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Abstract
Our research addresses the confusion and inconsistency associated with ‘‘lean production.’’ We attempt to clarify the semantic

confusion surrounding lean production by conducting an extensive literature review using a historical evolutionary perspective in

tracing its main components. We identify a key set of measurement items by charting the linkages between measurement

instruments that have been used to measure its various components from the past literature, and using a rigorous, two-stage

empirical method and data from a large set of manufacturing firms, we narrow the list of items selected to represent lean production

to 48 items, empirically identifying 10 underlying components. In doing so, we map the operational space corresponding to

conceptual space surrounding lean production. Configuration theory provides the theoretical underpinnings and helps to explain the

synergistic relationships among its underlying components.
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1. Introduction

In 360 BC, Plato (in Cratylus) suggested that

linguistic confusion arises because multiple terms may

refer to the same object or idea, a single term may refer

ambiguously to more than one object or idea, and terms

may be confusing because they are out of date. The same

observations can be made today with respect to a number

of management approaches. The current study addresses

these issues with regard to lean production. We believe

that the price paid for lacking a clear, agreed-upon

definition is high because empirical testing of inexact and
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imprecise concepts lead to a body of research that

examines slightly different aspects of the same under-

lying constructs masked by different terminology.

Consequently, results from such testing do not improve

our understanding, make marginal contributions to the

existing knowledge base, and prevent academic fields

from making real progress (Meredith, 1993). If theory

and empirical work are to advance in this area, semantic

differences between lean production and its predecessors

must be resolved, the conceptual definition of lean

production must be clarified, and operational measures

must be more clearly specified. In this paper, we address

these three issues.

The approach now known as lean production has

become an integral part of the manufacturing landscape in

the United States (U.S.) over the last four decades. Its link

with superior performance and its ability to provide

competitive advantage is well accepted amongacademics

and practitioners alike (e.g., Krafcik, 1988; MacDuffie,

mailto:rshah@csom.umn.edu
mailto:ward.1@osu.edu
http://dx.doi.org/10.1016/j.jom.2007.01.019


R. Shah, P.T. Ward / Journal of Operations Management 25 (2007) 785–805786
1995; Pil and MacDuffie, 1996; Shah and Ward, 2003;

Wood et al., 2004). Even its critics note that alternatives to

lean production have not found widespread acceptance

(Dankbaar, 1997) and admit that ‘‘lean production will be

the standard manufacturing mode of the 21st century’’

(Rinehart et al., 1997, p. 2). However, any discussion of

leanproductionwithmanagers, consultants, oracademics

specializing in the topic quickly points to an absence of

common definition of the concept.

This lack of clarity is evident from the multiplicity of

descriptions and terms used with respect to lean

production. The ambiguity stems in part because lean

production evolved over a long period of time (Hopp

and Spearman, 2004; Womack et al., 1990; Spear and

Bowen, 1999) and because of its mistaken equivalence

with other related approaches. Hopp and Spearman

(2004) note that using closely related terms in the titles

of some of the earliest publications may have also

contributed to this confusion (see for example Sugimori

et al., 1977). These primarily semantic differences

between lean and its predecessors are unfortunate but

can be resolved fairly easily. A greater source of

confusion, however, is the more substantive disagree-

ment about what comprises lean production and how it

can be measured operationally.

Our objectives in this paper are as follows. First, we

attempt to resolve the semantic confusion surrounding

lean production and explain the different perspectives

invoked in describing it using a historical evolutionary

lens. Second, in our pursuit of a commonly agreed upon

definition of lean production, we propose a conceptual

definition that encompasses its underlying multidimen-

sional structure. Finally, using a rigorous empirical

method, we identify a set of 48 items to measure lean

production and its main components. Additionally, we

chart the linkages among the items and the components

and map the operational space as it corresponds to the

conceptual space. In short, we develop the concept of lean

production based on extant knowledge and use data from

a sample of manufacturers to develop an operational

measure that consists of 10 reliable and valid scales.

2. Historical background

Defining lean production requires first examining its

historical evolution and identifying the different

perspectives that are commonly invoked in describing

it. We highlight the key phases that have contributed to

our current understanding of lean production in Table 1.

Lean production directly descended from and is

frequently used as a proxy for Toyota Production

System (TPS), which itself evolved from Taiichi Ohno’s
experiments and initiatives over three decades at Toyota

Motor Company. TPS was formally introduced in the

U.S. in 1984 when NUMMI was established as a joint

venture between Toyota and General Motors, but its

informal transfer to the U.S. began much earlier,

occurring over time in a piecemeal fashion. A

consequence of the slow geographic dispersion sepa-

rated by a significant time lag was that the under-

standing of the new system in the U.S. evolved even

more slowly and with an additional time-lag.

Because TPS was multifaceted and complicated, it

was not easy for U.S. managers to comprehend the true

nature of the production process. As in the age-old fable

of the blind men touching different parts of an elephant

and imagining very different animals, these managers

often focused on a single, visible aspect of the process

while missing the invisible, highly inter-dependent links

of the system as a whole. By the time U.S. managers

realized the numerous elements underlying TPS, and,

by extension, lean production, these different terms had

become deeply ingrained in the common lexicon of the

academic and business publications. As a result,

semantic discrepancies crept in even when no sub-

stantive difference was apparent. Currently, there are

numerous academic and practitioner books and articles,

yet we still do not have a precise and agreed upon way

of defining or measuring lean production.

2.1. Lean production—a literature review

Reviewing the existing literature provides a starting

point in defining lean production. Additionally, it helps

us highlight the confusion in the conceptual and the

operational space surrounding lean production and

glean a set of operational measures that can be used to

represent it. In conducting our review, we began with

the earliest publications related to Japanese manufac-

turing/production systems ending with the most recent

publications related to lean production. We observed

that, in general, the early Japanese books were more

precise in defining TPS and in identifying its underlying

components (Monden, 1983; Ohno, 1988) compared to

the research articles because the latter focused on

defining and describing specific components of the

system rather than the whole (Sugimori et al., 1977;

Monden, 1981b). However, the distinction between the

system and its components was missed by most early

observers, perhaps because of the articles and mono-

graphs related to the components were published before

the books (in English) that described the system.

This lack of distinction between the system and its

components was further complicated by the general
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Table 1

Time line marking the critical phases in the lean production evolution
point of reference used in its description. Lean

production is generally described from two points of

view, either from a philosophical perspective related to

guiding principles and overarching goals (Womack and
Jones, 1996; Spear and Bowen, 1999), or from the

practical perspective of a set of management practices,

tools, or techniques that can be observed directly (Shah

and Ward, 2003; Li et al., 2005). This difference in
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orientation does not necessarily imply disagreement,

but it does undermine conceptual clarity.

Our literature review indicates that there exist many

descriptions of lean production and its underlying

components along with a few conceptual definitions

(Table 2); rather than provide a comprehensive list, our

intention is to capture the salient similarities between the

terms. We observe that the descriptions/definitions are

very general and have become more expansive over time.

A case in point is just-in-time (JIT), one of the four main

concepts of TPS (Monden, 1983). To maintain just-in-

time production in Toyota plants, Ohno (1988) devised

kanban as a means to pull material from an upstream

station and manage product flow. In describing and

measuring JIT, Sugimori et al. (1977) also focused on its

most critical components such as kanban, production
Table 2

Lean production—mapping the conceptual definitions

Illustrative definitions

Toyota Production System (TPS) and lean production

The basic idea in TPS is to produce the kind of units needed, at the t

intermediate and finished product inventories can be eliminated. Th

(waste elimination) are quantity control, quality assurance, and resp

concepts: JIT, autonomation, flexible workforce, and capitalizing on

The basis of TPS is the absolute elimination of waste. The two pillar

TPS can be described as an effort to make goods as much as possible

Lean production uses half the human effort in the factory, half the ma

hours to develop a new product in half the time. It requires keepin

produces a greater and ever growing variety of products (Womack

TPS includes standardization of work, uninterrupted work flows, direc

improvement based on the scientific method (Spear and Bowen, 19

Lean production is an integrated system that accomplishes production

Spearman, 2004)

Just in time (JIT)

Just in time production system as ‘‘only the necessary products, at th

Kanban system, production smoothing and setup time reduction are c

JIT philosophy is associated with three constructs: total quality, peop

Programs associated with JIT include ‘‘elimination of waste, and full

(Davy et al., 1992)

JIT is a comprehensive approach to continuous manufacturing improv

manufacturing process (Sakakibara et al., 1993)

JIT is based on the notion of eliminating waste through simplification

inventories and overly large lot sizes, which cause unnecessarily lo

JIT is composed of three overall components, namely, flow, quality an

Total quality management (TQM)

TQM is an integrated management philosophy and set of practices th

requirements, reducing rework, long range thinking, increased emp

benchmarking, team-based problem solving, constant measurement

TQM is a philosophy or an approach to management that can be char

principles are customer focus, continuous improvement, and teamw

Common guiding TQM precepts can be conceptually distinguished in

stressing continuous improvement, and (c) treating the organization

TQM is an approach to improving the quality of goods and services t

quality, production without defects, focus on improvement of proce

making (Flynn et al., 1994)
smoothing, and set up time reduction; later definitions

incorporate these elements but also include quality

improvement and employee involvement (Hall, 1987;

McLachlin, 1997) and customer focus (Flynn et al.,

1995a,b). Subsequently in the U.S., JIT became the

system—TPS, pull production, and kanban assumed

equivalence with JIT, and the terms are often used

interchangeably (Hopp and Spearman, 2004). We

observed similar concept stretching in other components

of lean production such as quality management, people

management, and preventive maintenance approaches.

We also found a well-developed literature base

associated with the operational instruments used to

measure the components of lean production and

observed a similar overlap and confusion in that

literature (Table 3). In discussing the operational
ime needed and in the quantities needed such that unnecessary

ree sub-goals to achieve the primary goal of cost reduction

ect for humanity. These are achieved through four main

worker suggestion and 8 additional systems (Monden, 1983, p. 2)

s needed to support the TPS are JIT and autonomation (Ohno, 1988)

in a continuous flow (Ohno, 1988)

nufacturing space, half the investment in tools, half the engineering

g half the needed inventory, results in many fewer defects, and

et al., 1990, p. 13)

t links between suppliers and customers, and continuous

99)

of goods/services with minimal buffering costs (Hopp and

e necessary time, in the necessary quantity’’ (Sugimori et al., 1977)

ritical components of any JIT system (Monden, 1981b)

le involvement, and JIT manufacturing techniques (Hall, 1987)

utilization of people, equipment, materials, and parts’’

ement based on the notion of eliminating all waste in the

of manufacturing processes such as elimination of excess

ng customer cycle times (Flynn et al., 1995a,b)

d employee involvement (McLachlin, 1997)

at emphasizes continuous improvement, meeting customer

loyee involvement and teamwork, process redesign, competitive

of results, and closer relationships with suppliers (Ross, 1993)

acterized by its principles, practices and techniques. Its three

ork (Dean and Bowen, 1994)

to three clusters (a) focusing on customer satisfaction (b)

as a total system (Sitkin et al., 1994)

hrough continuous improvement of all process, customer driven

sses rather than criticism of people and data driven decision
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Table 3

Lean production—charting the measurement instruments

Scale/individual measure a,b,c 1 2 3d 4e 5d 6 f 8 9 10 11 12

Just in time (JIT) principles TQMb

Quality management (QM) Infrastructurec JIT TQMa

Workforce management Infrastructurec Infrastructurec

Setup time reduction JIT systemb JITc JITc TBCb JIT JITb,c JITb JITa Leana X

Small lot size (reduction) Flowb JITc JITa X

Pull system (support) Flowb

Kanban/pull production Flowb JITc JITc TBCb JIT JITb,c JITb JITa Leana X

Equipment layout Flowb JITc JITb,c JITb X

(Continuous) flow JITa X

Daily schedule adherence JIT systemb JITc JITc TPMb JITb,c JITb

Cellular manufacturing TBCb JIT JITa X

Continuous improvement TBCb TQMa Leana X

Statistical process control TQMc Quality managementc TQMb TQMa X

Group problem solving JIT systemb Workforce managementc X

Training JIT systemb TQMb PMb Commonb,c HRMb HRMa X

Cross functional teams TQMb PMb HRMb HRMa X

Employee involvement TBCb,1 Commonb,c X

Workforce commitment

Preventive maintenance JIT systemb JITc TBCb JIT TPMa X

Product design (simplicity) Flowb TQMc Infrastructurec TQMb,c

JIT delivery by suppliers Supplier managementb JITc JITb,c JITb X

Supplier (quality) level Supplier managementb Infrastructurec Quality managementc TQMb,c

Supplier relationship/involvement Infrastructurec TBCb TQMb TQMb Leana X

Customer focus/involvement TQMc TQMb TQMb,c TQMb X

JIT links with customers JITb X

(1) Sakakibara et al. (1993); (2) Flynn et al. (1995a,b); (3) Sakakibara et al. (1997); (4) Koufteros et al. (1998); (5) Koufteros and Vonderem se (1998); (6) Dow et al. (1999); (7) McKone and Weiss

(1999); (8) Cua et al. (2001); (9) Ahmad et al. (2003); (10) Shah and Ward (2003); (11) Li et al. (2005); (12) Current study.
a Used as an item to measure a first order construct.
b Used as first order construct to measure a second order construct.
c Reduced the first order construct to a single score.
d Measurement items are not included in the study.
e TBC: time based competition.
f TPM: total preventive maintenance; 1-not included by Nahm et al. (2003) in their measures of TBC.
7

T

T

b
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measures, we refer to the survey questions used to

represent individual lean practices/tools as manifest

variables or items. When data reduction techniques

were performed to collapse multiple items into a

smaller number, we refer to each of them as a latent

variable or a factor. Latent variables/factors may be of

the first-order (i.e. when manifest variables are used for

data reduction) or of second or higher order (i.e. when

first order-factors are used for additional data reduction)

and represent the underlying unobservable components

of a lean system.

Although it was difficult to track items or factors

from study to study, our literature review underscores

three critical problems which have serious implications

for theory building. First problem arises because some

concepts have undergone a change in status over time.

Preventive maintenance is a case in point. In most of the

early research, it was used as one of the underlying

dimensions of JIT (Sakakibara et al., 1993) but it is now

established as an independent construct (McKone and

Weiss, 1999) and is used to predict manufacturing

performance (Cua et al., 2001; Shah and Ward, 2003).

Second problem occurs when identical items are used to

operationalize vastly different concepts and finally, the

reverse case in which different items are used to

operationalize the same construct. To illustrate the two

issues, we look to the study by Koufteros et al. (1998) as

an example. The authors conceptualize pull production

as time-based manufacturing (TBM) and measure it

using shop-floor employee involvement in problem

solving, reengineering setups, cellular manufacturing,

quality improvement efforts, preventive maintenance,

and dependable suppliers. Their description equates

pull production with TBM though the measurement

items and factors (constructs) they use are similar to

items that were used to represent JIT in previous work.

Several researchers have used pull production and TBM
Fig. 1. Existing state of knowledge of the conceptual and empirical world
interchangeably in subsequent research studies (Kouf-

teros, 1999; Nahm et al., 2003). Whether pull

production is really the same as TBM is a normative

issue (and not central to the objective of our paper), but

equating them results in a proliferation of additional

indistinct terms that tend to obfuscate the substantive

meaning of the constructs in question.

We found only two studies specifically related to

measuring lean production (Shah and Ward, 2003; Li

et al., 2005). Shah and Ward (2003) developed measures

for lean manufacturing and operationalized it as

bundles of practices related to total quality manage-

ment, total preventive maintenance, and human

resource management. They limit their analysis to four

bundles that are oriented internally to reflect a firm’s

approach to managing its manufacturing operation. In

contrast, Li et al. (2005) measure lean production very

restrictively with five items that include set up time,

small lot size, and pull production.

Overall, our literature review accentuates the expan-

sive nature of conceptual definitions of lean production

and the difficulty in discriminating its underlying

components from each other and from the system. This

indicates that both the conceptual and the operational

space surrounding lean production are under-developed

(Fig. 1). We conceptualize lean production more

holistically by capturing both internal and external

practices to better align lean production with its origins

and develop an appropriate set of measures.

2.2. Lean production—a conceptual definition

Theory building requires that concepts are well-

defined. However, Osigweh (1989) argues that it is not

imperative that every concept in a theory is precisely

defined, rather he suggests that the concepts that are

defined are well-conceptualized and their definitions are
as related to lean production (adapted from Priem and Butler, 2001).
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sufficiently precise. Lean production is most frequently

associated with elimination of waste commonly held by

firms as excess inventory or excess capacity (machine

and human capacity) to ameliorate the effects of

variability in supply, processing time, or demand.

According to Little’s law (Anupindi et al., 1999),

inventory in a system can be reduced by either

maintaining excess capacity or lowering throughput

time. Because excess capacity is a type of waste and is

counter to lean production principles, lowering

throughput time reliably to reduce inventory is

preferred. This can be accomplished through contin-

uous flow without frequent stop-and-go operations that

are characteristic of batch and queue systems. Achiev-

ing this requires a flexible, dedicated and engaged work

force. Therefore, to pursue lean production and

minimize inventory, firms have to manage variability

in supply, processing time, and demand (Hopp and

Spearman, 2004; De Treville and Antonakis, 2006),

which in turn require firms to effectively manage their

social and technical systems simultaneously. We

propose the following definition to capture the many

facets of lean production.

Lean production is an integrated socio-technical

system whose main objective is to eliminate waste by

concurrently reducing or minimizing supplier,

customer, and internal variability.

Wacker (2004) suggests that a conceptual definition

should show evidence of clarity, communicability,

consistency, parsimony, differentiability, inclusivity,

and exclusivity. We believe that our definition meets

these criteria. We do not wish to propose one definition

that fits all lean producers because such a definition will

necessarily be narrow and context specific (Lorsch,

1980). Conversely, we do not want our definition to be

so broad that it is a generality, encompassing nearly

every organizational phenomenon (Putnam, 1978).

Our definition of lean production will also help to

bridge the gap between the differing philosophical and

practice/tools perspectives witnessed in existing

literature.

To manage variability in supply, processing time, and

demand, firms pursuing lean production must become

attentive to them and the underlying causes. Variability

in supply occurs when suppliers fail to deliver the right

quantity or right quality at the right time or the right

place (Womack et al., 1990). This variability can be

managed by creating a dependable and involved

supplier base that consists of a few key suppliers with

long term contracts. Other practices used to limit

supplier variability include providing regular feedback
on quality and delivery performance and providing

training and development for further improvement.

Similarly, there are many practices and tools that

minimize process time variability. For example,

specifying work to its smallest detail enables line

balancing and, thus, more predictable production

quantities. A stringent quality assurance regimen

reduces rework and results in less variability in process

time. Cross-trained employees are able to step in for

absent employees without disrupting flow, quality, and

quantity of work (Monden, 1983, p. 3). Lean production

includes these and many other practices and tools to

minimize process time variability.

Finally, the effect of demand variability can ripple

through the entire production process and cause havoc

to daily production schedule. To counter the effects of

demand variability, lean production focuses on takt-

time, a measure of the amount of production required to

meet customer demand, and production smoothing

techniques such as ‘‘heijunka’’ to adapt to the changing

demand (Monden, 1983, p. 2). Demand management

may also be used to smooth fluctuations in patterns of

demand over time intervals. Thus, the overarching

philosophical imperative for waste reduction is accom-

plished through a variety of mutually reinforcing

practices/tools which serve to reduce waste in very

specific ways.

2.3. Lean production using the configurational lens

Configurations represent non-linear synergistic

effects and higher-order interactions that cannot be

represented with traditional bivariate or contingency

relationships (Doty and Glick, 1994). Meyer et al.

(1993) have defined configurations as ‘‘any multi-

dimensional constellation of conceptually distinct

characteristics that commonly occur together’’. Simi-

larly, Miller and Friesen (1978) have noted that

configurations are commonly occurring clusters of

attributes or relationships that are internally cohesive.

The common theme underlying configurations is the

notion of distinct characteristics that occur together.

Lean production may be viewed as a configuration of

practices/tools because the relationships among the

elements of lean production are neither explicit nor

precise in terms of linearity or causality. A configura-

tion approach helps to explain how a lean system is

designed from the interaction of its constituent elements

taken as a whole, as opposed to designing the system

one element at a time. From a theoretical standpoint,

lean production is seen as a tightly coupled system

where the constituent elements hold together in mutual
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dependence. It is the self-reinforcing effects of this kind

of mutual dependence that contribute to the superior

performance associated with lean production (Shah and

Ward, 2003) on the one hand and make it rare, valuable

and difficult to imitate by competitors on the other hand.

Viewing lean production with a configurational lens

provides us the logic that glues its multiple facets

together.

3. Methods

The empirical objective of this study is to identify the

dimensional structure underlying lean production and to

develop reliable and valid scales to represent it. We

adopted a comprehensive, multi-step approach (Fig. 2)

during the development and validation process,

followed by several studies in operations management

(Koufteros et al., 1998; Nahm et al., 2003). Each of the

steps is described briefly below.

3.1. Instrument development

Because our review of the related literature

exposed considerable overlap in theoretical and

operational concepts, we used past research to obtain

general insights into measurement. We identified an

initial list of items from the past literature to represent

those aspects of lean production that eliminate or

minimize different aspects of variability. The items

were vetted through two steps to assure high research

design quality. These included a structured interview

with 10 practitioners to assess face and content

validity of the scale items followed by a pre-test of

the scale items with academics and practitioners. We

provide an illustrative example of how the items

composing a scale evolved during scale development

in Appendix A. The final instrument (Appendix B)

consisted of 48 items to reflect a comprehensive set of

lean practices.

3.2. Sample selection

To avoid overly homogenous or heterogeneous

samples, we considered the population of interest to

be all manufacturing firms (SIC 20–39) who are

identified as implementing lean production. We used

two criteria to select firms in our sampling frame: (1)

the firm had to belong to a manufacturing SIC code;

(2) the firm’s minimum number of employees had to

exceed 100, as past research has shown that larger

firms are more likely to implement lean production

(Shah and Ward, 2003). A contact list from
Productivity Inc., a firm involved with the consulting,

training, and implementation of lean production

systems, was selected as the primary source for

developing a respondent profile. Productivity Inc.

maintains a large database of high- and mid-level

manufacturing executives from a diverse set of

manufacturing companies. The resulting list is

well-suited to the purpose of this study because it

consists of a set of manufacturing firms that are at

various stages of implementation of lean practices.

The list was refined to eliminate duplicate records and

incomplete job titles, resulting in a file with 750

records for pilot testing and 2616 records for large-

scale validation.

3.3. Pilot study

Dillman’s (2000) Total Design Method, commonly

employed in operations management research (Kouf-

teros et al., 1998; Nahm et al., 2003), was used with

slight modifications to administer the survey. We made

an initial contact with the respondent and followed up

with a packet containing a cover letter and the survey

for the pilot study. Instead of the two to three reminders

advocated by Dillman (2000), we chose not to send any

reminders for the pilot study. Sixty-three responses,

corresponding to a response rate of 9% were used to

assess initial reliability and to conduct exploratory data

analysis. Although the pilot sample in our study

appears small, it is, nonetheless, larger than samples

used in other studies that have conducted a pilot study

as part of their research design (Koufteros et al., 1998;

Nahm et al., 2003). Additionally, executives contacted

for the pilot study and the data collected from them

were not used for the large-scale study, as the objective

during the pilot study was only to identify a

dimensional structure corresponding to lean produc-

tion concept.

3.3.1. Data analysis

Exploratory data analysis was conducted as follows.

First, descriptive statistics and missing item analysis

were conducted for each of the 48 items. The results did

not indicate any problems with the missing item

analysis. Second, a Corrected Item to Total Correlation

(CITC) score was calculated for each item to assess

item reliability. Six items with CITC values below 0.30

were removed, and an additional reliability analysis

was conducted. Five of the six excluded items were

reverse-coded. Previous research has also indicated

lower item reliability with reverse-coded items (Flynn

et al., 1990).
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Fig. 2. Schematic representation of steps followed during scale development and validation.
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Third, to assess divergent validity, the 42 items that

were retained were subjected to an exploratory factor

analysis (EFA). CF-VARIMAX, an oblique rotation,

was used to extract common factors; maximum

likelihood (ML) method was used to estimate the

common factor model; and CEFA (comprehensive

exploratory factor analysis, v.1) was used to conduct the

analysis (available at http://quantrm2.psy.ohio-sta-

te.edu/browne/software.htm). A multiple-step iterative

method was used to assess the appropriate number of

common factors—2–12 factors were specified. Eigen

values, communalities greater than 1, RMSEA, ECVI,

and 90% confidence interval (CI) associated with

RMSEA and ECVI were compared to decide the

appropriate number of factors (for details on the

iterative method, see Browne and Cudeck, 1992).

Results1 from iterative analysis suggested that a 10-

factor solution was best. The factor structure and pattern

of loadings obtained have face validity compared to past

research. One item (Flow_05) significantly cross-

loaded on three factors, therefore it was eliminated.

Two pairs of items had large residual correlations with

each other (Flow_01 with Flow_02 and SPC_01 with

SPC_02), indicating that a correlation between error

terms during confirmatory phase might be justified

between them.

Finally, convergent validity was examined by

conducting factor analysis at the individual factor

level, and the internal consistency of each factor was

examined using Cronbach Alpha. Results from factor

level EFA indicated that all items had significant

loadings on their respective factor, Eigen values

exceeded 2, and the percent of variance explained

ranged from 53 to 79%. Cronbach Alpha for each of the

factors ranged between 0.73 and 0.86, indicating

internal consistency. To summarize results from the

exploratory phase, seven items were dropped during the

iterative analysis. Based on the EFA results, 41 items

are retained for the confirmatory phase and are

hypothesized to load on 10 factors representing lean

production.

4. Confirmatory phase: large-scale study

Satisfied by the initial reliability and validity of our

measurement scales, we moved into the confirmatory

phase of testing our survey instrument. Using Dillman’s

method, we made an initial contact with the respondents

using a survey that was followed with two reminders,
1 Available from the authors upon request.
each sent a week apart. We received 295 responses for

an effective response rate of 13.5%. The response rate

exceeds recent survey-based research in operations

management (7.47%, Nahm et al., 2003) and supply

chain management (6.3%, Li et al., 2005). Fifteen

responses were missing a substantial amount of data on

the items used in this study therefore 280 responses

were used for the analysis. Prior to conducting any data

analysis, descriptive statistics were calculated for the 41

items. A pairwise t-test to compare the means for each

of the items from the exploratory and confirmatory

phase was conducted. No significant difference was

found for any of the items.

4.1. Evaluating bias

Coverage bias was assessed by comparing the profile

of the responding firms to the population of U.S. firms

for number of employees and annual revenue and by

computing x2-test statistic. Results indicated that our

sample may be biased towards larger firms (x2 = 12.91,

d.f. = 3, p-value <0.005 for number of employees and

x2 = 16.21, d.f. = 3, p-value <0.001 for annual rev-

enue). However, large firms implement lean practices

significantly more often than do small firms (Shah and

Ward, 2003); therefore bias in favor of large firms

should not impact the results because selecting a sample

to maximize the variance of measured variables relevant

to the constructs of interest is highly recommended

(Fabrigar et al., 1999). Non-response bias was assessed

by comparing respondents to non-respondents on key

demographic characteristics (Filion, 1976). These

groups were compared on the basis of annual revenue,

number of employees, and sales volume with the data

provided by Productivity Inc. No significant differences

(lowest p-value >0.20) were found between the two

groups, thus ameliorating concern about possible non-

respondent bias.

Second raters were solicited from a sub-sample

(n = 108) of responding companies. Twenty-seven

complete responses were received from second raters,

corresponding to a response rate of almost 25% (27/108).

Following Boyer and Verma (2000), we measured both

inter-rater reliability and inter-rater agreement. Whereas

inter-rater reliability is an index of consistency and is

generally correlational in nature, inter-rater agreement

refers to the interchangeability among raters and

addresses the extent to which raters make essentially

the same ratings (Kozlowski and Hattrup, 1992). To

estimate inter-rater reliability, Pearson’s bivariate corre-

lation and inter-class correlation (ICC) were computed

on 41 items from the 27 matched responses. All of the

http://quantrm2.psy.ohio-state.edu/browne/software.htm
http://quantrm2.psy.ohio-state.edu/browne/software.htm
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items had positive and significant correlation, and the

corresponding p values were all below 0.05. ICC was

estimated by the method suggested by Shrout and Fleis

(1979). The ICC exceeded 0.60 and the F-value was

greater than 3.51 ( p < 0.000) for each of the items. Both

the tests indicate a high level of consistency between the

two raters. Inter-rater agreement (r), a measure of the

proportion of the observed variance to expected variance,

was calculated using the method described by Finn

(1970). The r values ranged from 0.65 to 0.75. Although

no absolute standard for this measure has been

established, Boyer and Verma (2000) suggest that the

values achieved may be acceptable. Therefore, we

conclude that both inter-rater reliability and inter-rater

agreement are acceptable for each of the items.

Common method bias is present when correlations

between measures can be explained by the fact that the

same individual provides the responses for all

measurement scales rather than by any true relationship

between the constructs. Because common method bias

presents a greater cause for concern in self-report

studies, Harmon’s one-factor test was conducted.

Common method bias is present if a factor analysis

using all relevant measurement items results in a single

factor (Podaskoff and Organ, 1986; Miceli et al., 1991).

We performed an exploratory factor analysis with no

rotation and found 10 factors with Eigen values greater

than one. While this does not provide conclusive

evidence of absence of common method bias, it

suggests that any common method bias that does exist

is unlikely to be problematic. Consequently, a reliability

analysis was conducted on the 41 items to assess

corrected-item total correlation (CITC) scores and

Cronbach Alpha. Each of the items had a CITC score

above 0.40, and the Cronbach Alpha was 0.93. Thus, the

set of 41 items was carried forward to the CFA.

4.2. Confirmatory factor analysis

A CFA involves the estimation of an a priori

measurement model, where the observed variables are

mapped onto the latent constructs according to theory

and prior testing by the researcher. The final model

extracted during EFA was used to specify the relation-

ships. We used a covariance matrix of the 41 items to

input data, maximum likelihood method to estimate the

model, and LISREL 8.51 to conduct the analysis.

Because each of the latent variables was measured using

three or more manifest variables, our model is identified

(Long, 1983). In addition to a priori specification of the

factor structure, CFA provides a more rigorous test of

convergent and discriminant validity than the more
traditional multitrait-multimethod analysis (Campbell

and Fiske, 1959). Our approach to examining validity,

unidimensionality, and reliability is described below.

First, convergent validity and an item-level relia-

bility test is conducted to assess how a particular item

behaves within the block of items intended to measure a

latent variable. Anderson and Gerbing (1988) suggest

that evidence of convergent validity exists if the

manifest variable loads significantly (t-value >2.58,

p < 0.01) on its respective latent variable. The

proportion of variance explained (R2) in the manifest

variable that is accounted for by the latent variable

influencing it can be used to estimate the reliability of a

particular item.

Second, we assessed the model fit and unidimen-

sionality of the model. Model fit was evaluated using

multiple absolute, incremental, and parsimonious

measures of fit which provide different aspects to

answering the question ‘‘How well do the relationships

estimated by the model match the observed data?’’

Absolute measures of fit assess how well an a priori

model reproduces the sample data; incremental fit

measures assess the incremental fit of the model

compared to a null or worst-case model; and

parsimonious fit measures assess the parsimony of

the proposed model by evaluating the fit of the model

versus the number of estimated coefficients needed to

achieve the level of fit (Hair et al., 1998). Because many

fit indices are affected by sample size (e.g. GFI, NFI and

AGFI) and others by the ratio of manifest variables per

latent variable (e.g. NNFI and CFI), Shah and Goldstein

(2006) suggest reporting a broad set of fit indices. We

include multiple measures of fit to reach meaningful

conclusions with regards to model fit and report our

results and the recommended cutoffs for each of the

measures. We also examine the magnitude of standar-

dized residuals and modification indices to estimate any

mis-specification in the model.

Finally, discriminant validity is assessed by con-

structing models for all possible pairs of latent

variables: first, a model is run where the covariance

between any two latent variables is fixed to one; second,

another model is run where the covariance between

them is free to assume any value; and third, the

significance of the x2 difference between the two

models is computed. Constraining the covariance

between two latent variables is similar to stating that

they are unidimensional and not unique or distinct.

Because the free model is nested within the constrained

model, the x2 difference can be tested for significance

with one degree of freedom. A significant x2 difference

indicates that constraining pairwise covariance to one
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Table 4

Measurement model fit for the calibration and validation samples

aStandardized factor loading (standard error).
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will result in a significant model misfit, and, therefore,

two unique latent variables are necessary to explain the

factor structure. Reliability estimation is conducted last

because, in the absence of a valid construct, reliability is

almost irrelevant (Koufteros, 1999). Cronbach Alpha,

composite reliability, and average variance extracted

(AVE) are used to assess internal consistency.

We took extra precautions to develop a reliable and

valid set of measures for lean production. In order to test

the measurement model, we randomly divided our total

sample (n = 280) into two equal halves (n = 140)—a

calibration sample and a validation sample. The sample

size for the two samples exceeds the minimum sample

size required to obtain a 0.80 statistical power with 732

degrees of freedom at alpha of 0.05 (MacCallum et al.,

1996). The calibration sample was used in the initial

model testing, while the validation sample was used to

confirm the model. We estimated all measures of

reliability, validity, and unidimensionality for calibra-

tion, validation, and whole sample separately. We report

convergent validity, item reliability, model fit, and

estimates of unidimensionality for calibration, valida-

tion, and the whole sample. In contrast, discriminant

validity and reliability are reported for the whole sample

only (although they were conducted for the calibration

and validation samples also) to avoid redundancy.

4.2.1. CFA results using calibration sample

In the first iteration, the factor loadings for each of

the 41 items were significantly larger than their standard

errors, and the associated t-values exceeded 3.29

( p < 0.001). All the fit statistics were within the

accepted range, but an analysis of the standardized

residuals and modification indices suggested that two
Table 5

Absolute, Incremental and Parsimonious measures of fit for the calibration

Measures of fit Statistic measure Cal

sam

(n =

Absolute x2-Test statistic (d.f.) 111

Root mean square error of approximation

(RMSEA), point estimate

0.0

RMSEA, 90% confidence interval (0.0

p value H0: close fit (RMSEA � 0.05) 0.1

Standardized root mean square residual (RMR) 0.0

Incremental Non-normed fit index (NNFI) 0.8

Comparative fit index (CFI) 0.8

Incremental fit index (IFI) 0.8

Parsimonious Normed x2 (x2/d.f.) 1.5

Parsimony normed fit index (PNFI) 0.6
pairs of manifest variables had excessively large

standardized residuals (>7) and modification indices

(>30) associated with them. These are the same

manifest variables (Flow_01 with Flow_02 and SPC_01

with SPC_02) that had large residuals during EFA.

Therefore, another model was specified by including a

correlation between the error terms for these variables.

An alternative would be to drop two of the four items

from the model, but we decided to keep all four items in

order to represent their respective domains more

completely.

The results from the second iteration show that the

factor loadings for all 41 of the items are significantly

larger than their standard errors resulting in t-values that

exceed 3.29 ( p < 0.001). The variance explained range

was between 0.18 and 0.91 (Table 3). The multiple

measures of model fit indicate a mixed picture:

RMSEA, 90% confidence interval associated with

RMSEA, RMR, and normed x2 indicate a good to

excellent fit, but NNFI and CFI are at or below the

recommended level (Table 5; columns 4 and 5). The

proportion of absolute standardized residuals > j2.58j
is 6.35% (54 out of 851). A value of j2.58j corresponds

to the area beyond the �2 standard deviations from the

average standardized residual or the values lying in the

extreme 5% of the distribution. All modification indices

are below 20.

4.2.2. CFA results using validation sample

The measurement model incorporating the modifi-

cations described in Section 4.2.1 was retested using the

validation sample. Results for the convergent validity

from the validation sample are reported in Table 4

(columns 6 and 7) and measures of model fit in Table 5
and validation samples

ibration

ple

140)

Validation

sample

(n = 140)

Whole

sample

(n = 280)

Recommended

value for close

or acceptable fit

4.59 (732) 1052.78 (732) 1178.01 (732) NA

55 0.048 0.047 �0.08

47; 0.063) (0.039; 0.056) (0.042; 0.052) (0.00; 0.08)

3 0.66 0.86 �0.05

78 0.073 0.062 �.10

5 0.86 0.91 �0.90

6 0.88 0.92 �0.90

7 0.88 0.91 �0.90

2 1.44 1.61 �3.0

2 0.62 0.72 �0.70
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(column 4). The pattern and size of loadings and the

variance explained is similar to those in the calibration

sample. RMSEA, 90% confidence interval associated

with RMSEA, RMR, and Normed x2 indicate a good to

excellent fit, but NNFI and CFI continue to be at or

below the recommended level. The proportion of

absolute standardized residuals > j2.58j is 4.35% (37

out of 851) and all modification indices are less than 10.

These results indicate that the validation sample

explains the relationships in the final measurement

model well. These results also indicate that the two

samples exhibit invariance of form (i.e. using the same

mapping of manifest variables to latent variables in two

sub-samples is appropriate).

4.2.3. CFA results using the whole sample

The path loadings between the item and its

corresponding factor were all positive and significant

at p < 0.001, and the value of the path loading ranged

between 0.50 and 0.94 (Table 3, columns 7 and 8).

Amount of variance explained by each of the items

ranged from 0.18 to 0.90; the average amount of

variance explained equals 0.50. In terms of model fit, all
Table 6

Correlations, reliability and discriminant validity for the whole sample (n =

* The lower triangle shows correlations; all correlations are significant a

parentheses) are on the diagonal in closed boxes. The upper triangle shows the

x2 differences are significant at p < 0.003.
the measures improved greatly with the use of the whole

sample due to increased sample size. The RMSEAvalue

equaled 0.049, the p-value associated with the null

hypothesis of close fit (0.860) indicates that it could not

be rejected, and the data explains 86% of the variance in

the hypothesized model. All fit measures were at or

above the recommended value. The proportion of

absolute standardized residuals > j2.58j is 9.28% (79

out of 851), and all modification indices are <10.

To assess discriminant validity, we made 45 pairwise

comparisons between the fixed and the free models. The

smallest x2 difference was 8.38 ( p < 0.003), which is

significant with one degree of freedom; all other

comparisons were significant at lower p-values

(Table 6). Cronbach Alpha exceeded 0.70 for all 10

factors and composite reliability exceeded 0.70 in nine

out of 10 factors. AVE exceeds the 0.50 threshold value

for 6 out of 10 factors. As a set, these results indicate

that construct reliability depends on the measure

employed to assess it: Cronbach Alpha designates

adequate reliability for all the constructs, composite

reliability and variance extracted also present an

acceptable picture.
280)*

t p < 0.001. Composite reliability and average variance extracted (in

difference in x2-test statistic between a fixed and a free CFA model; all
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Fig. 3. Conceptual and empirical mapping as proposed and validated in the current study.
5. Discussion and conclusion

This research takes an initial step toward clarifying

the concept of lean production and develops and

validates a multi-dimensional measure of lean produc-

tion. Following Whetten (1989), we organize the

discussion of our results into three sections: what is

lean production (i.e. identify critical factors), how are

the various factors of lean production related to each

other, and why are they related.

5.1. ‘‘What’’ is lean production?

In this research, we propose a conceptual definition

of lean production and derive an operational measure

from the content and objectives of its historical roots in

TPS. To that end, we identified 48 practices/tools to

represent the operational space surrounding lean

production. Using a multi-step construct development

method, we distill the measurement items into 10

factors which also map onto the conceptual definition

well. Fig. 3 summarizes this mapping. Of the 10 factors

identified in this study, three measure supplier

involvement, one measures customer involvement,

and the remaining six address issues internal to the

firm. Together, these 10 factors constitute the opera-

tional complement to the philosophy of lean production

and characterize 10 distinct dimensions of a lean

system. They are:
1. S
UPPFEED (supplier feedback): provide regular

feedback to suppliers about their performance
2. S
UPPJIT (JIT delivery by suppliers): ensures that

suppliers deliver the right quantity at the right time

in the right place.
3. S
UPPDEVT (supplier development): develop sup-

pliers so they can be more involved in the

production process of the focal firm.
4. C
USTINV (customer involvement): focus on a

firm’s customers and their needs.
5. P
ULL (pull): facilitate JIT production including

kanban cards which serves as a signal to start or stop

production.
6. F
LOW (continuous flow): establish mechanisms that

enable and ease the continuous flow of products.
7. S
ETUP (set up time reduction): reduce process

downtime between product changeovers.
8. T
PM (total productive/preventive maintenance):

address equipment downtime through total produc-

tive maintenance and thus achieve a high level of

equipment availability.
9. S
PC (statistical process control): ensure each process

will supply defect free units to subsequent process.
10. E
MPINV (employee involvement): employees’ role

in problem solving, and their cross functional

character.
5.2. ‘‘How’’ are the factors of lean production

related?

The 10 factors derived during empirical analysis are

positively and significantly correlated with each other

( p < 0.001), thereby providing support to the multi-

dimensional and integrated nature of lean production

systems (Table 6). As a set, the statistical and empirical

results associated with the CFA model suggest that lean

production can be represented with 10 factors where

each factor represents a unique facet. The high inter-

correlation between the factors lends further support to

the ‘‘configuration’’ argument and suggests that

managers are able to discern the close relationship

and yet make distinctions between them. More

specifically, our results indicate that practicing man-

agers recognize the contribution of each individual

factor and their collective importance when pursuing

lean production. These results allow us to build on

existing agreement related to ‘‘bundles of lean

practices’’ (Shah and Ward, 2003) and, at the same

time, to add clarity to the confusing array of terms and

concepts associated with lean production.
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The correlations between factors range from 0.77

(between SUPPJIT and SUPPDEVT) to 0.12 (between

TPM and CUSTINV). A closer inspection of the

correlation matrix revealed that TPM is the least

associated with other scales. This pattern in the

correlation matrix was also observed in Sakakibara

et al. (1993), where preventive maintenance exhibited

low and insignificant correlations with five other

scales. However we could not examine this relation-

ship in other published research because none of them

included the correlation matrix between TPM and

other factors (McKone and Weiss, 1999; Cua et al.,

2001; Shah and Ward, 2003). Even so, the CFA results

suggest that a well-developed lean strategy will

include many different lean practices. Therefore, a

state of the art implementation will require firms to

exert considerable effort along several dimensions

simultaneously.

5.3. ‘‘Why’’ are the factors of lean production

related?

Lean production is an integrated system composed of

highly inter-related elements. In explaining inter-

relationships, researchers frequently rely on the

statistical significance of the empirical results. How-

ever, statistical significance is a necessary but not a

sufficient condition to explain the inter-relationships in

a system. Researchers must also judge the reason-

ableness of the logic used to explain the inter-

relatedness of the elements because reasonable logic

provides the theoretical glue that holds a model together

(Whetten, 1989). We explain our logic below.

The main objective of lean production is to eliminate

waste by reducing or minimizing variability related to

supply, processing time, and demand. Reducing

variability related to only one source at a time helps

a firm in eliminating only some of the waste from the

system; not all waste can be addressed unless firms can

attend to each type of variability concomitantly. That is,

processing time variability cannot be eliminated unless

supply and demand variability is also reduced. For

instance, variability in setup times and delivery

schedule by suppliers both contribute to firms holding

excess inventory in order to prevent starving down-

stream work stations. But reducing setup time

variability alone does not eliminate excess inventory

from the system, because firms will continue to hold

excess inventory to accommodate variability in supplier

delivery. To reduce excess inventory of all types, firms

will have to secure reliable suppliers in addition to

developing a reliable process.
The 10 underlying factors/dimensions of lean

production proposed here jointly enable firms to address

variability in the following manner. To facilitate

continuous flow (FLOW), products are grouped

according to product families, and equipment is laid

out accordingly; and to prevent frequent stop-and-go

operations, equipment undergoes frequent and regular

preventive maintenance (TPM). Closely grouped

machines and the similarity of products allow employ-

ees to identify problems while cross-trained, self-

directed teams of workers are able to resolve problems

more quickly and effectively (EMPINV). Actively

involved customers (CUSTINV) enable firms to predict

customer demand accurately. Reduced setup times

(SETUP) and stricter quality assurance (SPC) allow

firms to predict process output more exactly. To produce

the kind of units needed, at the time needed, and in the

quantities needed, firms use kanban and pull production

systems (PULL), which require that suppliers deliver

sufficient quantities of the right quality product at the

right time. This JIT delivery by suppliers (SUPPJIT) is

predicated on providing suppliers with regular feedback

on quality and delivery performance (SUPPFEED), and

providing training and development for further

improvement (SUPPDEVT). Because no firm has

infinite resources to expend, the supplier base needs

to be limited to a few key suppliers with whom firms can

have long term relationships rather than short term

contracts.

It is the complementary and synergistic effects of the

10 distinct but highly inter-related elements that give

lean production its unique character and its superior

ability to achieve multiple performance goals. While

each element by itself is associated with better

performance, firms that are able to implement the

complete set achieve distinctive performance outcomes

that can result in sustainable competitive advantage.

Sustainability of advantage follows from the difficulty

in implementing several aspects of lean simultaneously.

Because simultaneous implementation of so many

elements is difficult to achieve, it is also difficult to

imitate.

5.4. Contributions

We make three substantive contributions to existing

research. First, viewing lean production in its

historical context with an evolutionary lens helps to

reconcile the overlap among its various components.

We argue that, viewed separately, none of the

components are equivalent to the system, but together

they constitute the system. Lean production is not a
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singular concept, and it cannot be equated solely to

waste elimination or continuous improvement, which

constitute its guiding principles, nor to JIT, pull

production, kanban, TQM, or employee involvement,

which make-up some of its underlying components.

Lean production is conceptually multifaceted, and its

definition spans philosophical characteristics that are

often difficult to measure directly. Further, the

practices/tools used to measure lean production, even

when associated uniquely with a single component,

indicate mutual support for multiple components. By

juxtaposing the historical evolution of lean production

and the perspective used in describing it, we can begin

to understand the multiplicity of terms associated with

lean production and attempt to resolve some of the

confusion surrounding it.

Second, we propose a conceptual definition of lean

production which captures the integrated nature of lean

systems. Our definition includes both the people and the

process components on one hand, and internal (related

to the firm) and external (related to supplier and

customer) components on the other hand. In this sense,

our definition of lean production highlights mechanisms

needed to achieve the central objective of waste

elimination. This definition maximizes the potential

for concept-traveling so that lean production can

precisely fit a variety of applications (Osigweh,

1989). Yet, it minimizes the problem of concept-

stretching, or broadening the concept’s meaning beyond

reason. In order for a system to be lean, it has to address

not only variability reduction, but also the specific

operationalization of supplier and customer relation-

ships which may differ depending on the unit of

analysis.

Finally, we develop an operational measure of lean

production and provide a framework that identifies its

most salient dimensions. Our operational measure is

more comprehensive than other measures observed in

literature as it reflects the lean landscape more broadly

by including both internal and external dimensions. An

empirical test of our operational measures suggests that

it is reliable and meets established criteria for assessing

validity. We identified a broad set of items that can be

distilled into fewer components to represent multiple

facets of a lean production system. In identifying 10

dimensions of lean production, we help to establish its

underlying dimensional structure. Specifically, we

characterize lean production with 10 unique sub-

dimensions, and in our attempt to resolve the confusing

array of concepts and measurement schemes witnessed

in the previous literature, we show that concepts and

measurement scales change with time. This is consistent
with Devlin et al.’s (1993) argument that there are no

‘‘best’’ or ‘‘perfect’’ scales and Schmalensee (2003),

who argued that the choice of scales changes with

research objective.

The empirically validated measurement instrument

we provide here is useful for researchers who are

interested in conducting survey research related to lean

production systems. This instrument will allow the

researchers to assess the state of lean implementation in

firms and to test hypotheses about relationships between

lean production and other firm characteristics that affect

firm performance. The findings provide guidance for

empirical research seeking parsimony in data collec-

tion. To adequately measure lean production, instru-

mentation should reflect all 10 underlying constructs.

Additionally, the study provides a tool for managers to

assess the state of lean production in their specific

operations. For instance, scales developed here may be

used by managers to self-evaluate their progress in

implementing lean production. The findings also

suggest that every one of the 10 dimensions of lean

production is an important contributor and that none

should be eliminated.

The framework forms a foundation for research in

lean production and should prove helpful in enabling

researchers to agree on a definition. It is imperative to

come to agreement on both a conceptual definition and

an operational measure because, if history is any guide,

old concepts will continue to evolve and we in the

academic community will lag farther behind practice.

The new and emerging concept of ‘‘lean-sigma’’ is a

case in point. Lean-sigma is being forwarded as a

management philosophy based on integrating lean

production principles and practices with Six Sigma

tools. If we cannot consistently define lean production,

how can we differentiate it from other management

concepts and verify its effectiveness to practicing

managers? It is our intention to contribute to scholarly

agreement on such a stipulative definition and to the

emerging academic literature related to lean production

(Narasimhan et al., 2006; De Treville and Antonakis,

2006; Hopp and Spearman, 2004). We intend that our

operational measure of lean production will comple-

ment the conceptual definition presented earlier.

6. Limitations and future research

Our findings may be limited by the specific research

design that was used. First, we used single key

informants to collect data. While multiple informants

are typically recommended to validate the information

obtained, it is difficult to get multiple informants to
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agree to participate. To help offset the single informant

concern we used data from twenty-seven second raters

to evaluate inter-rater reliability and inter-rater agree-

ment. Despite a limited sample of second raters, neither

metric indicated any significant difference on the items

used in this research. Therefore, the single informant

should have minimal (if any) impact on the validity of

the results.

Another limitation of our study concerns our specific

results. As such, research related to construct validation

seeks to examine the degree of correspondence between

the results obtained using a particular measurement

scheme and to assign the meaning attributed to those

results. Strong statistical results obtained from CFA

provide compelling evidence to the factor structure.

However, the factor structure needs to be reexamined in

future research. If replicated, future researchers and

managers can use them in studying and implementing
Appendix A. Illustrative example of construct developm

Content domain: pull production

Production is ‘‘pulled’’ by the shipment of finished goods

Production at stations is ‘‘pulled’’ by the current demand of the next statio

Vendors fill our kanban containers

Our suppliers deliver to us in kanban containers

We use kanban, squares, or containers of signals for production control

We use a kanban pull system for production control

We use a ‘‘pull’’ production system

We use a pull system rather than work orders

X: measurement items included in the study during the various stages; X, A:

not belong to pull production domain (2) belonged to JIT delivery by suppli

suppliers deliver to us on JIT basis’’ as alternate wording. X, B: practitioners r

the information.
lean production in isolation or in conjunction with other

concepts such as Six Sigma. Successful replication

would allow future researchers to eliminate measuring

individual practices and considerably shorten the

measurement instrument because the 10 factors will

be sufficient to represent the underlying dimensions of

lean production. This is consistent with Boyer and

Pagell’s (2000) suggestion of eliminating lower level

variables when these are included in higher-level

constructs.

Despite these limitations, our study contributes to

the body of theory presented in the literature. In

particular, we hope that the measurement scales

developed here will provide a foundation for furthering

lean production research that is more consistent. The

empirical study of lean production systems is in its

infancy, and moving it forward requires reliable and

valid scales.
ent

Practitioner

interview

Pretest Pilot test Large

scale

X X X X

n X X X X

X, A

X, A

X X X X

X, B

X, B X X X

X, B

during structured interview, practitioners noted that these items (1) did

ers; (3) were duplicates of each other. They recommended using ‘‘our

ecommended using one of the three items because the items duplicated



R. Shah, P.T. Ward / Journal of Operations Management 25 (2007) 785–805 803

Appendix B. Scales

Please indicate the extent of implementation of each of the following practices in your plant. (1) no implementation;

(2) little implementation; (3) some implementation; (4) extensive implementation; (5) complete implementation.

aEliminated during item purification in exploratory phase.
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