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Consider the 21st century factory. The product, whatever it is, is flawless, „zero defect“ in today’s manufac-
turing parlance. Material process flows are uninterrupted. Minuscule inventories, managed in an automated
manner, buffer process stages.

If your imagination is inclined to run on – to a roomful of mainframe computers back- and front-ending an
elaborate and extensive distributed network of workstations, controllers, comp uter-aided design and man-
ufacturing systems, and automated materials handling equipment managed by some exotic automated manu-
facturing protocol – rein it in. The 21st century factory will be faultless and efficient not for what we add to it,
but for what we eliminate from it.

To understand where we are heading, we must first understand where we are and how we got here.

Toward a Science of Manufacturing

The basis of the 21st century factory is the same as the basis of the first factories to be established in the early
1800s – machines, human labor, and the organization of work brought together to control a process of manu-
facture. That system has become exceedingly complex over time. But although computer-integrated manufac-
turing (CIM) conjures up in most minds the picture painted in the previous paragraph, in fact, what CIM
facilitates is a radical simplification of manufacturing.

To achieve this radical simplification, it is important to recognize that there are just two things to manage in a
manufacturing plant: the control of processes and the improvement of processes. We would go so far as to define
manufacturing as the emerging science of process control and improvement – emerging, that is, from the art of
process control and improvement that has been steadily refined over the course of nearly two centuries.

We can trace the emerging science of process control and improvement in a single firm, the Pietro Beretta
Company (indeed, the entire evolution of process control can be traced in this 500-year-old company, but that
must be left for another installment). The relevant insights with which we are concerned begin with Frederick
Taylor’s reconceptualization of the factory in the late 1800s. Exhibit 1 delineates the significant changes – in the
ethos, execution, focus, and organization of work – occasioned at each significant juncture in the evolution of
process control from Taylorism onward.1

The Era of „Scientific“ Management.  Perceiving that it was the human component that limited the speed
and efficiency of machines, Taylor undertook to measure, analyze, and control the activities of machine
operators, using techniques analogous to those employed for physical objects. Standard rates of output
established through job analysis and time-and-motion studies, coupled with the standardization and control of
machines, yielded hitherto undreamed-of levels of precision.

Job analysis consisted of breaking each task down into its constituent elements, eliminating those that were
superfluous, and classifying the remainder in such a way that each could be carried out by a functional specialist.
Thus, the machinist’s job was narrowed, for example, to turning a workpiece on a lathe; other tasks the machinist
used to perform – sharpening the tool, determining correct machine speed and cutting angle, retrieving tools and
materials from the storeroom, and transferring work in process from one location in the plant to another – all
became jobs of different functional specialists. Taylor established „one best way“ to execute each of these
elemental tasks and devised procedures and mechanisms to ensure its repeatability.

Time studies consisted of timing with a stopwatch each of the activities associated with a particular job and sum-
ming them to arrive at the total execution time. A dis tinction was made between machine and handling times.
Machine times were precise, determined by the physical characteristics of the piece being worked, the cutting
instrument, and the machine tool; handling times – being the time required to position a workpiece in a machine
and subsequently remove it – varied widely among operators.

The machine tools of the time were driven from a central location by belts, pulleys, and shafts. Considering the
standardization and control of these systems operating at their optimal level of efficiency to be essential, Taylor
prescribed methods for scientifically determining correct belt tensions and providing maintenance (both of which
were established as separate jobs). The degree of science implicit in Taylor’s prescriptions for manufacturing is
suggested by the following description of his achievement.



Exhibit 1

The Evolution of Process Control, 1900-1995
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„Taylor succeeded in determining empirically, by a prolonged series of experiments, the optimum relationship
between all the variables that influenced the rate at which metal could be cut on a lathe: the depth of cut, feed,
speed, and type of tool, the hardness of the metal, the power applied to the machine, and so on. These results
were plotted on graph paper, giving a set of geometric curves from which the proper speed of the lathe could be
determined when the values of all other variables were known.“2



In 1928, to cope with the increased scale resulting from a doubling of plant size, the Beretta Company adopted
the functional specialization of Taylorism. The consequences for work and worker activity were significant.
First, the scope of work was restricted. Material handling, tool sharpening, belt tightening, machinery
maintenance, work setup, and other secondary activities were reassigned from the operator to specially trained
workers, each of whom performed a single „job.“

Second, worker discretion was eliminated. Slide rule calculations specified, and „efficiency experts“ commu-
nicated to workers, precisely how each operation was to be performed, effectively reducing the latter’s activities
to executing the procedure that constituted the „one best way.“

Third, control of work passed entirely to management, which monitored productivity by comparing output to a
standard.

Taylorism represented an intellectual watershed – the study of manufacturing procedures independently of
manufacturing processes. Tool setup, for example, was studied in its own right, as largely independent of man-
ufacturing. Moreover, the efficient layout of plants was rendered independent of what they manufactured. These
separations gave rise to the field of industrial engineering, a discipline quite distinct from its mechanical
engineering parent.

The underlying logic of Taylorism is the logic of consis tent control, achieved by scientifically modeling the
steady state behavior of workplace processes. The results were the elimination of waste in execution and
reduction of variance in performance.

The „Dynamic“ World. Because the process capability of Beretta’s machines was limited, the machining
process had to be monitored constantly for any deviation from prescribed process settings. Machines with a
tendency to „wander“ demanded a new technique to enhance process control. That technique, invented in the
United States in the 1930s, was statistical process control (SPC).

SPC grew out of an understanding that the sources of variation in a large factory are many – the intrinsic
imprecision of machines, scale effects, environmental factors – and thus that the only way to study variability is
statistically. In practice, SPC requires only that process behavior for a sample of parts be recorded on charts at
specified intervals. This is the implementation of the logic of contingent control, which states that reacting to
contingencies that arise in a noisy world demands an understanding of what is happening and that this
understanding is arrived at by modeling a process using principles of statistics.

Contingent control characterizes every departure from expected behavior as either random or systematic. The
sources of random variation are, by definition, neither observable nor controllable. Systematic variation, on the
other hand, exhibits a particular bias for which an assignable cause can be identified. A steady decline in metal
reduction over a succession of machined work-pieces is, for example, an observable bias for which tool wear,
accounting for a decreasing amount of tool feed, is a likely cause. Contingent control develops responses to
systematic departures from expected behavior that include the invocation of problem-solving procedures devised
to eliminate sources of variation.

SPC was to have a profound effect on Beretta’s operations. Over a period of only five years, the implementation
of SPC changed the company’s ethos of manufacturing management and, with it, the organization of work.

Machine reliability at Beretta was monitored and measured in terms of mean time between systematic errors
(Exhibit 2). The observation that systematic errors have assignable causes and the presence of a control chart
focusing attention on every possible assignable cause led naturally to the management of contingencies in a
process. Suddenly, the focus of management attention shifted from the quality of a product to the performance of
a process. SPC focuses concern not on mean performance, but on „outliers“ (i.e., out-of-control situations); not
on worker effort, but on machine variance. Given that semiautomatic machines control the pace of operations in
any event, the shift in focus from worker effort to machine variability seems rational, yet Beretta was unique
among small arms manufacturers in making this shift.

If volume of output is controlled by machine speed and the only controllable element at a workstation is the
minimization of machine-related problems, operator attention should be on process stability. But processes are
essentially dynamic and change over time. Thus a work ethos that focuses on processes is in stark contrast to the
Taylor view, which casts all problems in essentially static terms. In the Taylor world, having specified one best
way to do something, a firm did it forevermore. In the dynamic world, work is defined in terms of identifying,
diagnosing, and solving problems. Supervision of work in such a world consists not in monitoring effort, but in
facilitating change.

SPC had little effect on labor productivity at Beretta, but it altered in fundamental ways a number of charac-
teristics of manufacture. First, the composition of the work force changed. Quality control became an integral
part of manufacture, commanding a larger staff (the staff-line ratio for the quality control function went from
60:240 to 100:200).



Exhibit 2

Machine Reliability Measured as Mean Time Between Systematic Errors

The organization of work also changed. Production of each major component was organized as a synchronous
transfer line (i.e., a line rationally laid out, with sequential operations located next to one another). Because
synchronous lines greatly reduce throughput time (i.e., the time between the start of the first operation and the
completion of the last), problems can be caught and corrected quickly. One obvious benefit is improved
component quality. A more subtle benefit is that diagnosis and problem-solving are carried out by examining the
workstation not in isolation, but as part of a system.

Implementing SPC on synchronous lines drives an organization toward an ethos of process improvement that
includes an integrated view of the process. Exhibit 3 contrasts the principal changes in the nature and
organization of work wrought by SPC with those occasioned by Taylorism.

The amicable divorce of information and material processing. Recognizing that systematic changes in
the manufacturing environment are the norm rather than the exception, the process control function began to
explore ways to proceduralize responses to contingencies. To do so, there had to be an actuator to continuously
adjust a controller to compensate for changes in the operating environment, so that the output of the system
would remain constant. This is the logic of adaptive control.

Adaptive control is an integral capability of numerical control (NC) machine technology. It functions in the
manner of a thermostat, continuously making adjustments to maintain the status quo. Leave a window open and
the thermostat will turn on the furnace more frequently. It will not close the window or even call attention to the
fact that it is open.

NC machines variously record tool utilization and cutting life, reduce setup effort and time, compensate for
errors, inspect surfaces and make appropriate adjustments, permit shop floor changes to their programming, store
events of the last minute or two prior to a failure, and perform self-diagnosis. These capabilities, which reflect
the transformation of tacit knowledge implicit in operator skills into precise, explicit procedures capable of
dealing with a variety of contingencies, rendered NC machines the basis for the development of stand-alone
machining and turning centers capable of shift-long, unattended operation.



Exhibit 3

Taylorism vs. Statistical Process Control

Taylorism Statistical Process Control

Meaning of the management
of work

The management of effort The management of attention,
stressing information processing
and diagnostic skills

Discretion and control of
work

Removed from operator Restored to operator

Principal concerns of
manufacturing management

Coordination of tasks,
schedules, and output

Quality and process
improvement

Intellectual underpinnings Reductionism and
specialization

Integration

Physical processing and
operating process
parameters

Blurred Distinguished, thus permitting
the study of process efficacy

NC machines are characterized as „soft,“ or programmable, automation. Soft automation is embodied in
programs that specify, down to the most minute detail, a sequence of operations (e.g., choice of tools, length and
direction of tool movement, speeds and feeds of machine controllers) contingent on some measured condition
(e.g., tool wear and compensation). Soft automation has four distinguishing characteristics that have profoundly
affected manufacturing:

• Specificity of procedures. The degree of detail with which a procedure must be specified in soft automation is
at least one order of magnitude greater than for hard automation. A response in the form of a clearly defined
procedure is needed for every possible contingent condition (e.g., variation in the dimensions of a casting). The
degree of specificity of procedures, together with the removal of the operator from the immediate environment,
renders work activities more abstract and scientific.

• Adaptability to change. With NC, new procedures can be programmed as easily as erasing a sentence and
typing a new one in a manuscript. Thus, quality is no longer front-end loaded, but subject to constant change and
improvement that can be observed, monitored, and modified at the workstation. Workstation responsibility is
effectively expanded from monitoring to improving performance.

• Versatility of operations. The general-purpose nature of NC machines allows the scope of activities at a
workstation to expand to include the introduction of new parts and processes, rendering work more com-
prehensive and subject to continual change.

• Reproducibility. Operators who write programmed procedures for their NC machines are effectively „cloning“
their abilities. The more perfect their procedures, the less need there is for the operators. The constant
introduction of new products and processes to keep skilled employees occupied becomes a managerial
imperative.

The impact of NC machines on the organization of work is evident in Beretta’s quality control organization.
Beretta shifted its attention from the behavior of processes to that of procedures. Automatic feedback provided
by the microprocessor control of work activities and on-line analysis of tool wear and compensation enabled the
cybernetic control of machining.

The variability of NC machines and measurement error inherent in the electronic gauges used in conjunction
with them necessitate the development of procedures that can detect systematic changes or trends and make
program changes that automatically drive adjustments in the machine. The development of such procedures
relies on the union of methods engineering and quality control. The industrial engineering of the Taylor era and
quality engineering of the SPC era have consequently become subsumed in a new discipline: systems
engineering.



Beretta in 1979 formalized systems engineering in its Quality Control Programming Section and charged the
section head with responsibility for all manufacturing procedures. Data analysis, experimentation with new
procedures, and the evaluation of new technology, as well as documentation of all that went on in manu-
facturing, were all charged to this section, which quickly became the largest group in the quality control
organization.

On-line, 100 percent inspection implies diagnosis of problems at the workstation. With the quality control and
methods engineering functions both in the hands of the machine operator, the distinction between line and staff
is so blurred as to have little effective meaning. With operators functioning as managers of manufacturing cells,
the supervision of work effectively ceased. Operators no longer monitored the performance of machines, but
controlled the performance of groups of machines run by computers. This entailed an understanding of the
relationship between computer programs and physical output and of the interactions of all aspects of a machining
system.

How did this transformation affect operations? Adoption of NC technology boosted Beretta’s flexibility, quality,
and productivity. The company realized a tenfold increase in the number of products that could be produced,
with a concomitant reduction in rework and scrap from 8 percent to 2 percent and a threefold increase in labor
productivity. Implicit in the simultaneous increase in the number of products that could be produced and
improvements in product quality was the integration of product and process knowledge.

NC technology altered the workplace ethos again. Control was added to the monitoring of machines; electronic
gauges replaced control charts; diagnosis was supplemented with experimentation and learning; adaptation
replaced stability as the process focus; systems engineering replaced quality engineering as the dominant
engineering ethos. Information technology had come of age.

The „Lights-Out“ Factory.  Unattended manufacturing – the workerless factory – requires that the adaptive
controller be able to respond to every conceivable contingency. It implies the existence of procedures that will
maintain invariant output regardless of what happens in the operating environment. For unattended
manufacturing to work, a comprehensive set of controllers must be capable of adapting to all external
interventions and disturbances.

In unattended operation, machine operators are likely to be completely separated from the physical elements of
work – metal, lubricants, the execution of procedures and fabrication of parts. Work will become, instead, an act
of conception, of creating new products and processes. Furthermore, tools, fixtures, and programs must be
conceived, built, and developed and, hence, all controllable costs will be sunk, before the first product can be
turned out. Subsequently, the unit cost will be the same whether the plant produces one unit or many. And
because every conceivable contingency must be anticipated and an appropriate response provided in the form of
a tightly specified procedure, manufacturing must become a science.

Computer-integrated manufacturing (CIM), an approach and set of techniques that emerged in the late 1980s,
uses information about, and models of, functional expertise to examine and systematize interactions among
functions. Recognizing these interactions and predicting their consequences constitute system intelligence,
which, with respect to product and process performance, becomes a surrogate for organizational intelligence.
Systems science consequently yields to the management of intelligence. Versatility, in the form of new products
and processes, becomes the primary driver of manufacturing competence, and the ability to generalize and
abstract from experience the requisite skill.

The basis of unattended manufacturing is planning and setup. To run unattended demands zero disruptions,
which entails identifying and providing for every conceivable contingency up front. When it achieves this,
manufacturing’s transformation from art to science is complete.

We are at this threshold. Taylor extended the application of scientific method from machines to entire plants;
statistical process control facilitated experimentation that established links to normative science; numerical
control extended the notion of parsimony of control mechanisms from machines to systems of machines;
computer-integrated manufacturing trusted to the management of intellectual assets to eliminate process
contingencies by focusing management’s attention on disruptions.

Why Isn’t Every Factory a Beretta?

The vast majority of manufacturing plants detrained from the „process control express“ at some intermediate
point along its evolutionary track. Few manufacturers have successfully made the transition to CIM. Most lights-
out factories are quiet. Nor is every factory completely made up of NC machines. Even SPC has yet to make
inroads in many plants. And the Taylor plant is far from extinct.

Companies at each of these junctures of process control are subject to the limitations inherent in the respective
phases of its evolution. Taylorism, for example, overlooked the statistical nature of the world. Presuming
departures from steady state to result from errors in execution, it applied scientific method to the study of steady



state conditions, but not to the study of departures from the steady state. What was needed was a scientific
understanding of such changes –  a model of variation.

Contingent procedures invoked by SPC to deal with systematic departures from the steady state operate on the
model of the thermostat; they are designed to bring processes back „under control“ without regard to the cause of
deviation. The typical SPC-era firm has difficulty identifying the root causes of problems, let alone solving them.
Such firms tend to retain the functional structure of the Taylor organization and to lack both validated
information about process parameters and a variance model that might elicit and support problem-solving efforts.
SPC does not always meet the requirement that necessary and sufficient information about exceptions be
systematically collected and analyzed. Finally, the stability of the process, as measured by the mean time
between outliers, does not change over time, even though contingent procedures are statistically determined.

NC technology, like SPC, succeeds in keeping the output of processes reasonably invariant, but because it makes
no attempt to identify and eliminate root causes of variance, the processes do not improve. This is the thermostat
model of adaptive control. It responds to an open window or broken pane by turning the furnace on more
frequently. It neither calls attention to the offending circumstance nor tries to remedy it. The thermostat needs to
be kept to preserve the steady state, but something more is needed. We need to be able to identify and manage
the five aspects of adaptive control – setup, steady state behavior, transient behavior, drift, and accidental shifts
in state.

The „something more“ needed by NC was CIM. But CIM, in striving for completeness, incurred enormous
increases in information requirements. The myriad controllers in a typical CIM setting exert interactive effects
on one another, and the sheer volume of information makes its calibrating and monitoring difficult, giving rise to
complexity and problems with veracity. The cumulative effect is typically system breakdown.

The Minimalist Diet

Over the past five years, the author has devised a new architecture and process control system for manufacturing,
called Minimalist Manufacturing, or Minimalism. This approach is based on a set of principles (outlined below)
that integrate the logic of control implicit in Taylorism, statistical process control, numerical control, and
computer-integrated manufacturing. Working independently and with Arthur D. Little, the author has
implemented these principles and their overarching architecture for a variety of industrial processes with
impressive results (Exhibit 4). (See the article by W. David Lee in this issue of Prism for example).

Ultimately, Minimalism is about eliminating disruptions to processes. It achieves this by:

• Isolating disruptions in order to prevent them from propagating throughout the system

• Using statistical methods and scientific process models to identify root causes of the disruptions

• Adaptively responding to these causes through the agency of a small set of controllers termed the Minimalist
cover set. The constituent elements of this architecture are statistical methods, scientific models, and logical
control loops.

Minimalism integrates into its comprehensive system the principle of first-order variation (which addresses the
shortcomings of Taylorism), the principle of the E-card (which extends SPC), the principle of discriminatory
robust control (which supplements NC), and the principle of minimalist cover (which compensates for the
information overload propensity of CIM).

The principle of first-order variation. All disruptions derive from changes in system variables. These variables
are of three types:

• Instantaneous state changes such as planned setups or unplanned accidents

• Drift, as when a process variable gradually migrates over time or with use

• Periodic effects, such as oscillations and transients

The direct response of a system to a change in a variable is defined as a first-order variation.

Instantaneous state changes, drift, and periodic effects can all be attributed to identifiable causes and studied,
using scientific models of technological behavior similar to those developed for the study of steady-state behav-
ior. The principle of first-order variation, in conjunction with Taylor’s principle of scientific management, sup-
ports the development of technological models of both steady-state and contingent behavior. Such models are
essential to resolving disruptions in a consistent, repeat-able manner.

The principle of the E-card. When a process behaves precisely as predicted, no new information is generated that
might be used to improve the process. What is needed for learning and improvement is information about
departures from expected behavior. Process improvement is effected by systematically gathering and analyzing
information about process exceptions. This activity is supported by the conjoint application of the principle of



the E-card and the statistical principles of filtering and discrimination inherent in the dynamic world. The former
principle is concerned with the validity, veracity, and completeness of inferential information.

The principle of discriminatory robust control . A control system works best when:

• Disruptions in the environment of control are minimized

• The cause of first-order variation is identified and a robust response is formulated for every disruption that does
occur

• There exists one best actuator that can adaptively respond to a disruption for which the cause can be neither
identified nor controlled.

The union of this principle and the principles of adaptive control inherent in NC yield a comprehensive control
regime that guarantees the minimization of variance for any individual process parameter.

The principle of minimalist cover. Large industrial systems have many parameters to be controlled and many
levers for control. Individual controllers acting independently and without knowledge of one another can render
a system noisy or even unstable. The principle of minimalist cover states that for a matrix of controllers and
parameters there exists one best set of controls that is able to respond to all possible contingencies with
minimum noise.

A Recipe for Order-of-Magnitude Improvement

The principles of Minimalism can be distilled into a simple recipe for manufacturing management. Step one,
decompose the manufacturing process so that dis ruptions are not propagated throughout the system. Step two,
manage the difference between actual performance and what is theoretically possible, what we term „the
competitive gap,“ for a process, a manufacturing cell, or an entire plant. Step three, empirically validate the
differences, isolate the disruptions responsible for them, and apply scientific method to the resolution of
systematic problems.

In this era of advanced manufacturing technologies and virtual networks, most factors of production are avail-
able globally. Capital for the most part flows freely, machines can be bought or their capacity rented, and
technology and technological know-how are readily transferable. What increasingly sets firms apart is
knowledge and expertise, intellectual as opposed to physical assets. Minimalism is a systematic approach to
managing intellectual assets that focuses expertise exclusively on disruptions and „things-gone-wrong“ with the
aim of building a selective base of knowledge that can minimize what goes wrong in the future.

Exhibit 4

Typical Order-of-Magnitude Improvements with Minimalism

Fabrication Continuous Process Assembly

Yield improvement
(measured with a base of zero
defects)

100:1 12:1 7:1

Reduction in disruptions 120:1 32:1 15:1

Reduction in variance 12:1 16:1 4:1

Reduction in number of
control variables

8:1 200:7 6:1

Frequency of control/audit 10:1 20:1 5:1

Source: Jaikumar, R. and Rajaram, K. „Robust Control Architectures.’ Harvard Business School working paper,
1995.

The proof, as they say, is in the pudding. We have not implemented Minimalist principles in a pudding factory,
but we have implemented them in a variety of industrial settings that included fabrication, continuous process,
and assembly. Exhibit 4 averages the levels of improvement we achieved by type of plant. These improvements
averaged multiple orders of magnitude. What is more, these improvements reflect not addition, expansion, or



tightened integration, but subtraction, contraction, and slackened integration. Computers and machines are fewer,
information gathering and control parsimonious. Doing more , better, with less – this is the ethos of Minimalism.
1 R. Jaikumar, „From Filing and Fitting to Flexible Manufacturing: A Study in the Evolution of Process
Control,“ Harvard Business School working paper 88-045, February 1988.
2 G.J. Aitken, Taylorism at Watertown Arsenal, Cambridge: Harvard University Press, 1960.
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