Full text available at: http://dx.doi.org/10.1561/0200000001

From Filing and Fitting to

Flexible Manufacturing




Full text available at: http://dx.doi.org/10.1561/0200000001

From Filing and Fitting to
Flexible Manufacturing

Roger E. Bohn

Graduate School of International Relations
and Pacific Studies

University of California, San Diego
La Jolla, CA 92093-0519,
USA

Rbohn®@ucsd.edu

Ramchandran Jaikumar

(1944-1998)

now

the essence of knowledge
Boston — Delft



Full text available at: http://dx.doi.org/10.1561/0200000001

Foundations and Trends® in
Technology, Information and Operations
Management

Published, sold and distributed by:
now Publishers Inc.

PO Box 1024

Hanover, MA 02339

USA

Tel. +1 (781) 871 0245
www.nowpublishers.com
sales@nowpublishers.com

Outside North America:
now Publishers Inc.

PO Box 179

2600 AD Delft

The Netherlands

Tel. +31-6-51115274

A Cataloging-in-Publication record is available from the Library of Congress.
Printed on acid-free paper

ISBN: 1-933019-06-9; ISSNs: Paper version 1571-9545; Electronic
version 1571-9553
© 2005 Now Publishers

All rights reserved. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted in any form or by any
means, mechanical, photocopying, recording or otherwise, without
prior written permission of the publishers.

now Publishers Inc. has an exclusive license to publish this material
worldwide. Permission to use this content must be obtained from
the copyright licence holder. Please apply to now Publishers,
PO Box 179, 2600 AD  Delft, The Netherlands;
www.nowpublishers.com; e-mail: sales@nowpublishers.com



Full text available at: http://dx.doi.org/10.1561/0200000001

Contents

FROM FILING AND FITTING TO FLEXIBLE
MANUFACTURING: A STUDY IN THE EVOLUTION
OF PROCESS CONTROL

Ramchandran Jaitkumar

Preface

Section 1 Introduction

1.1  The Case for “Epochal” Change in Manufacturing
1.2 The Long View

1.3 Plan of the Monograph

1.4  Control of Variation

Section 2 Gun-making in Gardone — The Craft
System

Section 3 The English System of Manufacture

10
12
14

19

27



Full text available at: http://dx.doi.org/10.1561/0200000001

vi Contents

3.1 Tools for the Woolwich Arsenal 28
3.2 The Engineering Drawing 34
3.3  Gardone Shops for Barrel-Making 35
Section 4 The American System of Manufacture 41
4.1 The Whitney Factory 43
4.2 Of Machines and Men 46
4.3 The Colt Armory 48
4.4 The American System Abroad 53
Section 5 The Taylor System 57
5.1 Taylorism at the Watertown Arsenal 60
5.2 Beretta’s Belated Adoption of Taylorism 68
Section 6 The Statistical Process Control Era 73
6.1 Monitoring Variation and Its Sources 74
6.2 The Quality Control Function 81
6.3 From a Static World to a Dynamic One 83
Section 7 The Numerical Control Era 87

7.1 NC Technology at Beretta — From Synchronous to

Cellular 91
7.2  Softening “Hard” Automation 93
7.3 The Impact of Numerical Control on the Quality

Organization 96

Section 8 Computer Integrated Manufacturing — The
Dawning of a New Age 101

8.1 Beretta’s FMS 102
8.2 Knowledge and Problem Solving in FMS 106



Full text available at: http://dx.doi.org/10.1561/0200000001

Contents

8.3 Beretta’s CIM System
8.4 New Imperatives of the CIM Paradigm

Section 9 The New World of Work — Intelligence,
Volatility, Dynamism

References

Author’s Biography

FROM ART TO SCIENCE IN MANUFACTURING:

THE EVOLUTION OF TECHNOLOGICAL
KNOWLEDGE

Roger E. Bohn

Section 1 Introduction

1.1  Art and Science in Technology

1.2 A Model of Technological Knowledge
1.2.1 Stages of Knowledge

1.3 Other views of technological knowledge

Section 2 Evolution of Knowledge in a World of
Increasing Mechanization

2.1  English System

2.2 American System

2.3 Taylor System

2.3.1 Reductionist Approach to Manufacturing Systems
2.3.2 Expressing Causal Knowledge as Systems of Equations
2.3.3 Systematic Learning by Experimentation

2.3.4 Taylor’s Legacy

vii

111
113

117

121

125

129

136
139
146
147

151

152
152
154
156
159
162
168



Full text available at: http://dx.doi.org/10.1561/0200000001

vili  Contents

Section 3 Knowledge in a Dynamic World

3.1 Statistical Process Control Epoch
3.2 The Science of Cutting Metal

3.3 NC and CIM/FMS Epochs

3.4 New Physical Processes

Section 4 From Art to Science

4.1 Changes in Procedures

4.2 How Knowledge Evolved

4.2.1 Why is Manufacturing Hard? Sources of Problems

4.2.2 Measurement, Feedback, and Other Recurrent
Solutions

4.2.3 Structure and Evolution of Knowledge Graphs

4.3 The Quest for Perfect Science

4.3.1 Non-Manufacturing Applications

References

171

172
174
180
184

191

191
193
194

195
198
201
203

207



Full text available at: http://dx.doi.org/10.1561/0200000001

Preface

This issue of Foundations and Trends™ in Technology, Information
and Operations Management presents a classic but previously unpub-
lished monograph by Ramchandran ‘Jai’ Jaikumar (1944-1998) on the
history of manufacturing. The development of mass manufacturing
ranks as one of the most important contributions to human welfare
ever — of the same magnitude as agriculture and modern medicine.
Many authors have addressed seminal changes in manufacturing history,
such as the Industrial Revolutions, but this monograph takes a longer
perspective. It follows the development of manufacturing from the
Renaissance to 1985, and shows how manufacturing underwent multiple
conceptual transformations, in which changes in technology led to shifts
in the nature of work itself. These epochal transformations are
emphasized by following the progress of a single industry — firearms —
and single company — Beretta — over the entire period. Since the essence
of the product changed little over the entire period studied — a chemical
explosive pushes a projectile through a metal cylinder — firearms man-
ufacture is an unusually clear opportunity to study changes in hard
and soft manufacturing technologies. The most far-reaching changes
were in process control, from the use of dimensional measurements
around 1800 to the introduction of unmanned machining around 1980.
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Each such shift required new ways of organizing work and a differ-
ent ethos of management. Machinery, organization, scale, product line,
and many other factors all had to change in concert to properly exploit
the new concepts. And each new epoch represented an intellectual
watershed in how people thought about manufacturing.

Prof. Jaikumar wrote the original monograph in the late 1980s
while he was on the faculty of the Harvard Business School. [21]
Although in that pre-Internet era it was available only as a hard-copy
working paper, it became widely known and cited. Professor Jaikumar
intended to publish it eventually, paired with a similar longitudinal
examination of a continuous process industry. But other projects
intervened, and it was never published. Professor Jaikumar died tragic-
ally in 1998, leaving behind a legacy of published and unpublished
research. When Professor Uday Karmarkar of UCLA approached me
for contributions to his new journal, I immediately suggested this piece.

I have made few changes to the main text — primarily clarifications.
I have not attempted to incorporate research on manufacturing history
done in the last 15 years, and the results are inevitably incomplete. I
apologize for the errors and omissions. In partial recompense, I solicit
comments and supplements to this monograph, and will undertake to
add them to the Web version. I am especially interested in short essays
that comment on the evolution of manufacturing in the last 20 years.
For example, is the final epoch in the text, the Computer Integrated
Manufacturing/FMS epoch, still the last word, or can we distinguish
a new epoch, one based on computer networking? How should we think
about process control extending across entire supply chains?

In conjunction with Prof. Jaikumar’s original monograph I have
written a new paper developing one of his themes in more detail: the
transformation from art to science in manufacturing. [7] By taking
advantage of concepts we developed jointly subsequent to his original
monograph, I attempt a more precise and thorough treatment of this
topic. Our hypothesis was that the shift from art towards science cor-
responds to changes in both knowledge about and process control of
the physical technology. We developed a framework for describing
technological knowledge that makes it possible to track changes in
knowledge in great detail, identify gaps in knowledge, and describe
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trajectories of change. Firearms manufacture provides an excellent case
study for testing these ideas using historical evidence. This paper will
be published in a separate issue of Foundations and Trends; they will
be merged in the book version. I have also included a short biography
of Ramchandran Jaikumar, who had a unique range of interests and
passions.

The passage of time and my own ignorance make it impossible to
thank everyone who contributed to this research, but I know Jai would
have singled out a few in particular. Beretta’s management made this
unique longitudinal research possible by providing assistance and access
to the company archives. John Simon, who edited many of Jai’s works,
provided critical assistance with writing and research of both the ori-
ginal monograph and this version. The Harvard Business School and
its Division of Research provided financial support. Baker Library and
the Library of Congress provided access to rare illustrations from the
18th century. And Jai’s wife Mrinalini and sons Nikhil and Arjun
provided constant support. My own thanks to Uday Karmarkar and
Zachary Rolnik for their support of this project, and to the Alfred P.
Sloan Foundation for financial support.

Roger E. Bohn
San Diego, California
February 2005
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Introduction

1

Process control is the coordination of machines, human labor, and the
organization of work to effect the manufacture of a product. It involves
the specification and monitoring of machine setups and operating
parameters, formulation of rules and procedures to govern oper-
ator—machine interactions, and decisions about the utilization of, and
sequencing of, operations on a line. Although the details of process
control can be quite different in different industries, a common theme
that emerges from its study is the evolution of manufacturing from an
art to a science. Inasmuch as the long-term viability and manufacturing
competence of a firm is intrinsically tied to how one manages this
evolution, it is important to understand the factors that drive it.
Manufacturing technology is, in essence, the technology of process
control. Because one finds in the metalworking industry a great variety
of processes being practiced at any time, and because the industry is
large and has a long history, it is a useful base from which to study
evolving patterns of process control in the mosaic of machines, labor,
and the organization of work. Because aggregate data at the level of

! This monograph by Professor Ramchandran Jaikumar is being published posthumously. Details
are provided in the Preface — Roger Bohn, editor.
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the industry does not lend sufficient relief to the shifts in this picture,
we take, as our unit of analysis, a single firm and category of products.

Within the firm we study the evolution of process control from
the perspective of the work station — the locus at which technology
and work come together and manufacturing takes place. Because we
are interested in a particular aspect of technology and work, namely
manufacturing's shift from art to science, we also examine the thinking
behind the ideas that have shaped process control and the cognitive
components of work.

We focus specifically on the segment of the metal fabricating
industry engaged in the manufacture of firearms. A number of major
manufacturing innovations have had their seeds in this industry:
development of machine tools at the Woolwich Arsenal; interchangeab-
ility of parts at the Whitney and Colt factories; Taylorism at the
Watertown Arsenal. Considerable scholarship has been devoted to the
study of this industry, and we are also aided by the existence of a single
firm, Beretta (Fabbrica D'armi Pietro Beretta SpA), whose history
includes the assimilation of each of these manufacturing innovations.

Based in the city of Gardone in what is now northern Italy, and
controlled by the same family for fourteen generations since 1492,
Beretta has been engaged in the manufacture of firearms for five hun-
dred years. Whereas functionally the product has remained much the
same, and manufacturing is still based on fabricating precise metal
parts, the detailed processes by which it is manufactured have changed
considerably over time. Thus, the firm provides as ideal a natural
experiment as one could have. Although it originated none of the major
metal fabricating innovations, Beretta was quick to adopt every one
of them.

To illustrate how the transformation in manufacturing technology
has come about, we visit the arsenals in which the various innovations
originated — the Woolwich Arsenal in England and the Colt factory
and Watertown Arsenal in the United States — and review the works
of the originators. What these individuals thought about and did is
the story of the evolution of process control in the metalworking
industry.
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1.1. The Case for “Epochal” Change in Manufacturing

It will become apparent as the story unfolds that process control has
evolved in a succession of epochs, each characterized by a fundamental
shift, or “revolution,” in manufacturing technology, the organization
of work, and the nature of the firm. The story is related from the per-
spective of the individual at a machine, where process control is effected
and the changes can be seen most vividly.

Six epochs of manufacturing process control can be delineated,
preceded by a pre-manufacturing epoch in which products were made
but not manufactured.

(1) The Craft System (circa 1500)

(2) The invention of machine tools and the English System of
Manufacture (circa 1800)

(3) Special purpose machine tools and interchangeability of com-
ponents in the American System of Manufacture (circa
1830)

(4) Scientific Management and the engineering of work in the
Taylor System (circa 1900)

(5) Statistical process control (SPC) in an increasingly
dynamic manufacturing environment (circa 1950)

(6) Information processing and the era of Numerical Control
(NC, circa 1965)

(7) Flexible manufacturing and Computer-Integrated Manu-
facturing (CIM/FMS, circa 1985)

The first change in the technology of manufacturing firearms came
some 300 years after Beretta started making guns. It was the English
System of Manufacture, which was introduced at Beretta after the
Napoleonic conquest of the Venetian Republic and the establishment
of a state-run arms factory near Beretta’s location. Much of our
understanding of how the English System changed the nature of work
comes from a visit to the shop of Henry Maudslay. Sufficient records
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of this founder of the machine-tool industry exist to form a picture of
workshops of the late 18th and early 19th centuries.

The next era, the “American System,” is illuminated by a visit to
the Colt Armory. It brought to a high state of refinement a system of
manufacture based on the notion of interchangeability of parts and the
development and use of special purpose machinery. This system was
showcased at the Crystal Palace Exhibition in 1851, and within 20
years had been adopted in whole or in part by most of the armories in
Europe. Beretta adopted the entire system, contracting with the
American firm Pratt and Whitney to build a complete factory at its
headquarters in Gardone. The third epoch was the Taylor System,
which perhaps even more than the first two revolutionized manufactur-
ing far beyond the firearms industry. Taylorism was the basis of the
vast expansion in firearms and other metalworking during World War
II. Because company records at Beretta are incomplete for this period,
we turn to Hugh Aitken’s detailed explication of the introduction of
the Taylor System at the Watertown (Massachusetts) Arsenal around
1900.

The first three epochs — those characterized by the English,
American, and Taylor systems of manufacturing — related to the
material world of mechanization. Each saw the manufacturing world
as a place of increasing efficiency and control, substitution of capital
for labor, and progress through economies of scale. These objectives
were obtained through an engineering focus on machines and what
could be done with them. The role of labor was increasingly seen as
one of adapting to the machines and the contingencies of the environ-
ment — ultimately, of being yet another machine. Concurrently, the
machines themselves became more elaborate, capable of ever greater
precision and control. Underlying these developments was the principle
of increasing mechanical constraint.

Abbot Usher, a historian of technology, observes that

some of the impressive improvement of machines consists of
refinement of design and execution. The parts of the machine are
more and more elaborately connected so that the possibility of
any but the desired motion is progressively eliminated. As the
process of constraint becomes more complete, the machine becomes
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more perfect mechanically ... The general line of advance takes the
form of substitution of the more intense for the less intense forces,
grading up through a long sequence that begins with types of
human muscular activity .. There is a steady increase in potential
(energy): we have to deal with a transition for machinery worked
at a very low potential to machinery run at very high potential.
The change in potential itself requires more and more careful
constraint of motion because these highly intense concentrations
of energy could not be applied to mechanisms until adequate
control was possible. [34, p 116]

This world of mechanization reached its zenith in the 1950s.
Already one could hear rumblings of a brave new world. In 1946 Brown
and Leaver laid out, in a Fortune magazine article entitled “Machines
Without Men,” a blueprint for a new industrial order2 T hey had made
the intellectual leap from mechanization to information processing.
Norbert Weiner, in his prescient analysis of the power of information
processing, gave credence to Brown and Leaver’s world-view. Though
it would be another forty years before we would see the first automated,
workerless factories, the seeds for the emergence of a new paradigm
were planted.

It is appropriate that James Bright completed his landmark study,
Automation and Management, in 1958, for that year marks the end of
the era of mechanization. Bright observed that

the average manufacturing system of 1956 ... can be regarded as
no more than a crude assemblage of unintegrated bits of mechan-
ism. These mechanisms themselves may reflect the utmost in the
mechanical art of our times. Still, when collected under one roof
and directed toward a particular production end, they are anything
but a machine-like whole.

A hundred years from now the average factory of our day
may be regarded as having been no different in philosophical
concept from the factory of 1850 ... (Process) “design” has meant

2 Cited in [29, p 68-70].
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the collection of equipment for a production sequence — not the
synthesis of a master machine. [8, p 16]

The glue that makes a collection of machines a manufacturing
system is people processing information. The lack of integration Bright
speaks of, and the intelligence needed to make machines function, were
the focus of the three post-War epochs. The fourth epoch — the Statist-
ical Process Control era — began in the 1930s in the electrical equipment
industry, but in the 1950s Beretta was a leader in its implementation
in arms manufacture. The fifth epoch grew out of numerical control,
while the sixth and final epoch is the world of computer-integrated
manufacturing and flexible manufacturing systems. Beretta was an
enthusiastic adopter of all three and the discussion of these epochs
therefore focuses on its experiences.

Collectively, these three epochs constitute a fundamental shift in
the paradigm of production — from a world-view of managing material
transformation to one of managing intelligence. This shift heralds a
radical departure in the way we conceive of manufacturing. It is in
promoting an understanding of the nature and impact of this transform-
ation that this paper makes its principal contribution. In the dynamic
world characterized by statistical process control, numerical control,
and computer integrated manufacturing, we see a reversal of the trends
of mechanization: increasing versatility and intelligence; substitution
of intelligence for capital; and economies of scope rather than scale.
Machines are increasingly seen as extensions of the mind meant to
enhance the cognitive capabilities of the human being.

1.2. The Long View

An incontrovertible trend we see through the six epochs of process
control is the evolution of manufacturing from an art to a science. As
we shall see, each epoch represented an attempt to achieve a particular
goal in the management of system variation, namely: accuracy, preci-
sion, reproducibility, stability, versatility, and adaptability. In the early
epochs Beretta and its industry developed measures of the product,
then gained control of the process. Next it mastered variability, first
in the machine, then in the human. Finally, it studied, and then con-
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trolled, contingencies in the process until it was able to extract general
principles and technologies that apply in a variety of domains. In short,
it achieved wversatility. It will become apparent that the ethos of process
control required to manage each of these is quite different. It is
extremely difficult for a firm to manage the conflicting demands of two
successive process control paradigms. Therefore, the management of
technology required a quick transition from one to the other.

There is a consistency in these six epoch shifts as they were
experienced by Beretta.

e FEach epochal change represented an intellectual watershed as
to how people thought about manufacturing and its key
activities.

e FEach epoch entailed the introduction of a new system of man-
ufacture; machines, the nature of work, and the organization
all had to change in concert to meet a new technological chal-
lenge.

o The technological change of each epoch focused on the solution
of a new process control problem, but in all six cases this
problem revolved around controlling variation.

e Most of the gains in productivity, quality, and process control
achieved by Beretta over its 500-year history were realized
during the assimilation of the six epochal changes and very
little in between.

e It took about ten years to assimilate the change incurred by
each epoch.

e All of the changes were triggered by technology developed
outside the firm.

Clearly, each of these epochal changes could affect all metal fab-
ricating industries, and they did. But by examining these changes at
the level of the work station in a single firm concerned with the manu-
facture of a single type of product, the firearm, we can see their impact
in sharpest relief and observe a consistency that suggests powerful les-
sons for the management of technology. Our objective in scrutinizing
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a variety of historical records is not to trace the origin of ideas in pro-
cess control, or even the full impact of those ideas on manufacturing,
but rather to analyze how they have changed the nature of manufac-
turing, effectively moving manufacturing from an art towards a science.

Table 1.1 summarizes some of our findings about the six epochs
along dimensions that provide insight into the nature of these epochal
shifts.

1.3. Plan of the Monograph

The balance of this introduction discusses the fundamental technical
problem of manufacturing, namely controlling the variation inherent
in any physical process. Section 2 describes the way firearms were made
before the development of manufacturing, by individual master crafts-
men. Sections 3 through 8 describe the six manufacturing epochs, in
chronological sequence. Beretta’s own experiences are discussed, as well
as the historical origins of each epoch. In each case, the radical nature
of the transformation from the previous epoch is emphasized.

Section 9 concludes the monograph by pointing out how in some
ways the nature of manufacturing today resembles that of 200 years
ago. A few dozen expert workers with high discretion produce a wide
variety of products. Yet other aspects have changed beyond recognition.
Human muscle power is irrelevant, output per worker is up 500-fold,
and rework is virtually zero.

This monograph is intended to be read in conjunction with addi-
tional material. The Preface introduces the monograph and explains
its origins. A biography of the author appears at the end. A companion
article extends the theme of “manufacturing moving from art to sci-
ence.” It provides a precise model of what this means. The level of
detail of technological knowledge increases over time, approaching but
never reaching comprehensive scientific “first principles” models of all
key phenomena. This permits more decisions to be made according to
programmed procedures, without human discretion, as described in the
current monograph. These two dimensions, of knowledge and control,
tend to grow in concert. When technologically disruptive innovations
arrive, however, they step backwards because the detailed knowledge
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1.8. Plan of the Monograph
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underlying the innovation must be developed. The current state of
knowledge and its evolution can be captured by directed graphs
showing current knowledge about the technology.

1.4. Control of Variation

Historical studies of manufacturing evolution typically emphasize issues
related to scale and energy, such as the evolution of power sources from
human /animal power, to water power, to steam, to electricity. Super-
ficially, the increasing intensity of energy use enabled the long-term
manufacturing trends of increasing speed and scale — machines that go
faster and make more at a time. But in technological terms power is
secondary. Crudely applying more force has been feasible, at least since
the invention of steam engines, just by building bigger mechanisms.
But with no corresponding progress in control, a bigger process will
only make junk more rapidly. Therefore the key to progress has been
gaining better control over manufacturing processes, which permits
simultaneous increases in both precision and force.

Consider a product that comprises two or more metal components
that must be joined together. The manufacture of such a product entails
two types of processes: fabrication processes by which individual com-
ponents are formed, and assembly processes that marry the discrete
components into subsystems and a final system. For our purposes, it
is sufficient to say of the latter that it comprises a sequence of opera-
tions whereby the constituent pieces of a product are selected, located,
fitted, and bonded. It is with the former set of processes — those that
govern metal fabrication — that we are primarily concerned in tracing
the evolution of process control.

The purpose of a metal-fabricating process is to create, according
to precisely prescribed specifications, the form, physical characteristics,
and finish of a metal component (part). The process is executed by a
set of people, machines, and procedures, and a measure of their effect-
iveness is the ability to produce correct and specific parts. Inasmuch
as a process never performs identically each time, some variation in
the parts produced is inevitable. Sources of variation lie in people,
machines, and procedures, as well as in the object being fabricated. A
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measure of the effectiveness of process control is the degree to which
variation is minimized. The goal of process control is to limit such
variation, and the study of process control is the study of the kinds of
variation that can occur, their sources, and the means by which they
can be managed.

Proper functioning of the finished product depends on multiple
characteristics of each component, such as physical dimensions, strength,
and surface finish. The desired level of each characteristic is its target
specification. For example, consider two metal parts which are intended
to fit together by having a cylindrical peg on one part that fits into a
round hole on the other, such that they can rotate relative to each
other. Obviously, the diameter of the peg must be no greater than that
of the hole, else they won’t mate. But if the peg is too much smaller
than the hole the parts will rattle against each other, and the mechan-
ism will work poorly or not at all. The product designer deals with this
by specifying a target diameter for the peg and the hole such that they
will fit properly, and a range of allowable variation around the targets.
Such targets are called specifications, and the ranges are called toler-
ances.

But the realized characteristics of components produced by a
particular process are not identical to the target specification or to
each other, so their behavior must be described by frequency distribu-
tions. The difference between the achieved mean dimension and the
target specification is the accuracy of the process. The variation of the
distribution around its mean tells us to what degree the process is
capable of achieving the desired performance; the smaller the dispersion
around the process mean the more capable the process. The reciprocal
of the variance is the process precision, which measures the ability of
a machine to execute identical performances and the ability of people
and procedures to direct the machine.

Variation arises from a multitude of sources. To overcome variance
attributable to machines we strive for repeatability; to overcome vari-
ance attributable to people and procedures we strive for reproducibility.
If we measure, for a single component and dimension, the means for
sequential lots we would find that over time the mean of the process
changes. The standard deviation over time of the process mean, defined
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as the stability of the process, is a measure of how well it performs over
time. System variance is the net variance due to accuracy, repeatability,
reproducibility, and stability.

The above measures of variance assume that we have not made
any adjustments to the process. In practice, we always make adjust-
ments to a process when something goes wrong and a process that
accommodates such adjustments is obviously desirable. Accuracy, as
noted earlier, is the systematic bias in a process, stability the manner
in which that bias shifts over time. To the extent that we can adjust
the process we can correct the bias and bring it closer to the desired
standard. The capability of a process to make dynamic adjustments
and correct for bias is termed adaptability.

The requirement for adaptability is quite different depending on
whether we want to make one component or a large number of identical
components. To be adaptable with a sample of a single component a
process must have a high degree of accuracy. More important in a
process for producing large quantities are precision and stability, as
we can almost always compensate for inaccuracy by making adjust-
ments. The greater the stability of a process, the less frequently it will
have to be adjusted.

Before proceeding with our discussion of the evolution of process
control we need to define a further notion, that of versatility. Versatility
is the ability of a process to accommodate variety in product specifica-
tions. It is quite different from the notions discussed above, yet it has
important implications for process control. As greater versatility usually
reflects greater complexity in a task, the sources of variation can be
expected to increase when versatility increases, if no other changes are
made.

Process control is central to manufacturing because better control
reduces variation, which enables a number of benefits: higher production
rates, lower rework, tighter tolerances, and less raw material. In turn
these improve characteristics that end-users care about: cost, product
variety, and product quality. For firearms, product quality measures
enhanced by reduced variation include weight, power, durability, and
shooting accuracy. The benefits are taken as some combination of these
attributes depending on market preferences, such as the orders of
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magnitude improvements in both firearms manufacturing productivity
and product performance over two centuries. In the end a seemingly
manufacturing-specific issue, process variability and its control, is at
the center of the technological and economic revolutions of the last
centuries.



Full text available at: http://dx.doi.org/10.1561/0200000001

References

(1]
2l

H. G. J. Aitken, Taylorism at Watertown Arsenal; scientific management in
action, 1908-1915, Harvard University Press, Cambridge, Mass., 1960.
Maryam Alavi and Dorothy E. Leidner, “Review: Knowledge management and
knowledge management systems: Conceptual foundations and research issues,”
MIS Quarterly, vol. 25, no. 1, pp. 107—, 2001.

Anonymous, The Theatre of the present war in the Netherlands and upon the
Rhine: containing a description of all the divisions and subdivisions, rivers,
fortified and other considerable towns, in the ten catholick provinces, the south-
west part of Germany, the frontiers of France towards each, and all Lorrain,
including the whole scene of military operations, that may be expected during
the hostilities in those countries: with a general map, sizty eight plans of fortified
places, and seventeen particular maps, upon a larger scale of the territories
round most of the chief cities: also a short introduction to the art of fortification,
containing draughts and ezxplanations of the principal works in military archi-
tecture, and the machines and utensils necessary either in attacks or defences:
also a military dictionary, more copious than has hitherto appear’d, explaining
all the technical terms in the science of war, J. Brindley, London, 1745.

Diane E. Bailey and Julie Gainsburg, Studying Modern Work: A “Knowledge
Profile” of a Technical Occupation, May 17, 2004.

Margherita Balconi, Codification of technological knowledge, firm boundaries,
and “cognitive” barriers to entry, DYNACOMP Working Paper, 2002.
Margherita Balconi, “Tacitness, codification of technological knowledge and
the organisation of industry,” Research Policy, vol. 31, no. 3, pp. 357-379, 2002.
Carl G. Barth, “Slide rules for the machine shop as a part of the Taylor system
of management,” ASME, vol. 25, pp. 49-62, 1904.

207



Full text available at: http://dx.doi.org/10.1561/0200000001

[12]

[13]

[19]
[20]

[21]

[22]

[23]

References

Roger E. Bohn, Learning by FExperimentation in Manufacturing, Harvard
Business School, working paper 88-001, June, 1987.

Roger E. Bohn, “Measuring and managing technological knowledge,” Sloan
Management Review, vol. 36, no. 1, pp. 61-73, 1994.

Roger E. Bohn, “Noise and learning in semiconductor manufacturing,” Manage-
ment Science, vol. 41, no. 1, pp. 31-42, 1995.

Roger E. Bohn and Ramchandran Jaikumar, “The development of intelligent
systems for industrial use: An empirical investigation,” In: Research on Tech-
nological Innovation, Management and Policy, Rosenbloom, Richard, JAI Press,
Greenwich Connecticut, vol. 3, pp. 213-262, 1986.

Edward W. Constant, “Why evolution is a theory about stability: Constraint,
causation, and ecology in technological change,” Research Policy, vol. 31, pp.
1241-1256, 2002.

Daren Dance and Richard Jarvis, “Using yield models to accelerate learning
curve progress,” IEEE Transactions on Semiconductor Manufacturing, vol. 5,
no. 1, pp. 41-46, 1992.

Amy C. Edmondson, Ann B. Winslow, Richard M.J. Bohmer, and Gary P.
Pisano, “Learning how and learning what: Effects of tacit and codified knowledge
on performance improvement following technology adoption,” Decision Sciences,
vol. 32, no. 2, 2003.

Ramchandran Jaikumar, “From filing and fitting to flexible manufacturing: A
study in the evolution of process control,” Foundations and Trends” in Tech-
nology, Information and Operations Management, vol. 1, no. 1, pp. 1-120, 2005.
Ramchandran Jaikumar and Roger E. Bohn, “The development of intelligent
systems for industrial use: A conceptual framework,” In: Research on Techno-
logical Immovation, Management, and Policy, Rosenbloom, Richard S., JAI
Press, London and Greenwich, Connecticut, vol. 3, pp. 169211, 1986.
Ramchandran Jaikumar and Roger E. Bohn, “A dynamic approach to operations
management: An alternative to static optimization,” International Journal of
Production Economics, vol. 27, no. 3, pp. 265-282, 1992.

Bruce Kogut and Udo Zander, “Knowledge of the firm and the evolutionary
theory of the multinational corporation,” Journal of International Business
Studies, vol. 24, pp. 625-645, 1993.

Ranga Komanduri, “Machining and grinding: A historical review of the classical
papers,” Applied Mechanics Review, vol. 46, no. 3, pp. 80-132, 1993.

Thomas R. Kurfess, “Precision manufacturing,” In: The Mechanical Systems
Design Handbook, CRC Press, 2002.

Robert G. Landers, A. Galip Ulsoy, and Richard J. Furness, “Process monitoring
and control of machining operations,” In: The Mechanical Systems Design
Handbook, CRC Press, 2002.

M. A. Lapré, A. S. Mukherjee, and L. N. Van Wassenhove, “Behind the learning
curve: Linking learning activities to waste reduction,” Management Science,
vol. 46, no. 5, pp. 597-611, 2000.

Michael A. Lapré and Luk N. Van Wassenhove, “Managing learning curves in
factories by creating and transferring knowledge,” California Management
Review, vol. 46, no. 1, pp. 53-71, 2003.



Full text available at: http://dx.doi.org/10.1561/0200000001

[24]

[29]

References 209

Steven Y. Liang, “Traditional machining,” In: Mechanical Engineering Hand-
book, CRC Press LL.C, Boca Raton, pp. 13-9-13-24, 1999.

M. Eugene Merchant, “Mechanics of the metal cutting process I: Orthogonal
cutting and the type 2 chip,” Journal of Applied Physics, vol. 16, pp. 267-275,
1945.

M. Eugene Merchant, “An interpretive review of 20th century US machining
and grinding research,” Sadhana, vol. 28, no. 5, pp. 867-874, 2003.

Kazuhiro Mishina, “Learning by new experiences: Revisiting the flying fortress
learning curve,” In: Learning by Doing in Markets, Firms, and Countries,
Lamoreaux, Naomi, Raff, Daniel, and Temin, Peter, University of Chicago
Press, 1998.

John Newton, An introduction to the art of logick: Composed for the use of
English schools, and all such who having no opportunity of being instructed in
the Latine tongue, do however desire to be instructed in this liberal science,
Printed by E.T. and R.H. for Thomas Passenger at the Three Bibles on London
Bridge and Ben. Hurlock over aginst St. Magnus Church, London, 1671.
Judea Pearl, Causality: Models, Reasoning, and Inference, Cambridge University
Press, Reprinted with corrections 2001, 2000.

Michael Polanyi, The Tacit Dimension, Doubleday, 1967.

K. P. Rajurkar and W. M. Wang, “Nontraditional machining,” In: Mechanical
Engineering Handbook, CRC Press LLC, Boca Raton, 1999.

E. Ravasz, A. L. Somera, D. A. Mongru, Z. N. Oltvai, and A.-L. Barabasi,
“Hierarchical organization of modularity in metabolic networks,” Science, vol.
297, pp. 1551-1555, 2002.

J. Sedger, Art without Science, or, The Art of Surveying [Microform]:
Unshackled with the Terms and Science of Mathematics, Designed for Farmers’
boys, Printed by Sampson, Chittenden & Croswell, Hudson, N.Y, 1802.

Steve Szczesniak, “Anti-Electrolysis is pro EDM,” Modern Machine Shop, 1998.
Frederick W. Taylor, “On the art of cutting metals,” Transactions of the ASME,
vol. 28, pp. 31-248, 1907.

Frederick W. Taylor, “The principles of scientific management,” In: Scientific
Management (comprising Shop Management, The Principles of Scientific
Management, and Testimony Before the Special House Committee), Harper &
Brothers Publishers, New York, pp. xvi + 638, 1911.

Christian Terwiesch and Roger E. Bohn, “Learning and process improvement
during production ramp-up,” International Journal of Production Economics,
vol. 70, no. 1, pp. 1-19, 2001.

Stefan H. Thomke, “Managing experimentation in the design of new products,”
Management Science, vol. 44, no. 6, pp. 743-762, 1998.

E. M. Trent, Metal Cutting, Butterworths, London, 2nd edition, 1984.

E. M. Trent and Paul Kenneth Wright, Metal Cutting, Butterworth-Heinemann,
Boston, 4th edition, 2000.

Walter G. Vincenti, What Engineers Know and How They Know It, Johns
Hopkins University Press, Baltimore, 1990.

Walter G. Vincenti, “Real-world variation-selection in the evolution of techno-
logical form: Historical examples,” In: Technological Innovation as an Evolu-



Full text available at: http://dx.doi.org/10.1561/0200000001

210  References

tionary Process, Ziman, John, Cambridge University Press, Cambridge, pp.
174-189, 2000.

[43] Charles Weber and Eric von Hippel, Knowledge Transfer and the Limits to
Profitability: An Empirical Study of Problem-Solving Practices in the Semicon-
ductor Industry, PICMET, Portland, 2001.

[44] Robert S. Woodbury, Studies in the History of Machine Tools, MIT Press,
1972.



	From Filing and Fitting to Flexible Manufacturing
	Contents
	From Filing and Fitting to Flexible Manufacturing: A Study in the Evolution of Process Control
	Preface
	Introduction
	1.1. The Case for “Epochal” Change in Manufacturing
	1.2. The Long View
	1.3. Plan of the Monograph
	1.4. Control of Variation

	Gun-making in Gardone – The Craft System
	The English System of Manufacture
	3.1. Tools for the Woolwich Arsenal
	3.2. The Engineering Drawing
	3.3. Gardone Shops for Barrel-Making

	The American System of Manufacture
	4.1. The Whitney Factory
	4.2. Of Machines and Men
	4.3. The Colt Armory
	4.4. The American System Abroad

	The Taylor System
	5.1. Taylorism at the Watertown Arsenal
	5.2. Beretta’s Belated Adoption of Taylorism

	The Statistical Process Control Era
	6.1. Monitoring Variation and Its Sources
	6.2. The Quality Control Function
	6.3. From a Static World to a Dynamic One

	The Numerical Control Era
	7.1. NC Technology at Beretta – From Synchronous to Cellular
	7.2. Softening “Hard” Automation
	7.3. The Impact of Numerical Control on the Quality Organization

	Computer Integrated Manufacturing – The Dawning of a New Age
	8.1. Beretta’s FMS
	8.2. Knowledge and Problem Solving in FMS
	8.3. Beretta’s CIM System
	8.4. New Imperatives of the CIM Paradigm

	The New World of Work – Intelligence, Volatility, Dynamism
	References
	Author’s Biography

	From Art to Science in Manufacturing: The Evolution of Technological Knowledge
	Introduction
	1.1. Art and Science in Technology
	1.2. A Model of Technological Knowledge
	1.2.1. Stages of Knowledge

	1.3. Other views of technological knowledge

	Evolution of Knowledge in a World of Increasing Mechanization
	2.1. English System
	2.2. American System
	2.3. Taylor System
	2.3.1. Reductionist Approach to Manufacturing Systems
	2.3.2. Expressing Causal Knowledge as Systems of Equations
	2.3.3. Systematic Learning by Experimentation
	2.3.4. Taylor’s Legacy


	Knowledge in a Dynamic World
	3.1. Statistical Process Control Epoch
	3.2. The Science of Cutting Metal
	3.3. NC and CIM/FMS Epochs
	3.4. New Physical Processes

	From Art to Science
	4.1. Changes in Procedures
	4.2. How Knowledge Evolved
	4.2.1. Why is Manufacturing Hard? Sources of Problems
	4.2.2. Measurement, Feedback, and Other Recurrent Solutions
	4.2.3. Structure and Evolution of Knowledge Graphs

	4.3. The Quest for Perfect Science
	4.3.1. Non-Manufacturing Applications


	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU <FEFF00410064006f006200650020005000440046002000730065007400740069006e0067007300200066006f007200200074006800650020006300720065006100740069006f006e0020006f00660020004e004f00570020006a006f00750072006e0061006c00730020002d00200074006f0020006200650020007000720069006e0074006500640020006200790020004c0069006700680074006e0069006e006700200053006f007500720063006500200049006e0063002e00200028004c005300490029>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




