.9). These capability indices represent the estimated 
proportionn of nonconforming items. 

Technique ss relate d to 2.2.4 Exploration 
Thee various heuristics that were given in section 2.2.4 can be supported by statisti-
call  techniques. Exploratory data analysis (Tukey, 1977) is the branch of statistics that 
dealss precisely with this type of statistical investigations. It features descriptive sta-
tisticall  techniques and graphical methods such as the boxplot, the scatter plot, the 
concentrationn diagram, the multi-vari chart and the control chart. 

Technique ss relate d to 2.2.6 Confirmation 
Thiss is the domain of inferential statistics, which is centered around estimation and 
testingg theory. Experimental data are analysed with a range of tailor-made estimation 
andd testing methods such as analysis of variance, regression analysis, the t-test, the 
chi-squaree test, logistic regression, linear models, et cetera (see, e.g., Box, Hunter and 
Hunter,, 1978). Schemes for the collection of data are provided by the branch of statis-
ticss that is named 'design of experiments' (DoE; see Montgomery, 1997). Experimental 
designss that are frequently used are factorial designs (2fc, 3fc and fractional factorial 
designs),, response surface designs (Box-Behnken and central composite designs) and 
mixturee designs. Response surface methodology (RSM; see Box and Draper, 1987) of-
ferss techniques for sequential experimentation, such as the method of steepest ascent 
andd evolutionary operation. 

Technique ss relate d to 2.2.7 Conclusion 
Systemss for quality control (point 3. in section 2.2.7) heavily depend on statistical 
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methods.. These methods mainly belong to the fields of statistical process control and 
acceptancee sampling. The reader is referred to, e.g., Montgomery (1991). 

Technique ss relate d to 2.3 The iterative  nature  of  empirical  inquiry 
Statisticss provides powerful methods that enable an inquirer to check the adequacy of 
hiss models and to suggest possible directions for further inquiry. Thus, learning from 
errorr is facilitated. These methods are diagnostical aids during the analysis of exper-
imentall  data, such as goodness of fit tests and tests for curvature. During a residual 
analysisanalysis the part of the observed variation that is not explained by the fitted model is 
studiedd to find anomalies. Statistical methods which are used during such an analy-
siss are probability plots, control charts, residual plots, and a range of metrics such as 
leveragee and Cook's distance. The mentioned methods can be found in books on the 
analysiss of experimental data, such as Box, Hunter and Hunter (1978) and Myers and 
Montgomeryy (1995). 

Technique ss relate d to 2.5 Improvement  patterns 
Givenn the statistical models that describe the behaviour of the CTQ (partly as a func-
tionn of the influence factors) the inquirer needs techniques to explore these models so 
thatt he can define suitable improvement actions. 
Forr the adjustment of the mean (pattern 1. in section 2.5) statistics provides simple 
graphicall  techniques for the visualisation of models, such as the contour plot and the 
effectt plot (Montgomery, 1997). A formal mathematical method for exploring response 
modelss is canonical analysis (Box and Draper, 1987). 
Forr robust design on a nuisance variable (pattern 2.) and on a dispersion effect (pat-
ternn 3.) similar methods are used. In addition, methods are needed for the simulta-
neouss exploration of the response models for the mean and the variance of the CTQ. 
Viningg and Myers (1990) propose the dual response surface method for the simulta-
neouss analysis of both response models. Other methods for dealing with the trade-off 
betweenn variation reduction and optimisation of the mean of the CTQ are based on a 
separationn of the control variables into a group that influences mean and variance, and 
aa group that influences only the mean (Kackar, 1985). In case the variance of the CTQ 
iss functionally related to its mean statistics provides measures of dispersion which 
aree independent of the mean (see León, Shoemaker and Kacker, 1987). Alternatively, 
statisticss provides transformations of the CTQ which also aim at seperating dispersion 
fromm location (Box, 1988). 
Forr tolerance design (pattern 4.) it is necessary that the inquirer analyses the variation 
thatt is propagated from the nuisance variables to the CTQ. Computation of this vari-
ancee propagation can be awkward, but statistics has proposed approximations such 
ass the first-order error propagation formula (Evans, 1974/75). 
AA system for feedback control (pattern 6.) can be optimised if an adequate time series 
modell  is estimated for the behaviour of the CTQ. ARIMA models are popular in this 
contextt (Box, Jenkins and Reinsel, 1994). 

2.77 The methodologica l framewor k 

Thee elements that were proposed in this chapter are summarised in table 2.1. 
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Concept s s 

C11 CTQ and influence factor (section 2.1) 
C22 Operationalisation, Exploration, Elaboration, Confirmation and Conclusion {section 

2.2) 2.2) 
C33 Control variable, nuisance variable and disturbance {section 2.4) 

Heuristic s s 

H11 Improvement actions are derived from found relations in the process (section 1.3) 
H22 The sequence Operationalisation —• Exploration —> Elaboration —• Confirmation — 

Conclusionn (section 2.2) 
H33 The heuristics provided in section 2.2.4 for the discovery of possible influence factors 
H44 Learning by scientific method is intrinsically iterative (section 2.3) 
H55 The proposed improvement patterns in section 2.5 

Methodologica ll  rule s 

R11 Conjectures are tested to empirical data (section 1.3) 
R22 CTQs and influence factors should be defined operationally (section 2.1) 
R33 The rules of section 2.2.3 that specify when a problem is adequately defined 
R44 The rule (severity criterion) that specifies when additional testing in the Confirmation 

phasee is required (section 2.2.6) 

Tablee 2.1 The methodological framework for statistical improvement strategies. 
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Appendi x x 
Statistica ll  thinkin g 

Inn this appendix I study whether the notion of statistical thinking can be accommo-
datedd in the proposed framework. As a basis for this discussion, I take Wild and 
Pfannkuchh (1999), which is more elaborate than, e.g., Snee (1990). I enumerate the in-
gredientss proposed by Wild and Pfannkuch to form statistical thinking and comment 
onn them. 

1.. The investigative cycle PPDAC (Problem —*• Plan —» Data —• Analysis —> Conclu
sions).. An elaborate description of PPDAC is given in the interesting paper by 
MacKayy and Oldford (2000). PPDAC is a template (according to the authors even 
aa demarcation) of statistical investigations which aim to arrive at a conclusion on 
specificc questions on the basis of data. The authors acknowledge that, although 
variouss instances of PPDAC-type investigations occur within a scientific inquiry, 
PPDACC is not scientific method itself. Many issues in scientific inquiry are extra-
statisticall (hypothesis generation on the basis of a qualitative investigation, to 
mentionn just one). 
II disagree with the authors that PPDAC provides a demarcation of statistical 
method.. I find it difficult to construe the design of a sampling inspection scheme, 
forr example, as an investigation, and I have trouble relating the PPDAC steps to 
thiss application of statistics. In my opinion, the modelling of uncertainty cap
turess more of the essence of statistics. I do, however, consider PPDAC a good 
representationn of statistical investigations, and as such it provides a worthwhile 
additionn to the proposed framework. I can see its applications in, e.g., the Op-
erationalisationn phase (characterisation of the current extent of the problem) and 
thee Confirmation phase (testing of a hypothesis). Its not being listed in the pro
posedd framework has to do with the fact that it is of a level of smaller detail than 
thee other elements of the framework. 

2.. Types of thinking: 

oo Recognition of the need for data. This reflects in part the credo that conjec
turess should be tested to empirical evidence. Furthermore, the need for 
dataa is stated in our framework in the Operationalisation phase (assessing 
thee magnitude of the problem) and the Exploration phase (invention of hy
potheses).. The recognition of the need for data is not unique for statistical 
thinking,, but generic for empirical inquiry. 

oo Transnumeration (i.e., numeracy transformations made to facilitate under
standing).. This refers to the classification and ordering of data during an 
exploratoryy study. It is not unique for statistical thinking, but generic for 
empiricall inquiry. 

oo Variation. It is importantt to discern precisely what is meant. In the sense of 
randomm variation as a construct to model uncertainty the notion of variation 
iss the fundamental contribution of statistical method to empirical inquiry. 
InIn the sense of systematic variation as a result of causes which should be 
detectedd the notion touches the crux of empirical inquiry and is certainly not 
uniquee for statistical thinking (cf. the explain —+ predict —> control pattern 
inn section 1.3.1). In a third sense, variation refers to deviations of a CTQ 
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fromm its target, and the reduction of this variation is a main theme in quality 
improvement.. This notion is a contribution of statistical thinking (although 
itt is too restrictive to make variation reduction the sole objective in quality 
improvement).. Al l three notions of the word variation have their place in 
thee proposed framework. 

oo A distinctive set of models, in particular: mathematical models, augmented 
withh stochastic components. This type of models is typical for statistical 
methods,, but they are employed in many empirical sciences. In our frame-
work,, they are embodied in the statistical methods that are used. 

oo Context knowledge, statistical knowledge and synthesis. Statistical knowledge 
couldd be replaced here by the phrase 'methodological knowledge' (since 
whatt is involved includes more than just statistical techniques). This syn-
thesiss is not unique for statistical thinking, but generic for scientific research. 
Thee role of context knowledge in the invention of hypothesis is recognised 
inn the proposed framework (section 2.2.4). 

oo Modelling (i.e., representing phenomena with cognitive models). This is not 
uniquee for statistical thinking, but is essential in all cognitive thinking. It is 
omnipresentt in the proposed framework, for example in the discussion on 
thee role and structure of theories (section 2.1). 

oo Applying techniques (i.e., map a problem onto a problem for which a known 
solutionn (method) exists). This is not unique for statistical thinking. Think-
ingg in analogies is given as a heuristic in section 2.2.4. 

3.. The interrogative cycle (Generate possible solutions —> Seek additional informa-
tionn —• Interpret the results —>  Criticise —• Judge). This is a variant of Dewey's 
procedure,, although criticism and judgments are not necessarily based on em
piricall evidence, but as well on literature, assessment and context knowledge. 
Thee procedure is not unique for statistical thinking, but generic for inquiry. 

4.. Dispositions, such as scepticism, imagination, curiosity, openness, et cetera. I 
wonderr whether this should be part of a methodological framework. These dis
positionss are not unique for statistical thinking, but are part of scientific thinking 
inn the broadest sense. 

Conclusio n n 

Thee PPDAC template is a worthwhile addition to the proposed framework. The other 
importantt ingredients of statistical thinking as listed by Wild and Pfannkuch are rep
resentedd in the proposed framework. Moreover, the major part of the ingredients of 
statisticall thinking are actually elements of scientific method. For this reason statisti
call method in the context of quality improvement is in this thesis regarded a part of 
scientificc method for empirical inquiry. 
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33 Corroboratio n of the propose d 
framewor k k 

Thee proposed methodological framework for statistical improvement strategies, as it 
iss described in the previous chapter, is summarised in table 2.1 (concepts C1 through 
C3,, heuristics H1 through H5, and methodological rules R1 through R4). Before it can 
bee accepted, however, it should prove its value in a confrontation with the praxis of 
qualityy improvement. 
Thee acceptability of the proposed framework has the following two aspects: 

1.. Is the approach that the framework generates for a given improvement project 
'correct'? ? 

2.. Can the framework reconstruct approaches for improvement projects which are 
knownn to be 'correct'? 

Differentt from empirical inquiry, there is in reconstruction research not some sort of 
'objective'' reality to which 'correctness' could be tested. Instead, the researcher de-
pendss on the judgement of the users and experts of the system of rules that is studied. 
Ideally,, the proposed framework would be tested by having a number of inquirers fol-
loww the rules and heuristics in the framework to conduct their improvement projects 
(too test 1.) and by reconstructing a large number of projects whose approach is ac-
ceptedd to be 'correct' (to test 2.). Unfortunately, the first proposal is not feasible for 
practicall  reasons. For the second I could use case studies in literature, but these tend 
nott to be presented in a raw and detailed format, but in an interpreted and streamlined 
form.. Instead, I present the following material to corroborate the proposed frame-
work: : 

oo Application to current improvement strategies: I study to what extent the proposed 
frameworkk provides an adequate reconstruction of well-known improvement 
strategiess (to test 2.). 

oo Two case studies: As a statistical consultant I have conducted and supervised a 
numberr of improvement projects. I conducted two projects according to earlier 
versionss of the framework1. The case studies of these projects present the result-
ingg approach, the adequacy of which is open for criticism from researchers and 
qualityy professionals (thus testing 1.). 

oo Further experiences in consultancy work: During the research underlying chapter 2 
provisionall  versions of the methodological framework were confronted over and 

JMoree specific, these projects follow the approach that is described in Does, Van den Heuvel, De 
Mast,, Schippers, Trip and Wieringa (2001). 
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overr again with projects that I had supervised. Refraining from listing all of this 
material,, I present some highlights which I consider illustrative for the success 
orr the complications encountered while reconstructing these projects according 
too the proposed framework. 

3.11 Applicatio n to curren t improvemen t strategie s 

InIn the current section I confront the proposed framework with a number of well-
knownn statistical improvement strategies. The purpose of this collation is: 

oo To study to what extent a number of well-known statistical improvement strate-
giess conform with the elements of the proposed framework. Where strategies 
deviatee from the proposed framework, these deviations are discussed and eval-
uated. . 

oo To show that the proposed framework facilitates an intelligent discussion of the 
methodologicall  aspects of improvement strategies. 

Thee material in this section is largely based on De Mast, Schippers, Does and Van 
denn Heuvel (2000). In this article the authors compare four improvement strategies: 
Statisticall  Process Control (SPC) (Wheeler and Chambers, 1992), Taguchi's methods, 
thee Shainin System and the Six Sigma programme. SPC, which is a strategy for quality 
controll  rather than quality improvement, is left out of the current discussion. The 
criteriaa for the selection of these strategies are: that they comply (to a considerable 
extent)) with the definition of statistical improvement strategies given in chapter 1; 
thatt they have proven to be successful; and that they are well-known. 

3.1.11 The improvemen t strategie s 

Thee Shaini n Syste m 
Doriann Shainin put several techniques — both known and newly invented — in a 
coherentt stepwise strategy for problem solving in a manufacturing environment. This 
strategyy is called the Shainin System. The system is described in various papers (P. 
Shainin,, 1993; R. Shainin, 1993). Part of the strategy is promoted by Bhote (1991). Both 
Shainin,, but especially Bhote present the Shainin System as an alternative for SPC 
andd Taguchi's methods. Since elements of the Shainin System are legally protected 
ass Service Marks and some methods are rarely discussed in literature, it is difficult to 
obtainn a complete overview. 
Startingg from a problem in the output of a process, the objective of the strategy is to 
selectt the one, two or three dominant causes of variation (called the Red X, Pink X 
andd Pale Pink X, respectively) from all possible causes (the X-es). This is achieved by 
aa 'homing in' method: using statistical analysis tools, the classes of causes in which 
thee important causes are likely to be found are selected, thus zooming in on the Red 
X.. Once the Red X is identified, either an irreversible corrective action is taken, or the 
tolerancess on the Red X are tightened and controlled. 
Thee Shainin System is built around a set of tools that are plainly understood and easily 
applied,, hereby refraining from more advanced techniques. The theory is clarified 
usingg a clear vocabulary (featuring concepts as 'Red X' and 'Homing in Strategy'). 
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Taguchi' ss  method s 
InIn the Eighties interest in quality improvement among quality engineers and statisti-
cianss in the West grew substantially Most emblematic among the originators of this 
interestt is the Japanese engineer Genichi Taguchi. Taguchi discerns between off-line 
andd on-line quality control. Off-line quality control concerns the design (or re-design) 
off  products and processes, and includes the stages system design, parameter design 
andd tolerance design (Taguchi, 1986, pp. 75-79; see also Kackar, 1985). On-line quality 
controll  (during production) has three forms: process diagnosis and adjustment (=pro-
cesscess control), prediction and correction (=feedforward and feedback control) and measure-
mentt and action ^inspection) (Taguchi, 1986, pp. 83-92). Restricted to operational 
productionn processes Taguchi's off-line quality control conforms to my definition of 
qualityy improvement. 

Taguchii  invented and promoted various new concepts, such as his quadratic loss 
functionn (Taguchi, 1986, p. 15). These concepts represent a different view on qual-
ity,, in which variation plays a dominant role. This view on quality is generally ac-
ceptedd (Nair, 1992). Furthermore, Taguchi introduced an alternative experimentation 
methodologyy (using orthogonal arrays; see Ross, 1988). The adequacy of this method-
ologyy has been the subject of much debate among statisticians (Nair, 1992), though it 
iss popular in business practice. As an operationalisation of Taguchi's methodologies 
andd concepts I consider a stepwise strategy described by Ross (1988). This approach 
iss built around Taguchi's quantitative experimentation methodology. 
Taguchii  emphasises the importance of variation reduction in quality improvement. 
Thiss can be accomplished in two ways. Based on the results of an experiment set-
tingss for the control variables are chosen such that the process is made robust against 
variationn in the nuisance variables. If this action is not sufficient, tolerance design is 
exploitedd to accomplish a further reduction in variation. 
Taguchi,, an engineer himself, uses a vocabulary that is typical for engineers and which 
differss to some extent from the statistical vocabulary that is used in traditional qual-
ityy improvement (including terms like 'parameter design' and 'signal-to-noise ratio'). 
Havingg a certain degree of refinement without being too mathematical, the methodol-
ogyy should be readily understandable to engineers. 

Thee Six Sigm a Programm e 
Sixx Sigma is a philosophy for company wide quality improvement. It was devel-
opedd by Motorola and popularised by General Electric. Several variants are current 
(compare,, for example, the approaches described in Harry, 1997, Breyfogle, 1999, and 
Pyzdek,, 2001). For the strategical and methodological aspects I discuss the variant as 
presentedd by Harry (1997), which was introduced at General Electric. For a description 
off  the tools and techniques I consulted Breyfogle (1999). 
Thee programme is characterised by its customer driven approach, by its emphasis on 
decisionn making based on quantitative data and by its priority on saving money. The 
selectionn of projects is based on these three aspects. Part of the Six Sigma programme is 
aa twelve step 'Breakthrough Cookbook' (Inner MAIC-loop), a problem solving method 
"specificallyy designed to lead a Six Sigma Black Belt to significant improvement within 
aa defined process" (Harry, 1997, pp. 21.18-19). It tackles problems in four phases: 
Measure,, Analyze, Improve and Control. The Breakthrough Cookbook is part of an 
embracingg strategy — the Outer MAIC-loop — which comprises the strategical co-
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ordinationn of improvement projects (ibid., pp. 21.21-22). The twelve-step Inner MAIC-
loopp is studied here as statistical improvement strategy. 
Thee Six Sigma programme is a complete programme for company wide quality im-
provement,, encompassing methods for analysing the customer's demands and for se-
lectingg the problems having the highest priority. It features virtually all relevant tools 
andd techniques that have been developed in industrial statistics, from control charting 
too design of experiments, and from robust design to tolerance design. 
Thee programme is set-up in a way that it can be applied to a range of areas, from 
manufacturingg to services. The implementation and application in the organisation 
aree co-ordinated by 'Champions' and 'Master Black Belts'. Projects are conducted by 
'Blackk Belts' and 'Green Belts', who are selected from middle management. 

3.1.22 The collatio n 

II  enumerate the elements of the proposed framework and I discuss the corresponding 
elementss in the selected strategies. 

Framewor k k 

Externall CTQ 

Internall CTQ 

Influencee factor 

Shaini n n Taquch i i 

Controll variable 

Nuisancee variable 

Disturbance e 

Greenn Y 

Cause,, X 

Sixx Sigm a 
Criticall To 
Satisfactionn (CTS) 

(Loss,, Signal-to-noise C r i t i c a l T o Quality, 
Deliveryy or Cost 
(CTQ,, CTD, CTC) ratio) ) 

Factor r 

Controll factor 

Noisee factor 

Cause,, X, leverage 
variable,, source of 
variation n 

Controllablee factor 

Uncontrollablee factor 

Tablee 3.1 Comparison of strategies on C1 and C3. 

C 1 :: The concept s CTQ and influenc e factor , and 
C3::  The concept s contro l variable , nuisanc e variabl e and disturbanc e 
Tablee 3.1 gives an overview of the equivalent concepts in the discussed strategies. In 
thee Shainin System, a specific quality characteristic that is important to the customer 
iss called Green Y. For its influence factors — the 'causes' or Xs — Shainin stresses the 
Paretoo principle, which sifts the vital few causes (the Red X, Pink X, Pale Pink X, et 
cetera)) from the trivial many (R. Shainin, 1993). Shainin presents no distinction of 
causess which is comparable to C3. 
Projectss following Taguchi's approach focus on the loss of poor quality, rather than on 
aa quality characteristic. As a consequence, Taguchi's methodology does not offer an 
equivalentt for the concept CTQ. Experiments and analyses focus on the loss function 
L(y),L(y), which represents the monetary loss that an arbitrary customer is likely to suffer 
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ass a function of a quality characteristic y. Taguchi (1986, p. 15) motivates that L{y) 
cann be approximated by a quadratic function having a minimum in t, the target value 
off  y. The loss function is estimated by a series of performance metrics called 'signal-
to-noisee ratios' (see Ross, 1988, ch. 8-4; or León, Shoemaker and Kacker, 1987). These 
metricss are taken as the responses in experimentation. 
Thee distinction between control variables ('control factors' in Taguchi's terminology) 
andd nuisance variables ('noise factors') plays an important role in Taguchi's parameter 
design.. Taguchi lists three categories of noise factors (Taguchi, 1986, p. 73): 

1.. External noise: variables in the environment or conditions of use that disturb the 
functionss of a product. 

2.. Deterioration (internal) noise: changes that occur when a product deteriorates 
duringg storage or wears out during use. 

3.. Variational (unit-to-unit) noise: differences between individual products that are 
manufacturedd to the same specifications. 

Inn the Six Sigma programme, the needs of the customer are translated into critical-to-
satisfactionn (CTS) characteristics — our external CTQs. These are related to character-
isticss which are critical to quality, delivery or cost (CTQ, CTD, CTC) (Harry, 1997, p. 
12.20).. Influence factors are referred to under a variety of names, such as causes, Xs, 
leveragee variables and sources of variation. Breyfogle (1999) introduces the terms Key 
Processs Output Variable (KPOV) and Key Process Input Variable (KPIV) for CTQ and 
influencee factor. Copying Taguchi's approach to parameter design, Breyfogle (1999, 
ch.. 32) introduces the distinction between control and nuisance variables ('control-
lable'' and 'uncontrollable factors' in his terminology). Disturbances are not explicitly 
distinguishedd in either Taguchi's methodology or the Six Sigma programme. 

C2:.. The concept s Operationalisation , Exploration , Elaboration , Confirmatio n and Con-
clusion ,, and 
H2::  The heuristi c that the phase s in thi s orde r are a promisin g approac h 
Tablee 3.2 compares the proposed phases and their order. The steps listed under the 
Shaininn System were extracted from R. Shainin (1993, figure 2). Taking the sixteen 
"stepss in experimentation" listed in Ross (1988, pp. 203-205) to represent Taguchi's 
stepp plan, I notice a strong emphasis on the experimentation phases Elaboration and 
Confirmation. . 
Thee Six Sigma programme groups its twelve steps in four phases (Harry, 1997, pp. 
21.18-19): : 

oo Measurement: a product related critical-to-quality (CTQ) characteristic is targeted 
andd its performance on the 'sigma scale' of quality defined. 

oo Analysis: the principal sources of variation in the CTQ are identified. 

oo Improvement: the 'vital few' variables which govern the CTQ's performance are 
surfacedd and with this knowledge operating limits for the leverage variables can 
bee established. 

oo Control: a control scheme is identified and deployed for the vital few variables. 

Thesee descriptions match to a large extent the functions of the phases Operationalisa-
tion,, Exploration, Confirmation and Conclusion respectively. However, the division 
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Framework k 

Operatfona --
lisatio n n 

Exploratio n n 

JJ  Elaboratio n 

II Confirmatio n 

Conclusio n n 

1.. Define the project. 
2.. Establish effective measuring 

system. . 

3.. Generate clues. 

4.. List suspect variables. 

1.. State the problem to be solved. 
2.. Determine the objective of the 

experiment: : 
•• identify the performance metric. 
•• identify the level of 

performancee when the 
experimentt is complete. 

3.. Determine the measurement 
method(s). method(s). 

5.. Statistically designed 
experiment. . 

6.. Return to 3. if Red X not found. 
7.. Optimize interaction. 
8.. Realistic tolerances. 
9.. Irreversible corrective action. 
10.. Statistical process control. 
11.. Monitor results. 

1.. Select the CTQ characteristic. 
2.. Define performance standards. 
3.. Validate measurement system. 
4.. Establish product capability. 
5.. Define performance objectives. 

|| 4. Identify factors which are 
jj believed to influence the 
!! performance characteristic(s) 

ff 5. Separate factors into control 
II and noise factors. 
ii 6. Determine the number of levels 
II and values for all factors. 
II 7. Identify control factors that may 
|| interact. 
|| 8. Draw the required linear graph. 
jj 9. Select orthogonal arrays. 

10.. Assign factors and interactions 
too columns. 

11.. Conduct the experiment. 
12.. Analyze the data. 
13.. Interpret the results. 

6.. Identify variation sources. 

7.. Screen potential causes. 
8.. Discover variable relationships. 

14.. Select optimum levels of most i 9. Establish operating tolerance. 
influentiall control factors and 
predictt expected results. 

15.. Run a confirmation 
experiment. . 

16.. Return to step 4. if objective is 
nott met. 

10.. Validate measurement system 
(Xs). . 

11.. Determine process capability. 
12.. Implement process controls. 

Tablee 3.2 Comparison of strategies on C2 and H2. 

off  the twelve steps of the Breakthrough Cookbook over Harry's four phases deviates 
fromm the grouping in table 3.2, in that steps 4. and 5. are grouped under Analysis, 
andd step 9. under Improvement. This seems dictated more by the desire to have three 
stepss in each phase than by methodological arguments. 
Thee steps of the discussed strategies fit — in their original order — well in the pro-
posedd phases. The Elaboration phase cannot be clearly distinguished in the discussed 
strategies.. In Taguchi's methodology no clear delimitation between the Elaboration 
andd the Confirmation phase could be found. The Six Sigma programme does not list 
actionss such as defined in section 2.2.5 explicitly. 

H1::  The heuristi c that  improvemen t action s are derive d fro m foun d relation s in the pro -
cess s 
Thiss basic approach is followed in all selected strategies. In the Shainin System the 
dominantt influence factors are identified, which enables the inquirer to explain the 
behaviourr of Y, predict the behaviour of Y, and therefore compute adequate tolerances 
forr the Xs. Therefore, the basic approach follows explain —+ predict —> control. 
Alsoo in Taguchi's methodology improvement actions are based on modelled relations 
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betweenn factors in the process and performance characteristics. However, the focus is 
onn improvement rather than on explanation and understanding, which is reflected in 
thatt expected quadratic loss is modelled instead of a CTQ itself. In Nair (1992) Shin 
Taguchii  proclaims: 

Noticee that the objective of parameter design is very different from a pure 
scientificc study. (..) Pure science strives to discover the causal relationships 
andd to understand the mechanics of how things happen. Engineering, how-
ever,, strives to achieve the result needed to satisfy the customer. 

Inn the same paper, Box, among others, declares his profound disagreement with this 
claim. . 
Thee search for causal relationships is omnipresent in Six Sigma: "Supporting the ap-
proachh is the central belief that the product is a function of the design and the man-
ufacturingg process which must produce it" (Harry, 1997, p. 21.2). This is symbolised 
ass Y = ƒ (X), where Y is characterised as dependent, output, effect, symptom, and its 
rolee as 'to be monitored'. The X is described as independent, input, cause, problem, 
andd its role as 'to be controlled' (ibid., p. 3.9). The view is that the emphasis should 
shiftshift from monitoring Y to controlling the relevant Xs (ibid., p. 12.24). 

H3::  The heuristic s provide d for the discover y of possibl e influenc e factor s 
Severall  heuristics were provided in section 2.2.4 to make the discovery of influence 
factorss more efficient. The Shainin System advocates the zooming-in strategy explic-
itl yy and provides two techniques which make use of it: the multi-vari chart and paired 
comparisonss (see Bhote, 1991, chs. 6 and 8). The multi-vari chart, which is not only 
inspectedd to zoom-in on the relevant class of causes, is also inspected for patterns that 
couldd reveal a possible influence factor, and thus provides an example of the applica-
tionn of exploratory data analysis techniques in the Shainin System. 
Shaininn rejects qualitative investigation for the work in the Exploration phase, to the 
favourr of quantitative inductive techniques: "There is no place for subjective methods 
suchh as brainstorming or fish bone diagrams in serious technical problem solving" 
(P.. Shainin, 1993). Shainin's emphasis that hypothesised influence factors should be 
derivedd inductively from quantitative observations should not be seen in the light of 
justification,, but in the light of discovery. The claim is that this approach is more 
effective,, although it is not clear whether it is claimed to be effective in comparison 
withh qualitative methods only, or in comparison with the combination of qualitative 
andd quantitative methods (as is advocated in the proposed framework). This empirical 
claimm should be substantiated with empirical evidence, but the only argumentation 
thatt is provided is that the strategy eliminates large groups of causes at once (following 
thee zooming-in strategy as described in section 2.2.4). This argument holds only for 
thee approach used in the Exploration and Elaboration phases (in the Confirmation 
phasee possible influence factors are tested one-by-one until the Red X is found — no 
eliminationn of groups of Xs here). 
Thee claimed effectiveness could imply two statements, both of which I discuss. 

1.. Inductive tools succeed more often in including the important influence factors among 
thethe possible influence factors than qualitative tools (or. than inductive tools combined 
withh qualitative tools). This claim should be substantiated with empirical evi-
dencee and seems highly situation dependent. Moreover, many influence factors 
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doo not show in data, such as control variables which are never changed. These 
cannott but be identified from knowledge and experience. 

2.. Quantitative evidence is more effective in prioritising possible influence factors for test-
inging than knowledge and experience {or: than knowledge and experience combined 
withh quantitative evidence). This claim seems in contradiction with the fact that 
thee effectiveness of an important testing procedure in the Shainin System — vari-
abless search — depends completely on the ability of the inquirer to assess cor-
rectlyy the importance of each of the possible Xs (see Ledolter and Swersey, 1997). 

II  conclude that Shainin deserves credits for emphasising the importance of effective 
quantitativee procedures for discovery, but takes a position which is too rigid to hold 
inn general. 
Inn Taguchi's methods the identification of possible influence factors is limited to the 
basicc tools of brainstorming, flowcharting and fishbone charting (Ross, 1988, section 3-
4-1).. In the Six Sigma programme a vast collection of tools and techniques is suggested 
(flowcharting,, brainstorming, cause and effect diagrams, run charts, control charts, 
multi-varii  charts, et cetera. See, e.g., Breyfogle, 1999, chs. 4, 5 and 15). However, these 
techniquess are nott placed in a strategy, heuristic, or other method. 
Moree research is needed after approaches for discovery and exploration, not focussing 
onn new tools, but studying the underlying heuristics. 

H4::  The heuristi c that  learnin g by scientifi c metho d is intrinsicall y iterativ e 
Taguchii  has been criticised for not recognising the sequential and iterative nature of 
learning.. In Nair (1992), for instance, Box criticises Taguchi for being "(..) intended 
onlyy to pick the 'optimum' factor combination from a one-shot experiment" (emphasis 
iss mine). In the same article, Myers and Vining express a similar criticism. 
Neitherr do the Shainin System and the Six Sigma programme emphasise the iterative 
naturee of learning. The notions of learning from error and that hypotheses and even 
thee problem definition can be modified when insight advances are completely absent. 
II  consider this an important failure in the strategies that are discussed. 

H5::  The heuristic s provide d by the propose d improvemen t pattern s 
Thee Shainin system focuses on problem solving and tolerance design. Robust design 
(inn combination with adjustment of the mean) was introduced by Taguchi under the 
namee 'parameter design'. First, dispersion — as measured by a signal-to-noise ratio — 
shouldd be minimised, and thereupon the process mean should be brought on target. 
Onlyy if robust design is not adequate should tolerance design be applied. 
Sixx Sigma centers around experimentation. Among the suggested improvement ac-
tionss are adjustment of the mean, robust design on a nuisance variable (Breyfogle, 
1999,, ch. 32), feedback control (briefly discussed in ibid., ch. 36), mistake proofing 
(ibid.,, ch. 38), and tolerance design (step 9. in the Breakthrough Cookbook). 
Feedforwardd and feedback control are underemphasised in the discussed strategies. 

R1::  The methodologica l rule s that all conjecture s are teste d to empirica l data , and 
R4::  that specifie s when additiona l testin g is require d (the severit y criterion ) 
Al ll  three strategies are testing approaches in which conjectures are subjected to empir-
icall  tests before a conclusion is reached. However, none of the three strategies realises 
thatt — according to the severity criterion — additional testing is not always required. 
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R2::  The methodologica l rul e that CTQs and influenc e factor s shoul d be define d opera -
tionally ,, and 
R3::  the rule s that specif y when a proble m is adequatel y define d 
Sixx Sigma pays adequate attention to the operational definition of CTQs, influence 
factorss and the problem under study. CTQs are made operational in the Measurement 
phase.. An opportunity for nonconformance requires (Harry, 1997, pp. 12.9-10): 

oo A characteristic: the attribute, trait, property or quality to be measured. 
oo A scale: the relative basis for measuring a characteristic. 
oo A standard: the criterion state or condition specifying nonconformance. 
oo A density: the empirical distribution of the observations made on this character-

istic. . 

Thee objective of the project — in terms of the chosen metric — is stated in step 5. of 
thee Breakthrough Cookbook. These demands conform closely to the requirements that 
weree stated in section 2.2.3. 
Inn Taguchi's methodology the focus is on the selection of the relevant signal-to-noise 
ratio,, not so much on the precise definition of the problem in the form of a measur-
ablee characteristic. The current performance of the process is not assessed, and as a 
consequence,, there is no check that the selected problem and the translation into a 
performancee metric are suitable. The operational definition of influence factors is not 
dealtt with explicitly. 
Inn the literature on the Shainin System I could not find elaborate statements about 
operationall  definitions of CTQs, influence factors or the problem. This is a serious 
shortcoming. . 

3.1.33 Discussio n 

Inn general the selected strategies conform reasonably well with the proposed frame-
work.. Where they deviate, I consider the deviations to be shortcomings of the dis-
cussedd strategies, not of the proposed framework. This assessment is open for criti-
cism. . 
Inn the beforementioned paper by De Mast, Schippers, Does and Van den Heuvel (2000) 
thee authors extend the collation to the level of the tools and techniques that are offered 
byy the discussed strategies. Because tools and techniques are not a part of the proposed 
framework,, I leave this material out of the current discussion. 

3.22 Two case studie s 

3.2.11 Contro l of th e moistur e conten t of coffe e 

Inn order to make filter grind coffee, coffee beans are roasted, cooled with water ('ex-
tinguished')) and ground. The ground coffee is then sealed, palletised and shipped. A 
projectt was initiated to gain better control of the percentage of moisture in the ground 
andd packed coffee (external CTQ). Below I present the approach that the proposed 
frameworkk generated for this project. For confidentiality reasons figures are multi-
pliedd by a scalar; it should therefore be noted that the actual moisture content of coffee 
iss of a different magnitude than the mentioned figures. 
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Operationa ll  isatio n 
Itt was undesirable to measure the moisturee percentage of packed coffee. The easiest 
placee in the process to measure the moisture content was after the beans are roasted 
andd before they are ground. Therefore, the internal CTQ was defined as: the percent-
agee of moisture in the coffee beans after the roasting and extinguishing steps. There 
wass a direct link between this moisture percentage and the moisture percentage of the 
packedd coffee, whence control of the internal CTQ would give the desired control of 
thee external CTQ. 
Thee measurement procedure consisted in an operator determining the moisture per-
centagee of a sample of beans. Samples were taken from the first of every 15 batches. 
Thee moisture percentage should be below 12.6%, a figure which was based on market-
ingg research and laboratory research after the effect of moisture on the keeping quali-
tiess of packed coffee. Given this upper limit , the company's objectives demanded that 
thee average moisture content be as large as possible. 
Inn order to assess the current performance, 1231 measurements were collected (dataset 
I).I). They can be summarised as follows: 

oo The mean moisture percentage: 11.0%. 

oo The short-term standard deviation (which is estimated by our statistical software 
packagee on the basis of the average moving range and ignoring outliers): 0.336. 

oo The long-term standard deviation (estimated as the sample standard deviation): 
0.532. . 

Itt was stated that the objective of the project was to bring the long-term standard de-
viationn below 0.280, so that the average moisture percentage could be increased, but 
yett kept at a safe distance from 12.6%. From a gauge repeatability and reproducibil-
ityy study it appeared that the measurement procedure which was used to measure 
moisturee percentage was too unreliable. An in-line measurement device was installed, 
whichh reduced the short-term standard deviation from 0.336 to 0.123 — a dramatic re-
ductionn of the variation in the measured moisture content. 

Exploratio n n 
Inspectionn of the 1231 measurements of dataset I learned that there were differences 
amongg the five roasting machines. Furthermore, additional variation between days 
wass observed and regularly there were outliers. A brainstorming — partly inspired by 
thesee observations — resulted in the identification of the following potential influence 
factors: : 

oo Roasting machines (nuisance variable), 

oo Weather conditions (nuisance variable), 

oo Stagnations in the transport system (disturbance), 

oo The size of a batch of coffee in kilogrammes (nuisance variable), 

oo The amount of water added after the roasting process (control variable). 

Elaboration/Confirmatio n n 
Thee differences among the machines were confirmed and estimated using the analysis 
off  variance technique. Furthermore, a 32-experiment was conducted to study the effect 
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off  the size of a batch of coffee (SB) and the amount of added water (AW) onto the 
moisturee percentage (M%) (dataset ƒ/). Analysis of the results confirmed the effects of 
bothh factors and gave the following model: 

M%M% = -46.40 + 0.064SB + 0.704W - 0.0008SB- AW. (3.1) 

Conclusio n n 
AA feedforward system was designed in which the amount of added water was used to 
compensatee for differences among machines and variation in batch sizes. The correc-
tionn for batch sizes follows the formula 

A „ rr £M% +46.40-0.064 SB 
AWAW — 

0.70-0.000855 5 

whichh was derived from formula (3.1) (tM% denotes the target value for moisture 
percentage). . 

Elaboratio n n 
Thee conjectured effect of weather conditions was made more specific. It was hypothe-
sisedd that the relevant characteristic of the weather is the humidity. A device to mea-
suree humidity was borrowed from another factory. 

Confirmatio n n 
Humidityy measurements were correlated with the 1009 associated moisture percent-
agess (dataset HI). The conjectured influence could not be established, leaving the fluc-
tuationss in the process unexplained. 
Fromm the same measurements it appeared that the improvement actions so far (a bet-
terr measurement system, feedforward control for differences among machines and 
variationn in batch sizes) had reduced the variation in the moisture percentage to 0.201 
(long-termm standard deviation) and 0.066 (short-term standard deviation ignoring out-
liers).. The effectiveness of the feedforward systems was confirmed. Moreover, outliers 
appearedd to coincide with stagnation of the transport system, thus confirming this hy-
pothesisedd influence factor. 
Inn fact the objective of the project was met. It was decided, however, to use the found 
influencee of the amount of added water AW to build a feedback system to compensate 
forr the still unexplained fluctuations in the process. 

Conclusio n n 
Fromm the 1009 measurements of dataset III  18 apparent outliers were removed. From 
thee remaining 991 data an IMA(1,1) model could be estimated. The theory that de-
scribess this kind of modelling can be found in Box, Jenkins and Reinsel (1994). The 
estimatedd model is 

VtVt - Vt-i = -0.6186 ot-i + at, 

wheree yt is the moisture percentage measured at time i, and the at have identical dis-
tributionss with mean 0 and estimated standard deviation 0.088. A residual plot shows 
thatt their distribution has somewhat heavier tails than the normal distribution. The 
autocorrelationn and partial autocorrelation function show that the estimated model 
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Figuree 3.1 Moisture percentages with and without feedback adjustments. 

reducess the observations effectively to uncorrected noise. It can be shown (Box, Jenk-
inss and Reinsel, 1994) that for a process that is well described by the given model the 
controllerr that minimises mean square error (the MMSE controller) is given by: 

AWAWtt - AWt-i = -Get/g, 

wheree at time t: AWt — AWt-i represents the adjustment of added water, e, is the 
observedd deviation from target, g is the process gain, which is given by the effect of 
addingg 1 liter of water, and G is the damping factor. For this process, g = 0.70 and 
GG = I — 0.6186 = 0.38. The feedback system reduced the long-term standard devia-
tionn to 0.10. The effectiveness of the feedback controller is demonstrated in figure 3.1. 
Thee upper graph shows the 991 measurements of dataset 77/. The lower graph shows 
whatt these measurements would have been if the feedback controller had adjusted the 
process. . 

Conclusio n n 
Ass a result of our improvement actions management allowed to increase the average 
moisturee percentage to a value safely below 12.6% (adjustment of the mean). An SPC 
controll  loop was designed to monitor the behaviour of the feedforward and feedback 
controll  systems. 

Discussio n n 
Variouss conditions made this an easy project. Measurements were practically for free 
andd could be obtained in huge numbers. The discovery of influence factors was par-
ticularlyy easy. Consequently, the emphasis in the project was on the Confirmation and 

60 0 



3.22 Two case studies 

Conclusionn phases. If we are prepared to interpret measurement error as a nuisance 
variable,, we see that all improvement actions were derived from found relations in 
thee process. One of the most effective improvement actions — a better measurement 
systemm for moisture percentage — was a result not so much of complicated inquiry, 
butt rather of focusing attention of engineers to the issue. 
Thee case illustrates that projects begin following the Operationalisation —• Exploration 
—»» Elaboration —> Confirmation —• Conclusion sequence, but somewhere in the project 
advancedd insight makes it necessary to come back to earlier phases. 

3.2.22 Reductio n of scra p in biscui t productio n 

AA certain type of biscuits is produced in three main steps: 

1.. Preparation of dough; 
2.. Punching the biscuits out of the dough and baking; 

3.. Frosting of the baked biscuits. 

AA large percentage of the baked biscuits was not suitable for processing on the frosting 
machiness and was therefore wasted. An improvement project was initiated to bring 
downn this percentage of scrap. For reasons of confidentiality percentages of scrap or 
otherr performance metrics are not reported. 

Operationalisatio n n 
Thee external CTQ being suitability of biscuits for processing on the frosting machines, 
severall internal CTQs were considered: the weight, length, width, thickness and hard
nesss of the baked biscuits. For each CTQ the specifications were considered, as well 
ass the measurement procedure. Measurements were collected on all of these CTQs. 
Thee performance on hardness was by far the worst (see the results of the capability 
analysiss as presented by Minitab in figure 3.2). Given the lower specification limit of 
4.77 Bar, it appeared that many biscuits did not have the required hardness. Length and 
thicknesss were as well problematic CTQs. 
Itt is important to realise that the poor performance of the process on the selected CTQs 
hass no consequences for buying customers, but leads to problems on the frosting ma
chines.. Although the amounts of scrap that are accepted in this type of processes is 
largerr than in other types, gaining better control over these CTQs was expected to be 
profitable.. Hardness was selected as the main internal CTQ, taking length and thick
nesss along as secondary CTQs. 
Fromm a measurement reliability study it appeared that the expensive laboratory mea
surementss on hardness were not more reliable than the measurements performed by 
thee operators themselves. This result made it easier to use hardness measurements in 
thee project and in production. 
Thee current procedures required that each pallet of biscuits would be inspected on 
length,, width and thickness. The procedure required the operator to measure a sam
plee of 14 biscuits (collected from two trays). Based on the results pallets were accepted 
orr (completely) rejected. A variance decomposition of 88 biscuits from various pallets 
showedd that the dominating variance component was between trays, not between pal
lets.. This suggested that it was not wise to reject or accept complete pallets. A more 
sophisticatedd inspection scheme was designed. Furthermore, a registration system for 
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Processs Capability Analysis for Hardness 

Processs Data 

USL L 

Target t 

LSL L 

Mean n 

Samplee N 

StDevv (ST) 

StDevv (LT) 

* * 
4.70000 0 

4.79020 0 

199 9 

0.416366 6 

0.641373 3 

Potentiall (ST) Capability 

Cp p 

CPU U 

CPL L 

Cpk k 

Cpm m 

* * 
* * 

0.07 7 

00 07 

Overalll (LT) Capability 

Pp p 
PPU U 

PPLL 0.05 

Ppkk 0.05 

Figuree 3.2 Capability analysis for hardness of biscuits. 

thee results of the inspections was set up so that the information could be used for 
furtherr improvement projects. 

Exploratio n n 
Thee data that were collected in the Operationalisation phase were analysed using con-
troll  charts and multi-vari charts. The analyses did not result in specific clues. Brain-
stormingg sessions were more successful. These sessions were structured following the 
stepss of the production process and using the standard classes Man, Machine, Method, 
Material,, Measurement and Mother Nature. Besides, a failure mode and effect analysis 
wass performed with the operators, in which recurring disturbances were identified. 

Elaboratio n n 
Thee Exploration phase resulted in a process matrix featuring 59 potential influence fac-
tors.. A part of it — the influence factors related to the preparation of dough — is listed 
inn table 3.3. The presumed effect of many of these influence factors was rationally con-
sidered,, which resulted in some factors being marked not promising. The experiments 
andd other investigations were prioritised and organised. In order to measure some of 
thee influence factors related to dough (such as temperature) it was necessary to per-
formm a homogeneity study. Based on this study it was possible to give an adequate 
operationall  definition of factors such as dough temperature. 

Conclusio n n 
Manyy of the identified disturbances could be tackled by composing check lists for 
maintenancee work and for start-ups. Furthermore, on-line inspections of the running 
processs were better organised so that disturbances would be reacted to more alertly 
(mistake(mistake proofing). 

Observedd Performance Expected ST Performance Expected LT Performance 

P P M < L S LL 402010.05 PPM < LSL 414247.46 PPM < LSL 444079.93 

PPMM > USL ' PPM > USL • PPM > USL 

PPMM Total 402010.05 PPM Total 414247.46 PPM Total 444079.93 
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Influenc ee facto r 

Dosagee of meal 
Qualityy of the meal 
Dosagee of Y-fat 
Qualityy of Y-fat 
Dosagee of sugar 
Dosagee of syrup 
Dosagee of cold water 
Dosagee of hot water 
Dosagee of pyrosulphate 
Dosagee of soda 
Dosagee of crumb 
Orderr of the additions 
Blendingg degree of pyrosulphate 
Durationn of blending of flour with water 
Contaminatedd level detector 
Degreee of blending of dough 
Doughh temperature 
Badd raw materials 

Type e 

Controll variable 
Nuisancee variable 
Controll variable 
Nuisancee variable 
Controll variable 
Controll variable 
Controll variable 
Controll variable 
Controll variable 
Controll variable 
Controll variable 
Controll variable 
Nuisancee variable 
Controll variable 
Disturbance e 
Nuisancee variable 
Controll variable 
Disturbance e 

L L 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

T T 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

H H 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

Tablee 3.3 Part of the process matrix, showing influence factors for L(ength), T(hickness) and 
H(ardness). . 

Confirmatio n n 
Beforee the biscuits are processed on the frosting machine they are set to rest during 
aa number of days. The duration of this period was identified as a potential influence 
factorr (control variable) and an investigation confirmed the influence of this duration 
ontoo the hardness (0.10 Bar per day). At this point, this effect could, however, not be 
explained. . 

Thee effects of several other possible influence factors were not confirmed, which put 
ann end to much debate in the factory. In a 23 experiment with 4 runs in the centre 
pointt the effects of three parameters of the oven were tested. None of these factors 
appearedd to have any effect on the hardness of the biscuits, much to the surprise of the 
engineers,, and although the settings were varied quite extremely. The factor ventilator 
speed,speed, however, had a small dispersion effect for length and thickness. 

Conclusio n n 
Thee ventilator speed was adjusted slightly to reduce the dispersion of length and thick-
nesss of biscuits (robust design on dispersion effect). 

Confirmatio n n 
Inn order to study the potential influence factors related to dough preparation, we con-
ductedd a 25_1 experiment with 4 runs in the centre point and in two blocks. This 
designn has resolution V, but the block effect is confounded with a two factor interac-
tion.. It was particularly difficult to control all conditions, such as the time between 
doughh preparation and dough processing, or the sticking of the biscuits to the oven 
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belt.. Many operators and engineers were called in to help keeping conditions as con-
stantt as possible. A second complication was that a change in some of the factors had 
noo immediate effect, but required some 40 minutes for stabilisation. 
Analysiss learned that one of the factors had no influence. Some of the others had 
quadraticc effects, whence additional measurements had to be collected following the 
runss of a central composite design. From the analysis optimal settings could be found 
forr the factors, but the gain in hardness was not gigantic: 0.5 Bar. Moreover, the re-
quiredd change in recipe came across resistance from the marketing department. 
Thee way the biscuits are stacked after they are baked (wide apart or tightly) appeared 
too have an important influence on hardness. Moreover, the biscuits produced during 
thee beforementioned experiments were remeasured after several days. In this period 
theirr hardness had increased by around 0.1 Bar per day. 

Elaboratio n n 
Att this moment the situation was that those factors that had been expected to have 
importantt influence onto the hardness appeared not or hardly relevant. On the other 
hand:: when the biscuits were left to rest, their hardness increased (especially when 
theyy were kept wide apart), and this effect was larger than the effects of all other factors 
studiedd so far. Reasoning resulted in the conjecture that the observed effect could be 
duee to humidity. 

Confirmatio n n 
Wee followed some trays of biscuits during a period of 13 days. Some of these trays 
weree left open, others were closed, whereas the biscuits in two trays were sealed in 
smalll  vacuum bags. The found differences were large: after just 4 days the biscuits in 
thee open trays were 1.5 Bar harder than the biscuits in the closed trays and the sealed 
biscuits.. The moisture content of the biscuits was measured and correlated with their 
hardness.. This variable appeared to be the explanatory variable that was searched for. 
Thee estimated relation was 

HardnessHardness = 4.65 + 0.38 Moisture%. 

Highlyy unexpected as this result was, it was unclear how the discovered effect could 
bee put to use. 
Thee effect of the biscuits' sticking to the oven belt (nuisance variable) was studied, and 
thee influence appeared huge. Even when the biscuits stuck slightly to the belt, the 
hardnesss was affected, but the effect could increase up to 1.5 Bar. 

Conclusio n n 
Severall  countermeasures against sticking were tried (scattering of flour underneath 
thee biscuits and the cleaning of the oven belt during production) before a successful 
countermeasuree was found: a certain type of grease on the oven belt resolved the 
problem.. The impact of this improvement was huge. 
Thee quality control system was reconsidered in order to incorporate the changes in 
thee process. Moreover, the control system could be made more effective now that new 
knowledgee about the process was gathered. 

Discussio n n 
Thee contrast between this project and the one that was the subject of the first case study 
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iss large. For several reasons this was a difficult project: 

oo The process was very complex, and many influence factors were important. 

oo Many influence factors were hard to control. Especially properties of dough, 
whichh is a highly unstable material, appeared to live their own life. 

oo Measurements had to be done by hand and were labour-intensive. 

oo Much about the process was unknown (for example: realistic requirements on 
suchh CTQs as hardness, length and thickness), but figuring everything out was 
simplyy too much work. 

oo Operators working in the baking and the frosting processes sometimes had op-
positee interests. 

Thee benefits of the project were more than the prevented disturbances, the solved 
problemm of the biscuits sticking to the oven belt, the optimised settings for the oven 
andd dough preparation, and the improved inspection system. The effect of moisture, 
thoughh not directly applicable, could explain many strange observations. Moreover, 
manyy myths were invalidated, thus focusing future inquiries. 
Thee process was far from the state of statistical control and Deming would proba-
blyy have insisted that it should be brought in that state before improvement could be 
strivedd after (see the appendix to chapter 1 of this thesis). It is, however, unrealistic to 
supposee that this process wil l ever approach the state of statistical control, because: 

oo Dough is a highly unstable substance, whose structure changes from minute to 
minutee and is highly dependent on temperature and other influences. 

oo The process works with natural materials such as flour, the variability of which 
iss unavoidable. 

oo The process is so complex and so many things can go wrong, that inevitably 
somee wil l go wrong each day. 

Thiss situation made experimentation certainly more complicated, but not at all impos-
sible.. My assessment is that Shewhart's (1939, p. 25) procedure alone — continuously 
reactingg to signals of assignable causes, andd then discovering their nature and remov-
ingg them — is not effective for improving this process. There are so many signals of 
assignablee causes that a search should not be instigated reactively, but in a structured 
andd organised manner. Moreover, the discovery and removal of assignable causes is in 
manyy cases complicated. Taken together, the situation required the organised, system-
aticc and off-line type of inquiry that I call improvement project, instead of Shewhart's 
reactivee quality control procedure. 
AA very important point is, though, that an effective use of the results of a quality im-
provementt project requires that full use is made of the found knowledge to improve 
thee quality control system. The case study illustrates this point: due to practical cir-
cumstancess the quality control system was at first not adequately improved, leading to 
aa month of bad results. Thereupon, the control system was upgraded in order to take 
fulll  advantage of the results of the project. The percentage of scrap was subsequently 
reducedd by a considerable amount. 
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3.33 Furthe r experience s in consultanc y wor k 

Thee formulation of the proposed framework was — of course — an iterative procedure 
inn which proposed elements were critically confronted over and over again with other 
material.. An important role was played in this context by the critical confrontation of 
proposedd theory with my consultancy work in quality improvement. 
Thee results of the confrontation of earlier versions of the proposed framework with my 
consultancyy experience were incorporated in the final version as described in chapter 
2.. Some observations, however, were quite illuminating and these are discussed in 
thiss section. 

3.3.11 Canonica l structure s of the explanator y networ k 

Inn some projects the explanatory network has a typical form. The identification of 
thesee typical forms enables a categorisation of improvement projects. An interesting 
examplee is provided by a project in a caffeine extraction process. The objective of the 
projectt was stated to be the increase of the amount of decaffeinated coffee per week 
(measuredd in tonnes). This external CTQ was associated with the internal CTQ cycle 
time.time. The desired decrease in cycle time could not simply be brought about by the 
reductionn of the total duration of the extractions, because an important restriction was 
thatt the caffeine percentage of the decaffeinated coffee should be below 0.1%. 
II  have encountered similar situations, in which the objective is to increase capacity or 
reducee cycle time, but where an important restrictive variable is in play. Typically in 
thiss kind of projects, the influence factors for the capacity and their effect are quite 
easilyy found. Rather, the project centers around the identification of the influence fac-
torss for the restrictive variable (or even the restrictive variables themselves). The idea 
iss that an increase in capacity can be arrived at by a better control of the restrictive 
variable. . 

Figuree 3.3 CTQs and influence factors for the caffeine extraction process. 

Thee explanatory network for the project in the caffeine extraction process contains two 
CTQss and three influence factors (figure 3.3). Number of extractions (NE) and time per 
extractionextraction (TE) cannot straightforwardly be reduced, since this would result in too large 
aa caffeine percentage. However, optimising the setting of temperature (T) we reduce 
thee caffeine percentage, allowing a reduction in NE and TE, thus reducing cycle time. 
Moreover,, the effect of NE and TE onto cycle time is not a multiple of their effect onto 
caffeine%.. This gives an opportunity to find optimal values for NE and TE under the 
restrictionn of keeping caffeine% constant. 
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Thee estimated models are: 
CycleCycle time = TE-NE, 

Caffeine%Caffeine% = 3.2916 - 0.0638 TE - 0.0846 NE - 0.0272 T + 0.00144 TE-NE + 0.000566 TET. 

Inn the relevant range, the optimal setting for T is 75°C. The overlaid contour plots of 
predictedd cycle time and caffeine% as functions of NE and TE (T set at 75°C ) are given 
inn figure 3.4. 

111 12 13 

NEE Hold values: T=75 

Figuree 3.4 Overlaid contour plots for cycle time and caffeine%. 

Thee contour lines represent predicted values of cycle time. The shaded area represents 
thee process settings for which the caffeine percentage is below 0.07%, which is at a safe 
distancee from the specification 0.1%. From the contour plot we choose the settings NE 
==  13, TE = 35 minutes, which gives a cycle time of 455 minutes. Compared with the 
originall  settings NE = 12, TE = 45, this gives a reduction of cycle time of 540 - 455 = 85 
minutes. . 

Interestingg research could be done to identify more standard patterns in explanatory 
networkss and related approaches, thus arriving at a classification of improvement 
projects. . 

3.3.22 Emphasi s in project s 

Theree is hardly an improvement project in which all phases — Operationalisation, 
Exploration,, Elaboration, Confirmation and Conclusion — are equally important. In 
fact,, in many projects the emphasis is on a single or two phases. Some examples. 

oo Operationalisation phase. The objective of a certain project was to reduce dead 
inventoryy (inventory for which there is no purpose in the company). Having 
madee this objective more specific, and having collected information on the cur-
rentt amount of dead inventory, the root of the problem appeared already at hand: 
ann inadequate order procedure. 
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InIn a process making parboiled rice, one CTQ was the capacity of the installation, 
underr the restriction that another CTQ, namely the extent to which the rice was 
cookedd enough, remained acceptable. The development of an adequate measure-
mentt procedure to determine whether rice is cooked enough was an important 
partt of the project. Once such a procedure was found — the final procedure 
involvedd counting the number of grains of rice not cooked enough — effective 
experimentss could be designed to establish how much the capacity could be in-
creasedd without compromising the quality of the cooked rice. 

oo Exploration phase. The CTQ in a project concerning a coffee packaging process 
wass the event that a package of coffee is not vacuum. Identifying the cause of 
thiss problem took a lot of detective work. Once the cause was tracked down 
(insufficientt capacity of the pump in the vacuum bell), confirmation of its effect 
andd finding countermeasures were easily done. 

oo Confirmation phase. In a caffeine extraction process (see the preceding example) 
thee influence factors were already known, but not their precise effects. Com-
plicatedd experiments were conducted in the Confirmation phase to model these 
effects. . 

oo Conclusion phase. In order to control the moisture content of roasted coffee beans 
thee influence factors were quickly discovered. The emphasis in the project was 
onn the design of adequate feedforward and feedback control systems. 

3.3.33 Importanc e of the Operationalisatio n phas e 

Uponn identifying a CTQ and measuring its current performance, an inquirer not sel-
domlyy finds out that the selected CTQ fails to represent the problem he is consider-
ing.. In a biscuit factory, for instance, an improvement project was started that aimed 
att (among other things) the reduction of the percentage of biscuits that are too long. 
Havingg defined a measurement and sampling procedure for this CTQ, the inquirer 
collectedd a number of measurements to assess the current extent of the problem. From 
thee analysis the inquirer found out that: 

1.. There were indeed many biscuits that were too long, but in addition, 
2.. with the biscuits that were too long a considerable amount of good biscuits was 

wastedd as well, which was due to the inspection procedure that was employed. 

Thus,, it appeared that the perceived problem consisted in fact of two problems. I 
havee encountered the situation quite frequently, that the perceived problem is not (or 
onlyy part of) the real problem. In fact, the operationalisation of the problem should 
bee considered an iterative procedure. A definition of a CTQ should be considered as a 
hypothesis,, which can be modified or even rejected on the basis of empirical evidence 
collectedd in the Operationalisation phase or in later phases. In my experience, mea-
surementt procedures, sampling plans, specifications, and even the characteristic that 
iss assumed to represent the problem are frequently reconsidered later in an improve-
mentt project. 
Fromm this example I would like to conclude that: 

1.. The importance of the Operationalisation phase is that the problem is made ex-
plicit,, but that 
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2.. The results should be considered tentative and open for revision. 

3.3.44 Tendenc y of engineer s to be too critica l in the Exploratio n phas e 

Often,, I have encountered a considerable amount of scepticism with engineers when 
theyy could not explain or understand from their technical knowledge the potential 
influencee factors that were identified during the Exploration phase. If, however, in-
quirerss do not make bold conjectures, but only pose truisms, they do not learn any-
thingg (cf. the quote from Popper in section 2.3). The scepticism is not justified: the 
hypothetico-deductivee method has a safety net in that wrong hypotheses are refuted 
duringg the Confirmation phase. Engineers should be convinced to feel safe to explore 
neww ideas, also bold ones, because this is the way breakthroughs are arrived at. 

3.3.55 Operationa l definition s in qualit y improvemen t 

Inn quality improvement CTQs are usually borrowed from ordinary language. In order 
too enable empirical testing and prediction it is vital that they are defined operationally. 
AA standard example with which I confront my students is the problem that in a par-
ticularr year 17% of the trains of the Dutch railway company was delayed (according 
too figures of the railway company). Before the delay of trains can be the subject of 
aa quality improvement project the event train is delayed should be given operational 
meaning.. This would require at least a specification of: 

oo A margin: after how many minutes is a train considered late? The railway com-
panyy specifies: after 3 minutes. 

oo The time that is measured: time of arrival or time of departure? The railway 
companyy specifies: time of arrival. 

oo The unit of measurement: the statement '17% of the trains is delayed' suggests 
thatt the unit is a train. It should then be specified which arrival time of a train is 
consideredd (the arrival at the terminal station?). In fact, the unit that the railway 
companyy defines is not a train, but an arrival of an arbitrary train at an arbitrary 
station.. Thus, a more de facto statement would be: '17% of the arrivals of trains 
iss overdue'. 

oo The sampling system: are all arrivals in the Netherlands recorded? The railway 
companyy specifies: only the arrivals at the main stations (which is a specified 
selectionn of stations) are recorded. 

Thee importance of precise specifications is illustrated from the fact that the consumers' 
associationn has deviating figures. Surely, this is a result from the fact that their defini-
tionn deviates on at least one of the four points mentioned above. This does not mean 
thatt the definition of one is valid and the other's is not. As long as the definitions cor-
relatee with the external CTQ (which is passenger dissatisfaction due to delays) they 
aree both valid. 
Ann example from my own consultancy work is the CTQ hardness of biscuits. This con-
ceptt is borrowed from ordinary language, but upon applying it to biscuits it appears 
tooo simple to be of use. In particular, different (non-correlating) operational definitions 
aree possible (related to tensile strength and success in withstanding pressure exerted in 



Corroborationn of the proposed framework 

variouss ways). It is important to select carefully a definition that relates to the external 
CTQ. . 
Inn the same project, the temperature of an oven was identified as potential influence 
factor.. In the oven the temperature was measured at various places and it was not clear 
whichh of these temperature measurements were appropriate. The problem was solved 
byy doing the analyses on all of these measurements. The conclusions were identical 
forr different measurements, and this fact gave confidence in the results. 
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44 The multi-var i chart : 
aa systemati c approac h 

4.11 Introducin g the multi-var i char t 

Thee multi-vari chart is a useful graphical tool, which provides a graphical display of 
thee behaviour of a CTQ in a running process. Variance components and suspicious 
patternss in the data are easily recognised. 
Sederr (1950) introduces the multi-vari chart and compares it with the (X,R)-coT\trol 
chart.. The multi-vari chart presents an analysis of the variation in a process, hereby 
differentiatingg between three main sources: 

1.. Intra-piece, the variation within a piece, batch, lot et cetera; 

2.. Inter-piece, the additional variation between pieces; 

3.. Temporal variation, variation which is related to time. 

Duncann (1986) presents the multi-vari chart as a graphical tool for testing joint ho-
mogeneityy of means and variance in a nested structure. Bhote (1991) mentions the 
multi-varii  chart as one of the Shainin DOE-tools. Its purpose is to provide clues on the 
factorss that cause a substantial part of the process variation. 
Inn view of the descriptions of these authors, I discern two applications for the tech-
nique: : 

1.. As a tool to present the results of a homogeneity study, displaying variance com-
ponentss in the distribution of a CTQ. An example is provided in section 4.3.1, 
wheree a multi-vari chart present the results of a study after the homogeneity of 
thee distribution of caffeine over a batch of coffee. 

2.. As a tool in exploratory studies, displaying patterns which could be related 
too assignable causes, and giving indications on important influence factors by 
showingg in which class (intra-piece, inter-piece or temporal) they are likely to be 
found. . 

Thee literature on multi-vari charts has been descriptive rather than rigorous. Infer-
encess based on the charts are made intuitively without sound statistical basis. It is the 
purposee of this chapter to make the analysis of multi-vari charts more rigid. The orga-
nizationn is as follows. Below, I present an introductory example and I describe how a 
multi-varii  chart is composed. Thereupon, the models underlying the multi-vari chart 
analysiss are given and I raise the basic questions to which the analysis should provide 
ann answer. In section 4.2 formal test procedures are derived to facilitate the analysis of 
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thee multi-vari chart. In section 4.3 the proposed analysis procedure is demonstrated 
fromm an example. A discussion concludes the chapter. 
Thiss chapter is based on the paper De Mast, Roes and Does (2001) and on presentations 
heldd at the First International Symposium on Industrial Statistics (ISIS 1) in Linköping, 
Sweden,, 1999, and at the Joint Research Conference on Statistics in Quality, Industry 
andd Technology in Seattle, Washington, 2000. 

4.1.11 Example : weighin g tea boxe s 

Too illustrate the multi-vari chart I discuss a real lif e example which concerns a tea 
packingg process. Tea is put into tea bags which in turn are put in a paper envelope. 
Finally,, 20 of these are put in a box. 
AA characteristic which is considered important is the weight of the filled boxes. In or-
derr to evaluate the performance of the running process, data samples were collected. 
Onn each of 11 days 5 consecutive boxes were gathered from each of 4 packing ma-
chines.. The weight of the kth box from the j ' h machine at the /'"' day is denoted by Y^ , 
ii '' = 1 , . . . ,11, j = 1, . . . ,4, k = 1,...,5. 
Off  interest is the structure of the variability in the process. To study this variability 
thee multi-vari chart of figure 4.1 is constructed. On its y-axis it has the scale of the 
measurements,, grammes in this case. On the x-axis are the indices of the samples. 
Fromm each machine sample the minimum and the maximum value are indicated by 
aa solid box. For each sample the two boxes are connected by a vertical line, thus 
representingg the range of the machine sample. Within each day, sample means of the 
fourr machine samples are connected by a line. Finally, the crosses indicate the day 
means. . 

Weightt of tea boxes 

EE co 
E E 

55 8° 

I^tfy1 1 
\tt* \tt* 

Machinee : 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

Day:: 1 66 7 8 9 

55 observations per Machine 

Figuree 4.1 Multi-vari chart for weights of tea boxes. 

Studyingg the chart in figure 4.1 we see that the sample taken at the seventh day at the 
secondd machine, and the eighth day's samples of the first and second machines require 
aa closer examination. Inspection of the corresponding individual weights learns that 
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theree are four boxes that have a weight under 76 grammes or above 84 grammes. Since 
theree ought to be 20 tea bags in a box and since the average weight of a tea bag is four 
grammes,, it is likely that in these four boxes there is either one tea bag missing or one 
teaa bag too much. I adjusted the weights of the four boxes by adding or subtracting 
thee average weight of one tea bag. The multi-vari chart of the adjusted data is given 
inn figure 4.2. 

Adjustedd weight of tea boxes 

Machinee : 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

Day:: 1 66 7 8 9 

55 observations per Machine 

Figuree 4.2 Multi-vari chart for adjusted weights of tea boxes. 

Fromm this chart inferences could be made concerning the process's behaviour with 
respectt to the weight of the tea boxes. The chart could answer questions such as: "Is 
thee process stable or not?", "Are there variance components other than the within-
samplee variation?", "Can fixed differences among the various machines be found?". 
Fromm multi-vari charts such as they are used so far these questions can be answered 
onlyy intuitively, since formal statistical tests for making inferences based on multi-vari 
chartss are lacking. 

4.1.22 Multi-var i chart : basic s and model s 

AA multi-vari chart aims to assess the extent to which the variability in a quality char-
acteristicc can be attributed to the effect of two or more specific factors. Typically in 
multi-varii  studies, one of these factors is related to time — hours, days, weeks, et 
ceteraa — and one or more are related to streams of products — e.g., batches, lots, ma-
chines,, operators. In what follows, I limi t the number of factors to two, although in 
practicee more factors can be used. One of the factors is related to time and it is con-
sideredd random. The factor related to streams of products can be considered either 
aa random or a fixed effect, depending on the situation. This leads to two different 
modelss to describe the process: 

Randomm effects model If an inquirer used for instance batches as the second factor, 
hee would consider a random effects model in which the batches factor is nested 
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withinn the time factor: 

YYljkljk  = // + 3t + -)m + (kuj). / = 1 I,j = \ J,k = \ K. (4.1) 

Inn this model // is the over-all mean. The effect of the I time instants is modelled 
inn the 3lf which are independent and identically distributed (i.i.d.) following a 
yV(0.. a%) distribution. The effects of the J batches that are collected within each 
timee instant are represented by -!j{l)l  which are i.i.d. N{i). a'*). The errors ek(lJ) in 
thee j t h batch collected at time instant i are i.i.d. „V(0, af-). All random variables 
aree independent. 

Mixedd effects model If an inquirer considers machines as the second factor (and he 
considerss all machines used), a mixed effects model in which the machines factor 
iss crossed with the time factor seems more appropriate: 

11 )jk. = n+3i + 7,; + (kuj)- /' = 1 Lj=l  J,k=\ A'. (4.2) 

wheree the -yj are now fixed effects. The assumptions on the 3, and (kUj) remain 
similar. . 

Thee choice between the random and the mixed effects model is made mostly on phys-
icall  grounds. If the levels of a factor are limited in number one would choose a mixed 
effectss model. If the effects are drawn from a (theoretically) infinite number, one would 
usee a random model. 
Thee variation that stems from the ek[lj)  is referred to as within-batch variation. The ad-
ditionall  variation induced by the second factor is called between-batches variation or 
batch-to-batchbatch-to-batch variation. The additional variation caused by the time factor is called 
temporaltemporal variation. 
Thee aim is to use the models to decide from a multi-vari chart whether 

1.. The within-batch variation is constant over the various batches; 
2.. The additional batch-to-batch variation, either random or fixed, is significantly 

non-zero; ; 
3.. The additional temporal variation is significantly non-zero. 

Whenn a multi-vari chart is used in a homogeneity study, the questions above give 
operationall  meaning to the term 'homogeneity' and the answers constitute the study's 
result.. In an exploratory study, the answers to the abovementioned questions indicate 
inn which class the important influence factors are to be found (thus getting a zooming-
inn strategy off the ground; see section 2.2.4). However, the multi-vari chart provides 
moree clues in this situation. The data, plotted in their order, make it possible to identify 
assignablee causes of variation when the inquirer sees nonrandom patterns. 

4.22 Test procedure s 

InIn this section I present statistical tests which are of help in drawing conclusions on 
thee questions that were listed in the preceding section. Rather than using ratios of 
sums-of-squaress as test statistics I base these tests on control limits comparable to the 
controll  limits in control charts methodology. Hence, tests are not over-all tests, such 
ass the sums-of-squares based F-test, but instead batches are tested individually. The 
advantagee is that the resulting tests form an easy to use graphical tool. 
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4.2.11 Test s unde r th e rando m mode l 

Thee statistics that are indicated graphically in the multi-vari chart are: 

oo Rjty = Range^Y" }̂  for j = 1 , . . ., J within i = 1, . . ., I (the ranges of the obser-
vationss in each batch). 

oo Yij. for j = 1, . . ., J within i = l,...,I (the batch means). 
oo Yi„  for i = 1, . . ., I (the means at the time instants). 

Homogeneit yy  of within-batc h sprea d 
Thee first of the three questions that was raised in the preceding section concerns ho-
mogeneityy of the within-batch variation. It can be formalized as a hypothesis. Given 
aa mean value rr2 = j-j  yj of for the within-batch variance we test for each batch j(i) 

HH0 0 

HHA A "tf*"tf* 00* * 
Visuallyy this test is established by comparing the lengths of the vertical lines which 
indicatee the batch ranges. The more formal test is based on control limits. I calculate an 
upperr and a lower limi t in between which the range of the measurements within each 
batchh is supposed to be. If the range is beyond one of these limits, this is considered 
evidencee that the within-batch variation in the particular batch differs significantly 
fromm the within-batch variation in other batches. 

Batch:: 1 2 3 4 5 6 7 8 9 1011121314151617181920212223242526272829303132333435363738394041424344 

Day:: 1 2 33 4 5 

55 observations per Batch 

77 8 9 10 11 

Randomm effects model Alphaa = 0.0027 

Figuree 4.3 Control limits for within-batch spread for an artificial data set. 

Too compute the control limits I follow the approach of Does and Schriever (1992). The 
Upperr and Lower Control Limit (UCL and LCL respectively) are 

UCLUCL = L +  ClS, 

LCLLCL = L + c2S, 
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wheree L is an estimate of the location of the ranges Rj  ̂ and S is an estimate of their 
spread.. The constants c\ and c2 are chosen such that the probabilities under the null-
hypothesiss of an /?j(t) being below the upper control limi t or below the lower control 
limi tt are 1 — a/2 and a/2 respectively. Thus, the probability of wrongly rejecting the 
null-hypothesiss is a for each batch. In control charting methodology it is customary to 
takee a = 0.0027, which corresponds to the well-known 'three sigma'-limits. 
Lett us take L = R and S = ^R. Here, R = jj  Ylij Rj(i) is the average range, rf3 is 
chosenn such that Var(Rj^/d3) = a2 and d2 such that E(R/d2) = o (see Duncan, 1986). 
Writingg bm = 1 + ~fccm, m = 1, 2, we have L + cmS = bmR. To establish b\: 

\jJZi\jJZi l^l{k)ïj(i)  Kt[k) U - h } 

Thiss probability can be computed using an approximation due to Patnaik (1950). In 
thiss paper the distribution of a squared average of ranges is approximated by a chi-
squaree distribution: 

^^ (TTTT E/(fc) (̂l) Ri(k)) 2 . 
—— T—T — ~ X' approximately. 

aazzaaz z 

Thee a and v are chosen such that the first two moments of both the approximated 
distributionn and the chi-square distribution are equal. These constantss can be found in 
tables,, for instance in table D3 in Duncan (1986). The value a is Duncan's constant d\. 
Itt can be obtained, together with v, by taking the number of samples g equal to IJ — 1 
andd the size of the samples m equal to K. Approximately, in (4.3) we have a random 
variablee consisting of a range divided by the square root of a statistic that follows a 
chi-squaree distribution and that is independent of the range in de numerator. Such a 
statisticc has a studentized range (Tukey) distribution. We have: 

ii  Q ~ o ( h^IJ~l) 
22 ~f t '" V IJ-bx 

wheree Qn%l/ is the studentized range distribution function for a range based on n ob-
servationss and having v degrees of freedom in its denominator. From this result an 
expressionn for the UCL can be derived: 

UCLUCL = 7 ° ^ 1 J' -R. 
a(U-\)a(U-\) + Q-K\v{\-%) 

Likewise,, we can calculate an expression for the LCL. The result is 

LCLLCL - a(u-D+%;„(!) * • 

Inn figure 4.3 these control limits are indicated in a multi-vari chart for an artificial data 
set.. The data were collected from a simulation of model (4.1) with 

76 6 

file:///jJZi


4.22 Test procedures 

oo Pi = 0 for all i; 
oo 7 j W ~ Af(0,0.25) and 

°° £k{ij) ~ AT(0,1). 

Forr each batch, the batch's minimum is taken as zero point. The lower horizontal bar 
indicatess the LCL, the upper one indicates the UCL. The null-hypothesis is rejected if 
thee batch's maximum is not in between these two bars. 
Constancyy of variance is necessary for the remaining tests. Although not rejecting 
thee hypothesis of homogeneous variance does not imply accepting it, in practice the 
variancee is considered constant if there is no strong evidence supporting heterogeneity 
off  variance. 

Homogeneit yy  of the batc h means 
Thee next hypothesis that can be tested is that of no additional batch-to-batch variation. 
Too test this hypothesis constancy of within-batch spread is assumed. I do not assume 
absencee of temporal variation. The model that is implied by the null-hypothesis is 

thatt is, model (4.1) without batch means term. Under the null-hypothesis all observa-
tionss collected at a single time instant share a common distribution. We test whether 
thee mean of the fh batch of the ïh time instant differs from the average batch mean 
moree than is to be expected given the within-batch variation. The null- and alternative 
hypothesiss in symbols are 

HH00 : Var{ % - Y,.) = ^ a 2 , vs. 

HHAA : Var{ % - f,.) > J

Thee formal test is based on control limits for the batch means. If a batch mean is 
beyondd these limits we consider this evidence that there is additional batch-to-batch 
variation.. The control limits are chosen such that for each batch mean the probability 
off  wrongly rejecting the null-hypothesis equals a. Since absence of temporal variation 
iss not assumed, the location of the control limits is shifted according to the %... 
Define e 

Analogouss to the control limits for the ranges, we have, taking L = Y{.. and S = 
VMSVMSwbl wbl 

UCLUCL = %. + ciyJMSwh, and 

LCLLCL = Yi.. + c2^MSwb. 

Notee that {Y^. - Yi..)/(jJ^- follows a standard normal distribution. From calculating 

1 - || = ?HQ(Yii.<Yi.. + c^MSw?) = 
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Thee multi-vari chart 

Batchh : 1 2 3 4 5 6 7 8 9 1011121314151617181920212223242526272829303132333435363738394041424344 

Day:: 1 2 33 4 5 

55 observations per Batch Alphaa = 0.0027 

Figuree 4.4 Control limits for batch means for an artificial data set 

88 9 10 11 

Randomm effects model 

wee find the control limits to be 

UCL UCL 

LCL LCL 

%.+ %.+ 
JJ - 1 

JKJKhj(K-i)\ hj(K-i)\ IMS,, IMS,, 

\l\l JJJJII^^ttmK-,)(^MSmK-,)(^MSwbwb, , 

ttvv being the ^-distribution with v degrees of freedom. The chart of figure 4.4 demon-
stratess these control limits. Several batch means are beyond the control limits, which 
wass to be expected in view of the way the data were generated. 

Homogeneit yy  over tim e 
Controll  limits for testing homogeneity over time can be computed in the same way. 
Heree we have two choices: the batch-to-batch variation can be assumed negligible or 
not.. I choose for the latter option here. The testing problem is 

HH00 : Var(n.) = ^ + ^ , vs. 

HHAA : Var(n.)>4 + 4-

statingg that the variation in the time instant means can (or cannot) be accounted for 
completelyy by the within-batch and the between-batches variation. 
Noticee that (ft Y~)/yfö Y~)/yfö 
null-hypothesis.. We define 

^ V ^ JJ has a standard normal distribution under the 

MSbl l 
I(J I(J 

Sincee I(J - l)MSbb/(Ka  ̂ + a2) has a chi-square distribution with I(J - 1) degrees of 
freedom,, the ^-distribution can be used to calculate the control limits. Taking L = Y...; 
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4.22 Test procedures 

55 = J * § * , we find 

{/CL L K .. + . / ' - l . - r 11 fi % / M S « -

LCLL Y... + -'1 l*~ QQ /MSw, 
ttIU-i)\rIU-i)\r >>>\ >\ IJIJ  "^-1)^ 2 X X 

Thesee control limits are drawn in the chart of figure 4.5. No points are beyond the 
controll  limits. Notice that together the three charts in figures 4.3^.5 provide an easy 
too understand analysis of the variance components present in the given data set. 

\ * * 
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Batchh : 1 2 3 4 5 6 7 8 9 1011121314151617181920212223242526272829303132333435363738394041424344 

Dayy : 11 2 

Alphaa = 0.0027 

33 4 5 6 

55 observations per Batch 

77 8 9 10 

Randomm effects mode! 

Figuree 4.5 Control limits for day means for an artificial data set. 

4.2.22 Test s unde r th e mixe d mode l 

Inn case the second factor has only a limited number of levels the inquirer should use 
thee mixed effects model (4.2). An example is the machines factor in the tea packing 
example.. The statistics indicated in the multi-vari chart are now: 

oo Rij = Rangefc{y ijfc}  (the range of the observations collected from machine j at 
timee instant i). 

oo Yij. (the mean of the observations collected from machine j at time instant i). 

oo Y,.. (the means at the time instants). 

Thee hypothesis concerning homogeneity of within-machine samples variation and the 
relatedd test are analogous to the hypothesis and test under the random effects model. 
Thee control limits for testing consistency over time can be calculated from straight-
forwardd adjustments to the test under the random effects model. Using MSU,6 = 

79 9 



Thee multi-vari chart 

l l 
IJ(K-l) IJ(K-l) 

Hii  Y.j I2k(Yijk — y%j)2 as an estimator for error variance we find 

UCL UCL 

LCL LCL 

Y...+ Y...+ 

Y...+ Y...+ 

II  -I 
UKUK b"Vc-i)\ 2' ' 

MS„ „ 

1 1 
UKUK -"(K-I)\2 

- i ) ( ö ) i i 'MS,, , 

AA relevant hypothesis in the mixed effects model is the hypothesis concerning fixed 
differencess among machines: 

HH00 : jj  = 0 for j = 1, . . ., J, vs. 
HAHA  1] ¥" 0 for at least one j . 

Inn a multi-vari chart fixed differences emerge as a pattern in the Ŷ -. that is repeated 
fromm time instant to time instant. To test the significance of observed differences, how-
ever,, it is more natural to consider the machine means Y.j. rather than considering the 
Yij..Yij.. For this reason, the multi-vari chart, which does not indicate the Y.j., is a tool not 
ass appropriate for testing this hypothesis as an other graphical technique: the Analysis 
off  Means (ANOM). A thorough treatise can be found in Schilling (1973). The ANOM 
techniquee is illustrated using the data from the tea packing process. 
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ANOMM for tea packing data 

UDL L 

LDL L 

Figuree 4.6 Analysis of means applied to tea packing data. 

Fromm the multi-vari chart with control limits for the variation within the machine sam-
pless and for the day means I found no evidence for inconsistencies. To test for fixed 
differencess among the machines, I plotted the ANOM-chart in figure 4.6. Indicated 
inn the chart are the Y.j. for j = 1,2,3 and 4. The decision limits UDL and LDL were 
calculatedd from Schilling's formulas: 

UDLUDL = Y.. + hQ{IJ(K-l),A) 

LDLLDL = Y..-ha{IJ(K-l)A) 

J-IJ-I MS, 
IK IK 

J -- 1 MS, 
IK IK 
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4.33 Using a multi-vari chart in practice 

withh ha the upper bound for the studentized maximum absolute deviation from pop-
ulationn mean in normal samples as given in Schilling's table. The probability under 
thee hypothesis of no fixed differences that at least one Y.j. is beyond the decision limits 
iss smaller than a. If one or more machine means are beyond the decision limits, this is 
consideredd evidence that there are fixed differences among the machines. 

Fromm the analysis of the tea packing data I would conclude that the process is stable in 
timee and that the error variance is constant. There is no evidence of fixed differences 
amongg the machines. I also analysed the data set under the random effects model. 
Thiss analysis as well did not provide evidence to reject the hypothesis of consistency. 
Appartt from the apparent problem with the number of tea bags in a box no assignable 
causess were found. 

4.33 Usin g a multi-var i char t in practic e 

4.3.11 Example : homogeneit y of caffein e distributio n 

Ass an example of a fruitful combination of an analysis of variance using F-tests and a 
multi-varii  study using the tests that I presented above, I consider a set of data collected 
fromm a caffeine extraction process. The purpose of the experiment was to give a char-
acterizationn of the distribution of caffeine over a batch of coffee. From five consecutive 
batchess samples were taken at two locations in the process, namely, at the extractor's 
outlett and at a conveyor belt. Four samples were taken at each sampling location and 
fromm each batch. From each sample an operator determined the caffeine content in 
threee measurements. 

H H ^ ^ S S 

K4^^*i ^ ^ 
i i 

y-V^Ay-V^A  * -H - ^ 
l-t-t~ || «~f-I-« 

Sample e 

S.Locat. . 

Batch h 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 4 

Extractorr Conveyor Extractor Conveyor Extractor Conveyor Extractor Conveyor Extractor Conveyor 

Alphaa = 0.0027 33 observations per Sample Randomm effects model 

Figuree 4.7 Multi-vari chart for caffeine extraction data. 

AA good starting point for the analysis of the data is to draw a multi-vari chart of the 
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Thee multi-vari chart 

dataa and study it to obtain a first impression of the data's structure. The multi-vari 
chartt is given in figure 4.7. Next, the following model, describing the measured caf-
feinee content, was fit to the data. 

YijklYijkl — /' + 31 + ~)j + Ök{ij) + (-l(ijk)-

ii  — 1 . . . .. 5; 7 — 1 (Extractor's outlet), 2 (Conveyor); k = 1 4 and / — 1,2, 3. The 
batchh effect is modelled in the 3it assumed to be A'(0.a2) distributed. The sampling 
locationss -)j are modelled as a fixed effect, crossed with the batch effect. Nested in this 
productt is the sample effect dk(IJI, which is supposed to have a Ar(0. af) distribution. 
Thee error is modelled in Q(iJ7,), normally distributed with variance a2. 
Apartt from two outliers in the first batch no evidence was found that the normality 
assumptionn for the error was inappropriate. The analysis of variance is presented in 
tablee 4.1. 

Analysi ss  of varianc e 

SourceSource df 
Batchh 4 
Sampl.. Locat. 1 
Samplee 34 
Errorr 80 
Totall 119 

SS SS 
7.94x100 2 

3.39xlCT5 5 

6 . 2 8 x l 0 J J 

2.59x100 4 

8 . 0 3 x l 0 2 2 

MS MS 
1.99x100 2 

3.39x100 5 

1.85x100
3.24x100 6 

EMS EMS 

24̂ 55 + :i(Ji + l 

GOO E i] + 3ff£ + a2 

lialia22 + a2 

a" a" 

F F 
1075 5 
1.84 4 
5.70 0 

P P 
0.00 0 
0.18 8 
0.00 0 

Tablee 4.1 Analysis of variance for caffeine percentage. 

AA first interesting conclusion is that there is no evidence that the location where sam-
pless are taken has influence on the measured values. A second conclusion is that there 
iss additional variation present between different samples from a single batch. This 
impliess that the caffeine is not homogeneously distributed over a batch of coffee. 
Wee proceed the analysis using the multi-vari chart. The sampling location is omitted as 
effect.. In the chart of figure 4.8 we added control limits for the within-sample variation. 
Thee two signals in the first batch are caused by the two outliers that were already 
found.. Due to the rounding off of the data, the three measurements in the last sample 
off  the last batch are identical, leading to a zero within-sample variation. This causes 
thee signal in this sample. We conclude that the error is homogeneous. 
Inn the chart of figure 4.9 we added control limits for the sample means. We see that 
inn the batches 1, 2, 4 and 5, which have a lower average caffeine content, there is 
noo evidence of additional sample-to-sample variation. Thus, the evidence that was 
foundd in the analysis of variance for a heterogeneous caffeine distribution is solely 
accountedd for by the third batch, which has a higher caffeine content. A conservative 
conclusionn is that the caffeine distribution is quite homogeneous in batches which 
havee a relatively low caffeine content. 
Thee fact that the F-test found sample to be a significant effect whereas the multi-vari 
testt did not, is a demonstration of one of the differences between the two tests. The 
F-testt is an over-all test whereas the multi-vari test, testing individual samples, is not. 
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4.33 Using a multi-vari chart in practice 

55 ° 
CO O 
O O è è 

Samplee : 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 

Batchh : 1 1 

Alphaa = 0.002 

22 3 

33 observations per Sample 

44 5 

Randomm effects model 

Figuree 4.8 Control limits for within-sample spread for caffeine extraction data. 

4.3.22 Discussio n 

Thee similarities between multi-vari charts and control charts go beyond the use of 
controll  limits. In fact, one could regard the multi-vari chart as an extension of the 
controll  chart. To see this, remember that a regular (X, i?)-control chart is intended to 
1.. establish that the within-samples variation is constant, and 2. study whether there 
iss additional sample-to-sample variation. The multi-vari chart is an extension of this 
methodologyy in that it allows for more additional variance components to be part of 
thee analysis. Hence, if the products follow different streams, the expected stream-to-
streamm differences can be integrated in the analysis. 

Thee hypotheses that are studied by means of the multi-vari chart can as well be tested 
usingg analysis of variance techniques such as the F-test. There are some differences 
betweenn the two approaches. An important difference is the fact that an F-test is a test 
onn all batch-means or day-means simultaneously, whereas the approach with control 
limit ss leads to individual tests for each mean separately. As a disadvantage of the 
latterr option I mention that the confidence level for the combination of the individual 
testss is not well defined. I chose for the individual tests anyway for the reason that in 
generall  an inquirer is interested not only in the fact that there are inhomogeneities, but 
alsoo in the question to which sample, batch or machine they refer (a similar discussion 
iss presented in section 5.3.1). 
AA second difference in approach is the graphical nature of the analysis in charting 
methodologyy versus the numerical approach in ANOVA. This difference leads to sev-
erall  advantages for the multi-vari chart. First of all, a graphical display of the results of 
ann analysis is easier understood by non-statisticians than a result that is summarized 
inn a number of statistics. Secondly, if the process is disturbed at some time instant 
and/orr at a particular machine, the multi-vari chart gives immediate clues about the 
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r*? H H 

Samplee : 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 

Batchh : 1 

Alphaa = 0.002 

22 3 

33 observations per Sample Randomm effects model 

Figuree 4.9 Control limits for sample means for caffeine extraction data. 

timee instant and/or the machine where the inquirer should search for trouble. The 
casee of the tea packing process, where the number of tea bags in a box showed a few 
irregularities,, illustrates this point. 
Finally,, the graphical display of the data can give much more indications on proper-
tiess of the process than just the conclusions on hypotheses concerning homogeneity 
off  means and variance. As Tukey (1977, p. vi) wrote it, the value of a good graphical 
presentationn is that "i t forces us to notice what we never  expected to see"  (emphasis is 
Tukey's).. Especially if the technique is used in an exploratory study, a graphical dis-
playy of the data in their original order is vital to identify nonrandom patterns hinting 
att assignable causes. 
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55 Robus t individual s contro l char t 
forr  explorator y analysi s 

5.11 Introductio n 

Controll  charts are applied for a number of purposes and in a range of contexts. Their 
originall  application is as a part of a control loop, for instance in the form of Shewhart's 
(1939,, p. 25) continuing and self-correcting operation to bring a process in a state 
off  statistical control. In this application measurements from the running process are 
addedd one by one to the chart. The chart's purpose is to instigate and guide the search 
forr assignable causes of variation. A slightly different situation arises once the pro-
cesss is more or less in statistical control and the control chart is used to monitor the 
process.. Literature on control charts (see Woodall and Montgomery, 1999, for a recent 
overview)) focuses predominantly on the control chart in this context. Consequently, 
thee current charting methodology has developed charts that function well in the con-
textt of monitoring, but this does not necessarily make them perform well as a tech-
niquee in other applications. 
AA different application of control charts is their use to judge from a given data set 
whetherr the process that produced the data is in statistical control. This type of appli-
cationn is called retrospective analysis (Woodall and Montgomery, 1999). In this chapter 
II  study the use of control charts for exploratory analysis. This type of analysis is per-
formedd on a given data set (such as in retrospective analysis, but unlike monitoring) 
andd has as its purpose the detection of assignable causes of variation1. This purpose 
iss identical to the function of control charting in the monitoring context, but deviates 
fromm its application in retrospective analysis, where the (primary) purpose is not the 
detectionn of assignable causes (which is an analysis of individual observations) but 
thee inference whether or not the process is in statistical control (which is an inference 
aboutt the complete data sample). Control charts may be applied in the exploratory 
contextt in the Exploration phase of quality improvement projects to identify potential 
influencee factors, but as well as an after-the-trial check in the analysis of experimental 
dataa to check for evidence of assignable causes. 
II  limi t myself to control charts for data that are collected as individual measurements, 
leavingg situations in which data are collected in subgroups for further research. Fur-
thermore,, I consider situations in which the data can be described reasonably ade-
quatelyy by means of the normal distribution, although the methodology is robustified 
againstt deviations from the normal distribution especially in the tails. Finally, I as-
sumee that the data are independent. The control chart is designed with moderate 

1Thiss term is used in this chapter in Shewhart's sense, as explained in the appendix of chapter 1. 
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samplee sizes (say, 20 to 100 data points) in mind. 
Thee chapter is organised as follows. Below I investigate the differences between the 
exploratoryy context and the monitoring context. Two motivating examples are dis-
cussed,, highlighting the problems that are encountered if an inquirer applies control 
chartss for exploratory analysis. Section 5.3 enumerates the requirements for a control 
chartt in the exploratory context and incorporates these in a control charting proce-
dure.. The statistical technicalities are developed in section 5.4. Two real-life examples 
demonstratee the proposed procedure's effectiveness in comparison with alternative 
controll  charting methods. A discussion concludes the chapter. 
Thee material in this chapter was presented during the First Annual Conference on 
Businesss and Industrial Statistics in Oslo, Norway, 2001. 

5.22 The explorator y versu s the monitorin g phas e 

5.2.11 Difference s 

Too illustrate the importance of studying control charting procedures for exploratory 
analysiss apart from the monitoring context, I consider differences between the two 
situations.. These differences bear upon: 

1.. Continuing time series versus finite sample. In the monitoring situation samples are 
collectedd at given time instants. Each newly collected data point is compared to 
thee control limits to verify whether the process is still in statistical control. The 
probabilityy a of a false signal is associated with a tail area under the distribution 
off  the individual measurements. If the normal distribution is taken as an approx-
imationn of this distribution, the control limits are usually set at a distance of 3<r of 
thee central line, which corresponds with an approximate false alarm probability 
off  0.003 per observation. 
Inn the exploratory case the inquirer deals with a finite sample. Consequently, 
hee could consider basing the control limits on an overall false alarm probability. 
Thee approximate false alarm probability a is then based on the joint distribution 
off  all the data in the sample. Woodall and Montgomery (1999) advocate this 
proceduree in the context of retrospective analysis, and it seems appropriate when 
thee chart ought to provide answers relating to the complete data set (such as: 
"wass the process controlled?"). I shall argue below that it is inappropriate in the 
exploratoryy context. 

2.. State of the process. Monitoring is especially useful if the process has first been 
broughtt in a more or less controlled state. In the exploratory situation, however, 
theree is no reason to assume that the process is in control, whence it is veryy well 
possiblee to encounter a chaotic sample of measurements. It is, therefore, impor-
tantt to protect oneself by making the control chart robust against deviations from 
thee assumptions that underlie the method. Robust statistical methods (see, e.g., 
Huber,, 1981) ought to play a dominant part. The importance of robust methods 
inn exploratory data analysis is one of the main themes in Hoaglin, Mosteller and 
Tukeyy (1983). 

3.. Dependence between test statistics and control limits. The control limits for a chart 
thatt is used for monitoring are computed from an initial sample or from his-
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toricall  data. Hence, the measurements that are collected from the production 
processs are stochastically independent of the control limits. In the exploratory 
situationn this is not the case: control limits are computed from the measurements 
whichh are plotted in the chart. This is a second motivation to use robust statistical 
procedures,, since disturbances in the observations can inflate the control limits, 
makingg the chart less sensitive in detecting the remaining assignable causes. 

4.. Dependence between successive tests. If the control limits are computed from the 
measurementss that are indicated in the chart, the successive comparisons of ob-
servationss to the control limits are no longer independent, as was observed by 
Quesenberryy (1993). Consequently, the fraction of points that are mistakenly 
identifiedd as outliers is no longer a. Quesenberry shows that the dependence 
betweenn the successive tests is related to the variance of the control limits. This 
iss a motivation to base the control limits on efficient estimators. 

5.. Difference in functionality. In monitoring the emphasis is on the signal function of 
thee control chart, whereas the emphasis in exploratory analysis is on clue gen-
eration.. For this reason, the requirement that the chart provides an easily inter-
pretedd display of the data is even more important in the exploratoryy context than 
inn the monitoring context. 

5.2.22 Two motivatin g example s 

Twoo examples demonstrate some of the problems that could arise when control charts 
aree applied in exploratory analysis. I am confident the examples wil l look familiar to 
practitioners. . 

55 10 15 20 25 

Figuree 5.1 Control chart with control limits based on the average moving range. 

Thee data in figure 5.1 were drawn from the Af(Q, 1) distribution. Observations 11 and 
200 were replaced with the value 6.0, observation 14 with the value —6.0. Given the way 
inn which the data were obtained, one would like a control chart to give three signals: 
att observations 11, 14 and 20. The chart that is often used for exploratory analysis is 
thee individuals control chart (see, e.g., Roes, Does and Schurink, 1993). In this control 
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chartt — to which I shall refer as Average Moving Range (AMR)-chart — the control 
limit ss are computed from 

UCLL = fi + 2.66 AMR. 

LCLL = £ - 2.66 AMR. 

Here,, p, is the overall mean of the data, and 

11 n _1 

AMR== J2\yi-Vi+i\-

Thee outliers in the data result in an inflated error estimate, and consequently, the con-
troll  limits are too wide: the chart in figure 5.1 gives one signal (observation 14) — and 
evenn this point is only just below the lower control limit . 

Thee data in figure 5.2 were obtained from a simulation of the model 

ViVi = IH + u, 

with/u,, = 10.0 fori = 1,. .. .20; ft = 12.0 fori = 21, . . . ,30, and /x*  = 8.0 for i = 
3 1 , . . .,, 50. The et are i.i.d. 7V(0,1). Observation 47 was set to the value 12.5. We would 
likee a control chart to make the following suggestions: 

oo Shift in the mean at i = 21 and i = 31. 

oo Outlier at i = 47. 

oo The remaining variation is white noise. 

- || 1 1 1 r-
100 20 30 40 50 

Figuree 5.2 Control chart with control limits based on the average moving range. 

Thee AMR-chart gives one signal. It does not give any information about the moment 
whenn the shifts occurred, and the shifts make the detection of further assignable causes 
—— such as the outlier at i = 47 — difficult. 
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5.33 Propose d contro l char t 

5.3.11 Requirement s 

Thee discussion about the requirements for a control chart for exploratory analysis is 
openedd with the requirements listed by Shewhart (1939, p. 30) for criteria to detect 
assignablee causes: 

1.. They should indicate the presence of assignable causes of variation. 
2.. They should not only indicate the presence of assignable causes, but also should 

doo this in a way to facilitate the discovery of these causes. 
3.. They should be as simple as possible and adaptable in a continuing and self-

correctivee operation of control. 
4.. They should be such that the chance of looking for assignable causes when they 

aree not present does not exceed some prescribed value. 

II  discuss these requirements for the control chart in the exploratory context. 

Add 1. Indicat e the presenc e of assignabl e cause s 
Assignablee causes are detected by anything that indicates nonrandomness. An obvi-
ouss deviation from randomness is an outlier — Shewhart's criterion I. Other criteria 
shouldd be based on the order of data, in which generic patterns could be observed by 
whichh assignable causes manifest themselves. Shewhart stresses that such a generic 
patternn can only be based on experience (see the discussion in section 2.2.4). I propose 
too discern — apart from outliers — one generic pattern that the control chart should 
detect,, namely shifts in the mean. The importance of this pattern is acknowledged by 
thee large literature on CUSUM and EWMA charts. The discussion about the inclusion 
off  more generic patterns is postponed to section 5.6. 
Ass demonstrated in the examples in section 5.2.2, the presence of assignable causes 
off  either kind — outliers and shifts in the mean — seriously affects the chart's ability 
too detect the remaining assignable causes. Therefore, and in view of points 2. and 3. 
inn section 5.2.1, the procedure should be robust against both outliers and shifts in the 
mean.. The former is achieved by employing robust estimation methods, the latter by 
incorporatingg detected shifts in the analysis. 
Apartt from this, and as was remarked in point 5. in section 5.2.1, a clear visualisation is 
vitall  in the exploratory context to facilitate the revelation of more nonrandom patterns. 

Add 2. Facilitat e the discover y of detecte d assignabl e cause s 
Inn exploratory analysis this is an important point and it is the reason why the chart 
shouldd not use an overall false alarm probability a. The inquirer is interested in ques-
tionss suchh as "when were assignable causes present?" and "how many assignable causes 
weree present?", which are questions related to individual measurements. Hence, the 
chart'ss performance should be based on the distribution of the individual data points, 
andd individual as, such as in the monitoring context, are appropriate. 

Add 3. Simpl e and adaptabl e 
Thee computations required for the set-up of a control chart are nowadays always per-
formedd by a computer, and as a consequence the restrictions on computational efforts 
aree much looser than in Shewhart's days. I do not, therefore, consider simplicity or 
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adaptabilityy of computation an important requirement. Simplicity of the visual pre-
sentation,, on the contrary is important. 

Add 4. Low false alarm rate 
Shewhartt warns against confusing criteria for the identification of assignable causes 
andd hypothesis tests. This relates to the issue that — as long as the process is not 
inn statistical control — the assumptions that are required for a hypothesis test (e.g., 
concerningg the assumed distribution) cannot be made rigorously. The mathematical 
theoryy of hypothesis testing serves as a background for the development of control 
chartt procedures, but is yet fundamentally different (Shewhart, 1939, pp. 39—40). In 
particular,, the chance of looking for an assignable cause when there is none present 
iss associated with the tail probability of an assumed distribution function, but this 
associationn should be seen as a rough approximation. 
Variouss authors have argued against plotting control limits in a control chart when it 
iss used in the context of exploratory data analysis. In reply to Woodall (2000), Hoerl 
sayss that "the plot of the data over time is much more valuable than the control limits." 
II  do not agree on practical grounds. As suggested by Shewhart's requirement 4., the 
purposee of the control chart is not only to specify when to search for assignable causes, 
butt also when not to do this. In my experience, engineers have a tendency to see an 
assignablee cause in every bit of variation, simply because their limited experience with 
variationn patterns makes it difficult to assess which patterns typically arise in random 
dataa and which not. The control limits give the guidance that these engineers need. 
Thiss does not mean that the comparison of observations to control limits should be 
seenn as a hypothesis test (see Woodall, 2000, for an overview of this controversy). 
Itt only means that our chart should indicate which points are suspicious and which 
aree not, and that our operational definition of 'suspicious' is based on tail areas of 
distributionn functions. 

5.3.22 Propose d procedur e 

Forr the analysis of individual measurements in the exploratory context I propose the 
subsequentt control charting procedure. 

1.. Estimate the locations of possible shifts and test significance of these shifts. Upon 
completionn of this step, the original data set is divided in intervals on which the 
meann of the measurements is presumed constant. 

2.. Estimate (using robust estimators) the means of the intervals between succes-
sivee shifts. Also, estimate (using robust estimators) the variance of the in-control 
measurements. . 

3.. Based on these estimates, determine a pair of control limits for each interval. 
Measurementss are identified as outliers if they fall beyond these control limits. 

AA preview of the effectiveness of this procedure in dealing with the problems illus-
tratedd in section 5.2.2 is shown in figure 5.3. 

5.3.33 Relationshi p wit h proposition s in literatur e 

Hawkinss (1993) distinguishes 'isolated' assignable causes from 'persistent' assignable 
causess and links these to the Shewhart-type control chart for the first type, and charts 
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5.33 Proposed control chart 
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Figuree 5.3 Proposed control chart. 

thatt accumulate information from successive measurements (CUSUM, EWMA) for the 
second.. The proposed control chart is a combination of both types of techniques: it 
employss change-point analysis techniques to detect shifts, and Shewhart-type control 
chartss for the intervals between shifts. This combination was proposed in the literature 
by,, for instance, Lucas (1982), Sullivan and Woodall (1996) and Taylor (2000), although 
onlyy the latter has the two analyses incorporated in a single graph. There is a lot of 
literaturee on the application of change-point analysis in control charting methodology, 
suchh as literature on CUSUM techniques (Page, 1954) and Cuscore charts (Box and 
Ramirez,, 1992). Especially in the context of retrospective analysis, a powerful method 
iss proposed by Koning and Does (2000). However, these papers focus on detection of 
shiftss and do not address the issue of estimating their location. Sullivan and Woodall 
(1996)) do consider estimation of the location of a shift. Their procedure is less powerful 
inn detecting shifts than the procedure of Koning and Does, but the gain in power of 
thee latter is appearance, since the extra detected shifts are so small that they cannot be 
estimatedd accurately. 

Thee role that robust estimation ought to play in control charting methodology was 
welll  stated by Rocke (1989), who observed that 

oo statistics that are indicated in the control chart should be sensitive to outliers, 
whereas s 

oo statistics that are used to calculate the control limits should be robust against 
outliers. . 

Inn the past decades a number of articles has appeared that deal with robust control 
charts.. A robust mean and range chart was proposed by Langenberg and Iglewicz 
(1986),, who base their control limits on the trimmed mean of the subgroup means and 
thee trimmed mean of ranges. Rocke (1989) studies the use of the Inter Quartile Range 
(IQR)) as a robust estimator of error and finds it to perform well in a number of out-
of-controll  scenarios. More advanced estimators for the mean and range chart where 
studiedd by Tatum (1997). He recommends the use of a variant of the biweight A-
estimatorr (Lax, 1985). This estimator is very robust against deviations from the model 
assumptions,, but has nonetheless an efficiency that is only slightly less than that of the 
samplee standard deviation. 
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Robustt methods for the individuals chart were studied by Bryce, Gaudard and Joiner 
(1997)) and Boyles (1997). The Median Absolute Deviation from the median (MAD) 
seemss to outperform other estimators in situations in which outliers are present. How-
ever,, neither of the two papers draws the biweight A-estimator or other advanced 
robustt estimators into the comparison. 
Inn the subsequent section I derive the necessary estimation and testing procedures. 
Inn order to satisfy the robustness requirement, the theory of M-estimators plays an 
importantt role. The reader is referred to Hoaglin, Mosteller and Tukey (1983, ch. 11), 
forr a concise introduction. 

5.44 Estimatio n and testin g procedure s 

5.4.11 Estimatio n of the locatio n of a shif t 

Thee null-model that is assumed for the in-control process has all measurements yt, i = 
1, . . ... n, share the same normal distribution: 

yi=Hyi=H  + Ci, i = 1,... ,n, (5.1) 

witheïiidA/'(0,ö-2). . 
Too derive the required estimation and testing methods, I start studying how to estimate 
thee location r of a shift, given that a single shift has occurred. The situation is described 
byy the following model: 

ViVi = Hi + e,: for i = 1,. . ., r, 
yi=V-2+Uyi=V-2+U  fori = T + l , . . . , n, 

e,, iid A/"(0, a2); nu ^2, o and r unknown. Sullivan and Woodall (1996) derive the maxi-
mumm likelihood (ML) estimator for r. It is found, together with the ML estimators for 
/j] ,, H2 and a from 

with h 

(/ii,/i2,(J,f)) = arg min ^(/X],//2, o", r). 

% j ,, /x2l a, r) = ~ log(27T<72) + - ^ I £ ( y, - fi, f + £ [y, - //2) : 

11 z a \ i = i i=T+: 

Argg min f(x) denotes the value of x for which f(x) is minimised. Taking derivatives 
forr /i] , n-2 and a and equating to zero we find for fixed r: 

11 T 

TT i=i 

11 n 

""  ' 1=7+] 

* 2MM  = -\1t(yi-fii[T]) 2+  E (W-A2M 
nn V J =1 t = r +l 
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rr = 2,3, . . . , n - 2. Next, 

ff  = arg min ^ i [ r ] , / i 2[ r ] , j [ r ] , r ) 

==  argmin{log(ö"[r])} . (5.3) 

Finally, , 
All =/Jl[^]; ^2 = A2[r]; flr = flr[f]. (5.4) 

However,, we are well aware that not all measurements are necessarily produced by 
thee in-control model (5.1). We anticipate that some observations — outliers — might 
stemm from a more heavily tailed distribution. In order to make the procedure robust 
againstt the possible presence of outliers it is modified in the following way. For r = 
2 , . . .,, n - 2, let /zi[r] be the solution of J2l=i 4> {^M) = ° a n d l e t A2M be the solution 
off  n = r + i ^ ( 5 ^ ) = 0 , where 

SS00[T][T]  = median{|yi - m|} i= l i ...,n, 

withh m = mi[T]  if 1 < i < r, and m = m2[T) if r + 1 < i < n, where m\[r\ and 
mm22[r][r]  are the medians of y i , . . ., yT and yT+\,- , yn respectively. Furthermore, ip is an 
oddd function, whereas c is a tuning constant. Thus, /xi[r] and ^[T]  are M-estimators 
(Huber,, 1981) for location based on a preliminary estimate S0[T]  for scale. Our final 
scalee estimate is given by 

mm = ^ Q H (s - , ̂  CsgüP)+su* . ̂  C^ff 1))'72
 (5 5) 

Thee given procedure to obtain a scale estimate uses the asymptotic variance of the 
M-estimatorss for location in order to estimate the standard deviation of the error. This 
typee of scale estimators is named A-estimators by Lax (1985). Lax finds A-estimators to 
performm well when compared to other robust scale estimators, including M-estimators. 
Seee also Gross (1976), Hoaglin et al. (1983) and Shoemaker (1984). 
II  propose to take i>  to be the derivative of the bisquare function: 

.,., f u(l-u2)2, | u | < l, 
* (U)) = { 0, |u| > 1. 

Althoughh this choice can be well motivated, I mention Huber's, Hampel's and An-
drews'' i) functions as alternative options (see Hoaglin et al., 1983). Observations 
yiyi,...,,..., yT in the neighbourhood of the estimated mean yüi [r] have standardised val-
uess u = (yi - £LI[T])/CSO[T] around 0, as do observations y r+i, . .. ,y„  in the neighbour-
hoodd of fair].  For these observations, ijj(u)  behaves as ku (for a nonzero constant k), 
whichh is the ^-function associated with the ML estimator for normally distributed 
measurements.. In view of the assumed normality of the centre of the distribution, this 
iss an important property (ibid., p. 363). Observations further removed from the mean 
aree more and more downweighted, and observations further removed than cs0[r ] are 
completelyy rejected. Simulations show that the value c = 9 for the tuning constant 
resultss in a good performance in a range of situations. 
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Analogouss to (5.3), f could be determined from 

ff = argmin{/og((r[r])}, 

butt because of the chosen ip function evidence of (larger) shifts is mistakenly down-
weightedd (or rejected) as stemming from outliers. Therefore, a better estimate for T is 
foundd from 

ff  =argmin{7og(<T#[T])} , (5.6) 

wheree <T#[T] is found by plugging in i[>*  for ip in (5.5). Function ip* is a 'stretched' 
versionn of ip so as to reflect the fact that we have data from two normal distributions 
(withh mean /ii  and mean fi2). Letting A = \{II[T]  - /t2[r]|/cs0[r ] we define: 

ip*(u) ip*(u) 
sgn(u) ) 

uu ) , 
16 6 

25V5' ' 

s g n (M ) ( |u | - A ) ( l - ( [ u | - A ) 2 ) 2 2 

0, , 

i i 
y/5' y/5' l«|< < 

AA + i < | w | < A + l, 
lull  > A + l. 

Wee use v^# only in (5.6); all other estimators are based on ip. Figure 5.4 illustrates the 
idea.. As in (5.4), fa = fa[f]; fa =  fi^f];  a = a[f}. 

-O-O 0 D 

Figuree 5.4 ip (left) and V#- The locations of u = 0 and u = A are marked with 0 and D or 
-D. -D. 

5.4.22 Testin g significanc e of a shif t 

Wee test the null-model (5.1) against the alternative model (5.2). The likelihood ratio 
statisticc for this testing problem is (<r£/cr2)n/2, with na\ = E?=i(Vi ~ /*o)2 and n/x0 = 
Et

n=ii  2/i- This statistic can be shown to be equivalent with 

T T 
f(nf(n M22 - H\ 

a a 
(5.7) ) 

withh a2 = na2/(n - 2) (cf. Bickel and Doksum, 1977, p. 216). This statistic has the same 
appearancee as the test statistic in the two sample t-test, but because of the fact that f is 
aa random variable it does not follow a ̂ -distribution under the null-model. 
Thee test statistic defined in (5.7) can be robustified by plugging in the robust estimators 
proposedd in the preceding section. Thus, we arrive at 

RT RT 
t(nt(n - f) ffi2 - fa 

(5.8) ) 

94 4 



5.44 Estimation and testing procedures 

Simulationss show that the distribution of RT2/ni under the null-model can be well 
approximatedd by an F-distribution having ni degrees of freedom in the numerator 
andd n2 degrees of freedom in the denominator. For various n suitable choices for n\ 
andd n2 are given in table 5.1. The appendix provides details about the determination 
off  these values. 

n n 

"2 2 

10 0 

2.98 8 

3.0 0 

15 5 

3.26 6 

5.7 7 

20 0 

3.50 0 

10.9 9 

30 0 

3.76 6 

29.6 6 

40 0 
3.97 7 

55.3 3 

50 0 

4.13 3 

90.6 6 

60 0 

4.23 3 

oo o 

70 0 

4.33 3 

oo o 

100 0 
4.42 2 

oo o 

150 0 

4.56 6 

oo o 

Tablee 5.1 Suitable values for ni and n2 for various sample sizes n. 

Thee proposed approximation is accurate up to the 0.99 quantile of the distribution of 
RTRT22/n\./n\. An accurate approximation to the values for nx and n2 can be found from the 
followingg formulas: 

nii  « 4.75 - 33.5/n + 160/n2, 
nn22 ~ 2.73 - 0.447n + 0.0441n2 (For n > 50, take n2 = oo). 

Altogetherr the test signals if ^-RT2 > F~ n̂2{l  — a), with a the probability of falsely 
detectingg a shift. 

5.4.33 Multipl e shift s 

Havingg detected a shift, the data are split into two groups: yx,...,yf and j/f+i ,  ,yn-
Thee same procedure is applied to both groups, verifying whether more shifts can be 
detected.. This procedure is continued recursively, until no more shifts are detected 
orr until the size of the groups becomes smaller than 4 or any other chosen minimum 
value.. In the situation of a larger number of alternating shifts this procedure suffers 
fromm a masking problem. Since the control chart is designed with moderate sample 
sizess in mind, the number of shifts wil l not often be that large and as a consequence 
thee adequacy of the proposed control chart is not seriously affected. However, the 
constructionn of a procedure that deals more effectively with multiple shifts is an inter-
estingg topic for further research. 

5.4.44 Detectio n of outlier s 

Denotingg by jxi, . . ., fik the estimated means of the groups in between the detected 
shiftss f2,..., ffc, we re-estimate the error from the formula 

Ass before, s0 is the MAD: 
s00 = median{t/i - m} , 
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withh m the median of the relevant subgroup. The factor ^/n in the numerator of (5.5) 
iss replaced with Jn2/(n — k) in order to account for the loss of degrees of freedom 
forr the estimation of /Xj,..., fj,k. Note that a is calculated from xp instead of ip#: this 
ensuress that our final scale estimate is robust against nuisance stemming from slight 
misestimationn of r. 
Forr each group j = l,...,k the chart has control limits at 

UCLjj  = fa +h, 

LCLjj  = (ij — h 

Tj+lTj+l  — fj — 1 

TJJ + 1 - Tj ~ 1 
,, — : : — <?, 

wheree we define f\ — 0 and fjt+i = n for notational ease. The scalar h determines how 
muchh evidence we require before we are prepared to identify an observation as an out-
lier.. We work with the traditional value h = 3. The factor J{TJ+\ - T3 - l)/(fj +i - f,) 
stemss from the dependency between the yt and the control limits. 

5.55 Two example s 

Inn two examples stemming from recent projects I compare the method with other con-
troll  charts. The first example stems from the food industry. The principal stage in 
thee production of decaffeinated coffee is an extraction process during which most of 
thee caffeine is removed from the coffee beans. During the extraction an auxiliary sub-
stancee DCM is added to the beans, and removed after the process. The percentage of 
DCMM that is absorbed by the beans and as a result cannot be removed is an important 
qualityy characteristic. 

c c 
'c. 'c. 
o o 

O O 
Q Q 

" II  1 1 1 1 — 

00 20 40 60 80 

Figuree 5.5 Proposed control chart for DCM percentage measurements. 
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5.55 Two examples 

AA quality improvement project was started in order to bring the DCM percentages 
safelyy below a certain requirement. In an early stage in the project DCM percentage 
measurementss were collected of 96 batches of coffee beans. The robust exploratory 
controll  chart of these data — which are multiplied by a scalar for reasons of confiden-
tialityy — is presented in figure 5.5. 
Thee control chart reveals the presence of several assignable causes: it provides evi-
dencee that in the time period in which the 96 measurements were collected eight iso-
latedd disturbances occurred as well as two shifts in the mean. Removing the outliers 
andd correcting the remaining measurements for the shifts, the inquirer is left with 
measurementss which can be described reasonably well by a normal distribution with 
standardd deviation 0.35. Note that the identification of outliers is possible because the 
riskk of a false signal is specified per observation (cf. section 5.3.1, ad. 2). Had we chosen 
too work with an overall false alarm risk, it would have been unclear what guidance 
thee control limits provide for the identification of assignable causes. 
Thee unstable state of this process is a serious complication for experimentation. In the 
firstt instance improvement efforts should focus on preventive actions against the dis-
turbances.. The control chart in the figure gives important indications on their nature 
andd the time instants on which they occurred. A good strategy would be to discuss 
thee control chart with the operators and process engineers who work with the pro-
cess,, and if possible to consult log books in order to find more information about the 
processs conditions during those time instants on which disturbances occurred. 

/ / T T AA MMIAI 
uvyy \j ' i / ^ | 

f f 
V V \ \ Uv--

T T 

00 20 40 60 80 

Figuree 5.6 AMR-chart for DCM percentage measurements. 

Figuree 5.6 shows the AMR-chart for the DCM percentage measurements. This chart 
detectss the larger outliers. It does not, however, provide indications about the presence 
off  the shifts. Moreover, two of the smaller outliers are not detected. The standard 
deviationn of the in-control process is estimated to be 0.58, which seems to be too large. 
Thiss large estimate can be explained by the fact that it includes the additional variation 
thatt is caused by the shifts and by the fact that the average moving range is not as 

o o 
Q Q 
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robustt an estimator as the A-estimator that was used in the proposed procedure. 
Thee AMR-chart can be augmented with additional runs rules (see Nelson, 1984). These 
extraa tests make the chart more powerful in detecting shifts and drifts. I apply two 
popularr rules to the DCM percentage data: 

1.. Signal when 9 consecutive measurements are on the same side of the centre line. 

2.. Signal when 4 out of 5 measurements are on the same side of and more than a 
distancee of 1 sigma from the centre line. 

Thee first rule signals at observations 9, 10, 11, 12, 13, 60, 61, 78, 79, 80, 81, 82, 83, 84, 
85,, 86, 87, 88, 89, 90, 91, 92, 93, 94,95, 96. The second rule signals at observations 4, 5, 
6,, 7, 8, 10,11,12,13, 56, 57, 58, 60, 89, 90, 91. Clearly, the chart finds evidence for the 
shifts.. However, it does not provide clear information about their number or the time 
instantss on which they occur. Moreover, the detected shifts are not incorporated in the 
analysis,, and as a consequence the chart is less sensitive in detecting the remaining 
assignablee causes. 

Thee second example demonstrates the performance of our procedure in the case of a 
smallerr data set (30 observations). The example concerns the lengths of biscuits when 
theyy leave the oven. In order to identify assignable causes of variation in their length, 
threee biscuits were measured every two minutes, for 60 minutes on a row. The re-
sultingg data set does not consist of individual measurements. However, the proposed 
controll  chart can be applied to the averages of the groups of three measurements. The 
chartt for these averages is presented in figure 5.7. 

o o 
cbb -

LO O 
LOO -
LO O 

o o 
LOO -
LO O 

LO O 

LO O 

TT 1 1 1 1 1 1 ' 

00 10 20 30 40 50 60 

Minutes s 

Figuree 5.7 Proposed control chart for the averages of lengths. 

Thee chart suggests that the average length has shifted between the 22nd and the 24,h 

minute.. Inquiry with the operators on duty learned that the speed of a conveyor belt 
wass modified at (precisely) that moment in order to adjust the length a bit. Besides 

E E 
Ê  ^ 

Bi i 
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thiss adjustment, the average length appears in statistical control, indicating that no 
assignablee causes should be sought on the basis of these measurements. 
Thee traditional chart for subgrouped measurements is the (X,i?)-control chart. The 
X-chartt is shown in figure 5.8. The control limits are computed from an estimate of 
thee within-groups spread based on the average range — see formula (6-5) in Mont-
gomeryy (1991, p. 204). The chart gives four signals. The X-chart signals when there 
iss (a significant amount of) between-groups variation that cannot be accounted for by 
thee within-groups variation alone. In view of this behaviour, the four signals would 
suggestt that the length of the biscuits is not perfectly stable in time, which is in itself a 
valuablee suggestion, but not specific enough to pinpoint the assignable cause. 

E E 
E E 

in n m m 

in n 
in n 

m m 
in n 

m m 

m m 

10 0 20 0 30 0 

Minutes s 

40 0 50 0 60 0 

Figuree 5.8 X-chart for the lengths of biscuits. 

Iff  the inquirer is not so much interested in establishing whether additional between-
groupss variation is present, but rather wants to know whether this additional variation 
iss random, he could plot an AMR-chart with the average lengths considered as indi-
viduall  observations (this procedure is advocated for the monitoring context in Does, 
Roess and Trip, 1999, ch. 8.3). The chart is shown in figure 5.9. The chart fails to detect 
thee shift in the mean (even when it is augmented with the beforementioned runs rules). 
II  conclude that the proposed control chart provides the most revealing presentation of 
thiss data set. 

5.66 Discussion 

Thee term 'control' has littl e bearing on the application of control charts in exploratory 
analysis.. Consequently, the terms 'control chart' and 'control limits' are somewhat 
misleading,, and 'process behaviour chart' and 'natural process limits' might be better 
termss (this terminology is used by Wheeler and Poling, 1998). 
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CD D 

EE IT) 

E E 

0> > 

LO O 

10 0 20 0 30 0 

Minutes s 

40 0 50 0 60 0 

Figuree 5.9 AMR-chart for the averages of lengths. 

Itt has been argued that charts for monitoring in which the control limits are computed 
fromm small samples are misleading (see Quesenberry, 1993). Simulations show that the 
probabilityy that the proposed exploratory chart gives a misleading image is modest, 
evenn for smaller sample sizes. Judging a chart to be misleading either if it incorrectly 
detectss a shift, or if it gives two or more false alarms for outliers, we find that for a 
samplee size of 40 the probability that the chart is misleading is 5.72%. Simulations also 
confirmm the high efficiency of the A-estimator: 84% for a sample size of 40 (compared 
too the standard deviation). The efficiency of a scale estimator based on the AMR is 
61%. . 
Ann alternative for using robust estimators for the mean and in-control standard devi-
ationn is the following iterative procedure: 

1.. Plot a provisional control chart of the data. 

2.. Identify outliers. 

3.. Recalculate the control limits, ignoring the identified outliers. 

Stepss 2. and 3. could be done once, or iteratively until no more outliers are detected. 
Itt should be understood that this procedure is nothing but a robust estimation proce-
dure.. The statistical properties of procedures as this, however, are only mediocre to 
badd (Hampel, Ronchetti, Rousseeuw and Stahel, 1986, pp. 56-71). There is, moreover, 
ann inherent problem in the given procedure: outliers might inflate the error estimate 
soo much, that the chart becomes too insensitive to detect even a single outlier (the 
chartt in figure 5.1 comes quite close to this situation). The given iterative procedure is 
inferiorr to the use of the A-estimator in the proposed control chart. 
Thee proposed procedure could — and perhaps should — be generalised to include 
moree generic patterns. Obvious candidates include linear (or polynomial) trends, au-
toregressivee or moving average terms and shifts in the variance. The selected generic 
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patternss should span most of the space of patterns in which assignable causes manifest 
themselves.. The procedure should suggest one or a number of possible interpretations 
off  the data, and it should indicate to what extent the given interpretations succeed in 
reducingg the measurements to white noise. This procedure seems a valuable aid for 
exploratoryy data analysis. The inquirer must, however, always look for clues that the 
automatedd procedure does not detect. Moreover, the suggested interpretations should 
bee interpreted as hypotheses and further deductive testing is required before the in-
quirerr can arrive at a final interpretation of a set of data. 
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Appendi x x 
Approximatin gg the distributio n of RT2 

Forr suitable choices of 7i] and n2 we approximate the distribution of RT2fn\ (see for-
mulaa (5.8)) under model (5.1) by the FnuTl2-distribution. This appendix shows how 
suitablee values for 77.1 and n2 were obtained for various sample sizes n. 
Forr fixed n we draw 10 000 samples of size n from a standard normal distribution and 
wee calculate the corresponding 10 000 realisations of RT2. The first two moments of 
thee empirical cumulative distribution function (ECDF) that is induced by these 10 000 
valuess are given by 

ii 10000 

MM = - £ RT2, 

ii 10000 

MM22 = - £ RT?. 
nn T~i 

Thee first two moments of the ECDF approximating the distribution of RT2/nj can be 
determinedd analogously, and equating these with the first two moments of the iv tl re-
distributionn (see Johnson and Kotz2,1970) we find 

Solvingg 771 andd n2 

Ah Ah 
n\ n\ 
MM2 2 

1$ 1$ 

fromm these equat 

nn22 = 

ww i -

nn2 2 

nn22~2' ~2' 

nii  (n2 -

ionss gives 

AMAM2 2 

nn + 2) 
2) (n2--

-- 2M2 

MM22 - M2 - 2M 

-- M^~\ 

4) ) 

l l 

n<2 n<2 

(5.9) ) 

(5.10) ) 

Furthe rr  specific s 
Forr n > 50 we find n2 to increase rapidly. Since Fnun,2 converges to X% /n: if n2 —*  oo 
(forr fixed ni and X2

x /n} being the distribution of a statistic having a chi-square distri-
butionn with ni degrees of freedom, divided by n\), we approximate the distribution of 
RTRT22 by the X2  ̂-distribution for sample sizes larger than 50. Following the same idea 
ass above, n\ is determined from 

77]] =MX. (5.11) 

Forr 77 < 20 we run into the problem that the proposed approximation is inadequate 
inn the remote tails (beyond the 0.99 quantile): the remote tails of the distribution of 
RTRT22/ni/ni are heavier than those of the approximating F-distribution. These heavy tails 
havee a large impact on the moments of the ECDF and, consequently, the found values 
forr 771 and n2 do not give the best approximation on the relevant domain, namely up 

2Notee that the last part of their formula (5) on p. 77 contains an error:  should be ( ̂  J . 
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too the 0.99 quantile. Ideally, we would approximate the ECDF truncated at the 0.99 
quantilee by an F-distribution truncated at the 0.99 quantile. We would then equate 
momentss of these truncated distributions. Unfortunately it seems not feasible to ob-
tainn expressions for the moments of the truncated F-distribution. 
Anotherr approach to circumvent the problem is inspired by the following idea (see 
Bickell  and Doksum, 1977, p. 387). Writing RT?t) for the ordered RT2, we note that 

thee points TOM, TOM, FF l 

711,712 2 

111 111 
) )

1, . . .,, 9900 would lie on the line y = x if the 
approximationn were perfect (up to the 0.99 quantile). Using this idea, 

== argmm 2^ | RT^/vi 
9900 0 

FF 1 1/2 2 

100 000 
(5.12) ) 

i.e.,, rii  and n2 are chosen so that they minimise the L2 distance from the line y = x. In 
practice,, nx and n2 were found taking the values of (5.9) and (5.10) as starting points 
forr a numerical routine minimising (5.12). 

Thee reported values in table 5.1 were determined from (5.12) (for n = 10,15 and 20), 
(5.9)) and (5.10) (for n = 30,40 and 50), or (5.11) (for n = 60,70,100 and 150). The 
adequacyy of the proposed approximation for n = 20 and n = 60 is demonstrated in 
figuree 5.10, which shows the probability plots (up to the 0.99 quantile) for the ECDF. 
Itt displays the points (.RT^/ni, Fni]m (YÖOT!))-

 T h e indices o n t h e 2/-axis are Fnun2(y) 
insteadd of y. The plots are representative for the plots of other values of n, and they 
showw that the approximation is accurate up to the 0.97 quantile and fairly accurate up 
too the 0.99 quantile. 

00 2 4 6 8 10 12 14 

Figuree 5.10 Probability plot for n = 20 (left) and n = 60. 

Thee proposed polynomial approximations for the values of ru and n2 have (for the 
samplee sizes n in table 5.1) a maximal error of 0.051 (m) and 0.59 (n2). 
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Samenvatting : : 
Kwaliteitsverbeterin gg bezien vanui t statistisch e methodie k 

Kwaliteitsverbeterin g g 

Kwaliteitt kan omschreven worden als: geschiktheid voor gebruik. Het woord wordt in 
tweee hoofdbetekenissen gebruikt, die met kwaliteit van ontwerp en kwaliteit van overeen-
stemmingstemming worden aangeduid. De eerste duidt op de mate waarin (intentionele) eigen-
schappenn van een product tegemoet komen aan de wensen van een klant. De tweede 
betekeniss geeft de mate weer waarin een individueel product vrij is van tekortko-
mingen. . 
Hett geheel aan activiteiten dat kwaliteit waarborgt, wordt kwaliteitsmanagement ge-
noemd.. Het bestaat, volgens Juran, uit drie processen: 

1.. Kwaliteitsplanning: het bepalen van de wensen van klanten en het ontwikke-
lenn van de producten en de processen die benodigd zijn om aan deze wensen 
tegemoett te komen. 

2.. Kwaliteitsbeheersing: het signaleren van en reageren op onregelmatigheden in 
hett productieproces. 

3.. Kwaliteitsverbetering: een georganiseerde verandering om de kwaliteit naar een 
ongeëvenaardd niveau te brengen ("doorbraak"). 

Hett is dit laatste proces dat het centrale thema vormt van dit proefschrift. 

Statistisch ee method e 

Statistiekk biedt een aantal methoden voor het verzamelen, presenteren en analyseren 
vann data. Aan deze methoden liggen de wiskunde en wiskundig modelleren ten 
grondslag.. Typerend voor statistische methoden is de belangrijke rol die gespeeld 
wordtt door onzekerheid en de wiskundige wijze om daarmee om te gaan, namelijk: 
waarschijnlijkheidd en — daaraan gerelateerd — stochastische variatie. Deze onzeker-
heidd ontstaat als men zich realiseert dat een feitelijke verzameling meetgegegevens 
slechtss een specimen is van een collectie mogelijke uitkomsten die men in de gegeven 
situatiee net zo goed had kunnen vinden. Dientengevolge moeten gevolgtrekkingen 
diee op basis van de gegevens gemaakt worden niet alleen de gegevens zelf in aan-
merkingg nemen, maar eveneens de alternatieve uitkomsten die mogelijk waren ge-
weest.. Statistiek doet dit door waargenomen gegevens te beschouwen als realisaties 
vann stochastische variabelen en maakt op deze wijze een inschatting mogelijk van de 
betrouwbaarheidd van gevolgtrekkingen. 

Empirisc hh onderzoe k 

Dee relatie tussen kwaliteitsverbetering en statistische methode wordt gegeven door 
dee gekozen benadering van dit proefschrift, namelijk, dat kwaliteitsverbeterprojecten 
beschouwdd kunnen worden als empirisch onderzoek en dat dit de context is waarin 
statistischee methoden worden toegepast in kwaliteitsverbetering. 
Empirischh onderzoek aan de hand van de wetenschappelijke methode heeft als functie 
hett verklaren van empirische fenomenen en, als een resultante, deze fenomenen te 
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voorspellenn en te beheersen. Verklaringen geven inzicht door te laten zien dat de 
verschijnselenn die verklaard moeten worden te verwachten zijn als een gevolg van 
bepaaldee wetten. Een verklaring van een empirisch fenomeen bestaat derhalve uit 
eenn aantal relaties tussen het fenomeen en andere factoren, die het fenomeen causaal 
beïnvloeden. . 
Dee methode die in empirisch onderzoek wordt toegepast draait om het toetsen van 
mogelijkee verklaringen aan empirisch bewijsmateriaal. 

Onderwer pp en doelstellin g van het proefschrif t 

Hett onderwerp van het proefschrift wordt gevormd door statistische kwaliteitsver-
beterstrategieën.. Een kwaliteitsverbeterstrategie is een samenhangende reeks ac-
tiess gericht op het brengen van de kwaliteit naar een ongeëvenaard niveau. Een 
kwaliteitsverbeterstrategiee wordt statistisch genoemd als: 

oo Zij erop gericht is relaties te ontdekken tussen kwaliteitskarakteristieken en in-
vloedsfactoren.. Verbeteracties worden gebaseerd op deze relaties. 

oo Vermoede relaties worden getoetst tegen empirisch bewijsmateriaal. 

Dee doelstelling van het proefschrift is een rationele reconstructie ("methodologisch 
raamwerk")) te maken van statistische verbeterstrategieën. Een dergelijke reconstruc-
tiee dient te bestaan uit definities van relevante begrippen, heuristieken en methodolo-
gischee regels. 

Statistisch ee verbeterstrategieë n 

Inn het tweede hoofdstuk van het proefschrift wordt — aan de hand van een aantal 
thema'ss — het methodologische raamwerk opgebouwd. 
Eenn verbeterproject dient te resulteren in een verklarend netwerk. Dit netwerk speci-
ficeertt de relaties tussen het bestudeerde kwaliteitskenmerk — de CTQ — en factoren 
diee dit kenmerk causaal beïnvloeden — de invloedsfactoren. Het belang van het ope-
rationeell  definiëren van zowel de CTQ als de invloedsfactoren is verwoord in een 
methodologischee regel. 
Dee activiteiten in empirisch onderzoek kunnen gegroepeerd worden in een aantal 
fasen.. Vertaald naar de context van kwaliteitsverbetering luiden deze fasen: 

1.. Operationalisatie 

2.. Exploratie 

3.. Uitwerking 

4.. Confirmatie 

5.. Conclusie 

Bovendienn biedt de gegeven volgorde van deze fasen een heuristiek voor het kiezen 
vann verbeteracties. Deze heuristiek is gebaseerd op de hypothetisch-deductieve me-
thodee uit de wetenschapsfilosofie. 
Dee aard van de activiteiten in de diverse fases is wisselend. Voor de activiteiten in 
dee Operationalisatie-fase kunnen methodologische regels geformuleerd worden. De 
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tweedee fase — Exploratie — vraagt eerder om heuristieken. Voor de aanpak in de 
Confirmatie-fasee is een methodologische regel geformuleerd. 
Empirischh onderzoek is intrinsiek iteratief. Dit volgt uit het gegeven dat kennis ver-
garenn bestaat uit het leren van "fouten". Modellen voor dit proces zijn Box' zaagtand-
modell  en Poppers model van conjectures and refutations (vermoedens en weerleggin-
gen).. De onderzoeker moet zich ervan bewust zijn dat zijn definities en aannames een 
voorlopigg karakter hebben. 
Invloedsfactorenn kunnen onderscheiden worden in drie typen: 

1.. Stuurvariabelen: deze zijn het instrument voor de onderzoeker om de CTQ te 
beïnvloeden. . 

2.. Ruisvariabelen: dit zijn bronnen van ongewenste variatie die geëlimineerd of 
gecompenseerdd moeten worden. 

3.. Verstoringen: dit zijn de oorzaken van incidentele uitschieters. 

Dee verbeteracties die aan de hand van de gevonden invloedsfactoren ondernomen 
kunnenn worden, volgen een aantal standaardpatronen. Deze standaardpatro-
nenn — gemiddelde-verschuiving, robuust ontwerp, tolerantieontwerp, feedforward-
beheersing,, feedback-beheersing en mistake proofing — worden gedefinieerd. 

Bekrachtigin gg van het methodologisch e raamwer k 

Omm de waarde van het voorgestelde raamwerk te beproeven wordt in hoofdstuk 3 het 
volgendee materiaal gepresenteerd: 

1.. Toepassing op populaire verbeterstrategieën. Ik bestudeer in hoeverre het voor-
gesteldee raamwerk een adequate reconstructie geeft van drie bekende verbeter-
strategieën,, namelijk het Shainin System, Taguchi's methodologie en het Six 
Sigma-programma.. Afwijkingen van deze strategieën van het voorgestelde 
raamwerkk worden besproken. 

2.. Twee case-study's. Als statistisch adviseur heb ik twee verbeterprojecten uit-
gevoerdd aan de hand van eerdere versies van het methodologische raam-
werk.. De resulterende aanpak in beide projecten ligt voor ter beoordeling aan 
deskundigen. . 

3.. Verdere ervaringen in adviseringswerk. Eerdere versies van het methodolo-
gischee raamwerk zijn getoetst aan verbeterprojecten. In het oog springende 
bevindingenn worden besproken. 

Dee multi-var i kaart : een systematisch e opzet 

Hett geformuleerde methodologische raamwerk maakt het mogelijk om onderzoek 
naarr statistische technieken te plaatsen in de context van hun toepassing. De hoofd-
stukkenn 4 en 5 zijn voorbeelden hiervan. Een techniek die toegepast wordt in de ex-
ploratievee fase is de multi-vari kaart. Deze grafische techniek laat zien welke vari-
antiecomponentenn onderscheiden kunnen worden in de verdeling van een CTQ. Het 
hoofdstukk streeft naar een formalisering van de modellen en hypothesen die ten 
grondslagg liggen aan de techniek en stelt een statistische analyseprocedure voor. In 
eenn voorbeeld wordt de techniek vergeleken met een alternatieve analysemethode, 
namelijkk de variantieanalyse. 
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Robuust ee regelkaar t voo r exploratiev e analys e van individuel e waarneminge n 

Regelkaartenn zijn oorspronkelijk geïntroduceerd in de context van procesbewaking 
(monitoring).(monitoring). Een enigszins afwijkend gebruik is de toepassing in retrospectieve ana-
lyse.. In dit hoofdstuk wordt de toepassing bestudeerd van regelkaarten in exploratieve 
analyse.analyse. Dit type analyse wordt verricht op een gegeven dataset (zoals in retrospec-
tievee analyse, maar afwijkend van de toepassing in procesbewaking). Het doel is het 
opsporenn van aanwijsbare oorzaken van variatie (net als in de context van procesbe-
waking,, maar in afwijking van retrospectieve analyse). 
Regelkaartenn die effectief zijn in de context van procesbewaking zijn niet noodzake-
lijkerwij ss geschikt voor exploratieve analyse. Een belangrijk probleem is het feit dat 
aanwijsbaree oorzaken van variatie — zowel in de vorm van uitschieters als in de vorm 
vann veranderingen in het gemiddelde — de schatting van de regelgrenzen grondig 
beïnvloeden,, waardoor de regelkaart minder effectief wordt voor de opsporing van 
resterendee aanwijsbare oorzaken. De voorgestelde procedure is robuust gemaakt 
tegenn zowel uitschieters als sprongen in het gemiddelde. Dit is mogelijk door de 
toepassingg van methoden uit de robuuste statistiek en uit de change-poin J-analyse. 
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