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FOREWORD

The Final Conference of the IIASA Project on Computer Integrated Manufactur-
ing was held at the headquarters of IIASA in Laxenburg, Austria, from the 1st to
the 4th of July, 1990.

The Conference itself was co-sponsored by the Ford and Alfred P. Sloan Founda-
tions, though much of the earlier research work owes its existence to funding by
the Finnish Sitra Organization and the American National Science Foundation.
In addition to these primary funders, much of the work carried out by individual
researchers was funded by their own governments, research institutes, etc., this
included major inputs from Japan and Czechoslovakia.

The aim of the research was to examine CIM from various perspectives including:
technological characteristics, the diffusion process, managerial and organizational
aspects, and the social and economic implications.

The Conference was attended by 105 people from 22 countries, including represen-
tatives from the OECD, UNIDO, the ECE, and the ILO. Of these participants 28
came from Eastern Europe and the rest from Japan or Western countries.

This Volume contains selected papers presented at the Conference, and tran-
scripts of key parts of the policy discussion. The papers are organized in the fol-
lowing way:

Part 1. Overviews

Part 2. Strategies and Models for CIM

Part 3. CIM Diffusion Studies

Part 4. CIM Technologies

Part 5. Organizational and Social Impacts

Part 6. Keynote Policy Panel Discussion

Part 7. CIM Implications for Industry and Government.
Prof. F. Schmidt-Bleek Dr. W. Haywood Prof. R.U. Ayres
Program Leader Conference Coordinator Leader, CIM Project and

Technology, Economy, Society CIM Project Deputy Program Leader, TES

- iii -



TABLE OF CONTENTS

OVERVIEWS

M. Eugene Merchant:
The IIASA CIM Project

Robert U. Ayres:
CIM: Driving Forces and Applications

Jukka Ranta:
CIM: Flexible Technologies in Manufacturing

STRATEGIES AND MODELS FOR CIM

CcIM

Igor M. Makarov and Vil Z. Rakhmankulov:

The Anatomy of Strategic Thinking in CIM Development
Kimio Uno:

CIM and the Economy: Clues for Empirical Analysis
Milan Maly:

CIM in Centrally Planned Economy Countries
Izabella Kudrycka:

High Technics Diffusion Models and a Synthetic
Measure of the Industrial Modernity

Rossitsa Chobanova:

Economic Justification of FMS Introduction

Rumen Dobrinsky:

Analyzing the Impact of CIM by Econometric Models

Jens Kammerath:

The Use of Aggregated Econometric Input-Output Models for

Macroeconomic Impact Analysis of CIM Technologies

DIFFUSION

Thomas Astebro:

The International Diffusion of Computer Aided Design
Shunsuke Mors:

The Diffusion of Industrial Robots and CIM in Japan

Iours Techijov:
The Diffusion of Flexible Manufacturing Systems (FMS)

27

41

43

63

83

89

111

127

143

165

167

185

199



Roman Sheinin:
International Comparisons of FMS Diffusion:
the USSR, the UK, and the FRG

Graham Vickery:
Why is Diffusion so Slow if the Technology is so Good?

CIM TECHNOLOGIES

Plamen Mateeuv:
Computer-Aided Design Technologies

Jari Mieskonen:
Flexible Manufacturing Systems:
The Technology behind the Success

George L. Kovdes and Géza Haidegger:
Hungarian FMS/CIM Developments - Case Study

Zdenék Kozar:
Manufacturing Systems

George L. Kovdes and Géza Havdegger:
Integration in Manufacturing: From FMS and FMC to CIM

Martin Ollus:
Information Technology in Manufacturing

ORGANIZATIONAL AND SOCIAL IMPACTS

John Bessant:
Organizational Adaptation and Advanced
Manufacturing Technology

Hans-Ulrich Brautzsch:
Macroeconomic Employment Effects of CIM-Application

Pavel Dimitrov:

Logistics of Computer Integrated Manufacturing

Jack Baranson:

National Differences in the Business

Environment for Automated Manufacturing

Richard J. Badham and Burkhard Schallock:
Socio-Technical CIM Trajectories in National Systems

of Innovation: The Need for an Interdisciplinary Approach
Bill Haywood:

National Differences in the Approach to Integrated
Manufacturing: A Case Study of FMS in the UK and Sweden

-vi-

219

231

255

257

273

289

309

321

335

345

347

361

383

399

415

433



KEYNOTE POLICY DISCUSSION

- Robert U. Ayres (IIASA, Austria
and Carnegie-Mellon University, USA)

- Robert Boyer (CEPREMAP, France)

~  Harvey Brooks (Harvard University, USA)

- Karl-Heinz Ebel (ILO, Suitzerland)

- Igor M. Makarov (Presidium USSR Academy of Sciences)
- Kimio Uno (Keio University, Japan)

CIM IMPLICATIONS FOR GOVERNMENTS AND INDUSTRIES

- Harvey Brooks (Harvard University, USA)
- M. Eugene Merchant (Metcut Research Associates, USA)

- vii -

453

455
458
455
462
465
467

473

475
481



1. OVERVIEWS
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M. FEugene Merchant
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The IIASA CIM Project

SUMMARY

The concept of computer integrated manufacturing (CIM) originated in the 1960s. The
essence of that concept was that the new-found powers created by the advent of the
digital computer, as a systems tool, possessed potential to be harnessed to integrate all
the different elements of manufacturing in such a way that manufacturing could be
operated as a system--one which, by virtue of the unique capabilities of the computer,
could be flexibly automated and be self-optimizing in real time online. The reduction of
that concept to practice in industry has been a slow and painful process and one which

is still far from complete.

Initially, and throughout the 1970s, that development and implementation of CIM in
industry progressed quite slowly. Most manufacturing companies were heavily
engrossed in applying computer technology to flexible automation of isolated elements
(“bits and pieces”) of manufacturing, creating “islands of automation”, with little or no
interest in, or even understanding of the need for, overall integration of those bits and
pieces into an overall flexibly automated, adaptively-optimizing manufacturing system.
With no interest in, or understanding of, the need for future integration of the islands
of automation, these companies were, in effect, erecting barriers of incompatibility to

future integration of their islands of automation.

Had a cooperative international project to elucidate the technological, economic and
social potential of CIM and how this might be most effectively realized in practice--a
project similar in principle to the current IIASA CIM project--been carried out in the
early 1970s, it could well have done much to circumvent the retarded development and
implementation of CIM in industry, and the “islands-of-automation”, blind-alley syn-
drome described above. Unfortunately, however, no such organized international effort
took place, and so the “CIM doldrums” continued throughout the 1970s.

However, by the 1980s that situation began to change, with manufacturing industries
throughout the world gradually beginning to become acutely aware of the tremendous
competitive advantages which could be imparted to a manufacturing enterprise by
overall automation, optimization and integration of its total system of manufacturing.

Further, by the mid-1980s, industry had become fully aware that such integration must



encompass not only the technological elements of its manufacturing system--product
design, production planning and control and factory (shop floor) automation--but also
the business and managerial elements of that system--strategic planning, finance,
human resources and marketing--to create a computer integrated manufacturing enter-
prise. This awakening on the part of industry has resulted in the emergence of a power-
ful new trend and commitment on the part of manufacturing industries throughout the
world--one toward realistic and substantial accomplishment of full computer integrated
manufacturing in their individual enterprises, with all of its capabilities for overall

integration, automation and optimization of the operation of such.

The bulk of this awakening and commitment of world manufacturing industries has
been occurring in just the past few years. It is my firm belief that the very fact that
ITASA, with its worldwide prestige, began, during that period, to highlight the fact that
a new industrial revolution was being spawned by CIM (and, in consequence, to carry
out a major international study to provide understanding of its technological, economic
and social events and consequences), has, in itself, been an important factor in that
awakening and commitment by world industries. However, now that the study has
been completed and the full depth and power of its findings can be appreciated, it
seems very evident that understanding of those findings by world manufacturing indus-
tries can, at this critical period of the launching of the revolution, provide substantial
help, guidance and incentive to such in accomplishing successful execution of the very
difficult and complex tasks that must be undertaken to develop and implement realistic

and substantial CIM capabilities in their overall operations.

Overall, the completed study provides a tremendous wealth of understanding of the
technological, economic and social realities and consequences of the emerging new
industrial revolution spawned by CIM. Further, this understanding is in a form that
can be readily appreciated and absorbed by industry. It documents the powerful stra-
tegic benefits which CIM technology has already been able to demonstrate in practice,
even in its current somewhat rudimentary form. In addition, it provides understanding
which manufacturing industries can apply to plan, develop and implement CIM in such
a manner as to realize to the greatest extent possible, these, plus other yet-to-be real-
ized, strategic benefits, as they carry on the continuing, long-term reduction of CIM to

practice.

The study’s principal conclusions also have major implications for manufacturing indus-
tries. Of these, the ones which seem particularly cogent are, briefly paraphrased, as fol-

lows:



1. Productivity of capital and labor can be expected to increase sharply in the
1990’s in those countries which are already using CIM technology most
effectively.

2. Competitiveness in the manufacturing industries will increasingly depend on
the quality of a firm’s integration and communication software.

3. The software component of capital investment in manufacturing will con-
tinue to grow in importance relative to the hardware component.

4. It is very difficult to convert a traditional Taylorist-Fordist manufacturing
plant to CIM by simply installing sophisticated new equipment.

5. It appears that, under the impact of the increased flexibility and economies-
of-scope (versus economies-of-scale) provided by CIM, a trend is developing
toward more dispersed, decentralized production systems within industrial-
ized countries, with many more small plants, located near markets, and with
de-emphasis of the recent trend in industrialized countries of moving plants

off-shore to low-wage countries.

Such conclusions as these, combined with the wealth of related detailed findings of the
overall IIASA study, serve fair warning to the manufacturing industries of the world
that a revolutionary, wholly new way of operating a manufacturing enterprise (be it
large or small)--a way offering powerful strategic and competitive advantages to such
enterprises--is now coming into being and already beginning to demonstrate such
power. Those manufacturing enterprises and industries which fail to heed that warning
and to institute appropriate action to take full advantage of this new approach to
manufacturing will; to say the least, be operating at an increasingly severe disadvantage
as this irreversible revolution, now entering its period of most rapid growth, rolls ahead!
Those which do heed this warning, and take action accordingly, can find, in the results
of the IIASA CIM project, substantial guidance and help in support of their efforts to

achieve such advantage.



CIM: Driving Forces and Applications

R.U. Ayres
International Institute for Applied
Systems Analysis
Lazenburg, Austria
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Hypotheses

The IIASA technology assessment of computer integrated manufacturing (CIM) began four years
ago. It was prompted by several hypotheses:

a. complexity versus human error
b. flexibility (for suppliers)
¢. scope versus scale economies

d. new manufacturing possibilities

The first hypothesis was prompted by the observation that computers are much better than
humans at bookkeeping and keeping track of lots of numbers. This means computers can be
uniquely helpful in managing complex situations. Manufacturing has become enormously more
complex over the past two centuries. What was simple enough to be comprehended by a single
individual in the days of cottage industry has now reached a stage of complexity that is almost
unimaginable. In the first place, the number of parts involved in a typical manufactured item
has increased many-fold (see Figure I). The graph tracks typical trends in part-number for
items produced in several scales. Note that batch sizes have also increased dramatically over
the same period, from a few thousand units produced over a period of years (e.g., Eli Whitney’s
famous musket manufacturing contract in 1799) to million of units per year.

Why does complexity matter? Because complexity increases the chances of a human error,
leading to a defective product. This is part of the “quality problem” many manufacturers have
noted. Products and manufacturing processes have changed in the past two centuries, but
humans remain essentially the same, except for what they are taught in school and on the job.
But humans are biologically limited. They cannot work at repetitive tasks without making
errors. The tendency is in-built. “To err is human” as Shakespeare said. But errors in complex
systems are dangerous and, basically, intolerable. The cost of quality control — which means
error detection and correction - are rising as a fraction of total cost. (And many of these costs
are paid only by the final customer ~ as when a defective aircraft or space-shuttle crashes).

The second of our four initial hypotheses was that greater flexibility is needed in manufac-
turing technology to avoid the conflict between minimizing unit cost and facilitating product
change ( Figure 2). This conflict has become known as the “productivity dilemma” (Abernathy)
or the “productivity paradox™. The problem is, simply, that large fixed investments in dedicated
“hard” automation are also a barrier to change - to the extent that the fixed capital is inflexible
and not convertible to manufacture a new or improved version of the product.

The third initial hypothesis was that economies-of-scale are being replaced by economies-
of-scope as drivers of economic growth. This virtually follows from the previous hypothesis.
(Economies-of-scope are nothing more than the ability to convert fixed capital from one purpose
to another). The “old” paradigm of economic growth featured a cost-price driven mechanism
(Figure 3).

This mechanism is entirely dependent on economies of scale. Increased demand for variety in
products (encouraged by higher incomes and general satisfaction of basic needs in most western
countries) is making this mechanism for growth increasingly irrelevant. See ( Table 1) and ( Figure
n

One does not get economies of scale without standardization. Is there an alternative to
economies-of-scale that would have the same impact on growth? We think perhaps there is,
along the following lines illustrated in Figure 5.

The key to the suggested “new paradigm” for economic growth is that increasing flexibility
progressively reduces the cost differential between customized and standardized products. The
smaller this differential, the greater the demand for diversity and, hence, flexibility. But this
process, in turn, leads to further improvements in the manufacturing process, generating savings
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Table 1. Examples of variety increases.

Ford “Model T” 1 model

Seiko Watches > 3,000 models
IBM “Selectric” Typewriters 55,000 models
“VAX” Computers all different

Westinghouse Turbine Blades > 50,000 designs
KAMP Electrical Connectors > 80,000 types
Sears Roebuck Stores > 50,000 items in stock )

in both labor and capital and - in effect - restarting the traditional cost-driven engine of growth.
One purpose of the study was to explore this idea further.

A fourth hypothesis is that extraordinarily rapid improvements in the basic “enabling” tech-
nologies of telecommunications, micro-electronics and computers have created new possibilities
for manufacturing that simply did not exist before. In each case the rate of technological progress
is not only high — one or more orders of magnitude per decade — but there are indications of
acceleration since 1980.

CIM arises from the confluence of supply elements (technology) and demand elements (flex-
ibility, quality, variety).

CIM: The Next Industrial Revolution

The basic thesis, then, is that CIM is the next stage in industrial evolution. Indeed, it is so
fundamental in nature and so potent in its effects that we can designate CIM as the next (third)
“Industrial Revolution™. In brief, the first L.R. (c. 1770-1830) was the period of adoption of
steam power to replace water power and horses as prime movers. In particular, the new power
source was used to drive the newly developed metalworking machine-tools. The second I.R. (c.
1880-1910) was an extension of the first. Electricity made it possible for centralized prime movers
to deliver power to decentralized users. Internal combustion engines made power truly mobile
(and led to heavier-than-aircraft, and the final displacement of horses). In these simplified terms,
the third L.R. (c. 1985-7) is the adoption of computer power in discrete-part manufacturing.
After decades of anticipation, computers and “smart sensors” are finally beginning to substitute
for human brains in the factory, as well as the office, at least for simple repetitive tasks. These
are many tasks where the human worker does not actively use intelligence, except to convert a
flow of information from one form to another.

But this picture is oversimplified because it omits a number of key dimensions of the manu-
facturing problem. A more revealing characterization of industrial evolution would be that the
preindustrial period of craft guilds and cottage industry was coming to an end in the late 18th
century, hastened by the Napoleonic wars. The first stage of mechanized manufacturing could
be called the “English system™. It applied the new power-driven machines to the old methods
of production, except for increased specialization and deskilling of labor. A more revolutionary
change for manufacturing was the next stage, known as the “American system” (1850-1920),
which was developed initially in the arms industry of New England and subsequently exported
around the world. It emphasized product standardization and interchangeability of parts, even
when this could only be achieved at the expense of accuracy and precision of fit.

The next phase (1920-1960) was the heyday of “scientific management”, developed and
promoted by Frederick W. Taylor and adopted most enthusiastically by Henry Ford. This was,
in some ways, the logical extension of the American System, but it emphasized mechanical
integration (e.g., assembly lines, transfer lines), hierarchical structure, vertical integration, cost-
accounting and extreme division of labor into “optimized” tasks. Widely attacked by labor
as “exploitative” and “inhuman”, its major weakness was (and is) its faulty presumption that
optimization at the task level results in optimization at the firm level. This was not clearly
recognized by managers until much later (if, indeed, it has yet been recognized). But by this
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time organized labor (in the U.S. and U.K. especially) has adopted the key idea of Taylorism -
detailed job specifications - as a convenient means of assuring job protection by contract.

The pre-CIM era (1960-1985) can be characterized by the rise of many new techniques (e.g.,
SQC, TQC, GT, JIT) and the application of computers to many individual functions. For
instance, one might mention programmable machine tools (NC/CNC), computer-aided design
(CAD), computer-aided scheduling and planning (MRP), etc.

In this historical context, then, CIM can be seen as the phase of functional integration,
or “putting it all together”. The emphasis is clearly on quality, flexibility and time-saving
(rather than labor saving or cost-minimizing). This means we can expect more emphasis on
decentralization of authority, “team approach” and “networking”.

It is interesting to summarize this historical view, by borrowing from a fascinating case
study by Prof. Jaikumar of one firm that has survived for 500 years since the preindustrial era,
manufacturing essentially the same product. The product is small arms, and the firm is Beretta,
of Italy. Key changes are summarized graphically in Figure 6.

It is tempting to believe that the Beretta experience may be an indicator of what can be
expected in the future from other manufacturers. Gross output has increased enormously, of
course. The overall increase in productivity since the pre-machine period is close to 500-fold.
Yet absolute employment in manufacturing actually increased significantly until around 1950,
when the first cuts occurred. Since then, direct employment in manufacturing has dropped by
a factor of 10 (from 300 to 30), and the ratio of workers per machine has dropped from 13:3
to 1. Meanwhile the ratio of off-line workers has grown continuously, from 13% in 1867 to 67%
today. It is especially interesting that the early gains in productivity clearly owed a great to
the design standardization that occurred between the English period and the American period.
Recent gains in productivity obviously owe nothing to standardization, since product diversity
has been growing, but owe quite a bit to the dramatic quality improvements, as reflected in the
drop in rework percentage from 80% in 1800 and 50% in 1867 to the present remarkable level
of 0.5% - far below the level considered satisfactory by most companies today.

Technology

It is appropriate, now, to delve a little deeper, beginning with the technology of CIM. It is
convenient to group technologies into three categories, viz. enabling, transitional and central to
CIM.

Table 2. Technology.

ENABLING

*Semiconductors
*Computers
*Telecommunications

TRANSITIONAL

*NC Machines
*Controls
*Robots

CENTRAL TO CIM

*CAD/CAM
*JIT/MRP
*LAN

*FMS

As regards the enabling technologies (already mentioned) I have already pointed out that
the rate of change is very rapid, and there are indications of acceleration since 1980, vis. a vis,
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telecomms ( Figure 7), microelectronics (Figure 8) and computers ( Figure 9).

It is not possible to discuss all of these in depth, but as a matter of interest, let me quickly
summarize the available data as regards diffusion in the major industrial countries with regards
to NC/CNC (Figure 10), robots (Figure 11) CAD (Figure 12) and FMS (Figure 13).

The only comment I will make at this time is that the diffusion of NC/CNC machine tools is
surprisingly uniform (contrary to some press stories). Japan leads significantly in the diffusion
of robots, and to a lesser extent in the diffusion of FMS, for reasons there is no time to discuss
now. The U.S. has an equally big lead over Japan in the use of CAD, which may surprise some
readers.

However, FMS is worthy of more detailed discussion. This is only partly because of the heavy
emphasis on FMS in this project. It is, in some sense, the “missing link” between programmable
automation at the machine level and CIM. An industrial archeologist a century from now may
think of FMS (if the term is still used) as the necessary transitional stage, but hardly an end in
itself. What is FMS7 It is a set of CNC machines, controlled by a single (mini) computer and
linked by an automated materials handling systems, designed to produce a family of relatively
similar products, (Figure 14). There are distinguishable subspecies, such as FMS for cylindrical
parts, FMS for “prismatic” parts (such as motor housings), FMS for sheet metal parts, flexible
assembly systems (FAS) for PC boards, etc.

The benefits of FMS vary greatly from case to case. There is usually a sharp reduction
(75% or more) in direct labor. In some cases, there are even capital savings (as compared to
conventional transfer lines). Capital savings can also result from sharp increases in machine
utilization. Conventional manufacturing systems use machine tools for their primary purpose
(cutting) rather inefficiently, (Figure 15). For typical U.S. job shops, orly 6% of time is used
for productive work, on average, rising to 22%, for large-scale high-volume producers. Because
of this, there are significant opportunities for increasing machine utilization (Figure 16) and it
follows that capital productivity in the manufacturing sector may soon begin to increase.

But, surprisingly, other benefits may be more important. These include shorter throughput
times, less floor space, less work-in-process (inventory), and the ability to produce a variety of
different parts with minimal set-up time ( Figure 17). Indeed, reductions in throughput time are
typically dramatic - often from weeks or months to days or hours.

Summarizing the benefits now being experienced by FMS users, which we expect to spread
eventually to entire factories and firms.

Table 3. Benefits of CIM to firm.

Output per month Fixed (normalized)
Number of machines Down 50%

Machine utilization Up > 100% (to 80%)
Direct labor (online) Down > 75% (1 man per 3 machines)
Capital cost (mostly software) Up 50-100%

Floor space Down 50%

Variety Up (to 00) (Lot size = 1)
Inventory of W.1.P. Down to 0

Lead time (order > delivery) Down (to days)
Changeover time Seconds

Quality of products Up (Reject rate > 0)
Product life cycle Shorter (50%)

Assume, for purposes of argument, a fixed leve! of demand for the product, ignoring, for the
moment, the fact that many firms have adopted FMS to increase capacity and market share.
The number of machines on the floor will drop by half, or more, because each machine will
be engaged in productive work much more of the time - including unmanned third shifts and
weekend hours. “Direct” (on-line) labor will drop by up to 90% and total labor by 75% or more.
Inventory will drop to nearly zero, and floor space needed will fall sharply, both because of the
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need for fewer machines, and less storage space. Set-up time, changeover time and order-to-
delivery time will also drop sharply. On the other hand, product variety will rise sharply, and
the frequency with which new products are introduced will also increase.

Finally, product quality will improve. Indeed, the possibility of achieving (or at least closely
approaching) zero defect rates can finally be considered realistic.

Impacts of CIM

What of the impacts on business and the economy? As regards the first, I can only summarize
briefly, but the main points are worth sketching quickly. First, is the end of the age of “Tay-
lorism™ (or, as some have called it, “Fordism™). This means less hierarchy, more networking, less
vertical integration, more of the “team™ approach, and so on. Second, manufacturing is finally
being seen as a “system”, amenable to the “systems approach”. Joseph Harrington was one of
the first to emphasize this idea. One key element of such an approach, emphasized especially by
Elikaya Goldratt, is the need to identify and eliminate bottlenecks in the flows. The well known
philosophy of “Just-in-Time” delivery pioneered by Toyota, can be regarded in this light. In the
future it will be increasingly necessary to identify and eliminate bottlenecks in the information
flows, as well as the material flows.

There is a controversy over whether the “human-centered” approach (exemplified, perhaps,
by Scandinavian, West German and Japanese firms) is more effective than the “machine-
centered” approach ascribed to U.S. firms where Taylorism was perhaps more entrenched. This
is a false dichotomy, inasmuch as a CIM system can hardly operate without machines, nor can it
function without humans. To achieve low defect rates, it remains necessary to eliminate humans
from repetitive jobs where human error can lead to defective parts or assemblies. On the other
hand, human talents are irreplaceable for non-routine functions like design, engineering, market-
ing, planning, diagnosis, trouble-shooting and general management. It is clear that most errors
creep into the system at interfaces where humans act as “information transducers”. To minimize
this problem, it is essential that computers must learn to “talk” directly to other computers.

Software is the core of CIM. Software will eventually incorporate the “knowledge-base” of
every manufacturing (or other) business. Yet the software “architecture” must be flexible enough
to accommodate growth and change. Evidently, designing the basic system is a formidable task,
which cannot (except for bits and pieces) be farmed out to consultants. This software design
job must be done in-house, and it must be supported strongly from the highest management
level. This is a major discontinuity for businesses. Many are likely to fail, either because they
try to program existing procedures without fully understanding them, or because they wait too
long to begin the necessary learning process.

Other implications already mentioned in passing: less importance for economies of scale;
cheap labor is declining as a factor in competitiveness; less concentration and specialization of
manufacturing in particular regions - hence less long-distance trade in manufactured goods (with
some obvious exceptions). The product life cycle is getting shorter, as competitive advantage
increasingly is based on responsiveness to the market, i.e., getting new products out fast. Short
turnaround times means that imitation is getting easier. Patents on products are less effective,
hence less important. (Patent counting is thus less reliable as a proxy for technological change).
Only manufacturing competence itself offers real protection — because it is hard to imitate.

Broader implications can also be mentioned briefly. The decline of direct labor also means
a decline in employment in manufacturing. This translates into higher labor productivity (al-
though as a measure, labor productivity is becoming less and less meaningful). Product quality
is increasing. Consumers will benefit also from lower prices, but the classical growth mechanism
(mentioned earlier) may not work so well. Is there an alternative?

The growth industry of the future is clearly software. So-called “fixed™ capital increasingly
consists of specialized software. As the span-of-control by computers gradually extends from the
machine level to the factory (or firm) level, the software requirement grows disproportionately.



-16-

Table 4. Software fraction or investment in moves to CIM.

Software

fraction

of total

investment  Span of computer control Added to prior level

0.02 Standalone machine Instructions for machine control

0.03 Machining center Instructions for changings tools

0.04 Machining cell Multiple machine control

0.06 FMS(1) Scheduling

0.10 FMS(2) Loading/unloading, storage

0.15 FMS(3) Inspection, sorting

0.20 Automated production line Assembly, palletizing, kitting

0.40 Automated factory (1) Computerization of functional modules,
viz. MIS, MRP, CAD, CAPP, CAM

0.50 Automated factory (2) Linkage of MIS, MRP, order processing,
scheduling, cost analysis

0.70 Automated factory (3) Linkage of CAD, CAE, CAPP & CAM

There is a good deal of new work for national accounts statisticians and economists implicit
in this last picture. Particularly in the light of the rising percentage of costs shown in Figure
18.

Implications for Less Developed Countries

Finally, the situation of the LDCs deserves special consideration. We don’t have all the answers.
Only some of the questions. There are disturbing implications in what I have said up to this
point. One is that low cost labor is no longer an important factor in competitiveness. Yet
it is the only advantage offered by most LDCs. Moreover, the increasing demand for product
quality works against labor-intensive methods. By this line of argument, CIM has to be viewed
as a major threat to LDCs, at least insofar as they hope to export manufactured goods to the
industrialized world. Indeed, it is no less a threat to the former socialist “East Bloc” countries.
On the other hand, if CIM can be “home grown” it offers a possible way of supplying local needs
(including capital goods) without importing them from countries far away.
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Appendix

Table A. Industrial robot population.

-1

-

Japan USA UK FRG France Italy
1974 1000 1200 50 130 30 90
1975 1400 1549.2 58.5 209.1 49.1 1216
1976 3600 2000 68.4 336.3 80.5 164.3
1977 4900 2236.1 80 541 131.9 2220
1978 6500 2500 125 716.2  216.1 300
1979 9100 2915.5 2153 948.0 354.0 369.1
1980 14250 3400 371 1255 580 454
1981 21000 4700 713 2300 790 691
1982 31857 6250 1152 3500 1385 1143
1983 46757 9387 1753 4800 1920 1850
1984 67300 14550 2623 6600 2750 2585
1985 93000 20000 3017 8800
Source: Tani, vol 3, chapt 6, page 3.
Table B. Diffusion of CAD systems in use.
Japan USA UK FRG France Italy USSR
1976 160
1977 150 120
1978 320 170
1979 730 7150 260
1980 1120 9900 400 410
1981 1530 14000 1660 1230 580
1982 2900 35800 4000 1500 2250 800
1983 5300 44100 10000 11000 10000 890
1984 9100 54400 13000 16000 12000 1000
1985 10400 132200 17000 21000 14000 1500 770
1986 210000 23000 26000 16000 1000
1987 31000 2300
1988 56000

Source: Astebro, vol 3, chapt 7, page 6.



Table C. Diffusion of NC machines in use.

-18-

Japan USA UK FRG France Italy USSR
1980 21600
1981 26725 28744
1982 41040.9 36558
1983 63025.5 103308 45180
1984 96786.7 122865.2 54764
1985 148633 146124.7 47200 67500 65488
1986 173787.5 77389
1987 206687.1 88550
1988 245814.9 99495
1989 292350

Source: 1985 OECD dic 1989 page 118, USA: American Machinist

USSR: Our calculation on vol. 3, chap. 4 page 3.

Table D. Diffusion of FMS.

Japan USA UK FRG France ltaly USSR
1976 39 12 0 2 1 0 7
1977 45 12 0 4 1 0 7
1978 55 16 0 4 1 0 8
1979 71 24 0 10 2 1 10
1980 84 31 0 18 3 2 12
1981 102 41 2 24 6 5 13
1982 132 53 9 3 17 7 18
1983 165 61 16 49 24 11 23
1984 182 81 29 55 37 27 29
1985 195 101 51 67 44 31 40
1986 202 111 62 75 58 33 49
1987 212 132 86 82 65 40 53
1988 213 139 97 85 71 40 56

Source: IIASA Data Bank



-19-

Space Shuttie
7 .
g ’ .®
il . o " B74T
3 .
2 v .
k-] Calculstor )
E Al #oca
L Automobile
£ g
Planotorte

2,
; Sewing Machi

’ field Rifle
5 4 Svﬂmo parts) .

usket (51 parts, - -
1 = 10,000 units) 7_‘.. r =
o L i 1 L L . I ) l
1800 1820 1840 1850 1880 1900 1920 1940 1960 1980
Year

Figure 1. Complexity Trends.

Unit
cost
Flexible
“Long Run" unit cost curve,
specific 1o a product
Achieved by “standard”
#conomies of scale
Increasing rigidity
- .
Cost of major
product change
Product change Product change
s profitable is not profitable
Scale
Rate of
innovation “Optimal™ rate of investment in
technological improvement
Scale

Figure £ Productivity Dilemma. Source: Abernathy, 1978.

Price reguction Cost reduction
per unit

]

Increasin
Market growth 9

experience
Larger ecale - Production
production stendardization

and automation
of production

Figure §. Cost-Price Driven Product.



-20-~

Number of parts per year

4 8 40

10 100
Number of different parts

Figure {. Volume/Variety Trade-Off.

Recognition of unsus- CIM: Increased

pected regularities
suggesting new
spproaches to
systematization
snd better models

Availability of bet.
ter operating data

increased program-
mability of machines

integration of
tunctions and
control over
systematization
snd better models

\

Lower costs
(See Figure 8)

Shorter runs:
“parts on demand”

Higher quality and
greater flexibility

increased respon-
siveness to
customer needs
snd wants

J

{ncreased demand
for customization

Figure 5. A New Paradigm for Economic Growth.

i
i
1800, 100 !
|

200r G.. |
[ O
"'\‘~-_ 1867, 86.7
100 v Te

- pared o 1800 \
20 *Good Parts’ 1o
Rejects Rato
2ot ol
Number of Producs
10
[
a -
1800, 18.3

COMPARISON OF SIX EPOCHS IN PROCESS CONTROL

! 4100
[
i

T b
i
Z1i —so
!l
AT

/B ~ 70

- 1916, 2 1950, 2 1975, 2
T 4 . 4 0
1900 1950 1985, 1
Tm: Trarwter Lines CNC FMS
Scientific & Statistical Era Era
Managerment Quality Controt

Figure 6. Six Epochs in Process Control. Source: Adapted from Jaikumar, 1989.



-21-

0" — T —_———
E i : ' Luws7‘ ' ’4/ | 3
'°‘°E — [ S — R R R
= One voce chonnel 1B unn os benq equivalent e | 3
E F to 2000 brts per second in pigtting thase pnmls i Commumcotion i . 3
§gop—— " mmee - — gotellites oA~
x L I I\, |7 Pronned heico! wovequides
- F - corryng 100,000 voice chonnels
£ % - ——-—s T T ’Afjﬂ—u squivalent q
2 . 3
S - Todoy's coouinl cable ond microwove b
o+ e e / - heqrways carrying 32,000 worce channel ~— 2
£ ¢ J . " Miciowove inw corryna 1800 voxce chomnes B
E 0w — A4-———4— LI
H E ! ! ‘Coawl cabie lisks corrying 600 voice channels
¢ F | ' ) 3
e F
g 0% - L-—F S B .
§ g ! : oL Conr wiapnony first uued 12 voe channels on one wire palt 3
S I 3
2 10— — — ./ S I T
' 2 Telepnone ines firs! comstructed ‘ i E|
gmg . IUSEN o . . - ‘ ———
k] E ' 5
> E ; | multiplex telegropn 16 nwopn mochnes an one line) 1
g oo e e *f“'-v7‘—-————g
& E !‘Aanmq ftelegroph sysiems
'OF 2 Eorly telegrophy Morse code dols ond doshes
Lo ‘ - mennq r—dlt Telegraph experiments |
- ]

93552&2&5?52

970]
1980

990]
20001
20t0
2020
2030
2040
20%0]

Year

Figure 7. Sequence of Inventions in Telecommunications. Source: Martin, 1971.

Trans!(stor Funcliona/Chip

1970 1975 1980 1985 1990

Figure 8. Development of Memory and Micro-Chips. Source: Adapted from Bursky, 1983.



-22-

E
1

W 1BM Maintrames
[~ @ DEC VAX Minicomputers
A Microcomputers
@ RISC-based Computers

8

-

) SESPEN R S RS R T S Y S

1965 1970 1975 1980 1985 1980 1995
Year announced

Computing capacity in milllons of instructions (MIPS)
°

Figure 9.  Efficiency of Computing Architectures. Source: Adapted from Electronic Design,

1988.

10 ———
Japan

8 3
USA

3]

(3]

%]

<

e 4

L

[¥]

5 -/./

[« W

2

C—T—— T —— T T~ T T T T~ T " T

1976 1880 1984 1988
1978 1982 1986
years

Figure 10. NC/CNC Machine Tools (% of Total).



-23-

401"

0o 1976 1978 1980 1982 1984
1977 1979 1981 1983

Figure 11. Industrial Robot Density. Per Million Employed (LOG Scale).

1985

401

10

00 1976 1978 1980 1982 1984
1977 1979 1981 1983

Figure 12. CAD Density. Per Million Employed (LOG Scale).

1985




—24-

25 p———
Japan
20 ’
USA
|
1.5 K
| —_—
10| v FRG
( —8—-
Fronce
LSk
0.0 ? : T M ' T l T —[ T I T I
1976 1980 1984 1988
1978 1982 1986

Figure 138. Diffusion of Flexible Manufacturing Systems (LOG Scale).

Robot
Broach

Dual spindle
Vertical ghucker

Dual spindie
Vertical chucker

Figure 14. Flexible Automation System (Pinion Gears). Source: American Machinist, 1980.




-25-

(a) Low-volume

(b) Mid-volume
manufacturing

manufacturing

(¢) High-volume
manufacturing

Figure 15. Low/Mid/High Volume Manufacturing. Source: Adapted from American Machin-

ist, 1980.
60
Average utilization rate: NC in FMS
50 -
40 - Average
& machine
g uﬂllza'&ion:
8 30 B ass _—A
1] _ A
5 production o
a a
20‘r— ————————————— -
Average utilization rate: Stand-alone
10 Averhalge
machine
. ©_~large batch—
utilization:<_ g mali batch—>*
0 | L | | ( ] |
1960 1965 1970 1875 1980 1985 1990 1985 2000

Year

Figure 16. The Impact of Computer Control on Machine Utilisation.



-26-

L A— 1 _
| \ | T

|- e saved B s
ol \ T ) v
"l Gz

:

CONV FMS

Figure 17. FMS Impact on Production Time.

0.8 /N
0.7
0.6 -
Military
0.5 €
g 0.4 ,"
& .
w .
03 New Manufacturing '.O
0.275 Lo
Lo s
e -
01— [0} PR
Averags Manufacturing T -
0 ) | . | A | . l L
1950 1960 1970 1980 1980 2000
Year

Figure 18. Software as a Fraction of Total Capital Investment.



CIM: Flexible Technologies in
Manufacturing

Jukka Ranta
Technical Research Centre of Finland
Laboratory of Electrical and
Automation Engineering
Espoo, Finland



-29-

CIM: Flexible Technologies in
Manufacturing

This paper is reprinted from Volume 2 of a four-volume series based on the IIASA
CIM Project; Ayres, R.U., Haywood, W., Merchant, M.E., Ranta, J., and Warnecke,
H.-J., “CIM Systems and Technology: The Past, the Present and the Future”, Chap-
man & Hall, forthcoming.

Jukka Ranta

Introduction

The industrial robot — like the numerically controlled (NC) machine tool, before it — is often
regarded as a symbol of the automated production and the structural change taking place in
manufacturing, especially in the metal-product industries. This is understandable, because the
robot is a visible part of manufacturing technology landscape and there are a number of mature,
well established applications, like welding, painting, investment casting and surface finishing.
Moreover, these (more and less) stand-alone applications were directly replacing human labor,
which raised a public concern about the social impacts of robot applications. Certainly some
form of robots are and were a starting point on the route toward a more automated production.

Today, however, it is definitely misleading to equate (as some analysts do) the extent of
use of robots with the degree of automation. In any case, the mature stand-alone applications
of robots are a harbinger rather than a corner-stone of truly modern automation. Robots per
se are already used extensively as a part of flexible manufacturing systems (FMS) and flexible
assembly systems (FAS). Beyond this there are many applications of intelligent sensors and
information processing systems. These new type of applications are expanding the possibilities
of the classical stand-alone applications of NC machines and robots. At the same time, impact
assessment is becoming more difficult, because the benefits and costs are not simple or direct any
more. In fact, the most critical part of the benefits (and part of the costs, too) is indirect and
qualitative. Therefore, when assessing new manufacturing technologies one must look beyond
stand-alone applications and focus more on systems applications, such as FMS/FAS.

It is quite often argued that the major source of benefits from automation comes from labor
savings. Labor reduction is often cited as a goal in the applying of production automation. This
was largely true in the case of the simple stand-alone applications. In the case of FMS and
FAS this is not the case, however. There are complex interdependences making the assessment
difficult. Also there tend to be unintended impacts. This fact leads us to argue (mainly in
Volume V) that implementation issues and practice are critical factor behind success. In fact
there is a lot of practical evidence derived from many case studies.! that implies that the most

!See Ranta et al. (1988, 1990); Jaikumar (1986); Goldhar et al. (1983, 1985); Meredith (1987).
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critical issues for the application of advanced production automation technologies within firms
are managerial and organizational in nature.

However, in the larger context, the situation is even more difficult, because the basic manu-
facturing technologies are not at a mature stage of development. Thus it is reasonable to expect
that future technological improvements can still contribute considerably to the technological and
economic efficiency of different production technologies. We can also expect that many potential
“systems” applications are simply dependent on the scale, scope, and capital intensity of differ-
ent manufacturing technologies. Thus the stated goals and targets of production automation -
such as flexjbility, accuracy, processing speed, and complexity of parts — are really secondary.
They are merely the trade-off between economic benefits and the costs of technological solutions.

One of the main technological driving forces has been the development of information tech-
nologies, i.e., semi-conductors and basic electronics, computer technologies including software
development, and communication technologies. This has been fundamental both for manufac-
tured products and the production technology of manufacturing industries. We expect that this
linkage will be further intensified when the possibilities of information technologies are more
fully utilized. The key “carriers” of technological change will continue to be the manufacturing
equipment industries, which utilize the electronics technologies both in their products and in
their production, and which have “forward” linkages with all other manufacturing industries,
providing them with systems and advanced tools. The “motive” branches of industry will con-
tinue to be electronics, the computer, communications and electric machinery industries, which
provide tools and means of production for the capital goods sector itself. Thus the manufac-
turing equipment industry has “backward” linkages with information technologies and related
industries.

The Changing Environment

As noted above, the development of advanced information technologies in production has been,
and will continue to be, the major technical driving forces in manufacturing change. The elec-
tronic and information technologies give new possibilities to produce variety of products in an
efficient way. Modern manufacturing is beginning to approach the flexibility of the classical job
shop mode of production, but on a productivity level that is far higher. Indeed, productivity in
flexible systems can now compete with mass production methods. Also it seems evident that the
information technologies help to produce goods of superior quality compared to the old “Tay-
lorist” organizational principles. Yet the new production systems seem to function efficiently on
a much smaller scale (in terms of machines and personnel} than the older mass and large series
production systems.

Why is greater flexibility needed now? On the one hand, there has always been a demand
for “customization” of products, and for special “niche” products. However, this was not cost
efficient until recently because of technological constraints. So one can say that production
was rigid and the customers were necessarily flexible. Due the rapid development of information
technologies, it is increasingly possible to combine efficiency and flexibility in a single productive
unit. The customers can start to be more inflexible about their desires and production has to
be more flexible and adaptive.

Thus, it can be argued from one perspective, at least, that industrial change is now mainly
technology driven. The information technologies, in particular, provide new options. These
promote a continuous search for competitive advantage and for ways to “take-off” from the
classical mass production into a more competitive and beneficial environment. This means that,
in order to gain benefits from information technologies, companies must actively look for new
options. Previously it was normal to make a single product, using specialized machinery and
skills, and to market it more or less unchanged to many, global markets. Now it is necessary
to make a variety of products using flexible machinery and multiskilled personnel, targetted to
specific, segmented markets. Figure I shows some major indicators of the change.
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Figure 1. Flexibility and changing principles of production.

Parallel to the technology push there are also changes in the business environment. These
changes also necessitate a shift to more flexible operation principles. To some extent, one can
say the there is a social need for flexibility. The new production technologies (and associated
management principles) are reacting with the markets in an interactive way responding to the
new needs and at the same time creating new needs.

In the first place, time is becoming more important in the new environment. Due to rapid
technological development (mainly in the electronics and information sectors), product life cycles
have become shorter. This is especially true in consumer electronics, the automobile industry
and consumer durables. (Of course, in the clothing, furnishing, and housewares industries there
is also a need for continuous and rapid changes of styles and products.) Thus in general, the
product renewal rate has become higher. To be efficient and competitive in this environment,
manufacturing companies need flexible design and planning systems and flexible production.
This is necessary to introduce new products and designs rapidly into production, and to the
marketplace.

" Parallel to the higher renewal rates and shorter product life cycles, total delivery time has
become an important competitive factor. This is closely related to the tendency to increase cus-
tomization of products and to just-in-time (JIT) production principles developed in Japan. Com-
petition on the basis of minimizing total delivery times in turn requires short order-processing
time, short throughput time in production and efficient logistics and distribution systems. To
cope with these demands, information technologies are the essential ingredient. They provide
flexibility in the design and customizing of products, in production planning and control, in
manufacturing and also in the supervising of logistics activities. Apart from providing benefits
to the customer, savings of time in all phases of production result in capital savings in the form
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of reduced inventories and work in progress.?

The second dimension in the new business environment is product variety. The tendency
toward increased product variety is a result of more customizing of products and specialization
of market segments. In the capital goods sector, application-specific machines and devices can
be more cost efficient to the final user if the extra cost is not too great. Similarly, in consumer
goods production “customizing” fulfills individual needs better. The rising income level in the
Western industrialized countries is promoting the tendency toward product variety, because
consumers are increasingly ready and able to pay for specialized and customized goods.

Increased product variety, in turn, requires more design intensiveness, more complex produc-
tion planning and control, increasing part variety in manufacturing and more complex and dif-
ficult logistics. To cope with these problems, sophisticated information technologies are needed
in planning and production to provide both efficiency and flexibility. It is worthy of remark that
the customizing of products is not always a reaction to the changed competitive environment.
The flexibility needed to respond can also be used in an active way to create new market options
and new competitive advantages.

For practical purposes, and to understand the role of different technological and organiza-
tional options, we can define three types of flexibility from the company and enterprise point of
view: operational, tactical and strategic. Operational flexibility is needed to cope with existing
product variety in an efficient way. The basic objective is to produce different products from
the existing (already designed) product family, in a random order, in different batch sizes, and
with different and varying delivery times.

Tactical flexibility is needed to cope with the accelerated product renewal rate and to respond
more quickly to changing markets. This means shorter turnaround times. The objective is to
change or to increase the existing product family without making expensive changes in the
technology of production. Both the design and planning system as well as the manufacturing
system have to be flexible. To some extent, tactical is an outgrowth of operational flexibility.

Strategic flexibility is the ability to cope with major changes in the environment. Usually
this means responding to evolving market needs by introducing new products, developing new
product features or changing the technology of production of the company. It can also be
an active searching for new options and new advantages. To exploit fully the possibilities of
strategic flexibility, a company needs not only specific technological capabilities, but the whole
management structure of the company has to be flexible. Therefore organizational innovations
and new collaborative forms are important.

It is also important to note that this concept of flexibility implies a hierarchical relationship.
A high leve] of operational flexibility makes it easier to create and extend tactical flexibility and
also it is difficult to have tactical flexibility without having operational flexibility. The same is
true for the strategic flexibility: to provide strategic flexibility a company needs both operational
and tactical flexibility.

To achieve the different types of flexibility a company needs a range of organizational and
technological tools. Figure 2 presents the role of different functional systems in terms of providing
flexibility, especially in the time dimension.

The cornerstone of operational flexibility in manufacturing today is the so-called flexible
manufacturing system (FMS). However, it is not sufficient. In terms of time saving, the design,
planning, and logistic information systems are more critical and often more benefits can be
extracted from these auxiliary systems.

In the case of tactical flexibility, to cope with the high renewal rate of products, the design,
planning and logistic systems are usually the starting point and the most critical technical
elements. Nevertheless, to manage product changes in an efficient way, a flexible manufacturing
technology is needed.

To achieve the strategic flexibility it is also necessary (among other things) to build up a
flexible subcontracting and collaborative network. This is needed to react rapidly to completely

?See Krafcik (1988), de Vaan (1989), Stalk (1988).
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new demands. Then the logistics system plays a critical role.

Apart from technological means, new organizational solutions are also needed. These are
needed to cope with the increasing integration of the production systems, to guarantee high
utilization rate of the systems, to cope with quality requirements and to cope with continuous
changes in general.

Now we can see what Computer Integrated Manufacturing (CIM) means in practice. It is
a method or approach to integrate different functions from market planning, product design,
production planning and control, to manufacturing and distribution, by means of computers and
information technologies. It is clear that, in practice, there will be and must be different ap-
proaches toward the implementation of the CIM-technologies, depending on the circumstances.
Indeed, the goals and intended benefits, as well as realized benefits, are different in different
business environments.

Figure 3 illustrates the situation. Instead of the classical volume — product variety axes, the
product renewal rate — product variety axes are used as key variables. The production volume
or capacity is expressed as isocapacity curves — isoguants — in the figure. It appears that there
are different areas and environments for an economic use of flexible manufacturing systems. It
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follows that the strategy toward CIM implementation may be different in different environments.
The four corners correspond to four different idealized cases.

The “high capacity” (lower left) corner corresponds to a situation where an efficient and
cost effective manufacturing system is an essential starting point. In practice this still means
specialized and fixed systems, such as transfer lines.

In the left upper corner, a high product renewal rate is a characteristic feature of the business
environment. We can say that this environment is essentially “technology driven”. To cope with
changing product mix, sophisticated design and planning systems are needed as well as a flexible
manufacturing. This is an environment where robots, FMSs and FASs are likely to be found.

The lower right corner is characterized by customized products and special market niches.
An essential starting point is sophisticated design, planning, and logistic systems. Flexible
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manufacturing systems may be used to cope with increasing market demand resulting in a need
to expand capacity.

The right upper corner is likely to be the area of a semiproduct or subassembly vendor
or supplier. There can be many and rapidly changing products in production. Here, too,
sophisticated design, planning and logistic systems are essential and FMSs may be needed to
cope with the need to increase capacity.

Evidently the goals for production automation are not simple. In practice, today, manufac-
turing automation is applied in a multicriteria environment. Automation systems are not only
used to reduce direct labor costs, but to cope with a changing business environment and to
create new competitive advantages and options.

Production Automation — The Systems View

No attempt will be made to give a complete definition of computer integrated manufacturing
(CIM) in general. In the previous section CIM was defined as a process toward the integration of
different systems. An illustration may be more helpful. It is presented in Table I. Accordingly,
CIM integrates different technologies as well as different fields of engineering and knowledge.

Table 1. Levels of production automation.

Technology base Essential knowledge base
Planning Applications in Customized needs,
methods different industries application know-how,
project management
Production | Planning and engineering methods, organization design, impact analysis
planning Project deliveries
and
control Systems System engineering
CAD/CAM Flexible manufacturing units Manufacturing engineering
CAPP (FMU), flexible manufacturing Software and computer technology
cells (FMC) and systems (FMS) | Information technology in general
Factory automation (especially communication)

Software systems
Production control systems

Machine automation Mechanical engineering
NC, robots, automatic storages, | Electronics and software technology
automatic vehicles, etc. “Mechatronics”
Special production machines Control engineering
Production interfaces Physics
Sensors, transmitters, servo- Mechanical engineering
mechanisms, switching devices, | Electronics
etc. Special methods: signal processing, pattern
Special devices recognition, image processing

We can differentiate four basic levels. The heart of production is, of course, the machine
level. Machine tools were the starting point of manufacturing automation (see Chapter 3) and
the machine tool manufacturers were early users of electronics and information technologies
in manufacturing. Modern machines have two kinds of interfaces. The first is an “inward”
interface with the workpiece and other machine elements. The interface consists of sensors,
transmitting devices, servomechanisms and switching devices. A modern NC-tool or robot can
have its own microprocessor control for each axis of the motion, custom-designed semiconduc-
tors in servomechanisms, as well as sensing and information processing devices. These are real
“mechatronic” products, combining mechanical engineering, electrical engineering and electron-
ics.

The second is an “outward” interface with the systems level and the planning process with
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different communication systems. The systems level is the second level, integrating single ma-
chines with the help of computers and communication technology and material handling and
transportation devices. There are flexible cells (FMC), combinations of cells in the form of
flexible manufacturing systems (FMS), or even a combination of several FMS in a factory-scale
system. For such an integration, systems or single machines have to be able exchange data and
information. Therefore a combination of communication technology with computer technology is
important— not only for the integration, but also for the upward interfaces to different planning
systems. Another crucial issue is the mechanical integration of machines with materials handling
devices and storage systems. In general, manufacturing systems are still at an emerging stage;
there are few (if any) standard modules for the software and the communication components of
the system. Thus, software engineering is one of the key issues on the machine systems level.

There is also a third level consists of different planning and design systems. These include
CAD, CAM and process planning (CAPP), as well as production planning and control. The
planning level has been the second starting point for information technology applications in
manufacturing and it has been far ahead of the systems level. In particular, CAD and production
control systems (e.g., MRP) are well established and intensive users of computers. However,
there have been problems with the integration of different planning and control technologies,
such as CAD, CAM and CAPP. Ideally, it should be possible to generate the required tooling
steps, routing instructions and NC-controls, directly from the design data bases. The same is
true for the interfaces with the manufacturing systems level and the logistics systems. Thus,
software engineering and communication technology are critical factors in the integration of
design and planning with manufacturing and logistic systems.

The fourth level, which is emerging parallel to the manufacturing systems, comprises appli-
cation design and related engineering and project delivery activities. This can be regarded as
a separate level or business activity, because there is a special need to reconcile customization
requirements and technological possibilities and to specify applications as well as the systems
architecture. The growing need for these activities is partly attributable to the lack of common
systems solutions and the novelty of systems technologies for small and medium-scale industries
(see also Bullinger, 1985; Kelley et al., 1988).

Apart from this vertical classification, CIM technologies may also be classified horizontally
according to the required processing steps. For instance, there exist different technologies for
sheet metal processing, part tooling for prismatic and rotational parts and product assembly.
To achieve overall integration, different tooling and manufacturing steps must be incorporated
in addition to different functions.

The essential point is that there is no single, well-defined production automation technology.
Flexible manufacturing technology combines many different devices, machines, and systems.
It is also clear that software engineering plays a major role at the systems level. Moreover,
organizational and marketing innovations (understanding special needs) are the key factors in a
successful applications.

This integrated systems aspect of production automation makes it difficult to define “a life-
cycle model” for flexible manufacturing automation. The systems concept (CIM or FMS) is still
at the emerging and developmental state, but it can utilize mature technologies as components.
Yet radical innovations (such as laser cutting) will play a major role in the future as they become
technically feasible and economically competitive.

FMS can be considered as products and as product innovations. However, major difficulties
arise for many industrial branches when FMS (and CIM) systems are regarded as production
innovations. In practice, the successful application of FMS or CIM requires major organizational
adaptations. FMS and CIM are always special, customized systems. There are no unified, stan-
dard FMS or CIM technologies. For this reason application know-how (marketing innovation)
is essential in the systems planning and the project output, see (Ranta 1988).

The integrating as well as the emerging nature of the FMS and CIM concept also reflects the
fact that, as business activities, FMS and CIM are very diversified. There are specialized vendors
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for NC-machines, robots, AGVs, sensors, microprocessors, MRP software and so on. In addition,
there is a newly emerging line of business: systems integration and systems engineering, which
is software-oriented, but which requires a thorough knowledge of a certain application area.

Finally it should be noted that each industrial branch (metal products, electronics, clothing)
requires its own special application knowledge which, in general, is not transferable from one
branch to another.

Backward and Forward Linkages

In order to forecast the future applications and diffusion of technology, it is essential to know
the routes of diffusion. These routes may be called forward and backward linkages. Figure §
illustrates the basic way of thinking. The forward linkages present practical needs or “market
pull”. The backward linkages can be regarded as “technological push”.
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Figure 4. Motive and carrier technologies.

It is useful to identify the carriers of technology. The first-order carrier branches consist
of the machine-tool industry, the robot industry, and related industries. The development of
these branches has been heavily influences by information technologies. They also provide the
components for systems integration. The latter is mainly based on extensive applications of
sensors, microprocessors, computers and communication technologies. Important special issues
include distributed processing and databases as well as local area networks (LANs). Thus
software engineering also plays a crucial role in this context. On the machine level the driving
forces are, apart from computer technologies, the integration of mechanical engineering and
electronics, and even of the basic component technologies, into the machine design. Electrical
equipment plays a special role, notably in the area of servos and motor drives.

The main application areas can be called the second-order carrier branches. These are, apart
from the machine-tool industry itself, the main users of the basic machine-related technologies.
So far, the main branches have been general machinery, the automobile and other transportation
equipment industry, as well as the electronic and electrical machinery industry. These branches
will also be the main users of flexible manufacturing technology in the future. Depending
on technological capabilities and economic efficiency, one can expect the diffusion of flexible
manufacturing technology to extend eventually to small and medium-scale enterprises as well as
to marginal branches like plastic and wood products.
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There are some special branches, like the clothing industry and printing, which are exten-
sive users of information technologies. But they are somewhat outside the mainstream of the
development, because they involve special materials and specialized machinery.

With regard to the backward linkages it is safe to assert that the manufacturing industries
will not be the key industries influencing the future trends of semiconductor and computer
industries. In Japan and Europe this influence can, to some extent, exist. But in general we
can regard semiconductor and computer technology (from the manufacturing viewpoint) as an
autonomous force. It will evolve, in the near future, according to its own laws, or it will be
driven by aero-space, telecommunications and military requirements. In effect, the backward
linkages generate a real technological push.

As mentioned before, the engine of change in manufacturing is the machine-tool and the
related manufacturing systems industry. This sector has provided the basic components for
systems integration. It was also the first user of FMS in its own production. In that way the
machinery sector has been the key to systems integration in more ways than one. It has been
evolving from a component supplier and a systems applier to a systems vendor. A second path
to systems integration has been through electrical components and controls. Historically, this
industry has provided special components and controls to the machine-tool industry. It has also
been an early user of the systems in its own production. It is quite a logical step to move from
systems control to systems integration and related software products. The third main path has
been from the computer and software industry to manufacturing software integration. This is,
at present, the most dynamic group. Systems and related software products are still mainly
customized, due to a lack of common standards. So far there is no common control structure,
either for systems, or for their architectures.

It has been, and still is, common that systems integration is carried out as an in-house
activity directly by the final user of the systems in the application area. This is to a great
extent due the customizing of systems. At the present time there is also a common phenomenon
that systems are supplied by a consortium of companies, which can be even international. Such
forms of cooperation usually consist of a systems integrator and several component suppliers,
where the systems integrator has the main responsibility. Such consortia seem to be sustainable
forms of collaboration.
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Abstract

CIM development depends heavily on priorities which experts ~ policy makers and designers
— use in their strategic choices among alternative courses of actions. Knowledge about such
priorities, if properly acquired, could serve to help in the accurate prediction of future CIM
technology performance, and it’s social and economic implications. This paper describes the
concept of strata scenario as a constructive way to accumulate knowledge for real choices and all
their attendant priorities. Modeling such a strata scenario is achieved with the help of a hybrid
expert system. The strata scenario analysis was applied to an FMS data base containing more
than 600 projects in 11 countries. The results of the analysis reveal major interrelations which
exist between certain strategic choices and success/failure properties of the currently developing
FMS-CIM technology.

Introduction

Flexible manufacturing, as a tendency in modern industrial production, creates complex socio-
technological concerning technology, as well as the people involved in or influenced by such
technology. Any strategy intended to develop and promote flexible manufacturing faces the
need to take risky choices concerning uncertain economic and social implications. In order to
reduce such problems it is possible to employ professional knowledge and experience collected
by practitioners and experts in the field. Modern intelligent techniques, such as expert systems,
knowledge bases, decision support systems provide valuable tool to handle that knowledge-based
information.

This paper deals with the problem of intelligent, knowledge-based computer modeling of CIM
development. It also presents a concept of strata scenario analysis which contains a core idea
for extracting indirect (usually implicit knowledge) about dominant reasons, motivations and
preferences existing in strategic choices of the alternative approaches aimed at advancing flexible
manufacturing. Here we assume, given the fair preconditions, that similar prioritiesin the choices
lead to sufficiently similar outcomes of the corresponding solutions. However, the individual right
of a decision-maker to share such data, as well as the difficulty in objectively stating preferences,
is a restriction to the direct analysis. With the help of intelligent techniques, it is worthwhile to
try to find another way to clarify original priorities by identifying them through backtracking,
that is through analysis of the similarity of the known or proven outcomes. Such an approach
has been developed and implemented within the scope of a hybrid expert system.

Strategic Choices and Scenario

In formal definitions of a scenario we follow the terminology offered by Dubov et al. (1986) for
dynamic decision-making problems . Accordingly, the CIM development scenario is based on a
time-dependent sequence of strategic choices among alternative CIM design patterns which are
aimed, given a definite time period, to meet certain demands on industrial products. Here the
term “industrial products” is used in the broad sense, so that it widely embraces separate parts
or component materials as well as the whole complex production technologies.

Let X(t0) be the initial set of alternative CIM design patterns; T = {t0,tl,...,tk} — the
sequence of discrete-time moments at which choices x(tk) are made; f(x(tk)) - the vector esti-
mation of the alternative x(tk). Then strategy (scenario) x(T) is the composition of the strategic
choices:

{(x(T)} = {x(t0)x(t1),... x(tk)}.

At tk = t0 the strategic choice x(t0) is made from the set X(t0), that is x(t0)eX(t0). If tk
= t0, then strategic choices essentially depend on the time variable and preceding choices:
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x(tk)eX(tk,x(t0),...,x(tk-1)).
The vector estimate function f(x(tk)) consists of n=1,N attributes:
f(x(tk)) = {f1{x(tk),tk,x(t0),...,x(tk-1)},....fn[x(tk), tk,x(t0),...,x(tk-1)]}.

Clearly, any particular total vector estimate has to be determined in accordance with the
selected rule of the attribute aggregation. For instance, in the simplest case of complete inde-
pendence of the alternatives set and estimations on time and preceding choices, the total vector
estimate of the strategy {x(T)} will be as follows:

Fi({x(T)}) = T fi(x(tk)), i=1,...,n; k=0,... K.

As to the real-world problems, the situation is quite different, and such estimations may have
dependence not only on previous steps but also on the ways‘ used to gather the alternatives
together. All these dependencies, added to the variety of attribute compositions, show strong
impacts on choices, and set up a firm basis to study them as important part of the scenario-
related knowledge.

The Concept of Strata Scenario

The above definition of scenario analysis obviously underlines that any kind of a strategy di-
rected to innovate or reconstruct the existing manufacturing practice and policy, is initiated and
governed by such a key factor as a change in product demand. Therefore, the basic knowledge
for strategy modeling could be obtained through comprehension of the process by which the
demand change is evolved.

In a simplified form, the demand generation loop is shown in Figure 1. In general, the main
sources of the demand change are two-fold: market demand data, and predictions on the demand
changes. At this point it is essential to note that all these sources, market demand as well as
predictions, have intensive applications in both, market and planned economies. But the deep-
rooted structural differences in the management mechanisms give preference to market demand
in market economies and to predictions of demand changes in planned economies. The second
way, for the USSR and some other countries, has proved to have many disadvantages. This is
why changes in the USSR economy are aimed, among other targets, to a optimal combining of
market demands and predictions.

After demands are obtained, the next logical question is “how to meet the demand”? This
depends on a particular manufacturing potential which calls for alternative strategies to embody
the potential.

There are a number of special features ~ in view of such a demand generation loop — which
do not allow the use of straightforward scenario building.

(a) An industrial product might imply goods and means of production as well. The demand
for goods can, but not necessarily, lead to additional demands for production equipment
including the need to add raw materials, energy, investments.

(b) Originally demands arise for finished products and, in order to interpret the demand
structure, there is a need to distribute such general demand into the component demands
which could place the responses on different industrial sectors or enterprises.

(c) Usually demand predictions are expressed in monetary terms, although manufacturing
deals with the product flows expressed in natural terms. Transfer from monetary to
natural terms might cause problems.
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(d) As a rule product demand has a country-wide, sometimes even global importance, but
the response in meeting such demand is of interest to a limited strata, such as certain
technology or production formations scaled by output performance, batch-sizes, production
volumes.

Given that demand is determined some way, we can differentiate at least, between two types
of scenarios — local and general/global ones. The local scenario is the strategy built on the
premise that the demand for a particular kind of, say, a mechanical part, is completely known.
Perhaps, only in this case is a simple straightforward strategy possible.

The general /global scenario is the strategy provided in response to the integral demand for
a compound type of product, such as finished goods or new manufacturing technologies. It is
quite clear, bearing in mind such a compound product, that different components of the product
could require different approaches and strategies for their development. Thus, being a compound
strategy, the general /global scenario has to absorb and correlate several distinctive strata profiles
such as a specific technology profile, type of production profile, scale of production profile,
industry, region or country profile, etc. All this strata profile data, collected and processed
thoroughly, provides a valuable basic knowledge to help in making strategic choices.

We shall call the strategy, which reflects certain strata profile data, as the strata scenario.
The more profiles and strata scenarios are gathered together under the common data base, the
better and deeper knowledge is acquired with respect to decomposed strategic decisions. This
creates some kind of intermediate or partial knowledge which can easily be drawn together and
composed within the scope of local or general/global scenarios.

The Model of a Strategic Decision

In accordance with these consideration a strategic decision x(tk) is a single act of choice among
alternative CIM patterns X(tk, x(t0),....,x(tk-1)) which is performed on the basis of the vector
estimation f(x(tk). A decision maker displays his preferences through the way he combines the
attributes f1,...,fn of the vector f(x(tk)) and gives them a ranking as well. The CIM patterns are
actually described by almost canonical set of attributes representing technological, economic and
social dimensions. However, shifting the preferences towards some of these attributes changes
strategic choices significantly.

To model the real choices, the pattern set X is the data base collection of the FMS cases
implemented in different countries. Such a data base provides information on the real outcomes
- the values of the attributes {fl,...,fn} — occurring due to particular choices, but there is
no indication of how these attributes interact and impact upon the choices. The latter, the
knowledge-based information on attributes priorities, is identified and gathered through the
intelligent search process within the knowledge base of a hybrid expert system (see Figure 2).
The most important part of the knowledge base is the strata profile -related knowledge which
is being received by selectively fixing certain pairs of the attributes {fl,...,fn} and dividing the
whole set X into informative strata subsets, respectively.

"The expert system allows two modes of strategic reasoning -forward search and backtracking.

The forward search, based on morphological analysis developed by Iakimets (1981), is used
to find logic mapping from the selected attribute compositions to corresponding clusters of the
FMS cases. By this procedure, a strategic decision can be made, having the attribute priorities
are given beforehand.

The backtracking mode, based on the modified J.S.Mill’s method of plausible inference (Finn
et al., 1983, is used to identify initially unknown attribute priorities from the clusters of strategic
choices belonging to the selected strata profile.
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Strata Scenario Analysis

We consider scenarios within two strata profiles: “Type of production” and “Economic ratio-
nality”.

Flexibility as a distinctive feature of FMS-CIM technology raises interest in analysis of
strategic decisions which are made within the framework of “Type of production” strata. Clearly,
the most debated type of production suited to such technology is characterized by the minimum
value in batch sizes and the maximum value in product variety. If, as a beginning, we fix these
two attributes then it is possible to distinguish among types of production and select strata
subsets of FMS cases in the data base, as they are shown in Table 1.

Economic features of CIM are of interest too, especially, in view of the high cost and com-
plexity of the modern computer-based technology. The strata profile “Economic rationality” is
shown in Table £. In this case two other attributes are fixed — average investment per machine-
tool and level of FMS integration.

%begintable[tbh]

By fixing different attributes, many more strata profiles have been collected under this
knowledge base structure including different technologies, industries, production costs, social
dimensions, etc.

This analysis, being carried out with the main concern being technological development, has
provided the possibility for experts — policy makers and designers — to choose 18 attributes of
the canonical set ( Table 8). Of course, this list can be extended if necessary.

%begintable[tbh]

(A) The Strata Profile — “Type of Production”
1) Strata scenario: “Type of production — high flexibility”

The main objective of the strata scenario analysis is to clarify the impact-producing groups of
attributes and rank them by importance.

The results of the analysis are shown in Tables 4(a-b), 5, and 6. For the strata scenario
“Type of Production — High Flexibility” (total 44 FMS cases), three core sets were found. A
core set corresponds to tight similarity of FMS clusters. The core set 1 consists of 7 cases
(4-FRG, 3-USSR) and represents the strategic choices made by the year 1981. The core set
2 includes 6 cases (Japan only) and represents the strategic choices made by the year 1983.
Finally, the core set 3 consists of 4 cases (2-Japan, 2-USA) and represents choices made by the
year 1985. Table 4(a-b) gives the division of impact-producing attributes into two groups — most
important and important range, and shows the result of attributes ordering by their impacts.
Table 5 shows how this strata scenario is developing in time. In Table 6 the core set’s statistics
and representative FMS cases are given.

Drawing conclusions from the analysis:

(a) Strategic decisions clearly differ in the way a decision maker selects the important at-
tributes from the canonical set. A number of important attributes, their composition and
ordering are visibly changing in the process of FMS development. For the selected strata
the group of most important attributes has been extended from the single one - degree of
automation — up to six attributes, including the prime one on the list ~ FMS control sys-
tem type (see Table 5. As a result of the development, the degree of automation attribute
has shifted down the list to fifth place.

(b) The strategic decision which corresponds to the core set 3 (shown graphically in Figure 8)
with rather sophisticated FMS cases has added two more attributes to the most important
range — type of machine-tool control systems and percentage of machining centers among
machine-tools. Together with the part type attribute (mainly, prismatic parts), this could
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be explained by the obvious trend to enforce the computer-programmable side of FMS-CIM
flexibility, and concentrate technological operations around a single working site.

(c) One would imagine that the degree of integration attribute in searching for flexibility
should take highest place, but in fact this is not the case. This attribute takes last place,
though still important. Such a situation reflects the practical knowledge about the fast
growth of investment as well as cost, with each step directed to extend the CIM integration.
Moreover, it appears that for many years ahead this attribute will be overshadowed.

(d) To have highly flexible FMS-CIM solutions, at the present level of technology, perhaps it is
enough to pay most attention to all control-dependent attributes, namely the FMS control
system, machine-tool control systems, degree of automation. Other important attributes,
such as part type and investment, become major restrictions if a strategic decision is to be
optimized. For the near future, this list of most important attributes will noticeably be
extended up to 10-12 attributes. At first by quality-dependent attributes, such as quality
control. Scrap removal, JIT/ MRP, and so on, will be added.

Below, there is a short summary of the five strata scenarios — two for “Type of production”
and three for “Economic rationality”.

2) Strata scenario: “Type of production-low flexibility />mid output”

This is a typical case of mass-production. Two revealed core sets differ in the values of production
output (middle and high, Table 7). Specific attributes in the important range, in addition to the
control-dependent attributes, are a low degree of integration, shop-like FMS type, total number
of machine-tools (2-12). Clearly, a simplified solution is the rule. If compared to the preceding
scenario, not much attention is paid to attributes such as part type, sophisticated equipment,
high degree of automation, firm incentive to invest.

3) Strata scenario: “Type of Production — High Flexibility/High Output”.

Such a scenario, unlike the previous one, is closer to the flexible type of manufacturing strategy
because it deals with considerable product variety (up to 500). However, the number of most
important attributes is limited ( Table 8). Priorities are given to large-scale production. The con-
trast is that even the control-dependent attributes belong to the second echelon of importance.
Mostly, the success of this type of FMS depends on the supportive effects of group technology.

(B) The Strata Profile - “Economic Rationality”

1) Strata scenario: “Economic Rationality — Cheap and Simple FMS”

This is a very popular scenario when searching for a low cost one tries to use two levers —
steps to simple solutions and shifts to large outputs. Despite the extended number of important
attributes (up to 9-11), the most important range consists of no more than 3-4 ( Table 9). As
a rule, such scenario is the fate of those decision makers who attempt to exclude any risk in
the transition towards flexible manufacturing. This is appropriate to be called a “risk-averse”
scenario.

2) Strata scenario: “Economic Rationality — Expensive and Sophisticated
FMS”

As the opposite to the previous one, this strategy could be called “risk-prone” scenario, since
major priorities are given to the highest currently available degree of integration together with
paying less emphasis to possible economic losses. Such a scenario is mainly represented by the
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US defense industry-oriented cases at the end of 1980s. By this scenario sophisticated technical
solutions and advanced methodology are achievable and that is reflected in the rise of the number
of most important attributes up to a level of 9, as well as the important ones up to 12 (Table
10). Another visible feature is the relatively small scale of the systems. It is very probable, that
the near future will reveal more risky strategies (with a group of important attributes of around
15-20). No doubt, the proponents will have to pay for these risks.

3) Strata scenario: “Economic Rationality — Cheap and Sophisticated FMS”

This scenario is the most interesting strategy within the economic strata and it might be named
“rational” scenario. It has a reasonable (for the current level of technology) number of attributes
(8), the majority of them (7) belonging to the most important range ( Table 11). Moreover, the
main attention is paid to harmonization of high-level values of control-dependent/integration
attributes and those attributes which provide production quality as well service activities. Such
a scenario has been preferred for modern Japanese FMS cases.

It now becomes possible to compare the scenarios under the “Economic Rationality” strata.

In order to switch from cheap, simple and low integrated systems towards expensive and
highly integrated systems ( Figure {), it is necessary to extend the composition of the most im-
portant attributes from 3-4 up to 9, and the general number of the important attributes - up to
12 or more. In the cheap category of systems the control-dependent attributes are predominated
over the quality/production services-dependent attributes. In the expensive category the latter
attributes move towards the top.

In order to switch from simple and costly systems to sophisticated and economically reason-
able systems (Figure 5) it is also necessary to extend the list of the most important attributes
from 5 up to 7-8, although an excessive extension might lead to raising costs. At the same
time, attempts to leave the most favorable CIM area of batch production in the use of mass-
production might have dramatic effects since the conventional reduction of cost could be offset
by the overhead cost due to unused or underused flexibility.

Summary

The strata scenario analysis is an application of knowledge-based expert systems to the inter-
pretation of results as well as motivations of the real strategic choices in the FMS-CIM field. By
incorporating strata profile knowledge into the analysis of CIM development, the use of available
information is intensified and a better understanding of the success/failure-related policies might
be achieved.
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STRATA PROFILES ‘" TYPE OF PRODUCTION "
Table 1
BATCH SIZE
PRODUCT VARIETY ‘ low 1-10 medium 10-6C high >60
high 60-5000 high flexibility
44 FMS cases 37 FMS cases
medium 10-60 medium flexibility
30 FMS casec 22 FMS cases 8 FMS casec
lew 1-10 low flexibility
7 FMS cases 24 FMS cases
STRATE PROFILES "ECONOMIC RATIONALITY"
Table 2
’ AVERAGE INVESTMENT PER MACHINE-TOOL “
DEG. OF INTEGRATION H; low < $1 mln. high > $1 mln.
cheap + simple expensive + simple
low 1 47 FMS cases 8 FMS cases
mid (cost+performance) expensive +
medium 2 29 FMS cases sophisticated
cheap + sophisticated 26 FMS cases
high 3 6 FMS cases 3

Table =

f CANONICAL LIST OF ATTRIBUTES

WM~ s W

Country
Industry

FMS type

Part type
Part size
Qutput volume

. Total number of machine-tools

. Percentage of machining centres
. FMS control system

. Machine-tool control system

. Tool change

. Quality control

. Scrap removal

. Degree of automation