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Organizational practices related to Six Sigma are believed to have resulted in improved organizational outcomes. The academic community, however, continues to lack understanding of the constructs and causal relationships underlying Six Sigma (with the exception of Linderman et al., 2003, who examined Six Sigma from the perspective of goal theory), hence is buffeted by anecdotal experience reported from practice. We evaluate Six Sigma through the lens of literature on theory development (Bacharach, 1989; Osigweh, 1989; Sutton & Staw, 1995; Van de Ven, 1989; Whetten, 1989) to explain why the Six Sigma constructs, assumptions, and causal relationships are inconsistent with theory development principles. The factors that make Six Sigma inadequate as a theory give insight into the building blocks needed to provide a working theory of Six Sigma’s most essential element: process consistency. Without these building blocks, theory and knowledge development about process consistency—and quality management in general—will remain ad hoc, irrefutable, and piecemeal.

1 Introduction

Knowledge development requires a solid foundation of theory. Without theory, we do not know what we know, we do not know that we do not know, and we cannot organize what we learn. Therefore, criteria concerning theory development should serve as a “gold standard” for how we in the Operations Management (OM) community choose and define our research questions, and how we interpret and structure our research around what we observe in practice (for a discussion of the need for increased emphasis on theory development in the OM field, see Amundson, 1998; Schmenner & Swink, 1998).

In this paper, we investigate the phenomenon of Six Sigma from the theory-development perspective. In doing so, we build on the work of Linderman, Schroeder, Zaheer, and Choo (2003: 193), who stated, “Since theory about Six Sigma is lacking there is no basis for research other than ‘best practice’ studies. Therefore, to conduct research on Six Sigma, the starting point must be the formulation and identification of useful theories that are related to the Six Sigma phenomenon.” We would like to go even further than Linderman et al. and argue that Six Sigma forms a poor foundation for theory development: As we will argue in this paper, application of the assumptions and concepts underlying Six Sigma results in loss of understanding of the concepts, causal relationships, and contexts that underlie process improvement and defect reduction.

We begin by reviewing the rules of theory development, followed by a review of the phenomenon of Six Sigma in Section 3. In Section 4 we evaluate Six Sigma using the criteria established above. In Section 5, we present an alternative approach to theory development based on what can be observed from Six Sigma experience. In Section 6, we summarize and draw conclusions.

2 A review of theory development

Theory concerns relationships between constructs or variables (Bacharach, 1989),
 and it concerns what factors (whether constructs or variables) relate to each other, how they relate, and why this model of what has been observed should be accepted (Whetten, 1989). Whetten also emphasizes the continual struggle to balance comprehensiveness and parsimony, noting that a visual representation of the whats (boxes) and hows (arrows) can facilitate balancing completeness and parsimony. Theory is bounded by context (Bacharach, 1989), with context usually determined by who is implicated by a given theoretical model, where, and when (Whetten, 1989).

Osigweh (1989) warns of the dangers of theory in which concepts lose meaning (“concept stretching”) as they are applied to new contexts (“concept traveling”). Under concept stretching,

the obtained concept is not really a general concept, but its caricature . . . likely to produce conceptual obscurity, theoretical misinformation, empirical vagueness, and practical elusiveness. It cannot be underpinned because it is indefinite and, as a result, it cannot point the way to an unquestionably specific array of concrete data. The pseudouniversal (or stretched) concepts resulting from this procedure do not foster valid scientific generalizations (Osigweh, 1989: 584-585).

Therefore, in testing whether OM research meets the standard of theory development, we must evaluate (a) the completeness and parsimony of the factors (constructs or variables) chosen, (b) the accuracy and logic of the causal relationships linking these factors, and (c) whether the context bounding the theory has been precisely identified. Only when these basic criteria have been met will we be able to build on the OM wall of knowledge.

3 A review of Six Sigma

The Six Sigma phenomenon began in the mid-1980s as a quality strategy developed by Motorola to meet customer demands for improved conformance to specifications quality. The focus of Six Sigma is to improve conformance to specifications through reducing process variability, define defects from the perspective of the customer, and implement a structured methodology for process improvement (Harry & Lawson, 1992). Six Sigma implementation includes establishment of a hierarchy of trained personnel. Companies such as Motorola, GE, and Texas Instruments attribute major quality-related cost savings to their Six Sigma initiatives.
Based on the above description, Linderman et al. (2003: 195) proposed the following formal definition as a first step in theory development:

Six Sigma is an organized and systematic method for strategic process improvement and new product and service development that relies on statistical methods and the scientific method to make dramatic reductions in customer defined defect rates.

Therefore, Six Sigma is an improvement goal, a method, a way of thinking, and an organization scheme. It is useful to consider each of these sections in more detail before evaluating Six Sigma from the standpoint of theory development.

3.1 Six Sigma as an improvement goal

Process capability for a given process parameter historically has been defined as the mean +/– three standard deviations (sigmas). Under Six Sigma, companies become more “humble” about their process capabilities, explicitly taking into consideration that three sigma cover only 99.73% of the area under the curve of the normal distribution; hence, setting the customer-defined specification limits three sigma from the process mean implies a defect level on the order of 2700 parts per million (ppm, de Treville, Edelson, & Watson, 1995; Harry & Lawson, 1992).

Motorola took this humility one step further in noticing that the process mean tended to shift over time by an average of 1.5 sigma. Assuming that this 1.5 sigma mean shift would occur led Motorola to substantially increase the expected defect rate to a level consistent with 1.5 sigma on one side of the mean, and 4.5 sigma on the other.

Accepting this 1.5 sigma shift as a given, Motorola sought a target level that would come reasonably close to eliminating defects even after the shift occurred. A 4.5 sigma level (i.e., specification limits established 4.5 standard deviations from the target mean) would be expected to result in 3.4 ppm defects on each side of the bell curve, which was considered by Motorola to be close enough to zero. The 4.5 sigma level after the mean shift meant that the process would need to be designed such that the specifications would fall 6 sigmas from the target mean, hence the name Six Sigma for the program (Harry & Lawson, 1992).

3.2 Six Sigma as a structured methodology

The steps that may be involved in a Six Sigma implementation, summarized by researchers at Carnegie-Mellon University’s Software Engineering Institute, are illustrated in Figure 1. As Figure 1 shows, the Six Sigma (“DMAIC”) methodology—based primarily on statistical and project management tools—is used to eliminate sources of variation. Six Sigma proposes that near perfect product quality can be achieved by systematically applying the DMAIC methodology to a prioritized list of problems.

Note that the DMAIC practices do not serve to define a Six Sigma implementation: None of the practices listed is limited to Six Sigma. A firm could implement any subset of these practices without referring to the combined implementations as a Six Sigma project.

It is also interesting to note the placement of “Non-Statistical Controls” in the bottom-right portion of the diagram. This placement quite accurately portrays the relative weight given in the Six Sigma methodology to control actions such as requiring operators to run the process according to standard operating procedures (SOPs). Process standardization, documentation, and ensuring that the process is run according to the documents occurs only after a problem has been defined, measured, and analyzed. Again, the Six Sigma philosophy of process improvement is based on the underlying assumption that all process problems are statistically based, in contradiction to a “process discipline”–based philosophy of process improvement that begins with basic control actions such as ensuring that the process is run consistently.


Figure 1 (Siviy, 2001)
3.3 Six Sigma as a way of thinking

There is clearly an excitement about Six Sigma that transcends the gritty and grueling data collection and analysis required to improve yield performance. The message of Six Sigma is that defects can be almost completely avoidable, and that process capability can be improved if everyone works together. Six Sigma has also been observed to increase the status of quality professionals, emphasizing the depth of knowledge required to reduce process variability. Finally, Six Sigma encourages teams to think about problems from the viewpoint of the customer. One of the Six Sigma concepts used to accomplish this shift in perspective is defining defects based on “opportunities” rather than units; hence, performance is specified in terms of million opportunities (defects per million opportunities, or DPMO, where a "defect opportunity is a process failure that is critical to the customer," Linderman et al., 2003: 194).

3.4 Six Sigma as an organization scheme

Six Sigma programs affect the organization in three ways: by encouraging the formation of teams, by creating a structure of quality experts who serve as project champions, and by defining clear leadership responsibility for the projects selected. Formal project selection and tracking mechanisms are used. The practices described in Figure 1 are then implemented by these teams. Training in Six Sigma methodologies is recognized by awarding belts of various colors, as in martial arts.

4 Six Sigma against the benchmark of theory development

As described in Section 2, theory is concerned with what, how, and why; with who, where, and when establishing the context. In this section, we evaluate Six Sigma along these dimensions of theory. Amundson (1998) suggests looking at theory as a lens. Following this metaphor, we would expect that a Six Sigma theory—if contributing to scientific knowledge—would bring the constructs, causal relationships, and contexts into better focus.

Why evaluate Six Sigma as a theory? After all, scientific knowledge is composed of types of knowledge other than theory, including description, classification, and models that predict without explaining (e.g., Amundson, 1998; Bacharach, 1989; Sutton & Staw, 1995). We suggest that Six Sigma—in (a) recommending behavior and goals and (b) claiming that such behavior and goals will improve performance outcomes—goes beyond describing, classifying, and pure prediction. Six Sigma is playing the role of a theory, and it should be evaluated as such.

4.1 What: Completeness and parsimony of factors

What are the factors that can be identified as playing an integral role in Six Sigma? Let us return to the definition proposed by Linderman et al. (2003: 195): “Six Sigma is an organized and systematic method for strategic process improvement and new product and service development that relies on statistical methods and the scientific method to make dramatic reductions in customer defined defect rates.” A simple diagram of the factors and their proposed causal relationship are illustrated in Figure 2.
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Figure 2

4.1.1 Six Sigma as a pseudo universal

What is not Six Sigma? Is every company that has implemented one or more of the methodologies listed following a Six Sigma process? If not, which ones would we exclude? We have observed companies that are defined as Six Sigma implementations simply because some of the personnel have gone through training and received belts. The text box “From a web forum in 2004” gives an example of the kinds of user comments that are showing up on web user forums three decades after the arrival of the Six Sigma concept. If we are not able to identify companies that are not Six Sigma, then it is highly likely that we are dealing with a pseudo universal, that is, a stretched and untestable generality (Osigweh, 1989).

Wacker (2004: 634) proposed a theory of formal conceptual definitions. The first rule given in this theory included the “rule of replacement,” such that a “concept cannot be considered clear unless the words used to define it can replace the term defined in a sentence and not have the sentence change meaning.” If we return to the formal definition proposed by Linderman et al. (2003), which is the first real attempt to address Six Sigma rigorously, it is easy to see that the rule of replacement does not hold. If we replace the term Six Sigma in a sentence with the Linderman definition, it is not at all obvious that we are talking about Six Sigma. As mentioned previously, the practices are common to other quality approaches such as Total Quality Management (TQM) or Statistical Process Control (SPC). 

Wacker (2004: 635) goes on state that “Formal conceptual definitions should include only unambiguous and non-vague terms. . .Ambiguous terms have a wide set of real world objects to which they refer. . . vague terms are those terms that have too many different meanings to have them clearly enumerated. These terms cause great difficulty in empirical research since there are too many different meanings to interpret precisely what is being discussed.”
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We therefore suggest that the constructs and relationships that combine to form Six Sigma are rendered less clear by observing them through the Six Sigma lens.

4.1.2 Six Sigma as an incomplete application of goal theory

As pointed out by Linderman et al. (2003), the positive relationship between the specific and challenging goals set under Six Sigma and performance is consistent with goal theory, which is one of the most well-established theories of motivation (for a review of goal theory, see Locke & Latham, 2004). In establishing this causal relationship, Linderman et al. captured what we believe to be the soundest piece of theory underlying the Six Sigma philosophy. We in the OM academic community, however, have not made adequate use of this insight. 

Goal theory provides considerable guidance concerning how to use goals to maximize motivation and commitment, which then are expected to lead to performance, assuming work facilitation (i.e., that workers are equipped to perform their job well). A quality methodology based on goal theory and work facilitation would make much more sophisticated use of these insights, and would therefore be expected to outperform Six Sigma in terms of work motivation and performance. Therefore, we suggest that Linderman et al.’s proposition that goal theory explains much of the variation in performance under Six Sigma should have led us as a research community to iterate between observation of practice and work motivation literature in general, eventually emerging with a theory of use of goals and other antecedents to work motivation in the context of process capability improvement.

4.1.3 Confounding of research questions

We have noted that the practices included under the Six Sigma banner are common to other quality initiatives such as SPC or TQM, or have been implemented and studied on a stand-alone basis. Consider, for example, usage of Kano diagrams and Taguchi methods simultaneously (as suggested by Figure 1 summarizing typical Six Sigma practices). Interesting research questions arise from such configurations of practices. For example, might explicit consideration of the Taguchi loss function (evaluating the penalty for a piece not having the target value even though it is in specification) be less critical when working with a product that emphasizes exciting features than for one emphasizing performance or basic features? However, when we pool all these methodologies under the heading of Six Sigma, the interesting research questions are confounded. By lumping together this large group of diverse practices, Six Sigma results in a loss of knowledge and clarity concerning the constructs and relationships underlying the individual practices. Such practice configurations should be made carefully, with meticulous theoretical justification of the groupings studied.

Adding to the complexity is the use of opportunities rather than units. Although it is useful to consider defects from the viewpoint of the consumer, DPMO is poorly defined and inconsistently implemented. In our experience, personnel from companies implementing Six Sigma have tended to be first confused and then opportunistic in their response to the move from units to opportunities, going as far as counting substantial improvements just from changing the definition of opportunities (see de Treville et al., 1995).

4.2 How and Why: Causal relationships linking factors

4.2.1 The shift in the process center

One of the implicit propositions underlying Six Sigma is that specifying the objective of 3.4 ppm defects will be positively related to performance outcomes. Let us recall Motorola’s assumption that the process mean naturally shifts by 1.5 sigma due to tool wear, or change of equipment or operator. Such a shift results in the process not running under statistical control (e.g., Latzko, 1995). Under Six Sigma logic, the shift in the process mean is compensated by a radical reduction in sigma, such that more sigmas “fit” into the customer-defined specifications.

In many processes, distribution and centrality require different control actions. Distribution is usually caused by a combination of many sources of variation, some of which may be identified eventually as assignable cause issues which can be eliminated. Maintaining centrality, however, often depends on a precise equipment setup and regular checking of process parameters. Operating people are often inclined to leave the process alone “as long as all points are in.” One of the key objectives of SPC is to use process data to determine when intervention is necessary. In conditions permitting essentially no defectives, would it not be better to use SPC control charts or regular inspections to verify that the process is running down the center? And is it not less expensive and difficult to commit to running the process down the center than to drastically reduce variation in a process that is not running under statistical control? Note that the 1.5 sigma mean shift is assumed to occur because of changes in equipment or personnel, or tool wear: how can variability be reduced when the most basic assignable causes are accepted as normal? And how can employees be maximally motivated to reduce assignable causes when Six Sigma principles—generally considered to be the most demanding—assume that such events are unavoidable?

Second, the 1.5 sigma mean shift changes all of the numbers and insights arising from SPC. Motorola, for example, claims that 5 sigma quality results in 1000 DPMO. In a centered process, specification limits five standard deviations from the mean would result in excellent performance (99.999943% of the area under the curve, representing about 0.6 DPMO). Therefore, the mean shift results in a loss of the insights normally available from a general understanding of the normal distribution. Similarly, after studying Six Sigma it is no longer second nature to managers that a one-sigma spread represents about 2/3 of the area, two sigmas about 95%, and three sigmas essentially all: This simple and useful approximation is lost.

4.2.2 Misuse of the normal distribution

Along the same lines, Six Sigma is taking basic insights from the normal distribution and focusing on behavior in the tails. The normal distribution is very useful for understanding process outcomes within three sigma from the mean, but is not intended for in-depth study of its tails. Anything that could be theoretically observed in the tails will be overwhelmed by measurement error and from deviations from perfect normality.
 What Six Sigma conceptualization is doing, then, is transferring a theoretical statistical concept to actual process outcomes, yielding a general impression that means “somewhere toward zero.” The difference between 4.5 sigma’s 3.4  DPMO on each side and 6 sigma’s 2 parts per billion opportunities (DPBO) is treated as inconsequential.

Furthermore, when a process that is producing essentially all of its output within specifications produces a defect, it is often due to an assignable cause rather than normal process variability. Our experience has been that such a process will produce a couple of million pieces without a defect, and then produce a series of defects because of an equipment problem such as mold wear. To model such defects as occurring in the tails of the normal distribution is inappropriate.

Theory is intended to be transparent, and the relationships between constructs to be well explicated and testable empirically. If we take the relationship between Six Sigma goals and performance, it is obvious that this relationship is anything but transparent, well explicated, and testable empirically. What is more, the Six Sigma approach causes a loss of knowledge about relationships. We know from SPC that a process being in statistical control is expected to relate positively to performance, but Six Sigma discards this information. The normal distribution has been used for almost a century to efficiently convey information about process capability and performance, but Six Sigma muddies this information and, as mentioned above, may result in a generation of business scholars who no longer understand the normal distribution in any context. Since the early days of the quality movement, a basic principle has been data-driven decision making, but Six Sigma—while giving lip service to data—is based on DPMO, which we have observed to be an easily manipulated measure (de Treville et al., 1995), rendering most data suspect.

On one hand, we have just argued that Six Sigma reduces the information available from use of the normal distribution. On the other hand, Six Sigma suffers from the assumption common to much quality theory that process outputs follow a normal distribution. This assumption is often not true. Using SPC tools and measurements on a process whose output demonstrates non-normality can lead to major problems. Pyzdek (1999: 4) described a situation he experienced where assumption of normality made an operation producing no defects to appear to run at a defect level of between three and seven percent, and stated:

Virtually all [process capability analysis (PCA)] techniques assume that the process distribution is normal. If it isn’t, PCA methods, such as Cpk
, may show an incapable process as capable, or vice versa. Such methods may predict high reject rates even though no rejects ever appear. . . .

assuming normality hampers your efforts at continuous improvement. If the process distribution is skewed, the optimal setting (or target) will be somewhere other than the center of the engineering tolerance, but you’ll never find it if you assume normality. Your quality-improvement plan must begin with a clear understanding of the process and its distribution.

Based on the above, we suggest that the causal relationships between constructs such as process capability improvement efforts, specification of improvement goals that are quantifiable and challenging, work facilitation, efforts to hear the voice of the customer, and so forth with outcome measures such as performance or customer satisfaction become more difficult to understand when viewed through the lens of Six Sigma.

4.2.3 Incomplete Tool Set

Six Sigma assumes that the low defect rates can be achieved by applying the DMAIC methodology, which, as we mentioned previously, are primarily based on statistical and project management tools applied to a prioritized list of problems. While a rigorous data-driven and statistically-based approach is necessary for defect reduction, it is not sufficient: Additional tools and systems are required.

As we will describe in detail later, effective defect reduction requires a system to ensure that inputs to the process are consistent. Without formal systems to prevent variation from creeping into the process, new sources of variation (and resultant defects) will appear as fast as problems are fixed. Six Sigma does not highlight these systems as an important tool set. 

Another tool set is basic understanding of the technology, or science behind the process. Statistical methods alone can be totally inadequate and inappropriate for diagnosing root causes of problems. An example from one of our projects illustrates this concern:

A production scale trial of a new glass involved monitoring its composition on a daily basis, and using the data for controlling the raw material recipe. The composition showed a statistically significant shift in one of the chemical constituents compared to the previous day. An apparently obvious response was to reduce that ingredient in the recipe. Since such a sudden change was inconsistent with the dynamic response of the melting furnace, however, our knowledge of the process led us to question this conclusion. Further investigation showed the ingredient to be a contaminant that had been introduced while preparing the glass sample for composition analysis. Statistical methods without understanding of the underlying technology would have resulted in major losses.

4.3 Who, Where, When: Establishing the context

Six Sigma has been quite useful in communicating to senior management that “normal” quality levels (i.e., a three sigma process capability) result in a defect rate that is often unacceptable, as well as increasing top management awareness of the cost of defective product. These realizations have led senior management to dedicate more resources to process capability improvement. It appears, however, that a trade-off remains between investment in defect prevention and cost; hence, the decision about investment in process variability reduction remains a strategic one. As we will discuss later in the paper, the relationship between defect level and product cost often has a U shape. Product cost increases both with high levels of defects and with reduction of defects to a level approaching zero.

For example, consider an on-line grocer in Europe considering the allowable error rate for inventory data at the item level. Suppose a customer is permitted to put 30 Nestlé LC1 plain yogurts into his electronic shopping cart because the inventory records state that 30 such yogurts are available, but in reality only 22 are in stock. The order will then be incomplete. Market research conducted by the on-line grocer has indicated that customers will tolerate an occasional incomplete order, but that well over 90% of orders need to be complete if the precious customer relationship is to be kept intact. The CEO of this on-line grocery business has calculated that given an average basket of around 30 items, the database error rate can only be 2 parts per thousand to achieve an acceptable order completeness level. This rate is far beyond that required of a bricks-and-mortar grocer, as customers who are physically present observing what is on the shelves can make substitutions. Therefore, the strategic importance of defect reduction to the on-line grocery business is higher than for the bricks-and-mortar business. It is not that errors in bricks-and-mortar businesses do not result in costs, but that the impact is not as immediately deadly to firm survival.

In other words, the context determines the priority to be given to defect elimination. In some contexts, defects are routinely tolerated. For example, at the POMS conference, it is unlikely that a Six Sigma quality level (whether defined as 3.4 ppm or 2 ppb) will be required for the Power Point transparency preparation process. It is better to avoid errors on transparencies, but if the average defect rate is such that 99.73% of presentations are without error, the overall quality of transparencies for the conference will be considered rather high.

Six Sigma vaguely indicates—usually hidden deep between the lines—that ppm defects are not required for every operation, but there are remarkably few guidelines. The issue of when to go beyond the obvious in investing in defect reduction has been neglected for years, though it has deserved attention. Therefore, we suggest that Six Sigma at best does not inform the decision about whether management should invest heavily to eliminate defects for a given parameter of a given operation, and at worst may increase confusion because of its sales pitch.

5 Toward a theory of process capability improvement?

If, as we suggest, Six Sigma does not meet the criteria for good theory, what might good theory concerning process capability improvement look like? Our purpose here is not to propose a definitive theory, but to suggest some ideas to get the theory development process moving.

5.1 What, how, and why

To simplify matters, we will choose process capability relative to specifications as the dependent variable, and look for constructs and variables that are positively related to process capability improvements.

5.1.1 Consistency of process inputs

At a macro level, it is obvious that improving the consistency of inputs to the process will improve output consistency. At the micro level, however, some questions arise. For example, if workers carry out the process in different ways, outputs will be more variable than if workers use the same procedures. Consistency of procedures requires that (a) processes be standardized and documented, (b) workers be trained to procedures, and (c) workers be required to follow procedures. To avoid problems with worker motivation requires that (d) workers play a substantial role in procedure development (de Treville, Antonakis, & Edelson, in press). In circumstances where procedures cannot be standardized, or where it is not possible to require workers to follow the procedures, then substantial inconsistency of outputs is unavoidable, and the focus should shift from elimination of defects to recovery from defects when they occur, that is, having systems in place to work with customers who have received defective product.

Consistency of materials is related to items such as supplier management, the specifications given to suppliers, incoming inspection, and product design. Consistent outputs (at a defect level of a few ppm) requires either inputs that are even more consistent or “perfect” inspection. We have observed many firms that set specifications for incoming components in an ad hoc manner, either allowing the supplier to argue for relatively wide tolerances, or arbitrarily setting tight tolerances that are almost impossible for suppliers to meet. Also, product design may play a role, for example, in making the product less sensitive to variations in components or materials.

Equipment that is not well maintained, or that lacks the tools and fixtures to run at its best, will result in inconsistent process output. Maintaining machines requires maintenance of a machine history, standard operating procedures for maintenance operations, and a system to manage the stock of spare parts. Inconsistent output also results from machines that carry out the same operation in a different way. The Polaroid case 
 describes the decision by a manufacturing firm to adjust all machines to make their output as homogeneous as possible, changing the previous policy of adjusting all machines to run at the fastest pace possible. Poorly maintained machines that run in different ways will produce output that is not consistent. Our experience has been that many managers are more comfortable replacing machines that are giving trouble than investing in a plant-wide maintenance management system.

Improving output consistency requires information from the process in the form of the production report and information about defective parts. We have frequently observed plants talking about setting a goal of a few ppm defects while tolerating production reports that are incorrect (Edelson & Bennett, 1998) and having an ad hoc approach to collecting information concerning defects and production problems that arise (MacDuffie, 1997). Consistency of information also requires consistent product and process measurements, requiring regular calibration of equipment and measurement devices. Without accurate process information, the data necessary to direct improvement efforts is lacking. Any process changes will stem from uninformed guesses about the root causes of problems, and therefore may be as likely to increase process variability as to eliminate it.

Along the same lines, processes with frequent changes are unlikely to be capable of producing at a level of a few ppm defects, especially if changes are permitted without prior rigorous testing (Edelson & Bennett, 1998; MacDuffie, 1997). A system of “change control” to lay out in detail the procedures to be followed in proposing, testing, and implementing a change (including bringing workers and supervisors up to speed on the new procedures)—plus a checklist to ensure that the process is brought back to normal and that results are documented after experiments—will reduce the increase in variability arising from process changes.

5.1.2 Getting the process under statistical control (process running according to its capability)

A process that is running under statistical control is one that is stable. The reason that we use SPC charts is to determine whether process variation is random, or whether something has changed that warrants intervention. Intervention in the absence of something that has changed wastes resources and reduces process stability.

If a process does not have consistent inputs (operators run the process in different ways, machines are poorly calibrated and maintained, or the plant is making adjustments to use slightly defective components) then we do not need SPC charts to decide whether something has changed. A process without consistent inputs will not be running under statistical control, and we will not be able to determine its capability. Therefore, it is axiomatic that input consistency is an antecedent to successful deployment of SPC.

5.1.3 Improvements to process capability

When should a plant purchase a new machine or invest in a new technology to improve process capability? It is difficult to make an informed judgment on this question without knowing the process capability. The above discussion suggests the following path: (a) improve input consistency, (b) get the process running under statistical control, (c) estimate the process capability, (d) explore incremental improvements if the process capability is insufficient, and (e) explore major investment if incremental improvements do not suffice to get the process capability to an acceptable level.

5.2 Where, who, and when

Several contexts are suggested in the above discussion. In contexts where input consistency is a distant goal in spite of efforts to standardize, document, and control, quality management will be as much concerned with recovery from defects as with defect reduction, as mentioned previously. We propose that the ability of a plant to achieve input consistency is related to the stage of technological knowledge of the process (Bohn, 1994), where technological knowledge is hypothesized to range from Stage One (complete ignorance) to Stage Eight (completely proceduralized), with, for example, Stage Three representing the first stage where it is possible to measure variables accurately, Stage Four control of the mean, and Stage Five a consistent recipe allowing measurement of process capability. Achieving input consistency becomes easier as the stage of knowledge increases, and increases in input consistency are likewise an antecedent of movement to a higher stage of knowledge.

Proposition 1: The ability of a plant to make process inputs (how workers run the process, materials, equipment, information, and process changes) consistent will be positively related to the technological stage of knowledge of the process.

Some defects are more important than others. As stated earlier, lower defect levels are required when several components are combined. Safety and cost should play a role as well: A defect in the brake assembly of an automobile should be considered more critical than a paint defect. We therefore propose:

Proposition 2: The appropriate defect level for a process is related to whether the defect is critical (i.e., huge costs or lives are at stake), major, or minor.

Proposition 2 should be axiomatic, however, we have formulated it as a proposition given the considerable confusion over the past 30 years concerning the relationship between the cost of a defect and the appropriate defect level. In the 1980s, companies substantially underestimated the cost of defects and reacted viscerally to, for example, Crosby’s (Crosby, 1979) proposal that quality was free. Over time, companies have continued to demonstrate a short-term perspective concerning investment in quality, yet they show fascination with concepts such as Six Sigma that encourage the spread of a zero-defect mentality. The issue of economic justification of defect reduction remains poorly understood.

We combine these propositions into a typology shown in Figure 3 that demonstrates how defect reduction varies with context. At a high stage of knowledge and when defects are critical, then setting a goal of parts per billion defects may well be reasonable. The typology makes clear that companies at lower stages of knowledge will be faced with substantially higher levels of defects, and must be prepared to cope through a combination of inspection and recovery strategies. Note that inspection will not reduce defects to a ppm level, hence recovery strategies will always be needed in these lower stages-of-knowledge contexts.
It is important to note the difference in cost and effort required to move from a few parts per thousand defects toward a ppb defect level. In most operations, parts per thousand defect levels can be achieved through making inputs consistent and getting the process under statistical control, with perhaps a few low-cost and incremental improvements. In these cases, the investment in quality usually is covered by a cost savings from process improvements. To move toward ppb defects, however, generally requires a major change to the process and may well make the product more expensive. Achieving such a quality level may also reduce manufacturing flexibility with respect to both the product and the process.

A defect level measured in the percents will require investment in both inspection and recovery. When defects are minor, we expect to see companies developing recovery capabilities, such as opening warehouse stores to sell products as seconds. Critical defects, however, may well require a high level of inspection capabilities to ensure that defective production does not reach the consumer. We therefore make the following testable propositions:

Proposition 3a: Moving to a defect level of a few parts per thousand will normally be possible through making process inputs consistent and getting the process under statistical control, along with a few incremental and inexpensive improvements. The cost of such activities will normally be more than covered by the cost reduction from the resulting reduction in defects.

Proposition 3b: Moving to a defect level of a few ppm or beyond will normally require major investment in equipment and technologies, and it is likely to increase the total cost of the product. It is also likely to reduce the manufacturing flexibility with respect to the product and the process.

Proposition 3c: The relatively elevated defects (at the percent level) occurring at lower stages of knowledge will require inspection and recovery capabilities, with inspection being relatively more important as defects become more costly, and recovery being relatively more important for less costly defects.


Figure 3

Aiming for ppm or ppb defect levels requires making defect reduction a top strategic priority, which only makes sense for critical or major defects and a high stage of knowledge. Less critical defects do not justify ppm defects even at a high stage of knowledge: a defect level of a few parts per thousand may well suffice. A lower stage of knowledge results in more defects, often at the percent level, as it is very difficult to improve the consistency of inputs or to get the process under statistical control. The relative investment in inspection and/or recovery will depend on the cost of the defects.

6 Summary and conclusions

Knowledge development in any field requires sound theory. Therefore, anything that we in the OM field teach or research should be held to the standard of excellent theory. The whats, hows, and whys—as well as the context (who, when, where)—should be clearly established. When waves of excitement sweep in from practice, as has occurred in the case of Six Sigma, leadership requires that we take a step back and distill what is new and theoretically sound knowledge from knowledge that is repackaged with a dose of the miraculous. We need to be ferociously on guard against stretched and untestable generalities.

In this paper, we have evaluated Six Sigma against this standard of theory, and have argued that it falls short. Best efforts to formally define Six Sigma do not meet the basic requirements of formal conceptual definitions (such as replacement, unambiguousness, and non-vagueness, Wacker, 2004). Concepts having travelled from other quality initiatives such as TQM or SPC have been stretched (Osigweh, 1989), resulting in pseudo universals. We have argued that concepts such as process consistency, as well as the practices underlying the DMAIC methodology, are less in focus when viewed through the Six Sigma lens.

Moreover, Six Sigma claims concerning the 1.5 sigma mean shift, the unbalanced emphasis on the tails of the normal distribution, the implicit assumption that all distributions are normal, the replacement of the specific measure of defects per unit by the imprecise and easily gamed DPMO, and the failure to formally recognize different contexts result in a wealth of confusion that will require all of our best theory-development efforts to sort out.

We hope with this paper to have made a first step toward laying a solid and transparent foundation for a theory of process consistency. Francis Bacon once said that “truth comes sooner from error than from confusion.” In attempting to move Six Sigma from confusion to error, we hope that an outcome will be new truth about the constructs and relationships that result in processes that work the way that they are supposed to.
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From a web forum in 2004





Can anyone define what Six Sigma really is? Our company is still very much into the mode of building enthusiasm for six sigma, and sometimes it leads to a lot of confusion on just what it is.





For example, a coworker (he's quite involved with six sigma) and I were reviewing some process instructions, and we were thinking about some changes that may save time/and money in them. When we were done I joked that if we would have submitted them to six sigma we could have spent a lot more time and resources finding a few obvious changes that reduced the process change. He then said with genuine seriousness that we had applied six sigma and proved how cost efficient it really is. . . .


Indeed, quoted in our own newsletter is a story of a lady who used six sigma to plan her wedding. What she means as you understand when you read further is that she planned for things that might go wrong or cost a lot of wasted money. So now six sigma becomes the buzzword describing all brainstorming, analysis and statistics??





� ADDIN EN.CITE <EndNote><Cite><Author>http://elsmar.com/Forums/showthread.php?t=8741</Author><Year>2004</Year><RecNum>3</RecNum><Prefix>excerpt from a web forum on Six Sigma, </Prefix><MDL><REFERENCE_TYPE>16</REFERENCE_TYPE><REFNUM>3</REFNUM><AUTHORS><AUTHOR>http://elsmar.com/Forums/showthread.php?t=8741</AUTHOR></AUTHORS><YEAR>2004</YEAR><TITLE>Can anyone define what Six Sigma really is?</TITLE><VOLUME>2005</VOLUME><URL>http://elsmar.com/Forums/showthread.php?t=8741</URL></MDL></Cite></EndNote>�(excerpt from a web forum on Six Sigma, http://elsmar.com/Forums/showthread.php?t=8741, 2004)�








� Corresponding author. Professor Suzanne de Treville, HEC – University of Lausanne, BFSH1, 1015 Lausanne-Dorigny, Switzerland. Telephone +41 21 692 3448, Telefax +41 21 692 3305, e-mail: suzanne.detreville@unil.ch


� Concerning usage of terms, we will follow Bacharach’s (1989) description of variables as measurable and directly observable, and constructs as units that must be estimated because they are not directly observable. According to Bacharach, variables are causally linked through hypotheses, and constructs are linked through propositions.


� Note that the 1.5 sigma mean shift then results in a 4.5 sigma level on one side of the distribution, and 7.5 sigma on the other, resulting in an expected defect level of 3.4 ppm, with all defects expected to occur on one side of the process mean.


� Such an iterative generation of a context-specific theory would be consistent with calls for the consideration of context in theory development � ADDIN EN.CITE <EndNote><Cite><Author>Rousseau</Author><Year>2001</Year><RecNum>306</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>306</REFNUM><ACCESSION_NUMBER>306</ACCESSION_NUMBER><AUTHORS><AUTHOR>Rousseau, D. M.</AUTHOR><AUTHOR>Fried, Y.</AUTHOR></AUTHORS><YEAR>2001</YEAR><TITLE>Location, location, location: Contextualizing organizational research</TITLE><SECONDARY_TITLE>Journal of Operational Behavior</SECONDARY_TITLE><VOLUME>22</VOLUME><PAGES>1-13</PAGES><KEYWORDS><KEYWORD>Theory Context</KEYWORD></KEYWORDS></MDL></Cite></EndNote>�(Rousseau & Fried, 2001)�.


� Note as well that a 1.5 sigma mean shift may well increase variability. There is no reason to assume that allowing a loss of centrality will facilitate reduction in process variation. Consider, for example, a situation where tool wear results in both a mean shift and an increase in process variability.


� Few processes, if any, follow a perfect normal distribution. Typically, statistical tools are used even for testing the hypothesis that a distribution is normal. Approximating the true underlying distribution by a normal distribution—based on a 95% to 99% confidence interval—would suggest a much larger error than 3.4 parts per million.


� Cpk refers to the fit between the process capability and the specifications. A Cpk of 2, for example, describes a process whose capability is twice as wide as the specifications.


� Balancing the costs of standardization with the costs of inconsistent quality is an interesting and underexplored research question, particularly given the emphasis on worker autonomy (defined as freedom concerning procedure and timing) in the work motivation theory literature � ADDIN EN.CITE <EndNote><Cite><Author>Hackman</Author><Year>1976</Year><RecNum>322</RecNum><Prefix>see </Prefix><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>322</REFNUM><ACCESSION_NUMBER>322</ACCESSION_NUMBER><AUTHORS><AUTHOR>Hackman, J. R.</AUTHOR><AUTHOR>Oldham, G. R.</AUTHOR></AUTHORS><YEAR>1976</YEAR><TITLE>Motivation through the design of work: Test of a theory</TITLE><SECONDARY_TITLE>Organizational Behavior and Human Performance</SECONDARY_TITLE><VOLUME>16</VOLUME><PAGES>250-279</PAGES></MDL></Cite><Cite><Author>de Treville</Author><Year>in press</Year><RecNum>605</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>605</REFNUM><AUTHORS><AUTHOR>de Treville, S.</AUTHOR><AUTHOR>Antonakis, J.</AUTHOR><AUTHOR>Edelson, N. M.</AUTHOR></AUTHORS><YEAR>in press</YEAR><TITLE>Can standard operating procedures be motivating? Reconciling process variability issues and behavioral outcomes</TITLE><SECONDARY_TITLE>Total Quality Management and Business Processes</SECONDARY_TITLE></MDL></Cite></EndNote>�(see de Treville et al., in press; Hackman & Oldham, 1976)�.


� Operations managers may believe that inputs to their operations cannot be made consistent even through the operation is repetitive and a relatively high stage of knowledge appears theoretically feasible. In such cases, the operation is limited to a lower stage-of-knowledge because it is impossible to control the process mean and variance when process inputs are inconsistent. Note that such operations are likely to be vulnerable to competitors making better use of the opportunities afforded by repetitiveness and proceduralized knowledge.
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