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Foreword

This assessment culminates OTA’'S examination of the technical, economic,
and social issues surrounding the spread of programmable automation in manufac-
turing. Its genesis was a public workshop in 1981 on robotics that resulted in
the OTA Background Paper entitled Exploratory Workshop on the Social Impli-
cations of Robotics (February 1982). The assessment was requested by the Joint
Economic Committee, the Senate Committee on Labor and Human Resources,
the Senate Committee on Commerce, Science, and Transportation, and the Sub-
committee on Labor Standards of the House Committee on Education and Labor.
It was endorsed by the House Committee on Science and Technology. The assess-
ment looks not only at robots but also at related computer-based technologies
for design, production, and management.

The technologies of programmable automation, their uses, and future capabili-
ties are described in this report. The assessment goes beyond technology descrip-
tion to characterize the industries producing and using programmable automa-
tion and to discuss the ramifications of the technologies for industrial structure
and competitive conduct. It pays special attention to three labor-related areas:
the potential for employment change, effects on the work environment, and im-
plications for education and training. Preliminary work in those areas, including
conceptual discussions and background material, was published in the OTA Tech-
nical Memorandum entitled Automation and the Workplace: Selected Labor,
Education, and Training Issues (March 1983). Since the development and sale of
programmable automation have been international phenomena since at least the
1960's, comparisons between this country and others are made as far as data allow.

A wide range of sources contributed to this assessment. While OTA drew on
existing literature and conferences, it also developed its own information through
workshops on labor markets, programmable automation technologies, and pro-
g ammable automation (producer) industries; and through informal site visits and
consultations. Eighteen case studies, including 4 on the work environment and
14 on education and training programs, and a survey of education and training
activities commissioned for this assessment were particularly rich sources of data.
Case study material will be made available in a companion volume.

OTA is grateful for the assistance of the assessment advisory panel, workshop
participants, contractors, and many others who provided advice, information, and
reviews. The cooperation of individuals at case study sites, who accommodated
lengthy site visits and follow-up consultations, is especially appreciated. OTA
assumes full responsibility for this assessment, which does not necessarily repre-
sent the views of individual members of the advisory panel.

JOHN H. GIBBONS
Director
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Chapter 1
Summary

Computer technology offers new opportuni-
ties to enhance and streamline manufacturing
processes. Many industry observers believe
that computerized manufacturing automation
will help troubled U.S. manufacturers become
more productive and competitive. At the same
time, this new wave of automation is raising
concerns similar to those that accompanied
the first wave of automation technology in the
1950's and 1960's. Will the new technologies
put a significant number of people out of
work? Will their introduction “dehumanize”
the work environment for those who remain?
And how can the United States best prepare
its education and training system to respond
to the growing use of computerized manufac-
turing automation?

Though manufacturing automation tech-
nologies can be applied in a wide range of in-
dustries, the focus of this report is the applica-
tion of programmable automation (PA) in dis-
crete manufacturing-the manufacture of dis-
crete products ranging from bolts to aircraft.
Most traditional metalworking industries fall
in this category, although other materials (e.g.,
plastics, fiber composites, ceramics) are in-
creasingly important parts of discrete manu-
facturing as well. Discrete manufacturing
plants are often characterized by the quanti-
ty of a product which they produce, ranging
from mass production of hundreds of thou-
sands of products, to batch production of a few
dozen or a few hundred, to custom production
of a single item. Because of its ability to per-
form a variety of tasks, programmable auto-
mation is usually associated with batch pro-
duction. However, it has been used extensively
in mass production, and it could be useful in
custom production as well.

PA tools differ from conventional automa-
tion primarily in their use of computer and
communications technology. They are thus
able to perform information processing as well
as physical work, to be reprogrammed for a vari-

ety of tasks, and to communicate directly with
other computerized devices. PA is divided into
three general categories: 1) computer-aided
design; 2) computer-aided manufacturing (e.g.,
robots, computerized machine tools, flexible
manufacturing systems); and 3) computer-aided
techniques for management (e.g.,, management
information systems and computer-aided plan-
ning). When used together in a system with
extensive computer-based coordination, these
tools are known as computer-integrated man-
ufacturing.

Three principal themes have emerged from
OTA'S study:

1. Programmable automation is an impor-
tan; and powerful set of tools, but it is
not a panacea for problems in manufac-
turing. In part because of historic U.S.
strengths in manufacturing, and because
the prestige of manufacturing engineer-
ing is low relative to other engineering
fields, U.S. companies have devoted rel-
atively little effort to improving manufac-
turing processes in the past few decades.
This neglect must be remedied in order to
realize the full benefits of PA. In addition
to using automation, other steps that
need consideration by management in-
clude redesigning products for more effi-
cient production, minimizing inventory
levels, and improving job design and labor
relations.

2.The change in national employment in-
duced by programmable automation will
not be massive in the near term (i.e., the
remainder of the 1980’s). Although the
rate of application is accelerating, aggre-
gate use will still be relatively limited for
the rest of this decade. Also, the capabili-
ties of PA remain immature. Depending
on macroeconomic conditions, use of auto-
mation can increase without significant
growth in national unemployment. How-
ever, PA will exacerbate unemployment
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problems for individuals and regions. The
potential long-term impact of PA on the
number and Kind of jobs available is enor-
mous, and it is essential that the Federal
Government, educational institutions,
and industry begin to plan with these con-
siderations in mind.

3. The impact of programmable automation
on the work environment is one of the most
significant, yet largely neglected issues. De

pending on how it is designed and used,
PA can substantially change the nature
and organization of the manufacturing
workplace, and consequently influence
levels of job satisfaction, stress, skills,
and productivity. The Federal Govern-
ment has traditionally had a role in work-
place concerns, and could take action to
help ensure that the work environment ef-
fects of PA are favorable.

Principal Findings

The Technologies

This report emphasizes five of the PA tech-
nologies. Computer-aided design (CAD) in its
simpler forms is an electronic drawing board
for draftsmen and design engineers. In its
more sophisticated forms CAD is the core of
computer-aided engineering, allowing engi-
neers to analyze a design and maximize a prod-
uct performance using the computerized rep-
resentation of the product.

Industrial robots are manipulators which
can be programed to move objects along vari-
ous paths. Though robots receive a great deal
of popular attention, they are only a small part

Photo credit C/nc/rtnat/ Mi/acron Corp.

An engineer using a computer-aided design system

of the family of PA tools. Numerically con-
trolled (NC) machine tools are devices that cut
or form a piece of metal according to pro-
gramed instructions about the desired dimen-
sions of a part and the steps for the process.
Flexible manufacturing systems (FMSS) com-
bine a set of workstations (usually NC machine
tools) with robots or other devices to move ma-
terial between workstations, and operate
under central computer control. Finally, the
use of PA tools for design, manufacturing, and
management in an integrated system, with
maximum coordination and communication
between them, is termed computer-integrated
manufacturing (CIM).

The advantages of PA for management lie
primarily in its ability to facilitate information
flow, coordinate factory operations, and increase
efficiency and flexibility. Further, the technol-
ogies promise an increase in management de
gree of control over operations. The more close
ly tied manufacturing processes are to one
another, and the more information about those
processes is readily available, the less chance
there is for human error or discretion to cause
problems. However, this drive toward in-
creased control can also reduce opportunities
for constructive worker input and degrade the
work environment.

Each of these technologies is in a relatively
early stage of development, and even earlier
stages of application. Robotics is well estab-
lished only for spot welding, spray painting,



and some materials handling uses; NC ma-
chine tools and CAD are somewhat more ma-
ture technically, although there are still many
unsolved problems. FMS and CIM are very
young; virtually every application is a proto-
type. As systems, their potential benefits and
problems are much greater than those of
stand-alone automation equipment. Because
of their complexity, the implementation of in-
tegrated automation systems requires exten-
sive planning and support.

Though current technology is adequate for the
vast majority of near-term uses, the level of pen-
etration of PA into possible applications is rel-
atively low. Technical factors that tend to slow
the rate of adoption of PA technologies include
its complexity, the lack of standard program-
ing languages and interfaces between PA de-
vices, and problems in “human factors” (es-
sentially, the system’s ease of use). A wide
variety of nontechnical factors also affect the
use of PA, including the availability of capital
and know-how, organizational resistance to
change, and the availability of appropriate ed-
ucation and training programs.

For various reasons, most manufacturers
choose to apply automation in a stepwise fash-
ion, beginning perhaps with one or a small
number of robots, CAD terminals, or NC ma-
chine tools. Though in many cases these
“islands of automation” can result in produc-
tivity and quality improvements, the full ben-
efits of PA are only realized when these de-
vices are connected into an integrated system.
Such integrated systems are more than the
accumulated substitution of PA tools for
human workers or for other machines; they
often involve redesigning the product or
streamlining the production process itself to
best make use of PA. Because an integrated
system can produce more products more
quickly than other manufacturing schemes,
manufacturers can reduce their investment in
finished product and work-in-process inven-
tories. These and other materials savings are
often more significant than labor savings in the
use of programmable automation systems.
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Researchers are working to increase the ver-
satility and power of PA tools, to enhance
their capability to operate without human in-
tervention, and to develop the ability to in-
tegrate the tools. While there has been prog-
ress in virtually all key technical areas, the
problems are sufficiently numerous and com-
plex to keep researchers busy for many years
to come. An analysis of expected trends in the
technologies indicates, however, that many im-
portant technical advances in programmable
automation are expected in the 1990's (see table
1).

Though there is much discussion of “un-
manned factories, ” experts differ about wheth-
er the removal of virtually all humans from the
manufacturing process is necessary or desir-
able. Some express concern that manufactur-
ers will be preoccupied with removing humans
from the factory floor at the expense of more
practical and cost-effective improvements in
manufacturing processes. In any case, each
factory has peculiar characteristics which call
for different levels of automation. For some
factories it has been possible to run machine
tools at night with only one person in a con-
trol room. For at least the next 10 to 15 years,
discrete manufacturing factories operating with-
out production workers (i.e., with only a few
managers, designers, and troubleshooters) will
be only a remote possibility.

Employment Effects

Programmable automation is not likely to
generate significant net national unemploy-
ment in the near term, but its use may exac-
erbate regional unemployment problems, es-
pecially in the East North Central and Middle
Atlantic areas where metalworking industries
are concentrated.

The level of automation in manufacturing
is one of many factors that influence industrial
employment. In particular, it should be recog-
nized that employment in an industry is a strong
function of the volume of production. Technol-



6 . Computerized Manufacturing Automation: Employment, Education, and the Workplace

Table 1 .—Programmable Automation: Selected Projections for Solution of Key Problems
(excerpts from tables 11-15-of full report)

Current (1984)

1985-86 1987-90 1991-2000 | 2001 and beyond

1) Low-cost, powerful microcomputer-based
workstations for:*
a) electronics design . . . . ... ... ... A
b) mechanical design . . ..............
2) 3-D vision in structured environments
which have been planned to simplify the
visiontask . . ... ... oL
3) 3-D vision in unstructured complex
environments which have not been
planned to simplify the vision task . . . . . .
4) FMS for?®
a) cylindrical parts production . . . ... ..
b) sheet metal parts production . . ... ..
¢) 3-D mechanical assembly . . ... ... A
d) electronics assembly. . .. ..........
5) Standardization of interfaces between
wide range of computerized devices in an
integrated factory . . . ........ . ... . ...
6) Computerized factories which could run
on a day-to-day basis with only a few
people in management. design functions .

A

aMicrocom buter-based workstations for CAD are now being marketed, but in the iudament of technici experts consultec y OTA, they are either not powerful enough

and/or not inexpensive ennunh to be useful i n a wide variety of applications, *

baimost allFMss currently running are used to machine prismatic parts (e.g., eﬁgine blocks), which are those whose outer shape consists primarily of flat surfaces
The projections in this entry refer to FMS for quite different applications: a) machining of cylindrical park, such as rotors and driveshafts (or “parts of rotation, "
in machining jargon, since they are generally made on lathes); b) stamping and bending of sheet metal parts, such as car body panels; c) assembly (as opposed to
fabrication of individual parts) of three-dimensional products, such as motors, and d) assembly of electronic devices, such as circuit boards While machines currently
exist for automatic insertion of electronic parts into circuit boards, an electronics FMS would integrate the insertion devices with soldering and testing equipment

A = solutionn laboratories.
e - first commercial applications

e = solutionwidely and easily available (requiring minimal custom engineering for each application)

SOURCE’' OTA analysis and compilation of data from technology experts

ogy is a secondary influence that governs the
mix of people, equipment, and materials
needed to produce a given amount of product.
Hence, although PA is labor-saving, the aggre
gate number of jobs in an economy must be
examined in the context of overall economic
conditions. These conditions include short-
term business cycles as well as long-term
shifts in the strengths and structures of dif-
ferent industries, plus levels of imports and
exports. Thus, the favorable effects of PA on
industrial competitiveness may help to in-
crease demand for labor or help to avert job
losses that could occur in its absence.

Evaluating the employment effects of PA
poses serious analytical problems. There are
shortcomings in current approaches for this
analysis, and data available support only infer-
ences as to the general directions of likely oc-
cupational and industry employment change.

Employment change will depend on a series
of complex effects on jobs. Those effects will
be realized as changes in the tasks that peo-

ple will do, changes in the requirements for
skill, and changes in the ways managers aggre
gate tasks into jobs and assign them to peo-
ple trained for different occupations. The scope
of change may be neither obvious nor imme-
diate, because PA will often be accompanied
by significant transformations of manufactur-
ing organization, production processes, and/or
product design. The more extensive such
transformations, the broader the set of peo-
ple affected by the introduction of PA, and the
harder it is to attribute employment effects
to PA, per se.

Change in skill requirements will often re-
flect a shift from manual to mental work. In
many cases, PA will lower the time required
for people to become proficient at a task, and
it may lower the amount of judgment needed.
At the same time, it may lead to a requirement
for general knowledge of several tasks, broad-
ening the mix of skills needed. For example,
it is likely that PA maintenance personnel will
need to know how to solve mechanical, elec-
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trical, and electronic problems rather than one
class of problems alone.

The fewer the tasks comprising a job, the
more likely it is that programmable automa-
tion can eliminate the need for a given job. For
example, spot welders who only do spot weld-
ing, are more likely to be displaced by spot-
welding robots than if they do other tasks as
well. However, PA offers new potential for
combining diverse tasks into jobs instead of
fragmenting work into narrowly defined jobs,
as has historically been associated with mech-
anization. It raises the prospect of a tradeoff
between larger numbers of narrowly defined
jobs and smaller numbers of more broadly
defined jobs.

A major influence on employment is the sup-
ply of labor, which will grow more slowly dur-
ing the next decade or so, in large part because
of slower growth of the population and an in-
crease in the average age. The supply of
younger workers will decline, diminishing com-
petition for entry-level jobs, while the propor-
tion and number of primeage workers (25 to
54 years) will grow.

From early indications, it appears that PA
will cause the following broad, long-term
trends in occupations:

e demand for engineers and computer scien-
tists, technicians, and mechanics, repairers,
and installers on the whole will rise—
although specific occupations (e.g., draft-
ers) will face diminishing opportunities;

¢ demand for craftworkers (excluding me-
chanics), operatives, and laborers-especial-
ly the least skilled doing the most routine
work—will fall;

* demand for clerical personnel will fall; and

¢ demand for upper-level managers and tech-
nical sales and service personnel will rise,
although lower- and middle-management
opportunities among users of PA may
fall.

Table 2 lists 1980 levels of employment for oc-
cupations most likely to experience changes
in demand. Taken together, these effects sug-

gest major shifts in the occupational mix of
manufacturing industries, especially metal-
working. Overall, the salaried or white-collar
work force will constitute a larger proportion of
manufacturing employment, although it is not
clear how much their ranks will grow in abso-
lute terms. PA producers especially are like-
ly to employ relatively few production person-
nel; their situation may signal future patterns
among other firms and industries. Conse-
quently, there will be few opportunities for peo-
ple displaced from other manufacturing indus-
tries to move into jobs among producers of auto-
mated equipment and systems.

In many ways, the shifts in occupations will
not be straightforward. Some skills may only
be required temporarily, after technology has
been introduced but before further automation
is achieved. For example, when automated
equipment is used in isolated applications,
there may be many needs for programing. But,
the integration of design with process plan-
ning and production systems reduces the need
for programing, as does the development of
standard, easy-to-use software packages.
These “short-term” phenomena may persist
for many years, making it hard to plan for
long-term employment change.

The effects of PA on compensation patterns
are ambiguous, partly because numerous other
changes are occurring in the economy. Over
the past decade, there appears to have been
an erosion of medium-wage jobs, and cluster-
ing of jobs at both high- and low-wage levels.
Analysts attribute this in part to the prolif-
eration of low-wage service jobs, and in part
to growing separation of administrative and
production functions in manufacturing. PA
will likely stem the latter trend by helping to
integrate administrative and production activ-
ities. Other developments, such as slower
growth in the labor force participation of
women (who filled the bulk of the new, low-
paying service jobs created in the past decade),
may also serve to alter past trends.

Finally, compensation patterns will depend
on the length of the average work week. When-
ever it appears that there may not be enough
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Table 2.—1980 Employment for All Manufacturing Industries,
Selected PA-Sensitive Occupations

Long-term direction

Number Percent of change
Engineers . . ...... ... . .. 579,677 2.85 +
Electrical ... ....... ... ... ... .. . .. 173,647 0.85 +
Industrial .. ........ ... . . 71,442 0.35 +
Mechanical . .. ......................... 122,328 0.60 +
Engineering and science technicians . . . . . . 439,852 2.16 +
Drafters .. ... 116,423 0.57 -
NC tool programmers. ... ................. 9,371 0.05
Computer programmers . .. ................ 58,622 0.29 -
Computer systems analysts . . .. .......... 42,404 0.21 +
Adult education teachers . . .. .............. 5,165 0.03 +
Managers, officials, and proprietors. . . . ... .. 1,195,743 5.87 ?
Clericalworkers . ... ... ... 2,297,379 11.28 -
Productionclerks . .. ................... 139,947 0.69
Craft and related workers. . .. .............. 3,768,395 18.51 -
Electricians. . .. ....... ... ... .. 126,001 0.62 +
Maintenance mechanics and repairers . . . . 391,524 1.92 +
Machinists, tool and die makers . . ... ... .. 356,435 1.75
Inspectors and testers . . . . .............. 538,275 2.64
Operatives. . . . ... 8,845,318 43.44
Assemblers . ........ ... ... o 1,661,150 8.16
Metalworking operatives . . .. ............ 1,470,169 7.22
Welders and flamecutters . . . ... ... .... 400,629 1.97
Production painters. . .. ............... 106,178 0.52
Industrial truck operators . . . ............. 269,105 1.32
Nonfarm laborers . .. ...................... 1,576,576 7.74
Helpers, trades. . .. ..................... 100,752 0.49
Stockhandlers, order fillers . . . . .......... 104,208 0.51
Work distributors . . . ........ ... oL 16,895 0.08
Conveyoroperators . . . ......ooiin e 31,469 0.15

NOTE Data pertain lowage and salary workers

SOURCE Bureau of Labor Statlsttcs “Employment by Industry and Occupation, 1980 and Projected 1990 Alternatives, " un.

publlshed data

jobs, or enough well-paying jobs, to occupy
job-seekers, it is often proposed that average
work hours be reduced to allow more people
to hold jobs. However, the average work week
cannot necessarily be reduced without lower-
ing the real wages per employee.

In light of the attention given to the Japa-
nese, who use PA extensively and who have
expanded production, it is instructive to see
how their work force has been affected. Japa-
nese companies have displaced labor, but
displacement has often been masked by shift-
ing relationships between manufacturers and
suppliers, and by selective layoffs that affect
primarily female, middle-aged, and older per-
sonnel.

Work Environment

Application of computers to the manufac-
turing workplace offers a range of options for
organizing work in ways that will enhance the
workplace. PA, in particular, provides the po-
tential to achieve a better balance between the
economic considerations that determine tech-
nological choices and the social consequences
of those choices in the workplace. Although
historically U.S. manufacturers have tended to
place a lower priority on work environment
issues, there is a growing awareness among man-
ufacturers that attention to the work environ-
ment ultimately has payoffs in productivity.
Work environment issues may become more
important to the public, meanwhile, as chang-
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ing employment patterns reduce the opportu-
nities for personnel to move out of unsatisfac-
tory manufacturing jobs into others.

The various forms of PA have both positive
and negative effects on the safety and health
of workers. The introduction of programmable
automation will create new situations, or per-
petuate old ones, that have negative psycholog-

ical effects on the work force. Two of the prin-
cipal effects are boredom and stress. Boredom
and stress in the automated workplace can re-
sult from the characteristics of the design of
the technical system and work organization,
as well as from such factors as lot size and the
nature of the product manufactured. In sites
visited for OTA work environment case stud-
ies, it was evident that both FMSS and NC

Phofo credit Cic Mitacron Corp

A “machining cell, consisting of computerized robots and machine tools, manufactures printing press parts
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machine tools can cause boredom when there
is no immediate need for operator intervention
and application of problem-solving skills. In
addition, skilled NC operators who did not
write programs reported that operating an NC
machine was significantly less challenging
than operating a conventional machine.

Work-related stress is a significant feature of
computer-automated workplaces. Stress is asso-
ciated with working on very complicated, ex-
pensive, and highly integrated systems, and
with lack of autonomy at work, extending in
some cases to computerized monitoring by
management. The combination of the complex-
ity of the system and the pressure to minimize
downtime because of the high cost of lost pro-
duction adds up to substantial stress for some
maintenance workers. Although each situation
is different, excessive boredom and/or stress
can often degrade the productivity of individ-
ual workers.

On the other hand, the introduction of pro-
grammable automation tends to have a favor-
able impact on the physical surroundings of
work. For instance, robots are amenable to
hazardous tasks in environments that are un-
pleasant and unhealthy for workers. However,
certain precautions are necessary to avoid
potential new safety hazards. In response to
concerns about robot safety, groups in the
United States, Western Europe, and Japan are
providing guidelines for the safe use of robots.

Since the introduction of PA will increase
the number of workers using video display ter-
minals (VDTS) and reduce the number operat-
ing production machinery, the concerns that
are currently being raised about potential
VDT hazards apply to a whole new set of
workers, including CAD operators. Although
there is no evidence that VDTS emit unsafe
levels of radiation or that VDT use is hazard-
ous to vision, increased stress levels due to
prolonged use of VDTS have been reported,
and further study of the long-term effects of
VDT use is necessary.

Overall, the potential physical hazards appear
to be more amenable to solution than some of

the psychological ones because they are more
easily recognized and less subject to the subtle-
ties of individual personalities. The relief of
such symptoms as boredom and stress is more
difficult, because they are not well understood
and are often complicated by other factors not
related to the workplace. Depending on how
tasks are arranged and jobs designed, program-
mable automation has the potential to decrease
the amount of autonomy, control, and challenge
available to the worker, or it can increase vari-
ety and decisionmaking opportunities.

Management’s strategies and motivations for
introducing programmable automation are key
in determining its impacts. In addition, the na-
ture of labor-management relations will affect
the implementation of new technology and its
consequences for the work environment. In
work environments that are-becoming more
and more automated, management is likely to
seek increasing flexibility in deploying work-
ers. This will be reflected in collective bargain-
ing demands from management for changing
work rules, in return for union demands for
such employee benefits as job security. For-
mal labor-management cooperation in solving
workplace problems has been growing in the
United States. Where successful, these partic-
ipative arrangements are likely to have a pos-
itive influence on the effects of new technology
in the workplace, especially in the areas of job
design, changing skills, and training.

In Europe and Japan, mechanisms for deal-
ing with workplace concerns have generally
been applied to the introduction of new tech-
nology. In many cases laws specify how such
introduction is to be handled. For example, the
laws of West Germany, Norway, and Sweden
provide for worker involvement in technolog-
ical change, and labor is routinely represented
on corporate boards. It is important, however,
to point out that the culture and traditions of
Europe and Japan regarding attitudes and
practices in the workplace differ from those
of the United States, especially in the area of
labor-management relations. These differences
limit the transferability of foreign practices.
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Education, Training, and
Retraining Issues

Programmable automation is one of a num-
ber of forces that will reshape instructional
services in the United States in the years
ahead and create new demands for high-qual-
ity education, training, and retraining pro-
grams, as well as career guidance, job counsel-
ing, and placement services.

A prerequisite of PA-related instruction of all
types is a strong foundation of basic skills-par-
ticularly reading, science, and math. The high
level of functional illiteracy in the United States
population is a major barrier to development of
PA-related skills. Basic skills deficiencies have
already surfaced as a problem in retraining
some displaced manufacturing workers for
jobs working with PA.

Analytical and problem-solving skills are in-
creasing in importance for some skilled trades
personnel and technicians, as well as other
occupational groups common to automated
facilities. Many who work with PA find them-
selves using conceptual skills more than motor
skills. However, it is uncertain to what extent
PA will require a substantial increase in the
aggregate level of problem-solving and concep-
tual skill. As noted earlier, choices for im-
plementing the technology can result in wide
variations in worker input and control, and
consequently a range of skill requirements.

Development of multiple skills and the “cross-
training” of workers to perform a variety of
functions on the shop floor are emerging instruc-
tional requirements for automated facilities,
although not reflected as yet in many estab-
lished instructional programs. Beyond acquir-
ing a familiarity with PA, engineers in auto-
mated facilities need to develop an under-
standing of the entire design-to-manufacturing
process and of how computerized equipment
may be integrated with other machines and
people for maximum efficiency and productivi-
ty. Continued industry pressure for more ef-
fective technical managers may well lead to
greater emphasis on the development of man-

agement skills in industrial engineering and
computer science education programs.

There is an immediate need for retraining and
job counseling programs geared to the unique
needs of displaced workers. In the past, many
programs for displaced workers have failed to
assess their existing competencies and provide
opportunities to strengthen basic skills. As a
result, participation rates have been low and
dropout rates high in such retraining
programs.

Ongoing changes in workplace skill require-
ments attributable to programmable automa-
tion and other factors point to the need for ef-
fective education and career guidance services
for youth and adults. Individuals need access
to current, reliable labor market information
in order to make informed career choices and
to pursue appropriate avenues of occupational
preparation. The potential for frequent job
change within the same economic sector or
across sectors suggests that the numbers of
adults seeking job counseling and placement
assistance will increase dramatically in the
years ahead. At present, there are few programs
that provide these kinds of education and career
guidance services to youth and adults on an
ongoing basis.

While some institutions and organizations
are providing PA instruction that addresses
current skills requirements of computer-auto-
mated facilities, there are as yet no standard
approaches to curriculum. A common charac-
teristic of successful programmable automation
instructional programs examined by OTA was
close cooperation and collaboration among
educators, industry, labor, and government in
assessing needs, developing curricula, and other
activities.

On the whole, the U.S. instructional system
may not now be able to accommodate the poten-
tial demand for PA-related skills, which may in
turn affect the rate of growth in PA applica-
tions. Shortages of technical instructors, state
of-the-art equipment and other resources are
major problems for all segments of the instruc-
tional system, including industry-based educa-
tion and training.
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Programmable Automation Industries

While PA industries vary in size, there ap-
pear to be several hundred vendors in all. PA
firms range from small companies supplying
products to meet specialized market niches,
to automation “supermarket” firms that of-
fer multiple forms of PA. Many PA vendors
are so-called turnkey firms, which package
components made by different companies with
software and other features into standard or
customized systems. Small, innovative firms
have played a key role as PA producers.

CAD, NC, robots, and other PA equipment
and systems are sold by industries that are
more or less separate. NC is the oldest and
largest industry, dating from the 1950's.
While CAD and robots were available by the
1960's, significant markets for them did not
emerge until the 1970’s. Markets for other PA
products also began to flourish in the 1970's.

Although they grew slowly during the
1960's and early 1970's, programmable auto-
mation markets grew rapidly in recent years and
are expected to continue to do so. Hence, it is
hard to describe firms and industries in endur-
ing terms. Moreover, as individual companies
expand their product offerings and move to
offer complementary products, a market for
CIM may emerge. No one yet sells “CIM” as
a total product, and some in industry contend
that users are still pioneering the concept.

PA firms will affect the economy through
their relationships with other industries as
well as through their role as employers. Much
of their economic impact will be realized in-
directly, since their principal customers are
other businesses that may use PA to improve
their own performance. Programmable automa-
tion industries are likely to become increasingly
important to the industrial base and national
security of the United States, because of increas-
ing dependence on programmable automation
both to enhance manufacturing productivity
overall and to manufacture defense equipment.

Competition among PA firms tends to cen-
ter on software and customer services rather
than on hardware features. This reflects

growth in sales of PA systems (as opposed to
single pieces of equipment). Indeed, PA ven-
dors often rely on outside sources of hardware.
They are offering a growing number of pre-
and post-sale services, including applications
engineering, training, maintenance, and soft-
ware updates.

Programmable automation industries are
characterized by high levels of interchange be-
tween firms. Licensing, outsourcing, mergers
and acquisition, limited equity investments,
and joint ventures are common, and often oc-
cur between firms from different countries. In
this regard, PA industries are similar to the
overall information-processing and electronics
products industries. It is likely that vertical
integration will continue to be limited and co-
operative arrangements will continue to be
made because new products are increasingly
complex, product changes occur rapidly, and
product development costs are growing. In the
long term, however, international cross-fertili-
zation may abate in favor of direct foreign
investment.

In the near term, the growth of domestic pro-
ducers of PA depends on whether domestic eco-
nomic conditions are favorable to investment,
and on the ability of US. managers to justify
the necessary investments. Anticipated reduc-
tions in PA costs and growing understanding
among managers of the potential benefits and
costs of PA are likely to make companies in-
creasingly receptive to PA. In the long term,
competition from foreign firms in domestic and
foreign markets may constrain the growth and
size of programmable automation industries.
Companies from many countries, often sup-
ported by foreign governments, have been in-
volved in PA development and production
since the 1960's, and many countries consider
PA industries important features of their
economies.

Research and Development

Both industry and government fund a broad
range of research and development (R&D) in
programmable automation. This work is un-
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dertaken in industry, university, and govern-
ment laboratories.

Total Federal funding of automation R&Din
fiscal year 1984 is budgeted at approximately
$80 million through four primary Government
agencies—the Department of Defense (DOD),
the National Aeronautics and Space Admin-
istration (NASA), the National Science Foun-
dation (NSF), and the National Bureau of
Standards (NBS) (see table 3). R&D at both
DOD and NASA is strongly mission-oriented
(directed toward a particular agency goal), and
it has limited applicability to commercial man-
ufacturing. More generic or basic work is con-
ducted through NSF and NBS.

DOD’s Manufacturing Technology Program
budgeted approximately $56 million in 1984
for work on automation technologies that
could save money in defense manufacturing.
Two other agencies within DOD, the Defense
Advanced Research Projects Agency (DARPA)
and the Office of Naval Research (ONR),
budgeted approximately $8 million for re-
search in PA technologies for ultimate use in
both defense manufacturing and battlefield
applications. Though DOD work in program-
mable automation is not intended to be widely
applicable to commercial manufacturing, DOD
sets themes for technology development in pro-
grammable automation. It serves as an informal

Table 3.— Federal Funding of Research and
Development in Programmable Automation,
Fiscal Year 1984 (dollars in millions)

Military agencies:
Manufacturing Technology (ManTech)

Program ... . . . . . ... .. ... .... $56.00
Defense Advanced Research Projects
Agency (DARPA) . . . ............. 3.50
Office of Naval Research (ONR) . . . . . 4.10
Military subtotal . . . . . ... ......... $63.60
Civilian agencies:
National Bureau of Standards (NBS). . . . .. $3.85
National Aeronautics and Space
Administration (NASA) . . ............. 5.90
National Science Foundation (NSF) . . . . 6.90-9.20
Civiian subtotal . . .. .............. $16.65 -18.95
Total Federal funding . . ................... $80.25 -82.55

SOURCE Off Ice of Technology Assessment

coordination point for Government agencies and
defense industries.

NASA'’s automation research concentrates
on robotic tools for use in space. The research
program is small and focused on technologies
that are very sophisticated by commercial
standards, though there are occasional spin-
offs to commercial manufacturing.

NSF plays a small but important role in
funding basic research in PA. The Production
Research Program at NSF focuses on automa-
tion technologies, while at least a dozen other
programs within NSF fund automation-re-
lated research to some degree. Total funding
for 1984 is estimated to be about $7 million
to $9 million.

NBS has a rather unique role in automation
R&D in that it is the Government’s primary in-
house laboratory for such work. NBS pursues
automation R&D in standards (e.g., standard-
ization of programing languages and standard-
ization of interfaces between computerized
tools), metrology (measurement of parts using
computerized devices), and schemes for inte-
grated manufacturing. NBS' Automated Man-
ufacturing Research Facility, funded largely
through DOD, is perhaps the only full-scale test-
ing facility for CIM in the United States.

Estimates of CAD, robotics, and machine tool
industry funding of automation R&D range
from $264 million to $400 million in 1983, and
they grow rapidly in the future as the industries
expand. There is evidence of increased coopera-
tion between industries and universities in the
conduct of automation R&D. In particular,
university-industry centers for R&D in pro-
grammable automation are proliferating.

The United States continues to be a world
leader in many areas of R&D, including comput-
er-aided design, software in general, and virtu-
ally all areas of basic research. Japan has de-
veloped substantial sophistication in many
areas of robotics R&D, while Japan and West
Germany are both strong in machine tool re-
search. Both Japan and Western European
countries also do significant research regard-
ing manufacturing integration problems.
Western European countries, notably Sweden
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and West Germany, conduct substantial re-
search in work environment issues, while these
issues receive only minimal attention in the
United States.

International Policy Comparisons

All of the major industrialized nations sup-
port the development and use of PA to some
extent. However, the lack of accurate, up-to-
date information about the details of foreign
government programs makes speculation
about their effectiveness extremely risky.

Historical differences in national character-
istics have strongly affected PA use interna-
tionally. For both Japan and Western Euro-
pean countries, these characteristics include
a greater concern for cost reduction—presum-
ably due to greater dependence on export mar-
kets, and to higher energy, materials, and
capital costs than those in the United States
prior to the 1970’s. These factors have led to
greater concern abroad for manufacturing
processes with less materials waste, better
product design, and low-cost production. The
fact that the United States now faces similar
constraints and a more competitive interna-
tional environment is motivating U.S. manu-
facturers to focus more closely on manufactur-
ing processes.

Government involvement in automation in
Japan is substantial, but it is less monolithic
than many believe. The influence of Japan’s
Ministry of International Trade and Industry
(MITI) on Japanese industry is ebbing,
although MITI continues to develop long-term
plans for technological development and to
target certain areas of technology for particu-
lar attention, such as robotics and microelec-
tronics. Private industry expenditures com-
prise a greater percentage of total R&D
spending in Japan than in any other country,
in part due to the near absence of Japanese
Government R&D in defense. The Govern-
ment has, however, played a substantial role
in encouraging application of new technologies
in small and medium-sized firms and in facili-
tating cooperative efforts among PA produc-
ers and users.

Like the United States, the West German
Government has no systematic industrial pol-
icy. It has played a large role in encouraging
private industry investment, however, and has
allocated large sums to semiautonomous re-
search institutes and consortia which perform
R&D related to manufacturing. In addition,
the Government has established an Advanced
Manufacturing Technologies Program to pro-
mote the riskier forms of innovation in this
sector. Though the use of automation technol-
ogies in West Germany is not as extensive as
in the United States or Japan, the West Ger-
mans have characteristically good govern-
ment-labor-management relations which facil-
itate the introduction of new technology.

Sweden and Norway have recently begun to
devote resources to PA in order to bolster eco-
nomic growth. These countries are strong in
robotics, work environment research, and edu-
cation and training programs.

The French Government has a firm com-
mitment to faster development and diffusion
of PA, linking Government support to broad-
based plans for restructuring French indus-
tries. Despite the availability of Government
funds and loans, however, industry has not
participated in Government programs to the
extent anticipated.

Although the British Government is less in-
volved in domestic industry than the Japanese
or French, the United Kingdom has developed
a set of “schemes” to promote investments in
PA. These include loans and grants for con-
sultants to help develop automation, and vari-
ous mechanisms for support of industry and
university R&D.

Italy has no overall industrial policy, al-
though it promotes private investment in its
underdeveloped southern regions. In addition,
Italy is rapidly becoming a major producer of
robots, and leading Italian firms have pio-
neered new applications.

Canada and the Netherlands have begun to
promote PA to further economic growth. They
have fledgling R&D programs and mecha-
nisms for encouraging application of PA.
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Implications for Federal Policy

The overarching policy question that emerges
from this assessment is, “Should there be a na-
tional strategy for the development and use of
programmable automation?” The opportunities
and problems posed by PA are interconnected.
Successful policy regarding PA must therefore
mesh actions in several areas, something that
can only be achieved through a multifaceted
strategy. Further, the current uses and im-
pacts of PA are a fraction of what they are ex-
pected to be in the long term. Thus, there is
an opportunity for anticipatory Federal policy.

The principal issues which motivate interest
in new policymaking include the relative im-
maturity of the technologies and lack of ex-
perience in their application; the fact that
other countries are stimulating development
and use of PA; the risk of unemployment
growth as a result of PA use, both regionally
and nationally; the risk of adverse effects on
the psychological aspects of the work environ-
ment; and the ramifications of PA for educa-
tion, training, and retraining.

A policy strategy for PA would have to bal-
ance the interests of a large and diverse group
of stakeholders:

« The developers and producers of PA are
primarily concerned with funding and fa-
cilities for R&D, as well as general eco-
nomic policies which affect markets for
the technologies.

« The users of PA focus on competition in
their product markets. While they tend
to resist government intervention in pro-
duction and personnel areas, they call for
improvements in tax and trade laws and
other policies which influence the business
climate.

+ Members of the labor force care about
whether they can get and keep jobs, what
kind of jobs are open to them, and their
relations with management. While ap-
proximately 20 percent of the labor force
is represented by labor organizations, the

bulk of the working population has no
focused way to articulate its concerns.

+ Communities and State and local govern-
ments are particularly concerned about
economic development and maintaining
their employment base.

+ Educators and trainers are concerned
about the funding, equipment, and facili-
ties available to them, as well as making
curricula responsive to new technologies
and skill needs.

+ Finally, the Federal Government has
broad-interests in the development and
application of PA, including its use for
building defense equipment, as well as its
effect on productivity, economic growth,
employment, and occupational safety and
health.

Policy Strategies

If the Federal Government chooses to coor-
dinate activities in areas of technology develop-
ment and use, employment, work environment,
and instruction, it can pursue one of four basic
strategies:

1. laissez-faire—a continuation of current
policies;

2. technology-oriented-emphasis on program-
mable automation development and use;

3. human resource-oriented-upfront attention
to education and training, work environ-
ment, and job creation; or

4. both technology- and human resource-
oriented.

The principal uncertainties clouding projec-
tions are the rate of advance of the technolo-
gies, and the relative success of efforts abroad
to develop and apply PA and to increase sales
penetration in domestic and foreign markets.
The state of the economy is also a major and
uncertain influence.

The principal arguments for a laissez-faire
strategy are that additional Federal involve-
ment may not be necessary for effective use



16 . Computerized Manufacturing Automation: Employment, Education, and the Workplace

of PA, and that it may be too early in the ap-
plication of PA to assess appropriate Federal
actions. The disadvantages of this strategy are
the risk that other countries may adopt and
benefit from PA faster than the United States,
and the risk of losing an opportunity to adopt
policies that could not only maximize the ef-
fective use of PA but also minimize negative
social consequences.

A technology-oriented strategy—bolstering
R&D as well as encouraging applications of
the technologies-could help avert a decline
in industrial output and employment caused
by competitive losses to foreign industries.
Other advantages of such a strategy are that
it would help ensure U.S. technological superi-
ority, and it could bolster national security by
maintainingg a sound industrial base. However,
even if greater use of PA were a decisive com-
petitive aid to U.S. firms, a strictly technolo-
gy-oriented strategy could aggravate unem-
ployment and work environment problems, as
well as strain the capacities of education and
training systems. The postponed costs of a
technology-oriented strategy, particularly for
assisting displaced workers, may offset some
of the potential economic benefits of such a
plan.

A human resource-oriented strategy would in-
volve upfront investment in evaluating skill
requirements, tailoring education, training,
and retraining programs, and conducting re-
search in relevant work environment and edu-
cational impacts of PA. Such a strategy could
stabilize or diminish future adjustment
assistance spending, and could prevent work
environment problems. While human resource
development can facilitate the use of PA and
otherwise improve productivity, its effects on
industrial output levels may be less evident
than the effects of technology-oriented policy.
The major disadvantage of a primarily human
resourceoriented strategy is that it might not
improve productivity or competitiveness
enough to offset trends in other countries. As
in the laissez-faire strategy, the United States
would run the risk of a further erosion in in-

the risk of a further erosion in industrial out-
put levels and loss of technological superiority.

A combined technology- and human resource-
oriented strategy could ensure technology
development and increased competitiveness
while minimizing social fallout. It would recog-
nize the complementary contributions of
equipment and of people in production, and
help assure that human impacts are explicit-
ly considered in PA development and use. The
disadvantages of such a combined approach
include the administrative and legal burdens
of coordinating a wide range of Federal activ-
ities.

Specific Policy Options
Technology Development and Diffusion

Existing Federal policy toward manufactur-
ing technology is piecemeal at best. In the area
of R&D, four agencies with distinctly different
mandates fund automation research, although
only a small portion of this work has general
applicability for commercial manufacturing.
Only in the area of defense procurement is
there a concerted Federal effort to coordinate
product and process technology development
and application.

Option: Fund Research and Develop-
ment. —Congress could act to increase PA
R&D by influencing both the overall level of
funding and its distribution to various agen-
cies and research topics. The current environ-
ment for PA R&D is relatively healthy. How-
ever, funding for more long-term, generic
research in nonmilitary application areas is
relatively thin. Since the bulk of federally
sponsored R&D is centered on military appli-
cations, Congress may wish to raise funding
specifically for generic research, primarily
through the National Science Foundation and
National Bureau of Standards. Congress may
also wish to increase funding for standards
and human factors research, which could fa-
cilitate the application of programmable auto-
mation across a wide range of industries.
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A robot loads a computerized machining center at the National Bureau of Standards’
Automated Manufacturing Research Facility

Option: Facilitate Standard-setting. -In ad-
dition to bolstering R&D in standards, Con-
gress may wish to consider legislation to facil-
itate standard-setting as a means of increasing
the ease of use of the technologies and encour-
aging their application. The principal disad-
vantage of standard-setting is the risk that
more rapid adoption of standards may provide
short-term benefits for users but hinder future
innovations which could be inconsistent with
the standards.

Congress might consider legislation which
would clarify the legal position of standard-
setting groups. Currently, groups which over-
see the intricate process of developing stand-
ards, such as professional and trade associa-
tions, can be held responsible for antitrust
violations which specific standards may pose.

In addition, Congress could consider mandat-
ing a more active role for the Federal Govern-
ment in coordinating and promoting standard-
setting efforts. A potential disadvantage of
this option is that it would increase Federal
involvement in PA markets.

Option: Encourage Use of the Technolo-
gies.—The appropriate rate for adoption of PA
is a subject of contention. It depends on the
rates of adoption among our trading partners,
the extent of delay between invention and
adoption of new technology, and the ability of
the labor force and industries to adjust. There
is probably a degree to which PA adoption can
be facilitated by Federal efforts without incur-
ring excess costs. Beyond some indefinite
point, however, encouragement of the use of
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PA may lead to ill-considered applications and
excessive problems for employees and commu-
nities.

Federal options for facilitating application
of PA primarily involve removing barriers.
These options include assistance in providing
capital for the purchase or lease of automation
equipment, and providing information about
PA to manufacturers.

Measures to encourage adoption of PA, how-
ever, are only a partial and short-term solu-
tion to manufacturing problems. A longer-term
solution involves redressing the historical U.S.
inattention to manufacturing processes, organi-
zation, and management. Though there is some
evidence that the private sector has begun to
address this need, Congress could play an im-
portant role in fostering the development of
engineering curricula in universities which
combine manufacturing, design, and human
resource management activities; as well as en-
couraging research in manufacturing engineer-
ing topics. Further, Congress could establish
some form of “manufacturing institute, ” per-
haps building on the research centers already
at NBS or at universities, to provide a focus
for manufacturing technology, organization,
and management issues. Such an institute
could serve as an information clearinghouse
for manufacturers, as well as a think tank with
rotating fellowships for people from all parts
of the manufacturing sector.

Employment

The United States has had major Federal
programs for employment since the Depres-
sion era. Excluding education and training
programs (see later in this chapter), existing
Federal employment policy covers four broad
categories: 1) the development and distribu-
tion of labor-market information, 2) income
maintenance for the unemployed, 3) labor
standards, and 4) job creation. Compared with
policies in most European countries and Ja-
pan, U.S. labor market policy is reactive and
uncoordinated, and it is not linked to other,
industry-oriented programs for structural ad-
justment in the national economy.

Option: Maintain the Status Quo.—Existing
Federal programs provide relatively limited
Federal involvement in employment change.
Though some might argue that this level of
involvement is appropriate, the existing set
of programs and institutions have several
drawbacks. In the last two decades, Federal
employment policy has come to focus on short-
term programs for aiding disadvantaged
groups of people (low-income or chronically un-
employed or underemployed). In particular,
current programs are ill-equipped to deal with
long-term shifts in labor demand arising from
technological and economic changes, growing
uncertainty in skill requirements, and ex-
tended unemployment among groups other
than the disadvantaged. Similarly, they are
not designed to deal with large regional dis-
parities in unemployment, a problem that PA
will likely aggravate in the near term.

Option: Establish Programs for Job Crea-
tion.-Job creation programs can help de-
crease unemployment, as well as stimulate ec~
nomic growth and help build the skills of the
work force. The principal problem in devel-
oping a job creation program is to avoid pay-
ing for jobs that employers would have created
anyway, and to avoid merely shifting employ-
ment from one industry to another, either of
which would diminish net job growth.

Job creation programs range from the most
general (i.e., expansionary macroeconomic pol-
icy) to specific measures to stimulate hiring,
including tax credits, incentives for domestic
production, change in average work hours, and
increased production of public goods and serv-
ices. In particular, the latter two types of job
creation programs might be considered in the
face of persistent labor surpluses. Although
reducing average work hours can spread work
among a larger group of people, individual
employees may experience real wage losses.
The actual costs and benefits of reducing work
hours depend on how such a program is struc-
tured.

Similarly, stimulating production of so-
called public goods and services would also
create jobs. Production of public goods and
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services does not have to be met by expanded
public sector employment. As in the case of
defense procurement, public investment can
stimulate private sector employment. “Pub-
lic goods and services” can include a multitude
of activities—from highway building to child
care. The principal disadvantage of public
goods programs historically has been the di-
version of resources from private goods pro-
duction.

Option: Expand Programs for Labor-Mar-
ket Information.—PA offers the prospect of
radical and ongoing changes in the deploy-
ment of labor among manufacturing firms.
Monitoring of employment patterns by ex-
panded collection and analysis of occupational
employment data would provide a means of
measuring the rate, extent, and direction of
change. Expanded data collection by the De-
partment of Labor and the Bureau of the Cen-
sus would improve their ability to describe and
forecast employment trends, and it would im-
prove the information they disseminate to ed-
ucators, counselors, and individuals. It would
also provide data for comparing staffing pat-
terns among firms-information that would be
useful to managers, labor organizations, and
educators. The primary argument against
such efforts to expand labor-market informa-
tion is rooted in the desire to reduce paperwork
required of businesses, and to limit Govern-
ment statistics to those that are specifically
needed by Federal agencies.

Option: Expand Adjustment Assistance
Programs. -Expanded programs for income
maintenance or relocation assistance may be
necessary to ease adjustment problems caused
by PA and a variety of other factors. Although
the debate over aid to displaced workers tends
to focus on external aid, actions by employers
themselves may also serve to ease employ-
ment shifts. Congress might consider legisla-
tion to encourage advance notice of technolog-
ical change, which allows workers to plan for
change, evaluate training needs, and seek new
work. Employers often resist advance notice
requirements, however, arguing that techno-
logical change is a management prerogative.
Another measure that Congress tight consid-

er for employer actions would be financial in-
centives to relocate personnel either within or
outside the firm.

Work Environment

OTA’'S analysis suggests that the area
where PA itself may motivate the greatest de-
parture from past Federal policy is work envi-
ronment. Because PA will eventually affect
the work environment of most manufacturing
personnel, especially in metalworking manu-
facturing, and because it poses potential new
problems pertaining to the psychological as-
pects of the work environment, this technolo-
gy raises questions about the adequacy of ex-
isting mechanisms for studying, monitoring,
and regulating workplace conditions.

Option: No Increased Federal Role.-Al-
though no single policy instrument specifically
addresses the impacts of PA on the work en-
vironment, various mechanisms are already in
place at the Federal, State, and local levels
that cover workplace concerns in general, par-
ticularly in the areas of health and safety. Fur-
ther, a few efforts have begun in both the pri-
vate and public sectors to plan for the
workplace effects of the introduction to new
technology. Finally, it maybe too early in the
development and application of PA to devise
an appropriate Federal role. All the above con-
cerns might argue for retaining the status quo.

However, work environment issues are sim-
ilar in some ways to other problems, such as
pollution, which are not easily solved by the
private sector on its own. With current esti-
mates of union membership in the United
States totaling about one-fifth of all workers,
there is a large segment of the population that
will not have a focused way to articulate work
environment concerns. Finally, there is a great
deal to be learned about the effects of PA on
the workplace, and such research must begin
immediately in order to help improve the
workplace as adoption of PA accelerates.

Option: Increase Oversight and Mom”tor-
ing. —Congress could increase the emphasis
placed on the workplace effects of computer-
ized manufacturing automation through its
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oversight and monitoring activities. Consid-
erable oversight has been provided on these
issues by a number of congressional commit-
tees over the past several years. In addition
to its own oversight activities, Congress could
designate monitoring responsibilities to the
Occupational Safety and Health Administra-
tion (OSHA) and the National Institute for Oc-
cupational Safety and Health (NIOSH). While
such oversight could inform Congress and the
public about workplace concerns and cover a
wide range of settings, it might result in a
piecemeal effort with little or no coordination
of activities or sharing of information.

Option: Increase Support for Work Envi-
ronment Research. -Congress could support
research, through such agencies as NIOSH,
NSF, and the Department of Labor, on both
the short- and long-term social impacts of PA
on the workplace. Potential areas for research
might include the physical and psychological
effects of PA, management strategies and pol-
icies in introducing and using PA, worker par-
ticipation, identification of hazards and how
to control them, changes in work content and
organization, and changes in organizational
structure, among others. Research would be
particularly valuable for identifying tech-
niques to measure nonphysical problems in the
workplace. Demonstration projects, seminars,
and experiments would enhance understand-
ing of the effects of PA and the extent to
which it can be shaped to improve the work
environment.

Current research on the social impacts of PA
on the manufacturing work environment is
modest in scope and support, reflecting the
limited amount of interest and funding avail-
able for this purpose. By contrast, study of the
impacts of new technology on the workplace
is more common in Japan and Western Eur-
ope, where the subject has historically received
more attention across sectors.

Option: Set New Standards.— New safety
and health standards may be required to ad-
dress problems associated with the use of PA.
Reliable information would be needed on the
numbers of people at risk, the nature of the

risks, and the potential costs and benefits of
establishing and enforcing new regulations.

Option: Promulgate Omnibus Work Envi-
ronment Legislation.—Other aspects of the in-
troduction of new technology into the work-
place, beyond safety and health concerns,
suggest that a broader approach to work envi-
ronment policy may be desirable. These as-
pects include the potential for excessive sur-
veillance of workers and the disparity in
worker and management understanding of
both the choices available in adopting FA and
theie workplace ramifications. In addition, a
broader approach would ensure that the inter-
ests of all workers would be protected.

A number of European countries have taken
an omnibus approach to workplace concerns.
In Norway and Sweden, for instance, work en-
vironment legislation has been in effect since
1977. One purpose of this legislation is to pro-
tect workers’ mental as well as physical health
in the workplace, particularly in the context
of technology change; another is to give em-
ployees an opportunity to influence the design
of the work environment.

Education, Training, and Retraining

The Federal role in education has tradi-
tionally been that of supplementing or enhanc-
ing State and local activities. In recent years
there has been a movement toward lessening
direct Federal involvement. In contrast, the
Federal role in training and retraining ef-
forts—particularly for the economically disad-
vantaged-has been dominant since the mid-
1960's. In keeping with the trend toward
decentralization, the recently enacted Job
Training Partnership Act (JTPA) shifts re-
sponsibility for administration and regulation
of federally funded training and retraining
activities to the States.

Option: No Increased Federal Role. —As in
other areas affected by PA, it maybe too early
to assess the appropriate Federal role in educa-
tion, training, and retraining related to PA.
However, if the Federal Government chose not
to modify its existing programs, it would for-



go potential roles unlikely to be assumed by
other levels of government or the private sec-
tor, such as assisting in the coordination of in-
structional activities, ensuring that adequate
labor market and occupational forecasts are
developed, and ensuring that information de-
rived from such forecasts is actively dissemi-
nated to individuals, educators, and trainers.

Option: Increase Support for Facilities,
Equipment, and Qualified Instructors.-Con-
gress could consider options such as tax incen-
tives for the purchase of state-of-thwu-t equip-
ment for training, and funding to establish
selected educational facilities and maintain
them for use in periods of intense demand for
PA instruction. Congress is currently consid-
ering legislation to encourage interest in math
and science teaching, engineering education,
and other forms of technical instruction. While
these measures could remove many of the bar-
riers to the establishment of PA instructional
programs, they might also stimulate too much
interest in PA instruction at the expense of
other types of education and training.

Option: Encourage Curriculum Develop-
ment. —Congress could enact a grant program
to fund the development of curricula geared
to the development of PA-related skills. En-
couraging comprehensive curriculum design
and the establishment of voluntary guidelines
for curriculum content at various levels would
guarantee some degree of standardization to
both enrollees and employers.

Option: Encourage Renewed Emphasis on
Basic Skills and Problem-Solving Skills. -Con-
gress could choose to encourage at all levels
of instruction a renewed emphasis on strong,
basic skills in reading, math, and science. Spe-
cial emphasis could be placed on the develop-
ment of individual problem-solving sKkills,
since these are important prerequisites to
training for careers in computerized manufac-
turing, as well as for nonmanufacturing occu-
pations.

This option could make the labor supply
more resilient in the long term by raising the
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overall skill level. It could also create a foun-
dation of skills that could be enhanced over
time through the development of job-related
skills, including those associated with PA.
Finally, this approach would not feed the proc-
ess of “skills obsolescence” by tying individual
instruction too closely to specific technologies.

Option: Encourage Individual Participation
in PA-Related Instruction.— possible meas-
ures already being considered by Congress to
make individual participation in instruction
more economical include individual tax incen-
tives (e.g., deductions for spending on train-
ing for a new occupation); the designation of
training as an allowable expense under the Un-
employment Insurance System; and the estab-
lishment of individual education or training ac-
counts. Incentives to individuals would be
particularly valuable in instances where em-
ployers do not provide PA-related instruction
to their employees beyond the level of intro-
ductory training.

Option: Encourage Industry-Based Instruc-
tion.—Few users of PA equipment currently
have or plan to establish in-house instructional
programs. Congress could choose to encourage
users of programmable equipment to establish
or enhance in-house technical training pro-
grams through the creation of tax incentives
that help defray the costs of instructors, equip-
ment, expansion of instructional facilities, and
curriculum development.

Option: Intensify Research Efforts.—-Con-
gress could choose to increase Federal spon-
sorship of research to identify changing skills
requirements within manufacturing occupa-
tions, and to provide for broad-based dissem-
ination of the findings to better equip educa-
tors and trainers for curriculum development.
Congress could also use a research program
to encourage the development of instructional
standards that are in keeping with PA skills
requirements.
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Background

A new wave of automation is spreading
through manufacturing industries, and like its
predecessors, it is receiving a mixed welcome.
Computerized manufacturing automation—
the application of electronic computer and
communication tools to manufacturing-is
viewed both as contributing to the problems
faced by the U.S. economy and as part of the
solution to those problems. * Those who view
it optimistically emphasize its potential to im-
prove productivity, work environment, prod-
uct quality, and ultimately competitiveness.
Those taking the opposite view argue that it
will cause massive unemployment, make many
jobs less rewarding, and provoke a retraining
crisis. The rhetoric used by both sides makes
it difficult to appraise the technologies and,
more importantly, to determine what policies
may be appropriate.

The economic and social effects of comput-
ers and automation in manufacturing have
aroused concern since the late 1950’s. During
the late 1950's and early 1960's, people grew
more aware of the potential uses of computer
technology, while adoption of so-called hard
or dedicated automation began to accelerate.
Studies conducted during that period, includ-
ing the report of a Federal study commission,
drew conclusions about potential job loss,
changing work conditions, and instructional
needs that remain valid today.1 Because of
technological developments and falling costs
for computing during the late 1960’s and the
1970’s, the prospects for significant social and
economic change resulting from wide use of

*The sujeat OF this report is described as “manufacturing’
rather than “factory’ automation in order to emphasize that
these tools can be applied not only to the fabrication of prod-
ucts but also to the critical functions of product design and
manufacturing management. Related office automation tech-
nologiesis being evaluated in a forthcoming OTA study, “In-
formation and Communication Technologies and the Office. ”

‘Report of the National Commission on Technology, Auto-
mation, and Economic Progress, 1966.

computer technologies are more immediate to-
day than before.

The current wave of automation is unlike its
predecessors in several ways: Programmable
automation (PA) can collect and process infor-
mation as well as do physical work, allowing
equipment for design, production, and man-
agement to be linked together. It can improve
product quality by raising consistency and
control in production. And it can be used in
producing a range of products because of its
reprogrammability. This trait, in particular,
lies behind claims for PA “flexibility”. These
features make PA economical in production
of much smaller quantities than hard automa-
tion, which is largely restricted to large quan-
tity or mass production. They make PA ap-
plicable across a wide range of industries,
whereas the applicability of conventional hard
automation is much more limited. PA will
have a major influence on skill requirements,
product design and variety, production costs,
job content, and the organization and manage-
ment of manufacturing. Its features are funda-
mental to the potential changes in employ-
ment, work environment, and education and
training needs that are a focus of this report.

The technical features of programmable
automation and their economic and social ram-
ifications will continue to make PA a source
of controversy over the next decade. In partic-
ular, the economic aspects are central to the
argument proponents make for rapid develop-
ment and diffusion of programmable automa-
tion. Proponents claim that, in the current
climate of international competition, manufac-
turing firms must either automate or move
production overseas if they are to continue in
business.* The basic argument states that PA
will make domestic manufacturing more effi-

Barring, that iS, Significant Changes ininport restraints or
the value of the dollar.
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cient and competitive, and it will thereby
contribute to economic growth and greater
employment.

The focus on economic growth reflects con-
cern over the slow growth in productivity and
economic output experienced during the
1970's and early 1980’'s. During that time,
U.S. industries lost shares in domestic and
foreign markets to foreign competitors, prin-
cipally the Japanese. While the causes and sig-
nificance of these phenomena are debated even
among experts, popular consensus deems a
key cause to be different production costs—
in particular, different labor costs—among
countries and industries. Lower costs abroad
for labor have been a major reason, but not
the only one,* for increases in overseas pro-
duction by U.S. manufacturers as well as for
increased imports of manufacturing goods.
Against this background, the labor-savings
aspects of PA technologies have taken on
special significance.

Unfortunately, the popular focus on the
labor-savings aspects of programmable auto-
mation is misleading: It plays on historic ten-
sions between labor and management in this
country, and it ignores the role of manage-
ment, product design, and other cost factors
in determining a company’s ability to com-
pete. There is a risk that, by emphasizing the
one-for-one substitution of machines for peo-
ple, companies will use PA inefficiently; they
may ignore critical differences between what
people and machines can do best, and they
may ignore less tangible but effective options
for improving human resource management or
responsiveness to customer needs.**

*other reasons include such factors asdifferences in materi-

als and energy costs, differences in capital markets, the ex-
change rate, and changes in market size.

**This capltaﬂ Spending bias was brought out bya recent sur-
Vey of industrial engineers. (Institute of Industrial Engineers,
“productivity Today: An Inside Report,” 1983.) As one reporter
noted, “It seems clear that while more companies could bene-
fit from trying to better use their employees, the role of capital
spending-traditionally the ‘quick fix' for improved industrial
performance-will remain a major component of corporate strat-
egy. ” Philip Moeller, “Firms Try To Boost Output, ” The
(Baltimore) Sun, Oct. 19, 1983.

PA will help many companies to produce
better and cheaper. But whether the policy
goal is to improve industrial competitiveness,
maximize employment, or both, OTA'S re-
search reveals a need for comprehensive re-
thinking of manufacturing processes and com-
petitive strategies. With surprising consisten-
cy, automation experts consulted by OTA
cited organizational factors, rather than
technical ones, as the principal problems sur-
rounding the use of PA. Thus, in several cases,
PA feasibility studies have led to improve-
ments in product design and production proc-
esses without the adoption of PA equipment.
While new technology-i. e., new ways to com-
bine equipment, personnel, and materials-can
help manufacturing companies, experiences in
the United States and abroad reveal that the
success or failure of PA depends more on the
management characteristics of the organiza-
tions that use it than on the particular choice
of equipment and systems.

The technological, social, and economic con-
cerns surrounding the spread of programmable
automation are interconnected. Labor-saving
technology does not necessarily cause unem-
ployment: employment depends on what and
how much consumers will buy, as well as how
management decides to make those goods.
Technology does not of itself raise or lower the
skill levels required of employees: skill require-
ments depend on how management defines
jobs and allocates work to suit an existing or
preferred work force. Machines do not neces-
sarily improve or degrade the work environ-
ment: equipment designers and managers
make choices that determine how machines
and people interact.

Programmable automation can improve the
work environment, raise productivity, and create
or preserve at least some jobs if it is developed
and applied with those goals in mind. Because
the markets for PA are still young and the use
of PA is still relatively limited, the near-term
social and economic effects of PA will not be
cataclysmic. There is time for managers, em-
ployees, educators, and government to gain a
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better understanding of PA and to plan to ad-
dress the effects of automation on the work-
place. Such advance planning will be necessary
in order for the country to capture the poten-
tial benefits of PA and avoid excessive social
and economic costs. Specific areas where long-
range planning would be beneficial include

analysis of changing skill requirements, im-
provements on the pairings of people with
machines, and the roles and requirements for
various educational institutions. Also impor-
tant is the business climate for PA vendors
and users.

Study Approach, Organization, and Methodology

Approach

To appreciate what programmable automa-
tion bodes for the U.S. economy, it is neces-
sary to understand its key features, including
its limitations and side effects as well as its
expected benefits. This report examines those
features largely from the perspective of the in-
dividual firm that may adopt PA. It focuses
on the use of PA among discrete-product man-
ufacturers, * particularly those in such metal-
working industries as transportation equip-
ment and electrical and nonelectrical machin-
ery. These industries have been and will
through this century continue to be leading
users of PA. While many of the conclusions
reached about the application of PA in metal-
working industries may hold for other indus-
tries, generalizing about long-term effects of
PA across industries-even among metalwork-
ing industries—is risky.

Where uncertainties exist, they are iden-
tified. Often, those uncertainties surround
estimates of the amounts of change that are
likely to arise from the spread of PA. The re-
liability of inferences about quantitative ef-
fects on industries, regions, and the national
economy is limited because good data on eco-
nomic and social aspects of PA do not exist.
In particular, there is a scarcity of good data
describing shifts in skill requirements, types
of jobs, materials requirements, or the struc-
ture and competitive conduct of industries
producing and using programmable automa-

*Prducers of discrite products made in lots raging from
one to mass-production quantity, such as industrial machines
and automobiles, as opposed to continuous-process manufac-
turers, such as producers of chemicals and steel.

tion. Consequently, it is too early to make
precise, quantitative forecasts. Moreover,
because technology, industry, and job charac-
teristics are changing continually, descriptions
of conditions at any one point will not neces-
sarily hold up over time. This report therefore
stresses the identification of the nature and
direction of likely changes rather than their
magnitudes.

This report examines a wide range of poten-
tial changes in the development and use of
human resources that may accompany the
spread of PA. Some will shape industry em-
ployment prospects, others will affect the
work environment. Indeed, potential changes
in the work environment will ultimately affect
more people than changes in industry employ-
ment levels. While developments in employ-
ment and in the work environment may mo-
tivate new education and training activities,
education and training in turn may shape the
development, use, and employment effects of
PA. In describing the ramifications of pro-
grammable automation for human resources,
this report addresses the potential for nontech-
nological factors, from management style to
industrial structure, to reinforce or conflict
with the influences of PA itself.

The international context for PA develop-
ment and use is highlighted throughout the
report. While data on activities and programs
abroad are limited and uneven in quality, each
chapter relates phenomena in the United
States to those abroad to the extent feasible.
Actions in many countries will affect the level
of technological development, the strength of
the United States’ claim to technological lead-
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ership, and the ability of producers and users
of PA to compete in domestic and foreign
markets.

Organization and Methodology

Following the executive summary and intro-
duction, the prospects for programmable auto
mation are examined in this report from sev-
eral perspectives. Those perspectives are
brought out through seven analytical and
descriptive chapters. A final chapter presents
congressional policy options. Each chapter
draws on other chapters in the report, but is
otherwise self-contained.

Chapter 3 addresses the gquestions, “What
is programmable automation?” and “How
might it be used?” It defines PA technolo-
gies-including computer-aided design, robots
and other forms of computer-aided manufac-
turing, and related computer-based manage-
ment systems—and describes their develop-
ment trends. This chapter stresses the fact
that PA is much bigger than robotics, which
receives most of the attention, and it evaluates
the potential for the integration of PA equip-
ment into highly automated systems.

Chapters 4,5, and 6 address the guestion,
“What are the implications of its use?”
Chapter 4 examines the prospects for employ-
ment change, including the ways in which PA
may influence job design and the number and
mix of jobs among firms and industries. It also
highlights conflicting influences on employ-
ment by occupation and industry. Chapter 5
explores the implications of the use of PA for
the workplace. The chapter shows how tech-
nological features combine with management
attitudes and actions to shape the work en-
vironment in manufacturing firms. Chapter 6
illuminates emerging needs for education,
training, and retraining and discusses current
efforts by industry, labor, and the academic

community to meet those needs. It also dis-
cusses the relationship between PA-related
skills development and broader educational
preparation.

Chapter 7 addresses the questions, “Who
produces PA equipment?” and “What is the
status of producer industries?” It describes
the structure and competitive conduct of in-
dustries supplying programmable automation
goods and services. The chapter also charac-
terizes the emerging role of these industries
in the U.S. and world economies.

Chapters 8 and 9 provide background on the
players involved and on existing directions in
U.S. and foreign technology policy. Chapter
8 describes the roles of public and private in-
stitutions conducting PA research and devel-
opment. Chapter 9 enumerates the efforts of
governments in other countries to stimulate
the production and use of programmable auto-
mation. These two chapters lead into chapter
10, which provides alternatives for congres-
sional action.

The findings and insights of this report were
developed from many sources of information.
Technical literature and conference sessions
provided background materials, but more di-
rect development of information constituted
the bulk of the research. Over the course of
the study, OTA held workshops that brought
together experts in the areas of employment
change and industrial relations, programmable
automation industries, and programmable
automation technologies. OTA also conducted
a survey of education, training, and retrain-
ing activities and opinions among producers
and users of PA and among educators. In ad-
dition, 18 case studies were carried out. Four-
teen described approaches to education, train-
ing, or retraining; four described some of the
effects of PA on the work environment.
Throughout the study, OTA staff visited fa-
cilities and consulted with a wide range of
experts.
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Congressional Interest and Policy

The computerized manufacturing automa-
tion study was requested by the Joint Eco-
nomic Committee, the Senate Committee on
Labor and Human Resources, the Senate Com-
mittee on Commerce, Science, and Transpor-
tation, and the Labor Standards Subcommit-
tee of the House Committee on Education and

Labor. Other committees, including the House
Committee on Science and Technology and the
House Committee on Small Business, have
also expressed interest in this study. Table 4
lists several relevant congressional hearings
held during the development and conduct of
this assessment.

Table 4. —Representative Recent Congressional Hearings Relevant to Programmable Automation

Robotics
June 2 and 23, 1982, 97th Cong., 2d sess.
Hearings before the Subcommittee on Investigations and
Oversight to examine the status and potential applications
of robotics technology R&D.

New Technology in the American Workplace
June 23, 1982, 97th Cong., 2d sess.
Hearing before the Subcommittee on Labor Standards to
examine the impact of automation on employment and
working conditions.

Hearings on Mathematics and Science Education
Sept. 28-30, 1982, 97th Cong., 2d sess.; and Jan. 26-28 and
31, 1983, 98th Cong., 1st sess.
Hearings before the Subcommittee on Elementary, Sec-
ondary, and Vocational Education and the Subcommittee
on Postsecondary Education to consider several bills to
improve mathematics and science education at the
elementary and secondary level.

Oversight of Trade Adjustment Assistance Programs

and Authorization of Appropriations for U.S. Trade

Representative, International Trade Commission,

and Customs Service
Mar. 17, 1983, 98th Cong., 1st sess.
Hearings before the Subcommittee on International Trade
to consider the impacts of foreign trade and the fiscal year
1984 activities of concerned Federal agencies.

Impact of Robotics on Employment
Mar. 18, 1983, 98th Cong., 1st sess.
Hearing before the Subcommittee on Economic Goals and
Intergovernmental Policy to examine the impact of
automation, including robotics, on U.S. employment.

Biological Clocks and Shift Work Scheduling
Mar. 23 and 24, 1983, 98th Cong., 1st sess.
Hearings before the Subcommittee on Investigations and
Oversight to examine research on human biological
rhythms, such as the sleep-wake cycle, and their effect
on job performance of shift workers.

Job Forecasting
Apr. 6 and 7, 1983, 98th Cong., 1st sess.
Hearings before the Subcommittee on Investigations and
Oversight to examine implications of technology change
for employment forecasting.

SOURCE Office of Technology Assessment

The Impact of Robots and Computers on the Workforce in
the 1980’'s
May 17, 1983, 98th Cong., 1st sess.
Hearing before the Subcommittee on General Oversight
and the Economy on employment forecasting and tech-
nological change,
Administration Proposal for Block Grant for Vocational
and Adult Education
May 19, 1983, 98th Cong,, 1st sess.
Hearings before the Subcommittee on Elementary, Sec-
ondary, and Vocational Education regarding the formula-
tion and administration of Federal education grants to
States.
Technology and Employment
June 7-10, 14-16, and 23, 1983, 98th Cong. Ist sess.
Joint hearings before the Subcommittee on Science,
Research, and Technology and the Task Force on Educa-
tion and Employment regarding the range of effects of new
technology on labor.
Industrial Policy, Economic Growth and the Competitiveness
of U.S. Industry
June 24, 29, and 30; and July 13, 14, and 20, 1983, 98th
Cong., 1st sess.
Hearings to examine issues and recommendations relat-
ing to a national industrial policy to facilitate industry
capital formation i n order to promote and sustain econom-
ic growth.
Joint Hearing on Plant Closing
July 8, 1983, 98th Cong., 1st sess.
Joint hearing before the Subcommittee on Employment
Opportunities and the Subcommittee on Labor-Manage-
ment Relations of the Committee on Education and Labor
regarding a bill to set conditions on plant closings.
Industrial Policy: the Retraining Needs of the Nation's Long-
term, Structurally Unemployed Workers
Sept. 16, 23, 26, and Oct. 26, 1983, 98th Cong., 1st sess.
Hearings before the Joint Economic Committee on nation-
al retraining needs associated with structural change in
the economy.




3o.computerized Manufacturing Automation: Employment, Education, and the Workplace

The extensive congressional interest in the
study reflects the fact that programmable
automation has numerous implications for
policy. Recent policy discussions have tended
to focus on either labor issues or international
competitiveness. Indeed, concern for labor
issues was a strong theme in the requests for
the study.

This report addresses policy concerns in the
areas of work environment, employment, edu-

cation and training, and the development and
use of programmable automation. Moreover,
the policy discussion in chapter 10 emphasizes
the interconnections between impacts and pol-
icies in all of those areas. It provides alter-
natives for congressional action that address
those areas together as well as individually.
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Chapter 3

Programmable Automation Technologies

Summary

This chapter is both a primer on program-
mable automation (PA) tools and their poten-
tial applications in manufacturing, and an as-
sessment of the important problems and direc-
tions for development of the technologies. As
defined here, programmable automation in-
cludes computer-aided design (CAD); comput-
er-aided manufacturing tools—e.g., robotics,
numerically controlled (NC) machine tools,
flexible manufacturing systems (FMS), and
automated materials handling (AMH); and
computer-aided techniques for management—
e.g., management information systems (MIS)
and computer-aided planning (CAP). When
systems for design, manufacturing, and man-
agement are used together in a coordinated
system, the result is computer-integrated
manufacturing (CIM).

The context for this analysis is primarily
discrete manufacturing, as opposed to contin-
uous-process industries such as chemicals or
paper. Discrete manufacturing includes a wide
range of traditional metalworking industries
(e.g., automobiles and farm equipment) as well
as other industries which are not primarily
metalworking (e.g., electronics). Of particular
note is that a great many of the products of
discrete manufacturing are made in batches
of perhaps a few dozen to a few hundred units.
Because of this, it is often not economical to
use single-purpose, automated machines
(known as “fixed” or “hard” automation) to
manufacture the product. In such an environ-
ment, programmable automation is potentially
very useful.

The essential difference between conven-
tional factory machines and programmable
automation is the latter’s use of information
technology to provide machine control and
communication. The use of computers and
communications systems allows these ma-

chines to perform a greater variety of tasks
than fixed automation can perform, and to
automate some tasks which previously neces-
sitated direct human control.

Programmable automation can respond to
some of the central problems of manufactur-
ing. These include enhancing information flow,
improving coordination, and increasing effi-
ciency and flexibility (defined as both the
range of products and volume of a specific
product which a factory can economically pro-
duce). By using programmable automation to
address these problems, manufacturers hope
to increase their productivity and control over
the manufacturing process.

Though labor savings seem to be the most
obvious benefit of automation, savings through
more efficient use of materials may be more
significant in many manufacturing environ-
ments. In particular, flexible manufacturing
systems can reduce waste, reduce levels of
finished product inventory, and reduce the
manufacturer’s substantial investment in the
products that are in various stages of comple-
tion, known as “work in process. ”

Some of the technical factors which hold
back PA’s potential uses in manufacturing
include relatively cumbersome programing
languages, a general level of technical imma-
turity in many areas of the technologies, long-
established organizational barriers in industry
(e.g., between manufacturing and design en-
gineers), and the embryonic nature of efforts
to maximize the effectiveness of man-machine
interactions.

Nevertheless, the technologies appear to be
quite adequate technically for the vast majori-
ty of near-term applications; there seems to
be a significant backlog of available tools
which manufacturers have only begun to
exploit.

33
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The use of PA tools in integrated systems—
e.g., FMS or CIM—is much more powerful
than their use for a single task or process.
Such integration not only magnifies the pro-
ductivity and efficiency benefits of PA, but
also tends to induce changes in all parts of the
factory. Management strategies, product de-
signs, and materials flow all change to best
make use of such integrated systems.

Many industrialists have a vision of CIM
that includes maximum use of PA tools and
coordination between them, with few if any
human workers. Others downplay CIM as a
revolutionary change and emphasize that fac-
tories will adopt automation technologies as
appropriate. It may not be appropriate (or eco
nomical) to remove all or most humans from
many factories. In any case, the widespread
use of CIM and virtually unmanned factories

are unlikely to arise before the turn of the
century.

Principal themes in the future development
of PA technologies include increasing their
versatility and power, enhancing their capa-
bility to operate without human intervention,
and developing the ability of the tools to be
integrated. Researchers and industry spokes-
men report progress in virtually all the fun-
damental technical areas, although many of
the currently identified problems in program-
mable automation are complex enough to keep
researchers busy for many years to come. Ac-
cording to many experts, the 1990's may bring
many major technical advances which could
significantly expand the range of problems to
which programmable automation can be
applied.

Introduction

The purpose of this chapter is to describe
the technologies that together comprise “pro-

ammable automation, ” and to evaluate their
usefulness for manufacturing. In addition, the
chapter examines how the technologies are
evolving and what can be expected for the ca-
pabilities and applications of these tools.

Programm able automation refers to a family
of technologies that lie at the intersection of
computer science and manufacturing engineer-
ing. “Programmable’ means that they can be
switched from one task to another with rela-
tive ease by changing the (usually) computer-
ized instructions; “automation” implies that
they perform a significant part of their func-
tions without direct human intervention. The
common element in these tools that makes
them different from traditional manufacturing
tools is their use of the computer to manipu-
late and store data, and the use of related
microelectronics technology to allow commu-

nication of data to other machines in the
factory.*

There are three general categories of func-
tions which these tools perform-they are used
to help design products, to help manufacture
(both fabricate and assemble) products on the
factory floor, and to assist in management of
many factory operations. Table 5 outlines the
principal technologies included in these cate-
gories, each of which will be described in the
next section.

*Although “programmable automation” is less common than
some of the other terms used to describe automation technolo-
gies, it is a relatively simple and unambiguous term for the tools
discussed here. “CAD/CAM” (computer-aided design/computer-
aided manufacturing) is a catch-all term used in industry jour-
nals and popular articles to refer to a set of technologies similar
to the set defined here as programmable automation. However,
CAD/CAM is also used to describe some specific computer-aided
design systems, or to denote the integration of computer-aided
design and manufacturing. Because of this ambiguity, the term
will not be used here. “Robotics” is another term that is
sometimes used in a broad sense to mean not only robots but
the whole family of automation tools.
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Table 5.—Principal Programmable
Automation Technologies

1. Computer-aided design (CAD)
A. Computer-aided drafting
B. Computer-aided engineering (CAE)

Il. Computer-aided manufacturing (CAM)
A. Robots
B. Numerically controlled (NC) machine tools
C. Flexible manufacturing systems (FMS)
D. Automated materials handling (AMH) and
automated storage and retrieval systems (AS/RS)

lll. Tools and strategies for manufacturing management
A. Computer-integrated manufacturing (CIM)
B. Management information systems (MIS)
C. Computer-aided planning (CAP) and computer-
aided process planning (CAPP)
NOTE: Bold type indicates technologies on which this report concentrates
SOURCE Off Ice of Technology Assessment

The three categories of automation technol-
ogies-tools for design, manufacturing, and
management-are not mutually exclusive. In

fact, the goal of much current research in auto-
mation systems is to break down the barriers
between them so that design and manufactur-
ing systems are inextricably linked. However,
these three categories are useful to frame the
discussion, particularly since they correspond
to the organization of a typical manufactur-
ing firm.

Further, this report does not attempt to
cover each of the technologies in equal detail.
It concentrates on those five which appear in
bold type in table 5 because they are the core
technologies of PA and their potential uses are
most extensive.

Discrete Manufacturing

Some background about manufacturing is
important to provide a context for assessing
the usefulness of these tools. Programmable
automation can affect many kinds of industry.
This report focuses on PA applications for dis-
crete manufacturing-the design, manufacture
and assembly of products ranging from bolts
to aircraft. The report does not systematically
cover nonmanufacturing applications such as
architecture, or continuous-process manufac-
turing-e.g., chemicals, paper, and steel. Other
recent OTA reports have examined technolog-
ical changes affecting process industries.’

Electronics manufacturing industries do not
fit neatly into a discrete v. process classifica-
tion. Some areas, particularly the fabrication
of semiconductors, most resemble continuous-
process manufacturing. Other portions such

as circuit board assembly are more discrete.

‘Cf. U.S. Industrial Competitiveness: A Comparison of Steel,
Electronics, and Automobiles (Washington, D. C.: U.S. Con-
gress, Office of Technology Assessment, OTA-ISC-135, July
1982); Technology and Steel Industry Competitiveness
(Washington, D. C.: U.S. Congress, Office of Technology Assess-
ment, OTA-M-1 22, June 1980).

Because electronics industries have been lead-
ers among metalworking firms in both produc-
ing and using computerized factory automa-
tion, they play a key role in this report.

To many industrialists, discrete manufac-
turing means metalworking for mechanical ap-
plications-shaping, forming, and finishing
metals into usable products such as engine
blocks. However, an increasing proportion of
mechanical parts manufacturing involves plas-
tics, fiber composites, or new, durable ceram-
ics. These new materials both enable new pro-
duction processes and are themselves affected
by automation technologies.

One way in which discrete manufacturing
plants can be categorized that is especially rel-
evant to automation applications is the voi-
ume of a given part that they produce. As fig-
ure 1 indicates, discrete manufacturing repre-
sents a continuum from piece or custom pro-
duction of a single part to mass production of
many thousands. Although many people are
most familiar with mass-production factories,
with their assembly and transfer lines, it is
estimated that mass production accounts for
only 20 percent of metalworking parts pro-
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Figure 1 .—Characteristics of Metalworking Production, By Lot Size
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duced in the United States, while 75 percent
are made in a “batch” environment. ‘The def-
inition of a “batch” varies according to the
complexity of the part and the characteristics
of the industry. A common characteristic of
batch manufacturing is that there is not
enough volume to justify specialized machines
(known as “hard automation”) to automatical-
ly produce the part. The direct labor involved
in fabricating products in batches is relative-
ly high (as shown in fig. 1), and constitutes a
large proportion of the cost of the item. These
characteristics of batch manufacturing—its
prevalence, and its low level of automation and
correspondingly high level of labor content—
are important because they suggest a broad
range of uses for programmable automation.

The Manufacturing Process

Figure 2 illustrates the organization of a
hypothetical metalworking manufacturing
plant. Most of the elements in this diagram
are present in some form in each plant, al-
though factories are tremendously varied in
size, nature and variety of products, and pro-
duction technologies. One automobile factory
in New Jersey, for example, assembles 1,000
cars per day in two models (sedan and wagon)
with 4,000 employees; a small Connecticut ma-
chine shop, by contrast, employs 10 people to
make hundreds of different metal parts for
aircraft and medical equipment, typically in
batches of approximately 250.°

As illustrated in figure 3, the manufactur-
ing process usually begins when management
decides to make a new product based on in-
formation from its marketing staff, or (in the
case of the many factories which produce parts
of other companies’ products) management re-
ceives a contract to produce a certain part.

‘M. E. Merchant, “The Inexorable Push for Automated Pro-
duction, ” Production Engineering, January 1977, pp. 44-49.
This 75 percent figure has become something of a legend in the
metalworking industry largely through Merchant’s writings,
though he notes that he haslost track of the original reference
for the statistic. While it is hard to substantiate given the di-
versity of metalworking industry, Merchant and other industry
experts cite it as a good rough estimate. Personal communica-
tion, M. E. Merchant, Nov. 7, 1983.

*OTA work environment case studies.

Management sends the specifications for the
size, shape, function, and desired performance
of the product to its design engineering staff,
who are responsible for developing the plans
for the product.* In most companies, design
engineers make a rough drawing of the prod-
uct, and then draftsmen and design detailers
are responsible for working out the detailed
shapes and specifications.

In some discrete manufacturing firms, de-
sign may be undertaken at a distant location,
or at a different firm. Automobiles, for exam-
ple, are designed at central facilities, and the
component subassemblies-e. g., bodies, trans-
missions, engines-are produced in plants all
over the world.

The design of a product, especially a product
of some complexity, involves an intricate set
of tradeoffs between marketing considera-
tions, materials and manufacturing costs, and
the capabilities and strengths of the company.
The number of choices involved in design is
immense. Determining which of many alter-
native designs is “best” involves making
choices among perhaps 100,000 different ma-
terials, each with different characteristics of
strength, cost, and appearance; it also involves
choices between different shapes and arrange-
ments of parts which will differ in ease of
fabrication and assembly (sometimes called
“manufacturability’ and in performance.

From the design, the production engineer-
ing staff determines the “process plan’ ‘mac-
hines, staff, and materials which will be used
to make the product. Production planning, like
design, involves a set of complex choices. In
a mass production plant that manufactures
only a few products, such as the auto plant de-
scribed above, production engineering is a rel-
atively well-structured problem. With high
volumes and fairly reliable expectations about
the products to be made, decisions about ap-
propriate levels of automation, for example,

*In this description, asS in the rest of the chapter, titles such
as “manager, “ “design engineer, " or “draftsman” indicate the
person who performs these functions. In an actual company the
roles may be less distinct, and boundaries between them fre-
quently changing.
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Figure 2.—Organizational Diagram of a Manufacturing Firm
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Figure 3.—Steps in the Manufacturing Process (Simplified)
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are relatively straightforward. On the other
hand, for a small “batch” manufacturer such
as the Connecticut machine shop referred to
above, production engineering decisions can
be rather chaotic. Such an environment in-
volves almost continuous change in the num-
ber and types of parts being produced (size,
shape, finish, material), the tools and levels of
skill needed to produce them, and unpredict-
ables such as machine breakdowns and inven-
tory control problems.

The steps in production are immensely var-
ied, but most products typically require the
following:

1. Materials handling. —Materials are
brought from inventory to processing sta-
tions, and from one station to another.
Wheeled carts, forklift trucks, or convey-
ors are typically used for this purpose.
Early in the production process, large
parts are mounted on a pallet or fixture

25-452 7 - 84 - 4 : DL 3

to hold them in place and facilitate ma-
terials handling.

2. Fabrication. —There is a tremendous vari-

ety of fabrication processes. Plastic and
ceramic parts are extruded or molded; lay-
ers of composite fiber material are treated
and “laid up. » The most common se-
quence for three-dimensional (3-D) metal
parts is casting or forging, followed by
machining.

Figure 4 illustrates the basic machin-
ing processes which are the core of metal-
working. The shape and size of the metal
part, as well as the desired finish and pre
cision, determines the machine to be used.
Some machine tools, such as lathes, are
designed for cylindrical parts, e.g., drive
shafts or rotors. Others, such as planers,
are designed for prismatic parts with ba-
sically flat outer surfaces, e.g., engine
blocks. Abrasive cutting of metal pro-
duces “chips,” the metal shavings re-
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erations in Metalworking
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moved from the part, and these chips
must be frequently removed from the ma-
chine and recycled or disposed.

Simple parts may be machined in a few
minutes; large, complex ones such as ship
propellers may take up to a few days. The
complexity of these parts is primarily a
function of their geometry—a propeller,
for example, has continuously varying
and precise curves. Similarly, the com-
plexity of a prismatic part depends on the
number of edges and required tolerances
—i.e., the amount a part or surface can
vary from its specified dimensions. Com-
plex parts usually require machining on
more than one machine tool. Including all
machining operations, the total time from
metal “blank” to finished part may vary
from a few minutes to a few weeks. The
partially completed “workpieces” await-
ing further machining, finishing, assem-
bly, or testing are known as work-in-proc-
ess inventories, and often represent a
substantial investment for the manu-
facturer.

Finally, there are several kinds of metal

parts which are not machined. These in-
clude sheet metal parts, which are
stamped and/or bent in sheet-metal
presses, and parts made by “powder met-
allurgy, ” a technology for forming metal
parts in near-final shape by applying ex-
treme pressure and heat to metal powder.
. Finishing. -Many fabrication processes
leave “burrs” on the part which must be
removed by subsequent operations. In
some cases, parts are also washed,
painted, polished, or coated.
. Assembly.-The finished parts are put
together to produce a final product or, al-
ternatively, to produce “subassemblies”
which are portions of the final product.
In most factories assembly is still primari-
ly a manual activity, although this phase
of manufacturing is receiving increased
attention, ranging from design strategies
that minimize and simplify assembly
tasks to automation of the tasks them-
selves.

5. Quality assurance and control.—There are

many quality strategies. They can be di-
vided roughly into those that take place
before or during fabrication and assembly
(quality assurance or QA) and those that
take place after a product or subassembly
is complete (quality control or QC). Quali-
ty has been receiving increasing attention
in industrial literature and discussions, al-
though the extent to which companies are
actually paying more attention to quali-
ty on the factory floor is uncertain. There
appears to be a movement toward QA as
opposed to QC in order to enhance quali-
ty and prevent the production of faulty
products, as opposed to detecting flaws
after production. Strategies for QA range
from “guality circles, ” in which a team of
employees helps address production is-
sues which affect quality, to in-process
measurement of products as they are
manufactured. In the latter, developing
problems in production equipment can
sometimes be detected and corrected be-
fore the machine makes a bad part. Most
complex products are produced with some
combination of QA and QC.

Strategies for attaining the more tradi-
tional quality control vary widely accord-
ing to the nature and complexity of the
part. The dimensions of mechanical prod-
ucts can be measured, either with manual
instruments or with a Coordinate Measur-
ing Machine or laser measurement device;
or the product can be compared to one of
known quality or to a master gage. Elec-
tronic products can be tested with other
electronic devices or probes.

This brief outline of the manufacturing proc-
ess suggests some of the key problems in man-
ufacturing. Underlying each of these problems
are the central concerns for any business,
those of minimizing cost and risk. The prob-
lems include:

. Information flow. —In any company,

small or large, the amount of information
that must flow between and among de-
sign, manufacturing, and management
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staff is staggering. For example, in a
design process involving several teams of
people, how does one make sure that all
design and manufacturing personnel are
working from the most up-to-date set of
plans? How can staff get up-to-date infor-
mation on the status of a particular batch
of parts, or the performance of a particu-
lar machine tool or manufacturing depart-
ment? How can the company keep track
of work-in-process and other inventory?

e Coordination.— Beyond merely obtaining
information in a timely fashion, the com-
pany must use that information to deter-
mine how to effectively coordinate its
operations. One set of such issues in-
volves coordination of design and produc-
tion efforts. How can one design products
which can be manufactured most effi-
ciently with a given set of tools? How can
one minimize the number of parts in order
to facilitate assembly? Another set of
coordination issues arises on the factory
floor itself. What is the most efficient way
to allocate machines and personnel? How
does one adapt the schedule when condi-
tions inevitably change (raw materials
don't arrive, production is slower than ex-
pected, etc.)?

¢ Efficiency. —Given a large set of choices
regarding tools, personnel, and factory or-
ganization, a company generally seeks to
make the most products using the fewest
resources. This involves concerns such as:
How can the company minimize expen-
sive work-in-process inventories? How
can manufacturers maximize the percent-
age of time spent making parts, as op-
posed to moving them, repairing or set-
ting up machines, and planning? How cm
the use of expensive capital equipment be
maximized? Finally, quality issues with-
in the production process can have a large
impact on efficiency. How can manufac-
turers maximize the number of products
made right the first time, and hence min-
imize scrap, rework to correct manufac-
turing errors, and testing?

+ Flexibility. —Increasingly, issues of flex-
ibility and responsiveness in the manufac-
turing enterprise are prominent for man-
ufacturers, especially for traditional
“mass production” plants. Flexibility is
defined here as the range of products and
the range of volumes of a specific product
which a plant cm economically produce.
Increased levels of competition, shorter
product cycles, and increased demands for
customized products are some of the rea-
sons for an emphasis on flexibility. This
concern raises such questions as: How can
the turnaround time for design and man-
ufacture of a product be reduced? How
can the “setup” time for producing a new
product be reduced? What is the optimum
level of technology for both economy of
production and maximum flexibility?

Programmable automation offers improve-
ments in each of these four key areas of man-
ufacturing by applying computerized tech-
niques to control tools of production, to gather
and manipulate information about the manu-
facturing process, and to design and plan that
process. Further, the use of PA promises for
many manufacturers an increase in their de
gree of control over the enterprise. Many in-
dustrialists argue that the more closely man-
ufacturing processes are tied to one another,
and the more information is readily available
about those processes, the less chance there
is for human error or discretion to introduce
unknown elements into the operation. Such
control is much harder to realize than it ap-
pears in theory. The issue of control will be a
recurrent theme in this and subsequent chap-
ters of this report.

In summary, programmable automation can
help make factories “leaner” and more respon-
sive, hence reducing both costs and risks in
manufacturing. It is not, however, a panacea
for problems in manufacturing. Each factory
has different appropriate levels of automation,
and there are technical and organizational bar-
riers to implementing programmable automa-
tion most effectively. PA’s capabilities and
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characteristics from a technical standpoint
will be elaborated in the rest of this chapter,
beginning with functional descriptions of the

Functional

This section briefly describes the operation
of each programmable automation technology
and its applications in manufacturing.

Computer-Aided Design (CAD)

In its simpler forms, CAD is an electronic
drawing board for design engineers and drafts-
men. Instead of drawing a detailed design with
pencil and paper, these individuals work at a
computer terminal, instructing the computer
to combine various lines and curves to produce
a drawing of a part and its specifications. In
its more complex forms, CAD can be used to
communicate to manufacturing equipment the
specifications and process for making a prod-
uct. Finally, CAD is also the core of computer-
aided engineering, in which engineers can ana-

Photo credit Cincinnati Milacron Corp

A designer works on a two-dimensional part drawing

at a CAD terminal. The “light pen, " held in his right

hand, can be used to point to parts of the drawing and
give commands to the computer

technologies themselves. The organizational
and social concerns will be addressed at length
in following chapters of the report.

Descriptions

lyze a design and maximize a product’'s per-
formance using the computerized representa-
tion of the product.

The roots of computer-aided design technol-
ogy are primarily in computer science. CAD
evolved from research carried out in the late
1950’s and early 1960’s on interactive comput-
er graphics-simply, the use of computer
screens to display and manipulate lines and
shapes instead of numbers and text. As S. H.
Chasen of Lockheed-Georgia describes the ra-
tionale behind this research: “The ability of
the computer to spill out reams of geometric
data had outpaced our ability to cope with it.”
SKETCHPAD, funded by the Department of
Defense (DOD) and demonstrated at Massa-
chusetts Institute of Technology in 1963, was
a milestone in CAD development. Users could
draw pictures on a screen and manipulate
them with a “light pen ”-a pen-shaped object
wired to the computer which locates points on
the screen. Such early systems were expensive
prototypes and required most of the comput-
ing power of the then-largest computers. As
a consequence, most of the early users of CAD
were aerospace, automobile, and electronics
manufacturers.

Several key developments in the 1960's and
1970's facilitated the maturation of CAD tech-
nology. They included the continuing decrease
in cost of computing power, especially with the
development of powerful mini- and microcom-
puters, which were primarily a result of elec-
tronics manufacturers learning to squeeze
more and more circuitry into an integrated cir-
cuit chip. Another important technological ad-
vance was the development of cheaper, more

‘S. H. Chasen, “Historical Highlights of Interactive Computer
Graphics, ” Mechanical Engineering, November 1981, pp. 22-41.
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efficient display screens. In addition, comput-
er scientists began to develop very powerful
programing techniques for manipulating com-
puterized images.

How CAD Works. —There are various
schemes for input of a design to the computer
system, each with its advantages and disad-
vantages. Every CAD system is equipped
with a keyboard, although other devices are
often more useful for entering and manipulat-
ing shapes. The operator can point to areas of
the screen with a light pen or use a graphics
tablet, which is an electronically touch-sensi-
tive drawing board; a device called a “mouse”
can be traced on an adjacent surface to move
a pointer around on the screen. If there is al-
ready a rough design or model for the prod-
uct, the operator can use a “digitizer” to read
the contours of the model into computer mem-
ory, and then manipulate a drawing of the
model on the screen. Finally, if the part is
similar to one that has already been designed
using the CAD system, the operator can recall
the old design from computer memory and edit
the drawing on the screen.

CAD systems typically have a library of
stored shapes and commands to facilitate the
input of designs. There are four basic functions
performed by a CAD system which can en-
hance the productivity of a designer or drafts-
man. First, CAD allows “replication,” the abil-
ity to take part of the image and use it in sev-
eral other areas of the design when a product
has repetitive features. Second, the systems
can “translate” parts of the image from one
location on the screen to another. Third is
“scaling, “ in which CAD can “zoom in’ on a
small part, or change the size or proportions
of one part of the image in relation to the
others. Finally, “rotation” allows the operator
to see the design from different angles or per-
spectives. Using such commands, operators
can perform sophisticated manipulations of
the drawing, some of which are difficult or im-
possible to achieve with pencil and paper. Re-
petitive designs, or designs in which one part
of the image is a small modification of a pre-
vious drawing, can be done much more quick-
ly through CAD. On the other hand, CAD can

*Inapractical

be cumbersome, especially for inexperienced
users. Drawing an unusual shape maybe fairly
straightforward with a pencil, but quite com-
plex to accomplish using the basic lines and
curves in the system’s library.

The simplest CAD systems are two-dimen-
sional (2-D), like pencil-and-paper drawings.
And like sets of those drawings, they can be
used to model 3-D objects if several 2-D draw-
ings from various perspectives are combined.
For some applications, such as electronic cir-
cuit design, 2-D drawings are sufficient. More
sophisticated CAD systems have been devel-
oped in the past few years which allow the
operator to construct a 3-D image on the
screen, * a capability which is particularly use-
ful for complex mechanical products.

Most CAD systems include a few CAD ter-
minals connected to a central mainframe or
minicomputer, although some recently devel-
oped systems use stand-alone microcomput-
ers. As the operator produces a drawing, it is
stored in computer memory, typically on a
magnetic disk. The collection of digitized
drawings in computer storage becomes a de-
sign data base, and this data base is then
readily accessible to other designers, manag-
ers, or manufacturing staff.

CAD operators have several options for out-
put of their design. All systems have a plot-
ter, which is capable of producing precise and
often multicolor paper copies of the drawing.
Some systems can generate copies of the de-
sign on microfilm or microfiche for compact
storage. Others are capable of generating pho-
tographic output. In most cases, however, the
paper output from CAD is much less impor-
tant than it is in a manual design process.
More important is the fact that the design is
stored on a computer disk; it is this version
which is most up-to-date and accessible, and

Sense, any image ona ComMputer screen is two

dimensional, The difference between a “3-D” image as discussed
here and any other 2-D drawing that appears three-dimensional
(e.g., a painting, a photograph or any drawing with perspec-
tive) is that this image, unlike a paper drawing, can be
manipulated as if it were a real 3-D object. For example, the
operator can instruct the CAD system to rotate the object, and
he/she then sees another face of the object,
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The designer has removed a section of this three-dimensional CAD image in order to better visualize
part relationships and assembly information

which will be modified as design changes
occur.

The CAD systems described above are es-
sentially draftsmen’s versions of word proc-
essors, allowing operators to create and easi-
ly modify an electronic version of a drawing.
However, more sophisticated CAD systems
can go beyond computer-aided drafting in two
important ways.

First, such systems increasingly allow the
physical dimensions of the product, and the
steps necessary to produce it, to be developed
via the computer and communicated electron-
ically to computer-aided manufacturing equip-
ment. Some of these systems present a graphic
simulation of the machining process on the

screen, and guide the operator step-by-step in
planning the machining process. The CAD
system can then produce a tape which is fed
into the machine tool controller and used to
guide the machine tool path. Such connections
from computer-aided design equipment to
computer-aided manufacturing equipment
shortcut several steps in the conventional
manufacturing process. They cut down the
time necessary for a manufacturing engineer
to interpret design drawings and establish
machining plans; they facilitate process plan-
ning by providing a visualization of the ma-
chining process; and they reduce the time nec-
essary for machinists to interpret process
plans and guide the machine tool through the
process.
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Second, these more sophisticated CAD sys-
tems serve as the core technology for many
forms of computer-aided engineering (CAE).
Beyond using computer graphics merely to
facilitate drafting and design changes, CAE
tools permit interactive design and analysis.
Engineers can, for example, use computer
graphic techniques for simulation and anima-
tion of products, to visualize the operation of
a product or to obtain an estimate of its per-
formance. Other CAE programs can help en-
gineers perform finite element analysis-es-
sentially, breaking down complex mechanical
objects into a network of hundreds of simpler
elements to determine stresses and deforma-
tions. Computerization in general made finite
element analysis feasible for the engineer's
use, while CAD systems make it significant-
ly less cumbersome by assisting the engineer
in breaking down the object into “elements.

Many of these analytical functions are de-
pendent on 3-D CAD systems which can not
only draw the design but also perform “solid
modeling”—i.e., the machine can calculate and
display such solid characteristics as the vol-
ume and density of the object. Solid-modeling
capabilities are among the most complex fea-
tures of CAD technology, and will be dis-
cussed in more detail in later sections of this
chapter.

Applications. -At the end of 1983 there
were an estimated 32,000 CAD workstations
in the United States.’

Aerospace and electronics uses of CAD have
always led the state of the art. For example,
the Boeing Commercial Airplane Co., which
began using CAD in the late 1950’'s, employed
the technology extensively in the design of its
new-generation 757 and 767 aircraft. Boeing
uses CAD to design families of similar parts
such as wing ribs and floor beams. CAD allows
designers to make full use of similarities be-
tween parts so that redesign and redrafting
are minimized. Moreover, CAD has greatly
simplified the task of designing airplane in-

Source: Dataquest.

teriors and cargo compartments, which are
often different for each plane. Moving seats,
galleys, and lavatories is relatively simple with
CAD, and the system is then used to generate
instructions for the machines which later drill
and assemble floor panels according to the
layout. Finally, Boeing uses CAD and related
interactive computer graphics systems as the
basis for computer-aided engineering applica-
tions such as checking mechanism clearances
and simulating flight performance of various
parts and systems.’

Computer-aided engineering has also be-
come important in the automobile and aero-
space industries, where weight can be a critical
factor in the design of products. These indus-
tries have developed CAE programs which can
optimize a design for minimum material used
while maintaining strength.

Applications for the design of integrated cir-
cuits are similarly advanced. Very large-scale
integrated (VLSI) circuits, for example, have
become so complicated that it is virtually im-

‘W. D. Beeby, (former) Director of Engineering Computing
Systems, Boeing Commercial Airplane Co., “Applications of
Computer-Aided Design on the 767" (Seattle: Boeing, 1983).

Steo 0

Step 33

Illustration credit: General wmotors Corp.

A computer-aided engineering system developed at
General Motors Research Laboratories can help
designers develop parts which are of minimum mass,
yet are capable of performing under the structural
loads. The CAE system tries to make the part thinner
and lighter with each step; shading changes which
appear on the computer screen show simulated stress
levels within the design limits for this part
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possible for a person to manually keep track
of the circuit paths and make sure the patterns
are correct. There is less need here for geomet-
rically sophisticated CAD systems (integrated
circuit designs are essentially a few layers of
two-dimensional lines), and more need for com-
puter-aided engineering systems to help the
designer cope with the intricate arrangement
of the circuit pattern. Such CAE programs are
used to simulate the performance of a circuit
and check it for “faults,” as well as to optimize
the use of space on the chip.’

CAD is also beginning to be used for non-
aerospace mechanical design, and in smaller
firms; these developments are being spurred
on by the marketing of relatively low-priced
“turnkey” systems—complete packages of
software and hardware which, theoretically,
are ready to use as soon as they are delivered
and installed. While a standard and reasonably
powerful system based on a minicomputer is

'S. B. Newell, A. J. de Geus, and R. A. Rohrer, “Design Auto

mation for Integrated Circuits, ” Science, Apr. 29, 1983, pp.
465-471.
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CAD systems are used frequently in electronics
industries to design and analyze
complex circuit patterns

typically in the $500,000 range, many smaller
microcomputer-based systems have been in-
troduced in the past year for under $100,000,
in some cases for as low as $10,000 to $20,000.
Very low-cost systems which run on common
microcomputers have been introduced, and
these have potential uses in a wide variety of
firms which otherwise might not consider
CAD (see ch. 7). The cost of custom-developed,
specialized systems such as those described
above for aerospace and electronics applica-
tions is harder to gauge but runs well into the
millions of dollars.

The potential advantage of CAD for large
as well as small mechanical manufacturing
firms is that it addresses several of the prob-
lems in manufacturing referred to at the begin-
ning of this chapter. It facilitates use of pre-
vious designs, and allows design changes to
be processed more quickly. Because CAD re-
duces the time necessary for many design
tasks, it can also improve design by allowing
designers to “try out” a dozen or a hundred
different variations, where previously they
might have been limited to building perhaps
three or four prototype models. It also allows
many drawings to be constructed more quick-
ly, especially with an experienced CAD oper-
ator. Comparisons of design time with CAD
range from 0.5 to 100 times as fast as manual
systems, with 2 to 6 times as fast being typi-
cal. * For instance, Prototype and Plastic Mold
Corp. in Middletown, Corm., is a small firm
that uses CAD to design short-lived metal
molds for plastic parts. The firm’s president
reported that designs could be produced with
CAD roughly twice as fast as previously. For
example, they received specifications for a
plastic part mold by air express one Saturday
morning, and planned to return the design
drawings by air express that evening-a feat
which, they reported, would have been impos-
sible without CAD.**

Many of these represent comparisons of the time
necessary for a very narrowly defined task, and exclude time
necessary for related tasks on a CAD system such as setting
up the machine, manipulating files, or recovering from a ma-
chine failure.

**OTA sit,visit, protype and Plastic Mold Corp., Mid-
dletown, Corm., June 3, 1983. One scientist has pointed out that
the time savings would be even more striking if Prototype and
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Other applications of CAD, though not
directly connected to manufacturing, include
mapping, architectural drawing and design,
graphics for technical publishing, and anima-
tion and special effects in cinematography.

Computer-Aided Manufacturing (CAM)
Technologies

Computer-aided manufacturing (CAM) is a
widely used term in industrial literature, and
it has various meanings. Here it is defined sim-
ply as those types of programmable automa-
tion which are used primarily on the factory
floor to help produce products. The following
sections provide functional descriptions of four
CAM tools: robots, numerically controlled ma-
chine tools, flexible manufacturing systems,
and automated materials handling systems.

Robots

Robots are manipulators which can be pro-
gramed to move workplaces or tools along
various paths. Most dictionary definitions de-
scribe robots as “human-like,” but industrial
robots bear little resemblance to a human. *

There is some controversy over the defini-
tion of a robot. The Japan Industrial Robot
Association, for example, construes almost
any machine that manipulates objects to be
a robot (essentially including the “hard auto-
mation” mentioned earlier), while the oft-
guoted Robotic Industries Association (RIA)
definition** emphasizes that the robot must

Plastic Mold’s staff could have transmitted the design infor-
mation by telephone computer links; such activities have begun
to be feasible within the last few years.

*In this sense the technical usage of the term “robot” dif-
fers from its dictionary definition (and from its roots in litera-
ture, in particular Karel Capek’s 1923 novel, R. U.R. (Rossum's
Universal Robots) A Fantastic Melodrama. (Garden City, N. Y.:
Doubleday, Page & Co., 1923). A robot which resembled a
human would be an “android,” in robotics parlance. Such a
machine has not been designed, and there does not appear to
be substantial movement toward human-like robots (except,
perhaps for motion pictures and other entertainment purposes).
Later sections of this chapter will discuss adding certain an-
thropomorphic characteristics and skills to robots.

o *RIA (,trade association of robot manufacturers, consta-
ants, and users, formerly the Robot Institute of America)
defines a robot as a “reprogrammable multifunctional manip-
ulator designed to move material, parts, tools, or specialized
devices, through variable programed motions for the perform-
ance of a variety of tasks. ”

Photo credit Cincinnati Milacron Corp

A robot used for welding

be flexible, or relatively easily changed from
one task to another. The RIA definition thus
excludes preset part-transfer machines used
for decades as a part of largebatch and mass-
production systems, whose path can be changed
only by mechanically reworking or rearrang-
ing the device. Also excluded are “manual
manipulators” or “teleoperators’ ’-devices
directly controlled by a human such as those
for remote handling of radioactive material.

As OTA observed in an earlier report on
this subject,”industrial robots have a dual
technological ancestry, emerging from: “l) in-
dustrial engineering automation technology,
a discipline that stretches historically over a
century; and 2) computer science and artificial
intelligence* technology that is only a few

decades old.” Indeed, there is still a dichotomy

‘Exploratory Workshop on the Social Impacts of Robotics:
Summary and Issues (Washington, D. C.: U.S. Congress, Office
of Technology Assessment, OTA-BP-CIT-11, February 1982).

*Artificial intelligence research seeks to develop computer
systems that can perform tasks which are ordinarily thought
to require human intelligence.
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Robot used for loading and unloading a machine tool

among experts regarding the applications and
research directions for robotics. Some empha-
size the need for anthropomorphic capabilities
in robots such as “intelligence,” vision, and
mobility, while others view robots as simply
a more versatile extension of other manufac-
turing tools.

While it is uncertain to what extent artificial
intelligence researchers will succeed in devel-
oping intelligent machines in the next few dec-
ades, it is certain that robots currently avail-
able, and those likely to be available in the
next decade, neither look like humans nor have
more than a fraction of the dexterity, flexibili-
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ty, or intelligence of humans. A more accurate
term for these machines might be “program-
mable manipulator. ” Nevertheless it is clear
that much of the great popular interest in ro-
botics is rooted in the prevailing vision (or
nightmare) of intelligent robots with human-
like characteristics. Artificial intelligence will
be discussed in more detail in the “Technical
Trends and Barriers” section of this chapter.

How Robots Work.—There are three main
parts of a typical industrial robot: the control-
ler, manipulator, and end-effecter. The con-
troller consists of the hardware and software—
usually involving a microcomputer or micro-
electronic components—which guides the
motions of the robot and through which the
operator programs the machine. The manipu-
lator consists of a base, usually bolted to the
floor, an actuation mechanism-the electric,
hydraulic, or pneumatic apparatus which
moves the arm-and the arm itself, which can
be configured in various ways to move
through particular patterns. In the arm, “de-
grees of freedom”—basically, the number of
different joints-determine the robot’s dexter-
ity, as well as its complexity and cost. Final-
ly, the end-effecter, usually not sold as part
of the robot, is the gripper, weld gun, or other
tool which the robot uses to perform its task.

The structure, size, and complexity of the
unit varies depending on the application and
the industrial environment. Robots designed
to carry lighter loads tend to be smaller, and
operated electrically; many heavier units move
their manipulator hydraulically. Some of the
simpler units are pneumatic. Some of the
heaviest material-handling robots and the
newer light-assembly robots are arranged
gantry-style, that is, with the manipulator
hanging from an overhead support. A few ro-
bots are mobile to a limited degree, e.g., they
can roll along fixed tracks in the floor or in
their gantry supports.

Similarly, there is a great variety of end-
effectors, particularly grippers, most of which
are customized for particular applications.
Grippers are available to lift several objects

at once, or to grasp a fragile object without
damaging it (see fig. 5).

Programing.-There are essentially two
methods of programing a robot. The most
commonly used method is “teaching by guid-
ing. ” The worker either physically guides the
robot through its path, or uses switches on a
control panel to move the arm. The controller
records that path as it is “taught.” Just begin-
ning to emerge is “offline programing,” where
an operator writes a program in computer lan-
guage at a computer terminal, and directs the
robot to follow the written instructions.

Each method of programing has advantages
that depend on the application. Teaching by
guiding is the simplest and is actually superior
for certain operations: spray painting is an ex-
ample where it is useful to have the operator
guide the robot arm through its path, because
of the continuous, curved motions usually nec-
essary for even paint coverage. However,
teaching by guiding offers minimal ability to
“edit” a path—i.e., to modify a portion of the
path without re-recording the entire path. Off-
line programing is useful for several reasons:
1) production need not be stopped while the
robot is being programed; 2) the factory floor
may be an inhospitable environment for pro-
graming, whereas offline programing can be
done at a computer terminal in an office; 3) as
computer-aided manufacturing technologies
become more advanced and integrated, they
will increasingly be able to automatically gen-
erate robot programs from design and manu-
facturing data bases; and 4) an offline, writ-
ten program can better accommodate more
complex tasks, especially those in which
“branching” is involved (e.g., “if the part is
not present, then wait for the next cycle”).
These branching decisions require some kind
of mechanism by which the robot can sense
its external environment. However, the vast
majority of robotic devices are unable to sense
their environment, although they may have in-
ternal sensors to provide feedback to their con-
troller on the position of the arm joints.
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Figure 5.—Sample Robot Grippers

For small diameters Internal, 3 fingers Fitted to the diameter Fitted to the length

For large objects For cast parts Vacuum, double

Vacuum, curved surface Vacuum, several parts Vacuum pad, several parts

l5IH1

Vacuum corrugated surface Balloon lifter, bottles Magnet lifter Magnet lifter

SOURCE Tech Tran Corp Industrial Robots A Summary and Forecast 1983
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Sensors.—Devices for sensing the external
environment, while often used in conjunction
with robots, are a growing technology in them-
selves. The simplest sensors answer the ques-
tion, “Is something there or not?” For examp-
le, a light detector mounted beside a convey-
or belt can signal when a part has arrived be-
cause the part breaks a light beam. Somewhat
more complex are proximity sensors which, by
bouncing sound off objects, can estimate how
far away they are. The technology for these
devices is fairly well-established. But the most
powerful sensors are those which can interpret
visual or tactile information; these have just
begun to become practical.

Ideally, vision sensors could allow a robot
system to respond to changes in its environ-
ment, and inspect products, as well as or bet-
ter than a human could. However, using com-
puters to process images from a video camera
has proven to be an extraordinarily difficult
programing task. Routine variations in light-
ing, the complexity of the everyday environ-
ment, common variations in shape or texture,
and the difference between a 2-D camera im-
age and a 3-D world all complicate the task
of computer processing of a video image.

Other kinds of sensing devices, from prox-
imity sensors to touch and force sensors, have
received much less attention than machine vi-
sion, but they also could play an important
role in the factory environment, particularly
for assembly applications. Sensors will be dis-
cussed in greater detail later in the chapter.

Applications. —Table 6 displays some of the
most recent robot use estimates. Figure 6 es-
timates the robot sales and total use in the
United States for the next decade. Such sta-
tistics should be interpreted with caution,
however. In particular, the number of robots
in use is a highly imperfect measure of the lev-
el of automation and modernization in an in-
dustry or country. Process changes in manu-
facturing which increase productivity may or
may not include robots. As one report on in-
ternational use of robots observes:’

*“OECD, “Robots: The Users and the Makers, ” The OECD
Observer, July 1983.

It is also important that robots be viewed
as part of the overall changes taking place
in manufacturing concepts with the increas-
ing diffusion of automated manufacturing
equipment, including computer-aided manu-
facturing and computer-aided design sys-
tems. The impact of new production con-
cepts, equipment and systems on production
control and machine utilisation, inventory
control and management efficiency will to-
gether have a much greater productivity im-
pact than the industrial robot alone.

As noted earlier in this chapter, interna-
tional comparisons of robot “populations” are
also plagued by inconsistencies in the def-
inition of a robot, particularly between the
United States and Japan. Regardless of the
definition of robot used, Japan leads the world
in number of robots in use. The reasons for Ja-
pan’s emphasis on robot technology include
a historical shortage of labor, and a tendency
to devote more engineering expertise to man-
ufacturing processes than does the United
States. In addition, the United States faced

Table 6.—Operating Robot Installations, End of 1982

Country Number Percent of total
Japan .. ................31,900 66
United States. . . .. ......... 6,301 13
West Germany. ... , ..., .. , 4,300 9
Sweden.................... 1,450 3
taly ....... ... 1,100 2
France . .................. 993 2
United Kingdom . . . ......... 977 2
Belgium................... 305 t
Poland . ................... 285 t
Canada.................... 273 t
Czechoslovakia . . ........... 154 t
Finland , . . ................ 98 t
Switzerland . . ... ... ... L 73 {
Netherlands . . . ... .......... 71 t
Denmark . .................. 63 t
Austria . . .. ... .. ... ... 50 t
Singapore . . ... ... ... 25 t
Korea ..................... 10 t
Total . ................... 48,428

Less than 1 percent.

Note: This table does not include 9,000 “variable sequenced manipulators”
which are included i n the RIA's estimate for France. Statistics on robots differ
because of differing definitions of a robot, because of different methodologies
for collecting data, and because “operating robot installations” (as used in this
table) may differ from “robot population, " which includes some robots in labora-
tories and others not yet in use A December 1983 study by the U S. International
Trade Commission, for example (“Competitive Positon of U S. Producers of
Robotics (in Domestic and World Markets”) gives slightly different figures for robot
population in the United States and West Germany (7 232 and 3,500, respectively)

SOURCE Robot Instutitute of America, Worldwide Robotics Survey and Directory,
1983
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Figure 6.—Actual and Projected U.S. Annual Robot Sales and Installed Base Through 1992
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labor surpluses throughout the 1970’s, which
tended to induce manufacturers to use labor
instead of equipment in production. Chapter
9 will discuss international comparisons in
more detail.

Sophistication in reprogramiability, as well
as size and degrees of freedom, are some of the
key cost factors for an industrial robot. A sim-
ple “pick-and-place” machine with 2 or 3 de-
grees of freedom costs roughly $5,000 to
$30,000, while more complex programmable
models, often equipped with microcomputers,
cost approximately $25,000 to $90,000 and
uplo

Table 7 lists some of the potential applica-
tions for industrial robots. Many of the first
applications of robots have been for particular-
ly unpleasant or dangerous tasks. One of the
earliest uses, for example, was for loading and
unloading die-casting machines, a hazardous
and unpleasant task because of the extreme
heat. The best-known uses, however, have
been in spray painting and spot welding in the
auto and related industries. In these applica-
tions, robots have proven to be useful for per-
forming particularly hazardous and monoto-
nous jobs while offering enough flexibility to
be easily adapted to changes in car models or
body styles.

There are a number of motivations behind
the use of robots on such unpleasant jobs. Im-
provement of job conditions (and, consequent-
ly, worker morale) is one of them, though it
may not be the primary one. Such jobs often
have high worker turnover and inconsistent
product quality because of their unpleasant-
ness. Also, compliance with the occupational
safety and health regulations that protect peo-
ple performing these tasks adds to production
costs. In addition, tasks like spray painting
and spot welding are often relatively easy to
automate because the paths the robot is to fol-
low are predictable, and the tasks are repeti-
tive and require little sensing capability.

10 E. Lustgarten, Vice President, paine, Webber, Mitchell!
Hutchins, Inc., personal communication.

Table 7.—Examples of Current Robot Applications

Material Handling

+ Depalletizing wheel spindles into conveyors

- Transporting explosive devices

+ Packaging toaster ovens

+ Stacking engine parts

+ Transfer of auto parts from machine to overhead
conveyor

« Transfer of turbine parts from one conveyor to another
Loading transmission cases from roller convveyor to
monorail

- Transfer of finished auto engines from assembly to hot
test
Processing of thermometers

+ Bottle loading

+ Transfer of glass from rack to cutting line

Machine loading/unloading:

+ Loading auto parts for grinding
Loading auto components into test machines
Loading gears onto CNC lathes

+ Orienting/loading transmission parts onto transfer
machines
Loading hot form presses

+ Loading transmission ring gears onto vertical lathes

+ Loading of electron beam welder

+ Loading cylinder heads onto transfer machines

+ Loading a punch press

+ Loading die cast machine

Spray painting:

. Painting of aircraft parts on automated line

. Painting of truck bed

7 Painting of underside of agricultural equipment

. Application of prime coat to truck cabs

. Application of thermal material to rockets

. Painting of appliance components

Welding:

« Spot welding of auto bodies

. Welding front-end loader buckets

Z Arc welding hinge assemblies on agricultural
equipment

. Braze alloying of aircraft seams

. Arc welding of tractor front weight supports

. Arc welding of auto axles

Machining:

. Drilling alum inure panels on aircraft

. Metal flash removal from casings

. Sanding missile wings

Assembly:

. Assembly of aircraft parts (used with auto-rivet
equipment)

. Riveting small assemblies

. Drilling and fastening metal panels

. Assembling appliance switches

. Inserting and fastening screws

Other:

. Application of two-part urethane gasket to auto part

¢ Application of adhesive

. Induction hardening

. Inspecting dimensions on parts

. Inspection of hole diameter and wall thickness

SOURCE" Tech Tran Corp , Industrial Robots: A Summary and Forecast, 1983
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While spot welding, spray painting, and
loading/unloading applications have been the
primary uses for robots, increasing sophistica-
tion in programmability and in sensing is en-
abling applications such as arc welding and
assembly.

As an example of such an application, a
welder at Emhart Corp. 's United Shoe Man-
ufacturing plant in Beverly, Mass., uses a
robot to arc-weld frames for shoemaking ma-
chinery* (see photo). He welds several dozen
identical frame units at a time; each frame unit
requires perhaps a dozen 2-inch welds to at-
tach reinforcing bars to a steel sheet. The weld-
er clamps the first sheet and reinforcing bars

*OTA sit,visit, Emhart Corp., United Shoe Manufacturing
Plant, Beverly, Mass., June 28, 1983.

onto a table. Using directional buttons on a
“teach pendant”—a portable panel attached
to the robot controller-he directs the robot
to the spot where it is to begin the first weld.
He pushes a button to record that location.
Still using the teach pendant, he moves the ro-
bot to the end of the weld and records that lo-
cation. Then he presses a button which in-
structs the machine to “weld a straight line
from the first point to the second. ” After re-
peating this process for each of the dozen
welds, he gives the command for the robot to
begin welding, and the robot follows the path
it has been “led through "-this time with its
welding gun on. For each subsequent identical
frame unit, all that is required is to clamp
down the parts in the same location as the
original set on which the machine was

Photo credit Emhart Corp

Welder Pete Bolger at Emhart's United Shoe Manufacturing Plant uses a “teach pendant” to program a robot to weld
parts of a metal frame, below left. After the robot is taught the correct steps, it can repeat those steps with its welding
gun on, while the operator can set up another frame on an adjacent table or perform other duties

27- 4520-84-5 : oL3
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“taught,” signal the machine to begin, and
then inspect the welds after the machine com-
pletes its program. The robot controller can
store several programs, so that the operator
can use the robot to weld different types of
frames in any order he chooses, as long as he
sets up the steel plates and reinforcing bars
in the appropriate positions.

Note that this application of a robot for arc
welding does not use sensors, even though
there has been extensive work done on devel-
oping vision sensors that allow the robot to
“see” the seam formed by the two pieces of
metal, and to follow it automatically. For
the fairly simple, straight-line applications at
Embhart, sensors are not necessary. However,
if the frame units were out of position by a
half-inch, the welding robot would put a use-
less blob of metal where it expected the joint
to be. If a clamp was in the way of a pro-
gramed weld, the robot would attempt to weld
through the clamp, damaging the clamp and
itself in the process.

The advantages of robots depend on wheth-
er one is comparing them to hard automation
devices or to human workers. Clearly, the flex-
ibility and programiability of robots is prom-
inent in the first case, while in comparison
with humans the advantages are likely to be
the robot's greater consistency, endurance,
and ability to tolerate hostile environments.

The disadvantages of robots also depend on
whether they are compared with other auto-
mation or humans. In the former case, robotic
devices are sometimes more expensive than a
hard automation device which is not program-
mable, and they are not as fast—a typical robot
moves about as fast as a human, while dedi-
cated automatic part-transfer devices can
operate at considerably greater speed. The
clear advantage of human workers over ro-
bots, on the other hand, is in situations where
extensive sensing, judgment, or intelligence
is required, and/or where situations change so
frequently that the expense of programing a
robot is uneconomical. For these reasons it is
often suggested that humans, robots, and hard
automation devices are best suited for low,

medium, and high production volumes, respec-
tively, although there are many exceptions to
this-e. g., automotive spot welding. Each sit-
uation must be evaluated individually.

The design of automated production proc-
esses involves determining which tasks are
most suitable for a machine, and which are
most suitable for a human. Several technolo-
gy experts have argued that some manufac-
turers’ visions of robots as replacements for
human workers will prevent the best alloca-
tion of tasks between human and machine.
One researcher argues:

A robot is a machine. It should be de-
signed, controlled, and operated as a ma-
chine. Any attempt to emulate human behav-
ior with a robot is a misdirection. Take, for
example, the task of turning a bolt. A human
turns down a bolt in roughly half-revolution
increments. At today’state-of-the-art, most
robots are constrained to perform the task
in the same way. But robots need not be con-
strained the way humans are. The most distal
axis of a robot should be capable of continu-
ous rotation. The primary advantage that ro-
bots will have in the manufacturing market
of the future will be based not on their abili-
ty to mimic humans, but on their abilities to
perform tasks in ways which humans can-
not.11

General-purpose robots are already evolving
toward special-purpose programmable devices
for a particular task (e.g., assembly machines,
painting machines), and this evolution may
continue so that few robots in the future look
like the general-purpose “arm” of today.

Though they will not be covered in detail
here, robotics technology has a wide range of
nonmanufacturing uses including handling of
radioactive material, mining, undersea explor-
ation, and aids for the handicapped.1’

"W. P. Seering, “Directions in Robot Design, ” Transactions
of the ASME, March 1983, pp. 12-13.

“See, for example, T. N. Sofyanos and T. B. Sheridan, An
Assessment of Undersea Teleoperators, Sea Grant College Pro-
gram, Massachusetts Institute of Technology, June, 1980; A.
Seireg and J. Grundman, “Design of a Multitask Exoskeletal
Walking Device,” Biomechanics of Medical Devices, D. N.
Ghista (cd.) (New York: Marcel Dekker Inc., 1981), pp. 569-639.
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Numerically Controlled Machine Tools

Numerically controlled, or NC, machine
tools are devices which cut a piece of metal ac-
cording to programed instructions about the
desired dimensions of a part and the steps for
the machining process. They consist of a ma-
chine tool, specially equipped with motors to
guide the cutting process, and a controller
which receives numerical control commands.

The U.S. Air Force developed NC technol-
ogy in the 1940’s and 1950's, in large part to
help produce complex parts for aircraft which

were difficult to make reliably and economical-
ly with a manually guided machine tool.

How They Work.—Machine tools for cutting
and forming metal are the heart of the metal-
working industry. Using a conventional, man-
ual machine tool, a machinist guides the shap-
ing of a metal part by hand. He or she moves
either the workpiece or the head of the cutting
tool to produce the desired shape of the part.
The machinist controls the speed of the cut,
the flow of coolant, and all other relevant as-
pects of the machining process.

(™™

Photo credit Cincinnati Milacron Corp

An operator supervises a large, computerized numerically controlled (CNC) machine tool. The minicomputer which controls
the tool is at right; at left additional cutting tools are loaded into an automatic tool changing device
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In ordinary NC machines, programs are
written at a terminal which, in turn, punches
holes in a paper or mylar plastic tape. The tape
is then fed into the NC controller. Each set of
holes represents a command, which is trans-
mitted to the motors guiding the machine tool
by relays and other electromechanical
switches. Although these machines are not
computerized, they are programmable in the
sense that the machine can easily be set to
making a different part by feeding it a differ-
ent punched tape; and they are automated in
that the machine moves its cutting head, ad-
justs its coolant, and so forth, without direct
human intervention. However, most of these
machines still require a human operator,
though in some cases there is one operator for
two or more NC machine tools. The operator
supervises several critical aspects of the ma-
chine’s operation:

1. he or she has override control to modify
the programed speeds (rate of motion of
the cutting tool) and feeds (rate of cut) (see
fig. 4). These rates will vary depending on
the batch of metal used and the condition
of the cutting tool,

2. he or she watches the quality and dimen-
sions of the cut, and listens to the tool,
replacing worn tools (ideally) before they
fail; and

3. he or she monitors the process to avoid
accidents or damage-e. g¢., a tool cutting
into a misplaced clamp, or a blocked cool-
ant line.

Typically, NC programs are written in a lan-
guage called APT (Automatically Programed
Tools), which was developed during the initial
Air Force research on NC (see fig. 7 for a sam-
ple of an APT program). A number of modified
versions of APT have been released in the last
decade, and some of these are easier to use
than the original. But the essential concept
and structure of the numerical codes has re-
mained the same. In large part because of the
momentum it gained from its initial DOD sup-
port, APT has become a de facto standard for
NC machine tools.

Figure 7.—Sample APT Computer Program
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The path of the center of the cutter is shown as t moves
about the perimeter of the part.

(1) PARTNO FLAT PLATE NO 12345678
) MACHIN/MODEL PTX
®) CLPRNT

) CUTTER/.25

() FE DRAT/10

6) SP . POINT/-5-.51

E?i pl = POINT/0,0,0

8 L1 = LINE/PI, ATANGL,0
@ ¢ = CIRCLE/2,5,5

(lo) P2 = POINT/0,1,0

(11) L2 = LINE/P2,PARLEL, L1
(12) L3 = LINE/P2, PERPTO, L1
(13) FROM/SP

(14) GOITO, L1

(15) GO RGI"/LI ,TANTO,C1
(16) GOFWDI/CI ,TANTO, L2
17) GOFWD/L2, PAST, L3
(18) Go LFT/L3, PAST, L1
(19) GOTO/SP

(20) FIN|I

The APT computer program, above, directs a machine tool to cut
around the perimeter of a flat metal part with a semicircular end (see
top diagram) In the program, the first line Identifies the part, and line
(2) calls out the postprocessor for the machine/control combination
that 1s to machine the part The postprocessor is that part of the
computer software program that tailors the tape Instruct lons for the
particular machine/control combination Line (3) notes that the com-
puter is to print out the coordinates of all the straight-lne moves of
the cutter Line (4) notes that the cutter is to have a diameter of O 25
Inches. Line (5) describes the feed rate in inches per minute Lines
(6) through (12) describe the geometry of the part Lines (13) through
(19) are motion statements and describe the path of the cutter Line
(20) ends the part program

SOURCE: J. J. Childs, Princlples of Numerical Control (New York: Industrial Press,
1982, pp. 134-135.

Since 1975, machine tool manufacturers
have begun to use microprocessors in the con-
troller, and some NC machines come equipped
with a dedicated minicomputer. Those called
computerized numerically controlled (CNC)
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tend to be equipped with a screen and key-
board for writing or editing NC programs at
the machine. Closely related to CNC is direct
numerical control (DNC), in which a larger
mini- or mainframe computer is used to pro-
gram and run more than one NC tool simul-
taneously. As the price of small computers has
declined over the past decade, DNC has
evolved both in meaning and concept into
distributed numerical control, in which each
machine tool has a microcomputer of its own,
and the systems are linked to a central con-
trolling computer. One of the advantages of
such distributed control is that the machines
can often continue working for some time even
if the central computer “goes down. ”

In all types of NC machine tools the machin-
ing processes are essentially the same-the dif-
ference is in the sophistication and location of
the controller. CNC controllers allow the oper-
ator to edit the program at the machine, rather
than sending a tape back to a programer in
a computer room for changes. In addition, by
avoiding the use of paper or mylar tape, CNC
and DNC machines are substantially more reli-
able than ordinary NC machines. The tape
punchers and readers and the tape itself have
been notorious trouble spots. CNC and DNC
machines, through their computer screens,
may also offer the operator more complete in-
formation about the status of the machining
process.

Some NC tools are equipped with a feature
called “adaptive control, ” which tries to au-
tomatically optimize the rates of cut to pro-
duce the part as fast as possible, while avoid-
ing tool failure. As yet, there has been limited
success with these devices.

Applications. —The diffusion of NC tech-
nology into metalworking industry proceeded
very slowly in the 1950's and 1960’'s, though
it has accelerated somewhat over the past 10
years. Figure 8 and table 8 detail the U.S. pop-
ulation of machine tools. Numerically con-
trolled machine tools represent only 4.7 per-
cent of the total population,12 although this fig-

“"The 13th American Machinist Inventory of Metalworking

Equipment 1983, ” American Machinist, November 1983, pp.
113-144.

Figure 8.—Total Number of Numerically Controlled
Machine Tools in U.S. Metalworking
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SOURCE 13th American Machinist Inventory American Machinist November 1983

Table 8.—Estimated Total Machine Tools
in the United States

Total Metal- Metal-

units cutting forming

Metalworking . . . . ... .. 2,192,754 1,702,833 489,921
Other industries . . . . . .. 380,000 275,000 105,000
Training, . ............ 74,000 70,000 4,000
In storage and surplus . 250,000 200,000 50,000
Total . .............. 2,896,754 2,247,833 648,921

SOURCE: 13th Annual American Machinist Inventory and estimates, American
Machinist, November 1983

ure may be somewhat misleading: the newer,
NC machine tools tend to be used more than
the older equipment, and firms often keep old
equipment even when they buy new machines.
Some industry experts have estimated that as
many as half of the parts made in machine
shops are made using NC equipment. Never-
theless, the applications still tend to be con-
centrated in large firms and in smaller subcon-
tractors in the aerospace and defense indus-
tries.

Two examples from OTA'S case studies il-
lustrate a range of uses for NC machine tools.
A Connecticut machine shop with 48 employ-
ees on the shop floor began using numerical
control technology around 1966, and now uses
23 NC machines to produce contracted parts
for the electronics and aircraft industries. By
contrast, one of the NC machine shops at a
large commercial aerospace manufacturer oc-
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cupies 471,000 square feet—about the size of
18 football fields—and includes 110 NC and
CNC machine tools, as well as 230 conven-
tional machine tools.

The U.S. machine tool population is signifi-
cantly older than that of most other countries
(see table 9), and this situation, suggesting rel-
atively low levels of capital investment, has
been a source of concern for many in industry
and government. In 1983, for the first time in
several decades, the percentage of metalcut-
ting tools less than 10 years old increased by
3 percent, although the percentage of metal-
forming tools less than 10 years old remains
at an all-time low of 27 percent.”

DOD has encouraged diffusion of NC tech-
nology, which has moved beyond the aero-
space industry—although not nearly as fast
as most observers expected. There are several
reasons for the relatively slow diffusion of NC
technology. They include high capital cost for
an NC machine (perhaps $80,000 to $150,000
and up, as opposed to $10,000 to $30,000 for
a conventional machine tool).” In addition, the
successful application of NC machine tools re-
guires technical expertise that is in short sup-
ply in many machine shops. Training is a prob-
lem, as some users report requiring as much
as 2 years “to get an NC programer up to
speed. “1" Small machine shops typically do not
have the resources or expertise to train staff
to use or maintain computerized equipment.
Finally, “APT proved to be too complicated
for most users outside the aerospace indus-
try. . .. Most machine jobs could be specified
in a considerably less complex world. "18

However, intricate shapes such as those now
found in the aerospace industry are nearly im-
possible for even the most experienced ma-

“OTA work environment case studies.

15“The 13th American Machinist Inventory of Metalworking
Equipment 1983, ” American Machinist, November 1983.

'“E. Lustgarten, Vice President, Paine, Webber, Mitchell,
Hutchins, Inc., personal communication.

17A. M. Greene, “Is It Time for a New Approach to NC Pro-
gramming?” Iron Age, Sept. 24, 1982, p. 83. The need for sub-
stantial training applies not only to NC machine tools but to
virtually all PA devices.

“Industry and Trade Strategies, unpublished paper prepared
for OTA, April 1983, p. 28.

chinist using conventional machine tools. With
NC, the parts can be more consistent because
the same NC program is used to make the part
each time it is produced. A manually guided
machine tool is more likely to produce parts
with slight variations, because the machinist
is likely to use a slightly different procedure
each time he or she makes a part. This may
not be a problem for one-of-a-kind or custom
production, but can cause headaches in batch
production. The advantages in consistency
due to NC are seen by many manufacturers
as an increase in their control over the machin-
ing process.

NC machines tend to have a higher “through-
put” than conventional machine tools, and
hence are more productive. They are operating
(i.e., cutting metal) more of the time than a
conventional machine tool because all the
steps are established before the machining
begins and are followed methodically by the
machine’s controller. Further, on a complex
part that takes more than one shift of machin-
ing on a conventional machine tool, it is very
difficult for a new machinist to take over
where the first left off. The part may remain
clamped to the machine and the part and ma-
chine tool lie idle until the original machinist
returns. On NC machines, operators can sub-
stitute for each other relatively easily, allow-
ing the machining to continue uninterrupted.

As discussed previously, the capability of
guiding machine tools with numeric codes
opens up possibilities for streamlining the
steps between design and production. The go
metric data developed in drawing the product
on a CAD system can be used to generate the
NC program for manufacturing the product.

Flexible Manufacturing Systems

A flexible manufacturing system (FMS) is
a production unit capable of producing a range
of discrete products with a minimum of man-
ual intervention. It consists of production
equipment workstations (machine tools or
other equipment for fabrication, assembly, or
treatment) linked by a materials-handling sys-
tem to move parts from one workstation to



Table 9.—Age of Machine Tools in Seven Industrial Nations

Metalcutting machines

Metalforming machines

Year Units O-2yr~ 6-4yr 0-9 yr >15 yr >20 yr Units 0-2yr  O-4yr O-9yr >15 yr >20 yr
United States. . . . . . .. ....... 83 1,703,000 — 14 % 34 "0 — 3200 490,000 — 9010 180/0 — 3740
Canada.................... 78 149,400 —_ — 41 —_ 37 61,400 — - 23 - 26
Federal Republic of Germany. 80 985,000 - 15 34 480/0 — 265,000 — 15 34 48'lo
France ., . ................. 80 584,000 - 16 35 - 32 177,000 — 16 35 - 32
taly . . ... 75 408,300 — — 41C —_ 29’ 133,000 —_ —_ 29 ° — 25’
Japan . ................... 81 707,000 150/0 —_ 35° 37 211,000 180/0 —_ 41° 31 —
United Kingdom . . ... ....... 82 627,900 - 41 f = — 27 146,800 — 48 t— — 28

a 05 years old” "O-7 years old “0.8 years old. '13 years old and up: '18 Years old and up

SOURCE 13th American Machinist Inventory, American Machinist, November 1983 (Note American Machinist used a variety of foreign sources for this table)
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another, and it operates as an integrated sys-
tem under full programmable control.”

An FMS is often designed to produce a fami-
ly of related parts, usually in relatively small
batches—in many cases less than 100, and
even as low as one. Most systems appropriate-
ly considered to be an FMS include at least
four workstations, and some have up to 32.
Smaller systems of two or three machine tools
served by a robot, which are sometimes called
flexible manufacturing systems, are more ap-
propriately termed “machining cells. ”

How an FYWS Works.— Using NC programs
and (often) computer-aided process planning,
workers develop the process plan (i.e., the se-
quence of production steps) for each part that
the FMS produces. Then, based on inventory,
orders, and computer simulations of how the
FMS could run most effectively, the FMS
managers establish a schedule for the parts
that the FMS will produce on a given day.
Next, operators feed the material for each part

*M. E. Merchant, personal communication, Oct. 12, 1983.
Adapted from a definition developed by the International In-
stitution for Production Engineering Research.

into the system, typically by clamping a block
of metal into a special carrier that serves both
as a fixture to hold the part in place while it
is being machined, and as a pallet for trans-
porting the workpiece. Once loaded, the FMS
essentially takes over. Robots, conveyors, or
other automated materials handling devices
transport the workpiece from workstation to
workstation, according to the process plan. If
a tool is not working, many FMSS can reroute
the part to other tools that can substitute.

Machine tools are not the only workstations
in an FMS; other possible stations include
washing or heat-treating machines, and auto-
matic inspection devices. While most current
FMSS consist of groups of machine tools,
other systems anticipated or in operation in-
volve machines for grinding, sheet metal work-
ing, plastics handling, and assembly.

The amount of flexibility necessary to de-
serve the label “flexible” is arguable. Some
FMSS can produce only three or four parts of
very similar size and shape—e.g., three or four
engine blocks for different configurations of
engines. One FMS expert argues, however,

lllusfration credit: Cincinnati Milacron Corp

Schematic diagram of an FMS for producing aircraft parts. The lines indicate paths of automatic devices which bring
workplaces to the machines
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Photo credit: Cincinati Corp

An FMS system for tank parts
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that in the current state of the technology, a
system that cannot produce at least 20 to 25
different parts is not flexible. Indeed, some are
being designed to manufacture up to 500
parts.”

The essential features that constitute a
workable “part family” for an FMS are:

« A common shape. —In particular, prisma-
tic (primarily flat surfaces) and rotational
parts cannot be produced by the same set
of machines.

+ Size.—An FMS will be designed to pro-
duce parts of a certain maximum size,
e.g., a 36-inch cube. Parts larger or much
smaller than that size cannot be handled.

+ Material. -Titanium and common steel
parts cannot be effectively mixed, nor can
metal and plastic.

« Tolerance. —The level of precision
necessary for the set of parts must be in
a common range.

Applications. —For a manufacturer with an
appropriate part family and volume to use an
FMS, the technology offers substantial advan-
tages over stand-alone machine tools. In an
ideal FMS arrangement, the company’s expen-
sive machine tools are working at near full
capacity. Turnaround time for manufacture of
a part is reduced dramatically because parts
move from one workstation to another quick-
ly and systematically, and computer simula-
tions of the FMS help determine optimal rout-
ing paths. Most systems have some redundan-
cy in processing capabilities and thus can au-
tomatically reroute parts around a machine
tool that is down. Because of these time sav-
ings, work-in-process inventory can be dras-
tically reduced. The company can also de-
crease its inventory of finished parts, since it
can rely on the FMS to produce needed parts
on demand.

Finally, FMS can reduce the “economic
order quantity” for a given part-the batch
size necessary to justify setup costs. When a
part has been produced once on an FMS, setup

©B Johoski, Manager, Manufacturing Systems Division, Cin-
cinnati Milacron Corp., interview, Aug. 16, 1983.

costs for later batches are minimal because
process plans are already established and
stored in memory, and materials handling is
automatic. In the ultimate vision of an FMS,
the machine could produce a one-part batch
almost as cheaply as it could produce 1,000,
in cost per unit. In practice there are unavoid-
able setup costs for apart and a one+part batch
is uneconomical. Nevertheless, the FMS’s cap-
ability to lower the economic order quantity
is particularly useful in an economy in which
manufacturers perceive an increased demand
for product customization and smaller batch
sizes. *

A Midwestern agricultural equipment man-
ufacturer, for example, uses an FMS to ma-
chine transmission case and clutch housings
for a family of tractors (see photo). They had
considered “hard automation ”-a transfer
line—to manufacture the parts, but expected

*In defense production, several examples of the very high Cost
of spare parts have come to light. In part because the set up
cost for producing parts is so hi(};h, the Pentagon's contractors
may charge thousands of dollars for producing one or two small
parts. The traditional solution to this problem is to make spare
parts when the original equipment Is bought, and keep the
spares on hand. However, studies indicate that more than 95
percent of those spare parts are never used. An FMS could
substantially reduce the cost for making a small number of parts
because once a part has been made on the system and the tool-
mF and production routing already established, setup costs are
relatively low.
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Photo credit: Deere & Co,

A worker obtains status information from a computer
terminal at one of the workstations of an FMS for
producing agricultural equipment



a new generation of transmissions within 5
years, which would render the transfer line ob-
solete. They chose an FMS instead because it
could be more easily adapted to other prod-
ucts. In the system, a supervisory computer
controls 12 computerized machining centers
and a system of chain-driven carts which shut-
tle the fixtured parts to the appropriate ma-
chines. The supervisory computer automati-
cally routes parts to those machines with the
shortest queue of workplaces waiting, and can
reroute parts to avoid a disabled machine tool.
About a dozen employees operate and main-
tain the system during the day shift, and there
are even fewer people on the other two shifts.
The system is designed to produce nine part
types in almost any sequence desired. (Thus,
it is rather inflexible according to the current
state of the art.) It was, in fact, one of the
earliest FMSS of substantial size to be de-
signed. It was ordered in 1978, but not fully
implemented until 1981.*

Another example of FMS application is a
system operating at Messerschmitt-Bolkow-
Blohm’s plant in Augsburg, West Germany,
to manufacture the center section of Tornado
fighter planes at a rate of about 10 per month.
The system includes 28 NC machine tools, au-
tomatic systems for cutting-tool changing and
workpiece transport, and complete computer
control. One observer reports:

The system has demonstrated remarkable
efficiencies. They find that the machines in
the system are cutting metal, on the average,
about 75 percent, or more, of the time—i.e.,
machine utilization is 75 percent better. Lead
time for production of a Tornado is only 18
months, compared to about 30 months for
planes produced by more conventional
means. The system reduced the number of
NC machines required (compared to doing
the same job with stand-alone NC machines)
by 52,6 percent, required personnel by 52.6
percent, required floor place [sic] by 42 per-
cent, part through-put time by 25 percent, to-
tal production time by 52.6 percent, tooling
cost by 30 percent, total annual costs by 24

“0TA work environment case study.
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percent and capital investment costs by 10
percent.*

Finally, a Fanuc Ltd. factory near Mt. Fuji
in Japan has received a great deal of attention
and is similarly impressive. The factory pro-
duces industrial robots and various CNC tools.
It has two automated storage and retrieval
systems (these are described in the next sec-
tion) as well as an automated materials han-
dling system to deliver materials to worksta-
tions. Automatic pallet changers and robots
are used to load and unload machine teds from
the automatic materials handling vehicles, and
the plant makes extensive use of unmanned
machining at night. The 29 machining centers
are attended by 19 workers during the day
shift, while at night no one is on the machining
floor, and one worker monitors the operation
from a control room. Several other areas of
this factory are not automated, however—no-
tably, assembly and inspection.”

The chief problems related to an FMS arise
from its complexity and cost. Several years of
planning are needed for such a system, and in-
stalling and maintaining an FMS is likely to
require a higher degree of technical expertise
than manufacturers may have available. Final-
ly, because FMS is a system of interdependent
tools, reliability problems tend to magnify. In
particular, the materials handling portions of
FMS are notoriously troublesome. (See below.)

Despite the advantages claimed for FMS,
the systems are still relatively rare. Observers
estimate that there are 20 to 30 of such sys-
tems in Japan, 20 each in Western and East-
ern Europe, and 20 to 30 in the United States.”
The reasons for this scarcity of application in-
clude the complexity, newness and cost of the

“M. E. Merchant, ““Current Status of, and potential for, Au@
mation in the Metalworking Manufacturing Industry, ” Annals
of the CIRP, vol. 32, no. 2, 1983.

“Ibid; D. Nitzan, “Robotics in Japan-A Trip Report, ” SRI
International, February 1982.

“"C AM, An International Comparison, American Machin-
ist, November, 1981, pp. 207-226; W. Dostal, A. W. Kamp, M.
Lahner, and W.P.Seesle, “Flexible Manufacturing Systems
and Job Structures” (Mitteilungen aus der arbeitsmarkt and
berufsforschung), 1982. Reliable statistics on FMS are difficult
to obtain because of conflicting definitions of an FMS and the
early stage of the technology’s development.
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systems. One American manufacturer estimated
that FMS cost $600,000 to $800,000 per machin-
ing workstation, with a minimum expenditure
of $3 million to $4 million.” In addition, the in-
house costs of planning for installation of an
FMS—a process which often takes several
years-are likely to substantially increase the
investment in an FMS.

Automated Materials Handling Systems

Automated materials handling (AMH) sys-
tems store and move products and materials
under computer control. Some AMH systems
are used primarily to shuttle items to the work
areas or between workstations on automated
carts or conveyors. Automated storage and re-
trieval systems (AS/RS) are another form of
automated materials handling, essentially
comprising an automated warehouse where
parts are stored in racks and retrieved on com-
puterized carts and lift trucks. For the pur-
poses of this report, this category includes
only those materials handling systems which
are not classified as robots.

How AMH Systems Work.—There are a
wide variety of formats for automated materi-
als handling. They include conveyors, mono-
rails, tow lines, motorized carts riding on
tracks, and automated carriers which follow
wires embedded in the floor of the factory.
Each AMH system is unique, and each is de-
signed for the materials handling needs of a
particular factory. The common characteristic
of these devices is that they are controlled by
a central computer.

There are three general applications for AMH.
The first is to shuttle workplaces between sta-
tions on an FMS. In this case, the AMH sys-
tem operates on commands from the FMS con-
troller. For example, when the controller
receives a message that a machine tool has fin-
ished work on a certain workpiece, the control-
ler orders the AMH system to pick up the
workpiece and deliver it to the next worksta-
tion in its routing. The materials handling por-
tion of the FMS is one of its trickiest ele-

#B. Johoski, Manager, Manufacturing Systems Division, Cin-
cinnati Milacron Corp., interview, Aug. 16, 1983.

Photo credit’ Cincinnati Milacron Corp

Automated guided vehicle (also known as a “robot

cart”) follows wires embedded in the floor of the

factory in order to shuttle workplaces from one part
of the plant to another

ments—part transport needs tend to be logis-
tically complicated, and the AMH system
must place the part accurately and reliably for
machining. Many AMH systems, such as con-
veyors or tow chains, are serial in nature—
i.e., there is only one path from Point A to
Point B. This has caused FMSS to cease op-
erating when a cart becomes stuck or a criti-
cal path becomes unusable. FMS designers
have responded to this problem by designing
AMH systems with backup paths, or by using
systems such as the wire-guided vehicle men-
tioned earlier, which can be routed around
disabled carts or other obstacles.

The second major application of AMH is for
transporting work-in-process from one man-
ufacturing stage to the next within a factory.
This application is similar in concept to AMH
use for a flexible manufacturing system, al-
though serving an entire factory is more com-
plex. There is more area to cover, more poten-
tial obstacles and logistical difficulties in
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establishing paths for the AMH carriers, and
a wider range of materials to handle. For this
reason, whole-factory AMH systems are not
yet widely used. However, General Motors has
recently agreed to purchase automatic guided
vehicles from Volvo which allow automobiles
to proceed independently through the plant
while being assembled. The “robot carts” can
be programed to stop at appropriate worksta-
tions, and the cart system essentially replaces
an assembly line. Volvo uses about 2,000 of
the carts in its own plants in Europe.”Fiat
also uses such carts in Italy.

The final application for AMH is in auto-
mated storage and retrieval systems. These
systems are often very tall in order to conserve
space and to limit the number of automatic
carrier devices needed to service the facility.
In many cases the structure housing the AS/

26+. Walter, “Volvo Will Build Robot Carts, ” The Detroit
News, Sept. 27, 1983.

Photo credit Cincinnati Milacron Corp

An automated storage and retrieval system (AS/RS),

with a computer terminal showing its status. An

“automatic stacker crane” (top, center) operates under
computer control

RS is built separately adjacent to the main fac-
tory building. Design of an AS/RS depends on
the size of the products stored, the volume of
material to be stored, and the speed and fre-
quency of items moving in and out of the sys-
tem. Advocates of AS/RS cite advantages for
the system, as compared to nonautomated
systems, which include lowered land needs,
fewer (but more highly trained) staff, more ac-
curate inventory records, and lower energy
use.

Applications. —In theory, AMH systems
can move material quickly, efficiently, and re-
liably, and keep better track of the location
and quantities of the parts by use of the com-
puter's memory, thus avoiding much paper-
work. They can minimize loss of parts in a fac-
tory, which is a common problem in materi-
als handling.

Deere & Co., for example, uses an extensive
AS/RS to store materials and inventory at one
of its tractor plants.” The system’s computer-
ized controller keeps track of the products
stored on the shelves, and workers can order
the system to retrieve parts from the shelves
by typing commands at a computer terminal.
After they are retrieved from the AS/RS, the
parts can be automatically carried by over-
head conveyors to the desired location within
the plant complex.

IBM's Poughkeepsie plant is planning an
AMH conveyor cart system for transporting
a 65-pound computer subassembly fixture
between assembly and testing stations. The
manufacturing manager reports that the deci-
sion to adopt this system was prompted by
logistical difficulties in keeping track of many
such fixtures among a great variety of work-
stations, as well as by worker health problems
related to transporting the fixtures manually. *

AMH systems often have reliability prob-
lems in practice. A Deere & Co. executive re-
lated an anecdote at a recent National Re-

®G. H. Millar, vice president, Engineering, Deere & Co., ad-
dress to National Research Council seminar on “The Future
of Manufacturing in the United States, ” Washington, D. C.,Apr.

13, 1983.
*OTA site visit, 1BM Corp., Poughkeepsie, NY, June 9.1983.
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search Council symposium.”Deere’'s AS/RS
was systematically reporting that they had
more engines stored on the racks than other
records indicated. After long weeks of search-
ing for the problem they finally found the
culprit: A leak in the roof was allowing water
to drip past the photocell that counted the en-
gines as they were stored. In essence each drip
became an engine in the computer’s inventory.

Although Deere’s experience is doubtless
not widely applicable to AS/RSs, the notion
that AMH systems seem to present unex-
pected logistical and mechanical problems
does seem to be generally accurate. Even
though these systems are a key aspect of flex-
ible manufacturing systems and of computer-
integrated manufacturing, materials handling
has long been a neglected topic in industrial
research. Materials handling system manu-
facturers have only recently “caught up” to
other industrial systems in level of sophistica-
tion, and few companies have so far installed
sophisticated AMH systems. Because of this
relative lack of sophistication, materials handl-
ing for FMS and CIM, especially for a com-
plex application such as delivery of multiple
parts to an assembly station, may be one of
the biggest problems facing integrated auto-
mation.”

Other CAM Equipment

While they will not be addressed in detail,
there are several other kinds of programmable
automation equipment used in manufacturing.
They include:

Z Computer-aided inspection and test
equipment. — For mechanical parts, the
most prominent such device is the Coor-
dinate Measuring Machine, which is a
programmable device capable of automa-
tic and precise measurements of parts. A

28G. Milk, op. cit.

“B. Roth, professor of mechanical engineering, Stanford
University, “Principles of Automation, ” address to the Unilever
Symposium on Future Directions in Manufacturing Technology,
Apr. 6-7, 1983; and J. Apple, senior vice president, Systecon,
Inc., “Retrieval and Distribution Systems-A Pivotal Part of
Future Process Planning, ” address to Technology Transfer
Society Symposium on Factory of the Future, Oct. 26-28, 1983.

Photo credit National Bureau of Standards

A Coordinate Measuring Machine uses a tiny but

precise probe (center) to automatically
measure parts

great variety of inspection and test equip-
ment is also used for electronic parts.
IBM’s Poughkeepsie plant, mentioned
above, performs the vast majority of its
testing of microprocessor modules with
automatic devices built in-house. In ad-
dition, robots can be used as computer-
aided inspection and test devices; several
two-armed, gantry-style robots are used
at IBM to test the wiring for computer
circuit boards.* In the test, thousands of
pairs of pins on the circuit board must be
tested to make sure that they are correct-
ly wired together. Each arm of the robot
is equipped with an electronic needle-like
probe, and by touching its probes to each

*oTA site visit, IBM Corp., Poughkeepsie, N. Y., June 9*

1983.
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pair of pins and passing an electronic sig-
nal through the probes, the robot’s con-
trol computer can determine whether the
circuit board’'s wiring is “OK.”

. Electronics assembly. —Increasingly, pro-

grammable equipment is used to insert
components— resistors, capacitors, di-
odes, etc.—into printed circuit boards.
One such system, Dyna-Pert, manufac-
tured by a subsidiary of the Emhart
Corp., is capable of inserting 15,000 parts
per hour. A programmable machine as-
sembles spools of electronic parts in the
right order for insertion into the circuit
board, and another machine inserts the
components.

« Process control. -Programm able control-

lers (PCs) are being used extensively in
both continuous-process and discrete-
manufacturing industries. PCs are small,
dedicated computers which are used to
control a variety of production processes.
They are useful when a set of electronic
or mechanical devices must be controlled
in a particular logical sequence, as in a
transfer line where the conveyor belt must
be sequenced with other tools, or in heat
treatment of metals in which the sequence
of steps and temperature must be con-
trolled very precisely. Until the late
1960's, PCs were comprised of mechanical
relays, and were “hard-wired’ '—one had
to physically rewire the device to change
its function or order of processes. Modern
PCs are computerized, and can typically
be reprogrammed by plugging a portable
computer terminal into the PC. A comput-
erized PC is not only more easily repro-
grammed than a hard-wired device, but is
also capable of a wider range of functions.
Modern PCs, for example, are often used
not only to control production processes
but also to collect information about the
process. PCs and numerical control de-
vices for machine tools are very similar
in concept—essentially, NCS are a special-
ized form of PC designed for controlling
a machine tool.

Programmable Automation and
Manufacturing Management

Several kinds of computerized tools are
becoming available to assist in management
and control of a manufacturing operation. The
essential common characteristic of computer-
ized tools for management is their ability to
manipulate and coordinate “data bases”-
stores of accumulated information about each
component of the manufacturing process. The
ability to quickly and effectively get access to
these data bases is an extraordinarily power-
ful management tool-what was a chaotic and
murky manufacturing process can become
much more organized, and its strengths and
weaknesses more apparent. The following sec-
tion describes some of these tools, as well as
the notion of “computer-integrated manufac-
turing, ” which is not a tool or technology in
itself but rather a strategy for organizing and
controlling the factory.

Management Information Systems

Manufacturers use and store information on
designs, inventory, outstanding orders, capa-
bilities of different machines, personnel, and
costs of raw materials, among other things.
In even a modestly complex business opera-
tion, these data bases become so large and in-
tricate that complex computer programs must
be used to sort the data and summarize it ef-
ficiently. Management information systems
(MI1S) perform this function, providing reports
on such topics as current status of production,
inventory and demand levels, and personnel
and financial information.

Before the advent of powerful computers
and management information systems, some
of the information which MIS now handle was
simply not collected. In other cases, the col-
lection and digestion of the information re-
quired dozens of clerks. Beyond saving labor,
however, MIS bring more flexible and more
widespread access to corporate information.
For example, with just a few seconds of com-
puter time a firm’'s sales records can be listed
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by region for the sales staff, by dollar amount
for the sales managers, and by product type
for production staff. Perhaps most important-
ly, the goal for MIS is that the system should
be so easy to use that it can be used directly by
top-level managers.*

Computer-Aided Planning

Computer-aided planning systems sort the
data bases for inventory, orders, and staff, and
help factory management schedule the flow of
work in the most efficient manner. Manufac-
turing resources planning (MRP) is perhaps
the best-known example of computer-aided
planning tools.** MRP can be used not only to
tie together and summarize the various data
bases in the factory, but also to juggle orders,
inventory, and work schedules, and to opti-
mize decisions in running the factory. In some
cases these systems include simulations of the
factory floor so as to predict the effect of dif-
ferent scheduling decisions. MRP systems
have applicability for many types of industry
in addition to metalworking.

Another kind of computer-aided planning
tool is computer-aided process planning
(CAPP), used by production planners to estab-
lish the optimal sequence of production opera-
tions for a product. There are two primary
types of CAPP systems—variant and gener-
ative.

The variant type, which represents the vast
majority of such systems currently in use, re-
lies heavily on group technology (GT). In GT,
a manufacturer classifies parts produced ac-
cording to various characteristics: e.g., shape,
size, material, presence of teeth or holes, and
tolerances. In the most elaborate GT systems,
each part may have a 30- to 40-digit code. GT
makes it easier to systematically exploit sim-
ilarities in the nature of parts produced and

*Sometimes the terms ‘‘management information system”
and “data base management system” (DBMS) are used inter-
changeably. MIS tends to refer to a more powerful and compre-
hensive DBMS aimed for use by relatively high-level staff.

**TWO forms of MRP are mentioned in industry literature.
The earlier version was materials requirements planning, a more
limited form of computer-aided planning system for ordering
and managing inventory. Manufacturing resources planning is
sometimes known as MRP 11 to distinguish it from this earlier
notion.

in machining processes to produce them. The
theory is that similar parts are manufactured
in similar ways. So, for example, a process
planner might define a part, using GT classi-
fication techniques, as circular with interior
holes, 6° * diameter, 0.01 * * tolerance, and so
forth. Then, using a group technology-based
CAPP system, the planner could recall from
computer memory the process plan for a part
with a similar GT classification, and edit that
plan for the new, but similar, part.

Generative process planning systems, on the
other hand, attempt to generate an ideal rout-
ing for a part based on information about the
part and sophisticated rules about how such
parts should be handled, and the capabilities
of machines in the plant. The advantage of
such systems is that process plans in variant
systems may not be optimal. A variant sys-
tem uses as its foundations the best guesses
of an engineer about how to produce certain
parts. The variants on that process plan may
simply be variations on one engineer’s bad
judgment.

Though generative CAPP may also depend
on group technology principles, it approaches
process planning more systematically. The
principle behind such systems is that the ac-
cumulated expertise of the firm’s best process
planners is painstakingly recorded and stored
in the computer's memory. Lockheed-Georgia,
for example, developed a generative CAPP
system called Genplan to create process plans
for aircraft parts (see photo for an example of
a process plan developed by Genplan). Engi-
neers assign each part a code based on its ge-
ometry, physical properties, aircraft model,
and other related information. Planners can
then use Genplan to develop the routing for
the part, the estimated production times, and
the necessary tooling. Lockheed-Georgia offi-
cials report that one planner can now do work
that previously required four to eight people,
and that a planner can be trained in 1 year in-
stead of 3 to 4.*

*oTA site visit, Lockheed-Georgia, Mar. 10-11, 1983. Genplan
was derived from a generative CAPP system developed by Com-
puter Aided Manufacturing-International-a consortium for
programmable automation research (see ch. 8).
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An excerpt from a process plan developed by the “Genplan” system

Computer-Integrated Manufacturing

Computer-integrated manufacturing (CIM,
pronounced “sire”) involves the integration
and coordination of design, manufacturing,
and management using computer-based sys-
tems. Computer-integrated manufacturing is
not yet a specific technology that can be pur-
chased, but rather an approach to factory or-
ganization and management.

Computer-integrated manufacturing was
first popularized by Joseph Harrington's book
of the same name, published in 1974. One sys-
tems expert recounts the history of the con-
cept in this way:

ICIM] came about from: 1) The realization
that in many cases automation for discrete
activities in manufacturing, such as design
or machining, in fact often decreased the ef-

fectiveness of the entire operation—e.g., de-
signers could conceive parts with CAD that
could not be made in the factory; NC machine
tools required such elaborate setup that they
could not be economically programmed or
used. 2) Development of large mainframe
computers supported by data base manage-
ment systems (DBMS) and communications
capabilities with other computers. The
DBMS and communications allowed func-
tional areas to share information with one
another on demand. 3) The dawning of the mi -
crocomputer age which began to allow ma-
chines in the factory to be remotely pro-
grammed, to talk to each other and to report
their activity to their ultimate source of
instruction .30

sopy Wisnosky, group vice president, GCA Corp., Industrial

Systems Group, personal communication, October 1983.
Wisnosky is a former director of the U.S. Air Force Integrated
Computer-Aided Manufacturing Program (ICAM).
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Though there is no quantitative measure of
integration in a factory, and definitions of
CIM vary widely, the concept has become a
lightning rod for technologists and industrial-
ists seeking to increase productivity and ex-
ploit the computer in manufacturing. For ex-
ample, James Lardner, vice president of Deere
& Co., sees the current state-of-the-art manu-
facturing process as a series of “islands of
automation, ” in which machines perform tasks
essentially automatically, connected by “hu-
man bridges. ” The ultimate step, he argues,
is to connect those islands into an integrated
whole through CIM and artificial intelligence
(described in the next section of this chapter),
replacing the human bridges with machines.
In this essentially “unmanned factory, ” hu-
mans would then perform only the tasks that
require creativity, primarily those of concep-
tual design. Lardner’s vision is echoed by
many other prominent experts.

Experts differ in their assessment of how
long it might take to achieve this vision—vir-
tually no one believes that it is attainable in
less than 10 to 15 years, while some experts
would say an unmanned factory is at least
three decades away. More importantly, there
are other technologists who argue that the vi-
sion may, in fact, be just a dream. For exam-
ple, Bernard Roth, professor of mechanical en-
gineering at Stanford University, argues that
factories will, in reality, reach an appropriate
and economical level of automation and then
the trend toward automation will level off. In
a sense, the difference between these two
views may be a difference of degree rather
than kind. For many factories, the “appropri-
ate” level of automation might indeed be very
high. In others, however, a fair number of hu-
mans will remain, though they may be signif-
icantly fewer than is currently the case.

Integrated systems are often found to re-
quire more human input than was expected.”
Indeed, as one engineer explains:®

“This phenomenon has been noted in a variety of places, in-
cluding OTA work environment case studies, and the OTA
Automation Technology Workshop, May 29, 1983.

*B, Bums, Manufacturing Technology Group Engineer,
Lockheed-Georgia Co., cited in “Considering People Before Im-
plementation, ” CAD/CAM Technology, fall 1983, p. 6.

There is much talk about the totally
automated factory—the factory of the fu-
ture—and night shifts where robots operate
the factory. Whereas these situations will
develop in some cases . . . many manufactur-
ing facilities will not be fully automated.
Even those that are will involve humans in
system design, control, and maintenance—
and the factory will operate within a corpor-
ate organization of managers and planners.

These two views do have important signifi-
cance for how an industrialist might now pro-
ceed. Many who hold the vision of the un-
manned factory seem to emphasize technolo-
gies, such as robotics, that can remove hu-
mans from manufacturing. Those who do not
share the vision of “unmanned manufactur-
ing’ tend to argue that there are more practi-
cal ways to enhance productivity in manufac-
turing, including redesigning products for ease
of fabrication and assembly.

How CIM Works.—There are two different
schemes for CIM: In vertically integrated
manufacturing, a designer would design a
product using a CAD system, which would
then translate the design into instructions for
production on CAM equipment. Management
information systems and computer-aided plan-
ning systems would be used to control and
monitor the process. A horizontal approach to
integration, on the other hand, would attempt
to coordinate only the manufacturing portion
of the process; i.e., a set of computer-aided
manufacturing equipment on the factory floor
is tied together and coordinated by computer
instructions. A flexible manufacturing system
would be a good example of such horizontal
integration. * Vertically integrated manufac-
turing is what is most commonly meant by
CIM, however, and many experts would con-
sider horizontal or “shop floor” integration to
be only partial CIM. Figure 9 is a conceptual
framework for CIM which illustrates the role
of some of the PA technologies at various
levels of factory control.

*Vertical and horizontal integration of programmgple auto-

mation equipment should not be confused with vertical and
horizontal integration in the markets for selling this equipment;
this will be discussed in chapter 7.
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Figure 9.— Programmable Automation Factory Hierarchy (Simplified)
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A vertically integrated factory usually im-
plies maximum use and coordination of all PA
technologies, and can involve much more cen-
tralized control of manufacturing processes
than a nonintegrated production process.
Communication and shared data bases are
especially important for CIM. For example,
CAD systems must be able to access data
from inventory on the cost of raw materials,
and from CAM systems on how to adapt the
design to facilitate manufacture. Computer-
aided manufacturing systems must be able to
interpret the CAD design and establish effi-
cient process plans. And management com-
puter tools should be able to derive up-to-date
summary and performance information from
both CAD and CAM data bases, and effective
ly help manage the manufacturing operation.

Some parts of the above requirements are
already possible, while others seem far on the
horizon. Factory data bases now tend to be
completely separate, with very different struc-
tures to serve different needs. In particular,
the extensive communications between CAD
and CAM data bases will require more
sophistication in both CAD and CAM,
research on how to establish such communica-
tions, and finally, major changes in traditional

factory data structures in order to implement
such a system.

Ap@’cations. -CIM sounds like utopia to
many manufacturers because it promises to
solve nearly all of the problems in manufac-
turing that were identified in the section on
“the manufacturing process” at the beginning
of this chapter, and in particukir it promises
to dramatically increase managerial control
over the factory. Design changes are easy with
extensive use of CAD; CAP and MIS systems
help in scheduling; FMS and other CAM
equipment cut turnaround time for manufac-
ture, minimize production costs, and greatly
increase equipment utilization; connections
from CAD to CAM help create designs that
are economical to manufacture; control and
communication is excellent, with minimal
paper flow; and CAM equipment minimizes
time loss due to setup and materials handling.

@Many of the companies which make exten-
sive use of computers view their factories as
examples of CIM, but on close examination
their integration is horizontal-in the manu-
facturing area only—or at best includes pri-
marily manufacturing and management. Boe-
ing, however, has made substantial strides
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toward a common design and manufacturing
data base system in their CAD/CAM Inte-
grated Information Network (CIIN). Similar-
ly, General Electric, as part of its effort to
become a major vendor of factory automation

systems, has embarked on ambitious plans for
integration at several of its factories, including
ity Erie Locomotive Plant, its Schenectady
Steam Turbine Plant, and its Charlottesville
Controls Manufacturing Division.

Technical Trends and Barriers: Future Applications

While the possibilities for application of ex-
isting programmable automation tools are ex-
tensive, the technologies continue to develop
rapidly. They depend on and share the extraor-
dinary rate of growth in technical capabilities
of computer technologies as a whole.

There are five themes in the directions for
development in each of the technologies. They
are:

e increasing the power of the technologies—
i.e., their speed, accuracy, reliability, and
efficiency;

¢ increasing their versatility—the range of
problems to which the technologies can
be applied,;

e increasing the ease of use, so that they re-
quire less operator time and training, can
perform more complex operations, and
can be adapted to new applications more
quickly;

¢ increasing what is commonly called the
intelligence of the systems, so that they
can offer advice to the operator and re-
spond to complex situations in the man-
ufacturing environment; and

* increasing the ease of integration of PA
devices so that they can be comprehen-
sively coordinated and their data bases
intimately linked.

This section first summarizes the principal
research efforts and directions for develop-
ment of the five technologies on which this
report primarily focuses: CAD, robotics, NC
machine tools, FMS, and CIM. Next, it sum-
marizes issues in several technical areas which
have a large potential impact on all the tech-
nologies: artificial intelligence, standards and
interfaces, human factors, materials, and sen-

sors. Chapters 8 and 9 describe the institution-
al context for research and development (e.g.,
sources of R&D funding), and compare R&D
programs on an international basis.

Trends and Barriers in Five Technologies

Computer-Aided Design

There are at least three generations of CAD
equipment, two of which are widely available
commercially, with the third still largely in
prototype applications and R&D labs. The
first are the 2-D computerized drafting sys-
tems mentioned earlier in the chapter, which
streamline the process of drawing and, espe-
cially, editing the drawings of parts, plans, or
blueprints. The second generation are 3-D
CAD systems, which allow the user to draw
an image of a part using either wireframe
models or “surfacing” (displaying the surfaces
of objects).

The third generation, commercially available
within the past few years but still in their in-
fancy me the so-called solid modelers. Such
systems (actually an expanded 3-D capabili-
ty) can be used not only to draw the object in
three dimensions but also to obtain a realistic
visualization of the part. Users can rotate,
move and view the part from any angle, and,
in some cases, derive performance characteris-
tics. Engineers at IBM’s Poughkeepsie plant,
for example, use an advanced CAD system of
this type to design cabinet arrangements for
IBM mainframe computers. Because the sys-
tem “constructs” a sophisticated solid model
of an object, it can be used to visualize such
design issues as component clearance prob-
lems. One can even “pull out a drawer” to
make sure it does not hit a cable, for instance.
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An exploded view of a part assembly from a CAD
system with solid modeling capabilities

There seems to be a consensus among manu-
facturing managers and researchers that such
third-generation 3-D CAD systems are a criti-
cal element in the progress toward effective
and powerful use of programmable automation
in factories. The increased sophistication of
3-D systems greatly improves the ability of
such systems to communicate design specifi-
cations to manufacturing equipment. While
third generation 3-D systems are technically
feasible now, there are nontechnical barriers
to implementation of 3-D systems, in part
because of the complexity of the systems and
the problems encountered in switching from
2-D to 3-D systems. 32 n fact, there is a need
for a fourth generation, a CAD system which
offers more “intelligent” design assistance and
can be easily linked to other programmable
automation systems for manufacturing and
management.

Indeed, there seem to be three related
themes in current CAD research:

1. improving the algorithms for represent-
ing objects using the computer so design-
ers can create and manipulate complex

“R. Simon, Computervision Corp., personal communication.
Oct. 6, 1983.

objects in an efficient and intuitively clear
fashion;

2. adding “intelligence’ to CAD systems so
that they prevent design errors and facil-
itate the design process; and

3. developing effective interfaces between
CAD systems and manufacturing and
management.

Improving Algorithms. —Representing
shapes in computer memory and manipulating
those representations has been and remains
a difficult challenge for computer researchers.
As the power and complexity of CAD systems
increase, their computing needs grow rapid-
ly. One of the problems in manipulating com-
plex shapes with the computer is illustrated
by the experimental CAD system used for
computer cabinet design at IBM: One of its
creators reported that a typical manipulation
of a complex object—say, generating an im-
age of the cabinet from a different viewing
angle, with all hidden lines removed—might
take several minutes of computer processing
time. * Although the system is still useful,
clearly quicker response is needed for the de-
signer to have optimal flexibility from a CAD
system. A shorter response time can come
from a faster computer or from more efficient
ways of representing and manipulating shapes
in computer memory.

Although faster computers are unquestion-
ably on the horizon, much of the current re-
search on CAD involves attempts at more ef-
ficient representations. The efficiency of a cer-
tain scheme also depends on how easy it is to
use. A wide variety of schemes are being
studied, none of which has a clear overall su-
periority. One scheme, called “constructive
solid geometry, “ involves assembling images
by combining simple shapes, such as blocks,
cylinders, and spheres. The other is boundary
representation, in which an object is con-

*OTA Site visit, D. Grossman, I1BM Corp. Yorktown Heights,
N. Y., June 8, 1983. “Hidden lines” in images are those edges
of a solid object that one cannot see from a given viewing angle.
Grossman reports that when CAD is used for such mechanical
models as the computer cabinets discussed here, each model
consists of a polyhedron with roughly 40,000 separate faces for
the computer to store, manipulate, and determine whether they
would be “hidden’ or not.
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structed as a set of individual surfaces. For
example, one system being developed by a
group at the University of Utah is based on
“splines.” The designer manipulates on the
screen the equivalent of the thin metal strips
used in models of boats or planes. He or she
can expand them, curve them, cut them, and
so forth to create the model. *

There is some concern that not enough time
and effort in industry is being devoted to ex-
panding the technologies, particularly the al-
gorithms available for “solids modeling, ” i.e.,
for true three-dimensional representations of
objects. Thus the “experience base” of indus-
tries experimenting with 3-D systems is very
small, and such experience is necessary to re-
fine the systems and determine the needs of
manufacturing industries.

Adding “Intelligence” to CAD.—-In the in-
dustry there is much discussion of “smart”
CAD systems which would not permit certain
operator errors. For example, they would not
permit the design of an object that could not
be manufactured, a case without a handle, or
a faulty circuit board. Further, they would fa-
cilitate the designer’'s work by such functions
as comparing a design to existing designs for
similar objects, and storing data on standard
dimensions and design sub-units, such as fas-
tener sizes and standard shapes. Such systems
might also increase the ability of CAD sys-
tems to simulate the performance of products.
There is much concern over “bad design” in
industry, and intelligent CAD systems are
considered one way to improve the situation.

Though such systems have become rather
advanced in electronics applications and offer
some hope of becoming more so, there is as yet
little in the way of “smart” CAD systems for
mechanical applications. A few systems can
be programed to question a designer’s choice
of certain features that are nonstandard-a
22-mm screw hole in a shop that only uses 20-
and 30-mm holes, for instance. Some research-
ers feel that it will be possible to use an “ex-
pert” system (see the next section’s discussion

“R. Reisenfeld, professor of computer science, University of
Utah, personal communication.

Photo credit University of Utat

A CAD image of a part from a system
based on “splines”

of artificial intelligence) for developing a
“smart” CAD system.

CAD as Part of Computer-Integrated Man-
ufacturing. —Perhaps the most important re-
search theme involves connecting computer-
aided design to other computerized systems
in the factory. Such connections would mean,
for example, that design information could be
forwarded directly to machine tools that make
the part, that designers could draw on pre-
vious designs as well as data on their perform-
ance and cost, and that designers would have
up-to-date information on the manufacturabili-
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ty and cost of their designs. Such comprehen-
sive connections between design and manufac-
turing are currently far beyond the state-of-
the-art.

There has, however, been modest progress
toward interfaces between CAD devices. The
Initial Graphics Exchange Standard, devel-
oped at the National Bureau of Standards
under U.S. Air Force sponsorship, allows dif-
ferent CAD systems to exchange data (see ch.
8). However, while interfaces between comput-
er-aided design systems are becoming easier,
there is as yet little progress in allowing CAD
and CAM systems to communicate. In some
cases these devices can be wired together into
a computer network, but establishing an effec-
tive interface requires sophisticated software
to manipulate manufacturing information so
that it is useful for designers, and vice versa.

Movement toward design-manufacturing
connections is impeded by a strong tradition
of separatism among design engineers and
manufacturing engineers. A common descrip-
tion of the relationship is, “The design engi-
neer throws the set of drawings over the wall
to manufacturing. ” There is evidence that
such barriers are beginning to break down,
slowly, as the need for communication has
become apparent, and as engineering schools
have begun to broaden the connections be-
tween design and manufacturing curricula.

There are many research efforts whose ulti-
mate goal includes such connections between
CAD and other manufacturing systems. These
research programs include the Air Force’s In-
tegrated Computer Aided Manufacturing proj-
ect, as well as the National Bureau of Stand-
ards (NBS) National Engineering Laboratory
and a joint West German/Norwegian effort
(see ch. 9). The heart of the latter effort is an
attempt to use a very advanced geometric
modeling system developed by the Technical
University of Berlin as the basis for develop-
ing software which would allow design to be
connected to all aspects of the manufacturing
process. In addition, users of PA, such as GE
and IBM, are also working on interface issues.
However, full integration still seems at least
a decade off.

Robotics

Robotics research is currently an area of in-
tense interest in both industry and univer-
sities. There are a dozen or more universities
with significant ongoing research projects in
robotics, and perhaps 3dozen industrial firms
and independent laboratories. Government
labs at NBS, the National Aeronautics and
Space Administration (NASA), and several at
DOD, are also involved.

In part because of the technical immaturi-
ty of robotics technology, and in part because
it is a complex and interdisciplinary technol-
ogy, there are many discrete areas of research
problems and possible directions for extension
of capabilities. The problem areas include:*

. Improved positioning accuracy for the ro-
bot arm. —Increased accuracy is essen-
tial for many applications of robots, par-
ticularly in assembly operations and other
cases where a robot is programed offline.
While current robots are precise (they can
return to the same position on each cycle
fairly reliably, within perhaps 0.005 inch),
their accuracy (the ability to arrive at a
predetermined point in space), is not near-
ly so reliable. Several techniques are be-
ing used to increase accuracy in robots.
Though the traditional answer has been
to increase the stiffness and mechanical
precision of the manipulator arm, such ap-
proaches can greatly increase the weight
and cost of the unit. Software calibration,
a technique being developed at the NBS,
involves adjusting the robot electronics
to compensate for inaccuracies in its
movements. Another technique involves
using machine vision systems to “watch’
the robot in action and correct its move-
ments as they occur-this technique could
potentially improve both accuracy and
precision. Of the two, software calibration
is far simpler technically and is likely to
be available far sooner.

#J.S. Albus, “ Industrial Robot Technology and Productivi-

ty Improvement, ” Exploratory Workshop on the Social Im-
pacts of Robotics: Summary and Issues (Washington, D. C.: U.S.
Congress, Office of Technology Assessment, OTA-BP-CIT-11,
February 1982), pp. 62-89.



Increased “grace, dexterity, and speed. ”
—The physical structure of the manipu-
lator—its material, actuation mechanism,
and joints—has remained substantially
the same for several decades. Several
groups of researchers, sponsored by
NASA and the Defense Advanced Re-
search Projects Agency (DARPA), among
others, are working on lighter structures
for the robot arm. These would most like-
ly consist of composite fiber materials
similar to those now used extensively on
aircraft-about one-sixth the weight of
steel. Though the technology for such
structures exists, composites are extreme
ly expensive and the cost is holding back
further use in robotics. Other directions
for progress in robot structures include
fundamentally different designs for the
manipulator arm. A Swedish group has
developed an arm which is structured in
some ways like a human spinal column,
while other research is directed toward
using “tendons” to effect movement of
the arm, as in the human musculoskeletal
interaction.

Cost is not the only drawback to the use
of lighter structural materials. In addi-
tion, the robot’s controller must become
more sophisticated in order to direct the
motions of a lightweight, and inherently
somewhat flexible, robot arm. For in-
stance, computer scientists and mathema-
ticians must develop control algorithms
that will prevent backlash-i.e., the “play’
or vibration that occurs when the arm is
moved quickly from one position to
another.

Finally, gripper design needs to be
made more flexible. Directions for prog-
ress in grippers include both developing
“hands” that can be used to manipulate
a wider variety of objects, and also devel-
oping “quick-change” grippers so that the
robot can autonomously exchange one
“hand” for another.

. Sensors, including vision, touch and force.

—Because sensors can be applied to a

wide range of programmable automation
devices, they will be addressed in a sepa-

rate section later. One problem relevant
to robots is the development of control
systems that can accommodate sensory
information. Systems are only now begin-
ning to become available that can accept
feedback from various kinds of sensors.
In part, these systems have developed in
conjunction with new generations of robot
programing languages, to be discussed
below. A continuing tension in devel-
opment of robots is whether one should
structure the robot’'s environment so that
it does not need extensive sensing, or try
to provide sensors to enable it to cope
with an unstructured environment.

. Model-based control systems. —The most

advanced and versatile controller for a
robot would be one that had an internal
model of its environment. In other words,
it would have a store of information about
the three-dimensional world, what the ob-
jects it worked with were supposed to
look or feel like, and the rules for how
physical objects interact with each other.
Although this problem has intrigued
many technologists, who view it as one
of the ultimate solutions for expanding
robot versatility and “intelligence, it is
extraordinarily difficult to impart such in-
formation to the machine, and even to
decide how one might structure such
information.

Software. -Methods for programing ro-
bots are becoming easier and more effi-
cient, although there is still substantial
work needed in this area. Two languages
have been released recently—IBM's A
Manufacturing Language (AML) and
RAIL, by Automatix—which are consid-
erably more powerful than traditional
robot languages, and which permit more
sophisticated programing techniques,
similar to advanced general-purpose com-
puter languages such as PASCAL or
ADA. Most other programing languages
currently available are rather cumber-
some and inflexible by computer-industry
standards. At the same time, teaching-by-
guiding programing is becoming less
practical for complex applications; it



delays production and has very limited
capabilities for editing the program or
using sensory information.

There is still much progress to be made
in human interfaces with robots—the de-
sign of languages and programing sys-
tems that can be most easily and effec-
tively used by humans. One technique for
improving human interfaces, which has
just become available, is the use of CAD
to program robots and simulate their op-
eration. The ability to visualize the ro-
bot's path may permit more effective
planning and and debugging of programs
so that production need not be stopped
in order to test a robot program.
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Interface standards. — Standards need to
be developed for communication of infor-
mation between robots and machine tools,
sensors, and control computers. While
such standards are a tractable problem,
programmable automation producers, as
well as the computing industry, are only
beginning to make progress in establish-
ing standards, and the standards-making
process is long and intricate. In the mean-
time, efforts to establish interfaces be-
tween robots and other automated de-
vices are hindered by a lack of standards.
Researchers at NBS report that some
manufacturers refuse to divulge details of
the operation of their equipment that
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A CAD-based simulation of a robot's operation
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would enable the equipment to be linked
to other computers. (See the following dis-
cussion of standards and interfaces.)

. Mobility. -While techniques for limited
movement along rails are already avail-
able for robots, the more general problem
of developing a robot that could navigate
its way through a cluttered factory is far
more difficult. There is some argument
about whether such mobility is even nec-
essary for the factory-some would assert
that such technology is too esoteric for
the factory, and the plant should instead
be organized so that mobility is unneces-
sary. There is substantial research in
mobility, however, in large part sponsored
by DOD agencies for specific battlefield
applications.

Numerically Controlled Machine Tools

Although machine tools are a well-estab-
lished technology, there continues to be a need
for substantial improvements in the tools and
their controllers. A “Machine Tool Task
Force, ” operating under the auspices of DOD’s
Air Force Materials Laboratory, issued a re-
port in 1980 calling for hundreds of improve-
ments and new research efforts. Among the
ones most relevant to this study are those
listed in table 10.*

“Machine Tool Task Force, “Technology of Machine Tools:
A Survey of the State of the Art” (Livermore, Calif.: Lawrence
Livermore National Laboratory, October 1980)

The bulk of machine tool R&D takes place
in the laboratories of machine tool and con-
troller manufacturers. A smaller but signifi-
cant amount of work is undertaken at univer-
sity mechanical engineering departments, with
funding from industry or the Federal Govern-
ment. The chief research problems can be
divided into those involving the machine itself,
and those involving the controller.

The Machine Tool.—Many of the develop-
ment needs for machine tools involve devices
which facilitate the use of the tools under com-
puterized control. For example, chip removal
—disposal of the metal shavings that accumu-
late in large volume during machining-is a
big problem in industry, a problem that gets
bigger as machines get more efficient and
more automated. Various schemes have been
used for chip control and disposal, none of
which are entirely satisfactory. Many engi-
neers believe the answer is not to create the
chips in the first place—by forging the part
close to its final shape, for example, or machin-
ing with lasers instead of cutting tools. While
“near net shape” forging is becoming more
prevalent, laser machining is still immature,
and not yet practical for widespread appli-
cations.

Another problem in machine tools, whether
automated or manual, is tool wear. A drill bit
or grinding wheel has a fixed useful life, after
which the quality of cut begins to decline and
the tool eventually fails. The traditional solu-
tion to tool wear is simply for an experienced

Table 10.—Machine Tool Task Force Recommendations for Improving Machine Tool Controls

Hardware (H) or
software (S)

Area of improvement development

Objective

Toolsetting . . .. ... H/s
Diagnosticsandsensors . .................... H/S
Fixturing/clamping . . . . .. ... ... ... ... .. . ... H
NC programing and instruction . . . . .. ......... S
Programmable controls . . . .. ....... ... ... .. .. H
Interface standards . . .. ....... ... ... .. ... HIS

Reduce setup time, improve accuracy
Allow more of the important parameters to be sensed and

monitored for failure identification

More versatility of fixture and less setup time
Develop improved new computer subroutines to simplify

and reduce time for programing

Integrate machine processes into computerized system;

enhance conventional machine operations; provide
interfacing devices and flexibility

Improve upgrading and growth-retrofit potential;

interchangeability

SOURCE Machine Tool Task Force, Technology of Machine Tools, October 1980
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machinist to listen to the machine tool and,
ideally, sense when noise and vibrations be-
come abnormal. In situations where that is not
possible, particularly on CNC machine tools,
machinists replace the tool after a specified
period of tool life. In addition, the Japanese
are said to run their machines at slower speeds
in order to minimize tool failure during un-
manned machining. However, tools can fail at
almost any point in their use—a drill bit may
fail after it only drills a few holes, or it may
last for hours. This variability makes pre-
scheduled replacement difficult and inefficient.
There has been some progress in developing
devices that can sense tool wear and report
when tool change is needed. The National
Bureau of Standards, for example, has a pro-
totype device that “listens” to the vibrations
produced by the tool and can be “taught” to
recognize abnormal vibrations.

The rate at which a machine tool can cut
metal depends on many factors—the type of
metal, the depth of cut, the condition of the
tool, and so forth. Controlling the speed of cut
or the feed rate so as to cut metal at optimum
removal rates has been a continuing research
and development problem in the industry. As
with sensing tool wear, the traditional answer
has been for experienced machinists to adjust
a cutting speed or feed rate dial on the ma-
chine. In the past decade, various “adaptive
control’ devices have been developed which
vary the “speeds and feeds” of the machine
tool based on motor load, for instance. How-
ever, these devices have had uneven reputa-
tions for effectiveness and reliability.

Finally, a great deal of effort is now being
devoted to increasing precision in machine
tools. The Navy’'s precision manufacturing
program will be described in chapter 8.

Related to improvements in precision, a
long-term goal for machine tool technology in-
volves measurement of parts during machin-
ing. With such a scheme, quality problems
could be identified and corrected during man-
ufacturing rather than afterwards, thereby
reducing waste. NBS has done some prelim-
inary research on such a system of on line

metrology at machine tools, although commer-
cial use of such systems is limited to very sim-
ple and predictable part geometries.

Machine Tool Controllers. -As with all
other forms of programmable automation,
there is continuing demand for and research
on simplifying programing of NC machine
tools; the same holds true for the need to
simplify and set standards for interfaces—be-
tween machine tool and controller, between
machine tools, and between machine tools and
other automation devices. A critical issue is
the development of effective interfaces be-
tween CNC machines and other computerized
devices, so that, for example, CNC machines
can derive their cutting instructions from the
stored dimensions of a design produced with
CAD. This is now possible only in specific
limited situations, where tremendous effort
has been devoted to developing the interfaces
for a particular application.

Flexible Manufacturing Systems

Flexible manufacturing systems for the ma-
chining of prismatic parts are becoming more
prevalent, and are a relatively established
technology. FMS for rotational parts are just
beginning to be available, while the range of
other possible applications for FMS—qgrind-
ing, sheet metal working, or assembly—are not
beyond the reach of current technology, but
are only at early stages of development.

Many of the chief R&D problems for FMS
involve logistics: design and layout for the
FMS, and computer control strategies that
can handle sophisticated combinations of
powerful machine tools. In addition, there is
a need for more sophistication in simulation
systems for the FMS so that their efficiency
can be optimized.

There are a variety of enhancements to FMS
hardware which seem to be on the horizon. In
addition to all of the developments described
under the individual technologies, these in-
clude automatic delivery and changing of cut-
ting tools, and systems for automatic fixturing
and refixturing of material to be processed.
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Improving the reliability and versatility of
materials handling systems is also an impor-
tant need for FMS. As mentioned earlier, the
level of sophistication in materials handling
technology often does not match that of other
PA technologies, and the AMH system may
be the “weak link” in the FMS.

Computer-Integrated Manufacturing

Computer-integrated manufacturing receives
substantial attention in industry discussions
and trade journals, though there is relatively
little active R&D at this level of the comput-
erized factory. This is at least partly because
there is not yet substantial demand for CIM
systems. GE and IBM have begun to work on
computer-integrated manufacturing, as have
some Japanese firms, particularly Hitachi, and
a coalition of laboratories in West Germany
and Norway. The Automated Manufacturing
Research Facility at NBS is perhaps the
largest test bed for CIM techniques. It is
described in more detail in chapter 8.

As with FMS, one of the key issues in CIM
development involves the logistics of a com-
plicated factory. Several groups, including
NBS, the U.S. Air Force ICAM project, and
Computer-Aided Manufacturing International
(CAM-I), have been working on “architec-
tures” for such an automated factory. Figure
10 is an example of such a conceptual frame-
work for CIM which forms the foundation for
detailed work on factory control architectures.

One of NBS’s major contributions in auto-
mation R&D has been in developing strategies
for the interface of programmable automation
devices. Their emphasis has been on what they
call a “mailbox” or decentralized approach to
factory communication and control. In such
a system, the control of the factory is distrib-
uted at different levels among the various PA
devices (see fig. 10). For example, a factory-
level computer might send a message to a pro
duction-level computer—' 'Make 150 of part
number 302570. ” The production-level com-
puter would then send a message to the “mail-
box” of a certain work cell-” Execute produc-
tion plan for part 302570, 150 times. ” In turn,

the work cell controller would send messages
to the mailbox of the machine tools and robots
in the cell, to execute certain programs stored
in their memory.

The “mailbox” approach differs from a cen-
tralized, or “star,” approach to automated sys-
tems control in which a central computer di-
rectly controls each action of every machine
in the factory. The advantages of the mailbox
system are that it simplifies standards and in-
terface problems—the only interface standard
necessary is for the location of the mailbox in
which to deposit messages. This allows one
robot to be substituted for another, for exam-
ple, with relative ease. The mailbox approach
allows different PA devices to operate using
different languages and proprietary operating
systems, as long as they are able to interpret
messages from the computer controller.

Hierarchical arrangements for automated
manufacturing, such as those illustrated in fig-
ure 10, tend to involve a large number of sep-
arate computers, each with separate data
bases. Techniques for “distributed data base
management, ” that is, managing and manip-
ulating data in several computer systems
simultaneously, need to be developed in order
for a hierarchical arrangement to be practical.
Similarly, techniques and standards for estab-
lishing communication between computerized
devices, both in-plant and between plants,
need to become much more sophisticated.

A group of researchers at Purdue Universi-
ty, in collaboration with several large manu-
facturers, is attempting to exploit currently
available technology to design an actual fac-
tory with maximum computer integration.
The leader of that effort argues that the tech-
nology for CIM is available, and that technical
advances, though welcome, are not necessary.
Rather, he argues that factors holding back
“fully” automated manufacturing are primarily:

1. the lack of standards for interfaces, com-
munication networks, and programing
languages;

2. a need for more powerful data-base man-
agement systems;

3. the need for detailed mathematical
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Figure 10.—NBS Scheme for Distributed Factory Control
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models of physical and chemical proc-
esses;

shortages of technical personnel,
shortages of computer power; and
manufacturing management who are
unaware of the detailed technical benefits
of automation.”

o1

Technical Trends and Barriers:
Cross-Cutting Issues

The following issues are not primarily con-
nected to a particular automation technology,

N T, Williams. Purdue Laboratory for Applied Industrial Con-
trol. * Information Systems Technology and Automation: Its
Present Day Status and a Prognosis, ” paper developed for the
American Society of Mechanical Engineers Winter Annual
Meeting, Boston, Nov. 15, 1983.

but rather have a large potential impact on the
current and future capabilities of automation
technologies as a whole.

Artificial Intelligence*

Artificial intelligence (Al) is a loose con-
glomeration of research areas united by the
common goal of designing machines which can
perform tasks we would generally regard as
requiring intelligence. It is significant for pro-
grammable automation because many experts
look to Al techniques as the key to automat-
ing parts of the manufacturing process here-

*A forthcoming OTA report, “Information Technology Re-
search and Development, ” will discuss artificial intelligence in
more detail.
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tofore thought to be too complex for automa-
tion.

The core of basic, long-term Al research in-
cludes work on imparting such intelligent
characteristics as learning, reasoning and
planning to computers. Building on some of
this work are several more applied research
areas: the most sophisticated end of the robot-
ics field; the development of systems for im-
age processing—deciphering images from video
cameras or touch sensors; development of tech-
niques to allow the computer to understand
natural language (e.g., English, as opposed to
computer languages such as FORTRAN),
both written and spoken; and expert systems,
programs which can, through a sophisticated
network of rules, advise or make decisions in
specific situations much as a human expert
would.

While robotics and sensors (image under-
standing) have been largely covered elsewhere
in the chapter, natural language and expert
systems both have significant potential ap-
plications for manufacturing in this decade.

Commercial systems for processing both
written and spoken language have received
substantial attention in the past 5 years. The
hope for both kinds of systems is that, by
allowing people to give commands and com-
municate with computers in everyday lan-
guage, widespread use of the computer will be
substantially easier. Fewer people would need
to learn specialized computer languages, and
fewer computer experts would be needed as in-
termediaries between computers and those
who wish to use the computer as a tool.

The primary application for computer proc-
essing of written language has been in the de-
velopment of so-called natural language front
ends for data-base management systems
(DBMS). In such a system, the data base—
e.g., sales records for a company—and the
DBMS itself used to manipulate and sum-
marize that data, remain essentially the same.
However, the natural language “front end”
allows users to type questions in relatively
free-form English, and translates those ques-

tions into the specialized language used by the
DBMS.

For example, without a natural language
front end, a plant manager who sought the
answer to the question, “Which products in
the 2000 series were sold in volumes of more
than 1,000 last year?” would probably refer
the question to a programer, who would write
a short program in a computer language to
process the request.* With a natural language
feature added to the DBMS, that plant man-
ager could type his request, more or less ex-
actly as he would say it, into a computer ter-
minal, and the requested information would
appear on the screen.

In general, though, scientists have found
natural language understanding to be a much
greater challenge than originally expected.
Because there are so many ambiguities and
unclear references, understanding everyday
language requires substantial information
about the context of a given statement or
guestion, and the world in general. Organiz-
ing such information to allow natural language
understanding by computer has proven to be
an extremely difficult task, in part because of
our very incomplete understanding of how
people store and manipulate such information.

In practice, this means that constructing a
natural language front end for a DBMS re-
quires weeks or months of work in writing
code that sets forth for the computer the vari-
ous meanings of the terms used for a particu-
lar application, and the possible ways they can
be combined. Although many such systems
can interpret relatively freeform questions,
they are also severely constricted in subject
area. In other words, the same system which
can interpret questions about a firm’'s sales
cannot decipher queries about the design of
its products.

*In one pBMS language, such a (very simple) program fight

look like:
OPEN SALES 83:
FIND ALL
FIND PRODNO GT 1999 AND LT 3000
FIND SALESVOL GT 1000
LIST PRODNO, SALESVOL
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Systems for computer processing of spoken
language present a different set of problems.
These involve techniques for analyzing the
electronic signals produced by a human speak-
ing into a microphone, and comparing them
to signal patterns stored in computer memory.
Voice recognition systems have been devel-
oped which are capable of interpreting perhaps
100 words, spoken distinctly and usually by
a speaker to which the system has been
“trained” to listen. Such systems can be used,
for example, to allow workers to give the com-
puter simple commands when they do not
have a hand free to use a keyboard. Various
other uses have been proposed for such sys-
tems, from directing the motions of a robot to
operating a CAD system, although the limited
vocabulary and lack of flexibility of such sys-
tems has hindered widespread use. Rapid ad-
vances in hardware and software for voice
recognition may expand their capabilities in
the next few years.

Both for written and spoken language under-
standing systems, the limited breadth and
flexibility of applications is a consistent
theme. In fact, a general solution to the prob-
lems of natural language understanding-e. g.,
one that could impart to a computer the lan-
guage understanding capabilities of a 5-year-
old child—is probably at least two decades off.

Finally, expert systems can allow the use of
computers in situations normally thought to
be so complex that they require human judg-
ment or “intuition. Al researchers have
found that in a narrowly defined problem area,
it is sometimes possible to simulate much of
the judgment of human experts by breaking
down that judgment into hundreds of rules for
the information to look for under different cir-
cumstances, and how to weigh that informa-
tion.

Expert systems are typically composed of
hundreds of rules, gathered by painstaking in-
terviewing of human experts, about exactly
how they make their judgments. The interview
and development process for an expert system
typically takes several years to complete,
although it is becoming less time-consuming

as techniques for developing the systems
become more refined. The interview tech-
niques used by expert system developers allow
the systems to capture many of the subtleties
of how an expert arrives at judgments.

Two of the classic expert systems, for ex-
ample, are “Dipmeter Advisor, ” developed by
Schlumberger to offer advice on oil geology,
and Stanford’s MYCIN, which advises doctors
on antibiotic drug treatment. Figure 11 is an
excerpt from the rules upon which the MYCIN
system is based. The system asks the doctor
a series of questions about the patient, and
then offers a diagnosis and treatment (see fig.
12). It can explain the rules it used to arrive
at its recommendation, and physicians can
also improve the system by adding new rules.

Some of the more recent applications of ex-
pert systems, closer to manufacturing, are a
system which guides mechanics in the repair
of locomotives (Delta/CATS-I, developed by
GE), and a system which helps configure
complex computer systems (XCON, formerly
“R-1, ” developed by Carnegie-Mellon Univer-
sity and Digital Equipment Corp.).

Though the commercialization of expert sys-
tems is only beginning, many industrialists
have high hopes for their use in manufactur-
ing. A myriad of applications have been pro-
posed, including systems which could mimic
the performance of a human machinist; sys-
tems for advising designers and preventing
design errors; systems which would act as a
linkage between manufacturing and design

Figure 1 | .- Sample Rule from the MYCIN
Expert System

Rule 27

If 1) the gram stain of the organism is gram
negative, and

2) the morphology of the organism is rod,
and

3) the aerobicity of the organism is
anaerobic,

Then:  There is suggestive evidence (0.7) that
the identity of the organism is
Bacteriodes.

SOURCE R Davis and C Rich, Expert Systems Fundamentals

tutorial at 1983 conference of the American Association
for Artificial Intellgience
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Figure 12.—Sample “Advice” From the MYCIN
Expert System

[Rec 1] My preferred therapy recommendation is as
follows:
In order to cover for items <13456>:
Give: GENTAMICIN
Dose: 128 mg (1.7mg/kg) g8h IV (or IM) for 10
days
Comments: Modify dose in renal failure
In order to cover for item <2>:
Give: CHLORAMPHENICOL
Dose: 563 mg (7.5 mg/kg) gq6h for 14 days
Comments: Monitor patient’s white count

Do you wish to see the next choice therapy?

.* NO

SOURCE: R. Davis and C. Rich, Expert Systems: Fundamentals, tutorial
at 1983 conference of the American Association for Atrtificial
Intelligence.

data bases; and even systems for overall fac-
tory control.

Two researchers describe the characteristics
of a problem area which makes a good domain
for expert systems as one where:*

There are recognized experts; the experts
are provably better than amateurs; the task
takes an expert a few minutes to a few hours;
the task is primarily cognitive; the skill is
(routinely) taught to neophytes; the task do-
main has a high payoff; the task requires no
common sense.

It is unclear in this early stage of applica-
tion of expert systems just how widely appli-
cable these tools will be. While the successes
to date have been impressive, each of the cur-
rent systems has been the result of many years
of effort in top Al laboratories. Furthermore,
they have succeeded in very carefully selected,
and very carefully restricted problem areas.
For example, GE’s system for diagnosing loco-
motive problems cannot be used to diagnose
automobiles, or even to diagnose different
brands or configurations of locomotives with-
out major alteration.

With current high levels of interest in ex-
pert systems, and evolving tools and tech-
niques to streamline their development, it
seems likely that these tools will be used in

»R. Davis and C. Rich, “EXpert systems: Fundamentals,

tutorial at American Association for Artificial InteII| ence 1983
annual conference, Washington, D. C., Aug. 2

several areas of manufacturing. However, it
is unlikely that expert systems will in the near
future meet the many expectations which their
recent successes have generated. It is easy
both to underestimate the development effort
and skills needed to construct such tools, as
well as to imagine new applications in areas
which are too broad or ill-defined for current
technology to handle.

Sensing this problem, one recent National
Research Council committee report warned of
“unrealistic expectations:”*

In an extremely narrow context, some
expert systems outperform humans (e.g.,
MACSYMA), but certainly no machine ex-
hibits the common sense facility of humans at
this time. Machines cannot outperform hu-
mans in a general sense, and that may never
be possible. Further, the belief that such sys-
tems will bail out current or impending disas-
ters in more conventional system develop-
ments that are presently under way is almost
always erroneous.

One of the dangers of high expectations for
expert systems and other areas of Al is that
if these expectations are unmet, there could
be a backlash and loss of interest in Al. The
field has already suffered from two or more
such cycles of high expectations and loss of
interest and credibility. Indeed, Al has long
been an area in which claims and hopes are
more prevalent than concrete successes,
though current workers in this area seem to
be rather more cautious.

Manufacturers are not alone in their high
hopes for Al, as evidenced by Japan’s recent
“Fifth Generation” computer project, and
DOD’'s new Strategic Computing project.
Both of these programs are long-term, ambi-
tious R&D in computer hardware and software
in which Al plays a primary role (also see ch.
8). Another major goal of both programs is the
development of “supercomputers.” Though
the definition of supercomputers changes as

“Committee on Army Robotics and Artificial Intelligence,
Manufacturing Studies Board, National Research Council, Ap-
plications of Robotics and Artificial Intelligence to Reduce Risk
and Improve Effectiveness: A Study for the United States
Army (Washington, D. C.: National Academy Press, 1983), p. 63.
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the technology develops, a current working
definition is machines that can process more
than 100 million instructions per second. Al
and supercomputers tend to be discussed to-
gether and often confused with each other.
However, though both Al and supercomput-
ers are at the frontiers of computer science,
they are essentially separate research areas at
this time. It is likely, though, that future Al
applications will require advanced computer
architectures-not high-speed number crunch-
ers as much as machines designed to process
Symbols and logic.

Although the infusion of DOD funds into Al
may expand and advance the field, defense ap-
plications may also continue to monopolize the
small pool of U.S. Al researchers. Despite the
fact that DOD is making concerted efforts to
encourage commercial spinoffs from the Stra-
tegic Computing project, most of the atten-
tion of the Al R&D community will be focused
on military applications rather than commer-
cial manufacturing applications.

Much of the current wave of commercializa-
tion of Al is based on Al research done as
much as a decade or more ago. In many cases,
commercial applications have recently become
feasible because of the continuing declines in
costs of computing power. While one can ex-
pect further improvements in available Al-
Based tools over the next few years, these im-
provements may be small in comparison to
this initial harvest. The more fundamental
problems of Al, involving natural language
systems of general applicability, versatile and
unstructured machine vision, and—ultimate-
IY-—generally intelligent, perhaps “learning”
machines, are still very much a long-term re-
search issue.

Standards and Interfaces

The need for standards in both languages
and interfaces is strong and consistent through-
out programmable automation technologies.
Without standards, it is very difficult to com-
bine equipment of different vendors, and it is
more difficult to proceed incrementally toward
computer-integrated manufacturing.

The demand for standardization in lan-
guages is particularly strong from users of

25-4520-84-7

automation devices, because of the increased
confusion and need for additional training that
result from the many different programing
languages.®

More likely than one standard language for
manufacturing, however, may be a set of
standard languages for each application. For
example, there might be a standard language
for arc-welding robots, another for materials
handling systems. These could be either for-
mally adopted or de facto standards (i.e., they
become commonly accepted through usage or
through the influence of major vendors or
users in the field). For example, many of
IBM products and techniques are treated as
standards because the company has domi-
nated the computer field. However, domina-
tion by a single firm in programmable auto-
mation systems is not as likely (see ch. 7). In
addition, DOD has created many de facto
standards, APT among them, through its pro-
curement practices. It remains to be seen to
what extent DOD's latest attempt at a stand-
ard computer language, ADA, will be appli-
cable to manufacturing systems.

1n addition to standards for programing lan-
guages, standards for interfaces between com-
puterized devices will greatly facilitate inte-
grated PA systems. The recent development
of standards for “local area networks, initial-
ly aimed to connect personal computers in of-
fices, may also be useful in the factory. ” Such
standards define the hardware connections for
hooking devices together, as well as the “pro-
tocols” that ensure that different systems can
interpret each others’ messages. However, the
content of those messages depends on the ar-
chitecture of the factory —i.e,, the different
levels of control and the kind of information
it is necessary to communicate. As discussed
earlier, efficient architectures for integrated
factories are only beginning to be worked out
in manufacturing laboratories such as the
Automated Manufacturing Research Facility
at NBS.

“OTA automation technology workshop, May 29, 1983.

“’Local Area Network Facilitates Factory Automation, ”
Tooling and Production, May 1983, p. 94. These networks are
based on a professional association-developed standard known
as |IEEE802.
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Manufacturers and others often argue that
premature standardization will stifle innova-
tion. It can tend to “freeze” a technology at
a particular point in its development, and dis-
courage further innovations which may be in-
consistent with the standard. In addition,
there is sometimes a strategic concern that
standard languages cause more competition
by permitting easier combination of PA de-
vices from different manufacturers. One NBS
official has argued that parts of the computer-
ized controllers for machine tools, for exam-
ple, are technically ripe for standardization but
the machine tool manufacturers do not seem
to support such a move.”

Apart from any resistance to standards,
there is the fact that implementation of stand-
ards is voluntary in the United States, which
is not the case in many other countries. As a
result, development of a successful standard
takes years of negotiation among manufactur-
ers and users. To complicate matters, recent
court decisions®”have held organizers of stand-
ards efforts liable if a standard can be shown
to hurt a particular company. This has made
progress toward adoption of standards in
many areas even more cautious and slow-
going.

NBS staffers contribute to standards efforts
by serving on and helping to coordinate the
many private sector standards committees
working on automation issues. Relevant ef-
forts are being conducted by the Electronic In-

dustries Association, the Robotic Industries
Association, the American National Stand-
ards Institute, the American Society for Test-
ing and Materials, the Institute of Electrical
and Electronic Engineers, and the Interna-
tional Standards Organization.

“2R. Hocken, NBS, personal communication, Aug. 12, 1983.
For example, some NC controllers only understand a number
to be “two” if it is written as “2”. Others require it to be writ-
ten as “2.000” or “2. .E00". This can cause difficulty in trying
to move programs from one machine to another, even if the
machines ostensibly use the same language.

“I n American Society of Mechanical Engineers v. Hydrolev-
e) Corp. 102 S. Ct. 1935 ( 1982), the Supreme Court held that
a standard-setting organization was liable for the antitrust viola-
tions of participants in the standards-making process when they
acted with the apparent authority of the ASME.

Human Factors Research

In the past few years, makers of all com-
puterized equipment have become aware of a
need to design systems for optimal usefulness
and productivity for their human operators.
There are various terms used to describe the
focus of such efforts: “user friendly” qualities
and “man-machine interface, for example. *
In part to help market their equipment, com-
puter manufacturers have found that there are
steps they can take to improve the human fac-
tors aspects. Human factors experts argue
that research and testing of the effectiveness
of a product must be undertaken throughout
its design cycle. “Human engineering, which
was seen as the paint put on at the end of a
project, is becoming the steel frame on which
the structure is built. "

Although many experts agree on the impor-
tance of human factors, it has often been a
neglected topic in research. It is frequently
regarded as too basic for industry to examine,
and too applied for university research efforts.
Although DOD has pursued man-machine in-
teraction research for decades, only recently
has human factors become a subject of sys-
tematic study outside of DOD. Psychologists
have developed testing procedures to help
determine the human effectiveness of different
designs. Recently, human factors of computer
systems has become a strong and growing
subfield of cognitive psychology.

Designers of programmable automation
equipment have lagged behind the trend
toward concern about human factors in com-
puterized systems, in part because of the
newness and small size of the market for many
automation devices. In addition, some PA de-
vices such as robots or portions of FMSS are
often designed with the intention of minimal
contact with humans.” Several systems de-

o A Variety of termshy usdby researchers industry to

describe human factors and related subjects. Some others not
mentioned in this section include software psychology, user
science, and human-computer interaction.

“B. Shneiderman, “Fighting for the User, ” ASIS Bulletin,
December 1982, p. 29.

“H. M. Parsons and G. P. Kearsley, “Human Factors and
Robotics: Current Status and Future Prospects, ” Human
Resources Research Organization, October 1981.



signers have noted, in fact, that the systems
with the worst human factors seem to be those
which were designed to be unmanned, but later
determined to need an operator or monitor.
Computer-aided design is somewhat different
from other PA technologies in this respect.
Because of the larger size of the market and
the recent attempts to develop lower cost sys-
tems for noncomputer users, CAD designers
have begun to pay attention to designing sys-
tems that operators can use more easily and
productively.

There are essentially two levels of human
factors research. The first, sometimes known
as “ergonomics, ” aims to make people more
physically comfortable and productive while
working at a machine. For example, it includes
research on the ideal levels of light, color of
display screen, size and configuration of key-
board, etc. A second level looks at more fun-
damental questions in “human-machine inter-
face, ” such as how to distribute control be-
tween operator and machine, how to design
software for optimum productivity, and how
to maximize operator satisfaction. Most such
work has been directed toward general pur-
pose computers or word processors rather
than programmable automation.*

These research areas are related to larger
guestions in industrial psychology and man-
agement concerning less tangible issues such
as the impact of technology on the work envi-
ronment and/or on the design of jobs. There
has been little systematic work in the United
States in these areas, although there is sub-
stantial research in some European coun-
tries. ”

“There has been substantial work, however, in the design of
systems for teleoperators —remote manipulators controlled by
a human operator. Such work is often aimed for ultimate ap-
plications in unmanned space missions or underseas, handling
of radioactive material, or battlefield applications, See, for ex-
ample, T. N. Sofyanos and T. B. Sheridan, An Assessment of
Undersea Teleoperators {Cambridge, Mass.: MIT Sea Grant Col-
lege Program, June 1980).

“’See, for example, H. H. Rosenbrock, Professor of Control
Engineering, University of Manchester (U. K.) Institute of
Science and Technology, “Robots and People, ” Measurement
and Control, March 1982, pp. 105-1 12; P. Brodner and T. Mar-
tin, “Introduction of New Technologies into Industrial Produc-
tion in F. R. Germany and its Social Effects-Methods, Results,
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Sensors

The vast majority of programmable automa-
tion devices are limited in their capabilities
because they are “unaware” of their environ-
ment. To use anthropomorphic terms, they do
not “know” what they are doing, exactly
where their parts are, or whether something
is wrong in the manufacturing process. * This
problem is especially acute when manufactur-
ers hope to use PA devices to perform tasks
normally performed by people. A minor ad-
justment or observation which would be easy
and obvious for a human-e. g., righting a part
which arrived upside-down-is nearly impossi-
ble with most current robots.

Hence, computerized devices that can ac-
quire information about the environment are
a lively area of inquiry. While many of these
devices are used in conjunction with robots,
they can also be used with other CAM equip-
ment—e.g., NC machine tools or AMH sys-
tems—or independently. There are roughly
three categories of applications for sensor sys-
tems: 1) inspection, in which parts or products
are examined and evaluated according to pre-
established criteria; 2) identification, in which
parts, products or other objects are classified
for purposes of sorting or further processing;
and 3) guidance and control, in which sensors
provide feedback to robots or other CAM de-
vices on their position and the state of the part
or product.

One can simplify the range of sensor tech-
nologies by dividing the devices into three
classes according to their complexity. While
all of the devices are used for guidance and

Lessons Learned, and Future Plans, ” Proceedings of the Eighth
Triennal World Congress of the International Federation of
Automatic Control, Kyoto, Japan, Aug. 24-28, 1981, pp.
3433-3445; Swedish Work Environment Fund, Programme of
Activities and Budget, 1981/82-1983/84. For further detail see
ch. 5.

*There are some exceptions where PA devices do have signifi-
cant information about their environment. One obvious excep-
tion is the Coordinate Measuring Machine, built specifically} to
measure the dimensions of objects, Another is in factories which
cod each part, for example, with optical codes similar to those
used on groceries. optical code readers at each machine can iden-
tify the part in process. Finally, many PA devices do have in-
ternal sensors. For example robots and machine tools have sen-
sors which provide feedback on the positions of their joints,
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control applications, usually only the most
complex (i.e., vision and touch sensors) can
handle inspection and identification tasks.

The simplest devices provide binary infor-
mation—e.g., a weight sensor, photocell, or
simple electrical switch can indicate whether
a part is or is not present. These simple sen-
sors are relatively cheap, technologically ma-
ture and easy to implement. They are already
used widely in manufacturing equipment, and
their use will undoubtedly continue to grow
for applications in which binary information
is useful.

At a moderate level of complexity, the infor-
mation sensed is analog (continuously vary-
ing). For example, a proximity sensor can de-
termine the distance of an object. A popular
proximity sensor used as a safety device on
industrial robots is the same as the one used
on Polaroid SX-70 cameras. It calculates dis-
tance by emitting inaudible sound waves and
calculating how long they take to bounce off
the closest object and return. For safety pur-
poses, these can be used to stop the motion
of the robot if a human enters its “work enve-
lope. ” Other sensors in this moderate level of
complexity include devices which can electro-
mechanically sense force and torque—e. g., in
a robot arm or a machine tool spindle. These
can be used, for example, to allow a robot grip-
per to apply just enough force to a delicate ob-
ject. Finally, many devices for measurement
fall into the moderate-complexity category.
Optical sensors, for example, can be used to
monitor the diameter of a driveshaft on a
lathe, or for noncontact sensing of the dimen-
sions of hot metal as it emerges from forging
processes.

Most of these moderately complex sensing
techniques are fairly well-developed, and can
be applied relatively easily albeit with some
customization. There is a moderate amount of
It&D under way to increase the quality of in-
formation from these devices (e.g., their sen-
sitivity and speed), and to increase their range
of applicability (e.g., development of sensors
for measuring arbitrary prismatic shapes on
machine tools). In addition, the coordination

of these sensors with each other and with
CAM tools is a very difficult problem. Com-
puter scientists are attempting to develop
processing techniques that can quickly inter-
pret force and torque data from the various
joints of a robot, for example, and provide
feedback to the robot’s controller.

At the most sophisticated end of the sens-
ing techniques, visual and touch sensors deal
with information that is not only analog but
also needs substantial processing to be useful.
Vision and touch sensing technologies are only
in their infancy, and have just begun to have
practical uses in the factory. Of the two, vi-
sion by far receives the most attention.

The chief technical problem in machine
vision systems is in interpreting the pictures
generated by a video camera. In a typical
vision system, a frame—i.e., one complete im-
age frozen in time— is typically composed of
256 by 256 picture elements, or pixels. If each
pixel is either black or white, then there are
more than 65,000 bits of information that the
computer program must process. In general,
the steps in the process include:”

* Segmentation.—The areas of the image
must be clarified and divided into seg-
ments or “blobs, ” representing the fea-
tures of the object and its background.
There are two general schemes for begin-
ning the interpretation of’ the data. One
makes use of discontinuities-prirnarily
detecting the edges of the object in the
image. The other approach relies on simi-
larities in the image, i.e., areas of the im-
age that are of similar intensity.

* Recognition.—-The system must compare
the features (segments) it has identified
with those stored in its memory, attempt
to find an object in its memory that is
suitably close to the one in the image, and
hence label the object and its features.

¢ Interpretation. —This step varies depend-
ing on the machine vision application. For

~J.M.\\"right, “Vision of the Future, " unpublished manu-
script, Carnegie-Mellon University Robotics 1 nstitute, January
1983,
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robot guidance, the interpretation step
might be to identify the object, then cal-
culate its coordinates so that the robot
can grasp it. For an inspection applica-
tion, the interpretation of the image
might be to determine whether the object
has the right dimensions or is free of
defects.

In the vast majority of current vision sys-
tems, each picture element in the 256-by-256
element image is either black or white. In more
advanced systems just beginning to be used
in industry, each pixel can be one of several
shades of gray. These systems, often called
“gray-scale, are potentially more powerful in
their ability to identify objects and cope with
uneven lighting, but they also require much
more computer power and algorithms for proc-
essing data which are only beginning to be
worked out. Systems for processing color im-
ages are another order of magnitude more

complex, and there is no active work on such
systems yet.

The systems described above essentially
provide 2-D information, although certain
tricks can be used to infer the 3-D character-
istics of an object. Some researchers have used
more than one camera in order to obtain 3-D
information much as the human eye does,
though such schemes are in very early stages.
One very promising method to obtain 3-D in-
formation is the use of “light striping” sys-
tems. In such a system, a laser or other light
source flashes a very precise band of light onto
an object, and the camera records the image
at that instant. By examining how such struc-
tured light bends over a 3-D object, the sys-
tem can infer the dimensions and distance of
the object.

Current machine vision is in a very early

Photo credit National Bureau of Standards

“Light striping” system can determine the shape of a 3-D part by flashing a very precise line of light (from slots on right,
below gripper) and photographing how that light is bent by the object. TV monitor shows view of camera above gripper



92 Computerized Manufacturing Automation: Employment,

Education, and the Workplace

tified, the speed of the interpretation, and the
susceptibility of the systems to lighting prob-
lems and minor variations in texture of objects
are all examples of serious problems with cur-
rent technology. Successful applications of
current machine vision technology tend to be
very specific, ad hoc solutions, often using
clever “tricks” or manipulations of the manu-
facturing environment. As one report notes,
“The vision systems of today, and those for
the rest of the decade will not promise great
generality. These sorts of tricks will be an im-
portant part of the field for many years to
come. " Nevertheless, many useful applica-
tions are possible with existing technology and
machine vision is currently a rapidly growing
field. In certain specific applications, especial-
ly very tedious tasks such as inspection of elec-
tronic circuit boards, machine vision systems
can outperform humans.

An example of a successful machine vision
application is shown in figure 13. Here, a sys-
tem developed by Octek Corp. counts stacks
of cups prior to packaging. The system first
“grabs” an image from its camera under con-
trolled lighting conditions, defines the edges
of the cups, attempts to eliminate shadows
and other confusing data, and counts the
number of cup lips. Similar programs have
been developed to inspect cassette tapes and
circuit boards.”

While there is considerably less research ef-
fort under way on touch sensors, there are sev-
eral groups of researchers, for example, work-
ing on a touch sensor based on a carbon-
impregnated rubber pad which changes its
electrical conductivity under pressure. This
pad could be attached to a robot gripper, and
it would send to the computer processor an im-
age or “footprint” of the object being grasped.
Once this image has been obtained, inter-
preting it involves virtually the identical proc-
ess used for vision processing.

“lbid.

*D. L. Hudson and J. D. Trombly, “Developing Industrial
Applications for Machine Vision, ” Computers in Mechanical
Engineering, vol. 1, April 1983, pp. 18-23. Note that this ap-
plication of machine vision, like many inspection applications,
is not used in connection with a robot.

Figure 13.— Machine Vision Process

Mt

Two steps in a machine Vision process developed to count stacks
of paper cups for a cup manufacturer. The cups are lit by a highly
directional fiber optics light source, which makes their edges stand
out. The top photo shows part of the system’s segmentation process,

in which it assesses the intensity of light for each cup lip. The bottom
photo indicates the interpretation function, in which the system has
counted the number of cups in the stack. Note the shadows and
relative unevenness of light which complicate even this simple
machine vision application.

SOURCE: Octek Corp.

There seem to be two schools of thought on
sensors for industrial robots. One argues that,
if enough care is taken in organizing the man-
ufacturing environment, complex sensors are
unnecessary. Parts can be carefully fixtured
so they are in the proper orientation and posi-
tion, and sensors in the simple or moderate
levels of complexity will suffice. The other
point of view is that robots should be able to
adapt to the chaos of manufacturing, and
should ideally have senses—vision, in partic-
ular-which rival those of a human.

Materials Trends

Plastics, ceramics, and composites are re-
placing metals in a wide variety of products
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at an increasing rate. This trend is both com-
plementary to and problematic for increased
use of certain PA devices.

These new materials technologies, on the
whole, fit well into an environment of comput-
er-integrated manufacturing. Injection mold-
ing of plastics, for instance, is by nature an
automated process and adapts easily to inte-
gration with other computer-controlled de-
vices. It is thus possible to create a ““flexible
manufacturing system’’ for plastics at least
as easily as for metals.* Similar systems are
also possible for producing parts from new-
technology ‘‘fine grain ceramics,”” which have
strength comparable to that of metal (at a frac-
tion of the weight), are immune to corrosion,
and do not have the brittle qualities that one
expects from ordinary ceramics.

*One hitch in creating an FMS for plastics is in developing
dies (the metal forms into which molten plastic is injected) which
are programmable’ or easily changed. Several researchers are
currently working on this problem.
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These trends and others mean that the
amount of metal-removing activity is going to
decrease. Thus, there is some chance that use
of plastics and ceramics will eventually render
obsolete some new metalcutting equipment.
This possibility has not yet been examined
systematically by the metalworking communi-
ty. Robots, because of their flexibility, are less
likely to be affected than machine tools. How-
ever, there are certain factors that tend to
make widespread obsolescence of new metal-
working equipment unlikely. First, metalwork-
ing machines have useful lives of 30 years or
more, and the users of this equipment move
notoriously slowly in replacing machine tools.
As new materials technologies do reduce the
amount of metalworking, it is the vast stock
of older, manual machine tools that is likely
to be useless rather than the newer equipment.
Second, it is expected to take at least two dec-
ades for ceramics to displace a significant
amount of metalworking.

Future of the Technologies

Capabilities

Building on the “Trends and Barriers” sec-
tion of this chapter, tables 11 through 15 sum-
marize the main problems for PA technologies
and the projected times for solution. Though
these projections must be considered extreme-
ly tentative, they provide a sense of the rela-
tive scale and complexity of the problems.

Because the amount of time between labora-
tory solution of a problem, first prototype ap-
plications, and the widespread and easy availa-
bility of that solution is significant, the tables
include a separate estimation of each. Projec-
tions for applications and availability are even
rougher than the projection for a technical so-
lution, since they depend on many social, eco-
nomic, and market conditions.

These projections were compiled by analysis
of existing sets of projections™and by inter-
views with technology experts. Projections of
technological developments are inherently con-
troversial, and experts do not always agree.
Some experts will view these estimates as
either too optimistic or too pessimistic. Dur-
ing the interviews with technology specialists,
for example, several pointed out that some of
the “key problems” listed in the table may

“See, for example, Manufacturing Studies Board, National
Research Council, Applications of Robotics and Artificial In-
telligence to Reduce Risk and Improve Effectiveness: A Study-
for the United States Army (Washington, D. C.: National
Academy Press, 1983); R. E. Garrett and R. M. Mueller, “Stra-
tegic Analysis/Technology Trend Report, ” Control Data Corp.,
May 15, 1981; D. Grossman and J. T. Schwartz, “The Next
Generation of Robots, ” in Frontiers in Science and Technology
(Washington, D. C.: National Academy of Sciences, 1983, pp.
185-209.
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Table 11 .—CAD: Projections for Solution of Key Problems
1987-90

Current (1984) 1985-86 1991-2000 | 2001 and beyond

Hardware:
1. High-resolution, color display of designs,
with rapid generation of images®........ A

Both hardware and software:
2. Low-cost, powerful microcomputer-based
workstations for®
a) electronics design . . . . .. ... .. A
b) mechanical design . . . ............. A . ]
3. Independent CAD workstations linked
by network, with access to super-
computer for powerful analysis and
simulation . . . ... ... L L A . .

Software:
4. Three-dimensional solid modeling
systems, resulting in:*
a) more realistic images . . . ... ... .. A .
b) enhanced ability to connect with
manufacturing equipment . . . . . . A . ™
5. Comprehensive, powerful computer-aided
engineering systems’for mechanical
design . ... A ° ™
6. Extensive design/manufacturing
integration . . . . . . . . . . . . .. A . [ ]
awhile color displays are currently available. they tend to sacrifice either resolution (the fineness and ciarity of the picture) or the speed wi th which the images can
appear on the screen New techniques for displays, such as the use of dedicated microprocessor chips (sometimes termed *silicon engines”) to generate images,

promise to improve this siut(ation, .
Microcomputer-based WOrkstations for CAD are now being marketed, but in the judgment of technical experts consulted by OTA. they are either not powerfulenough

and/or not inexpensive enough to be useful ina wide variety of applications . . ‘
CCAD experts report that many systems fo,3-D solid model i ng are available now, but they are not being used because of their large appetite for CoMputer Power, and

because their capacity to link design data to manufacturing equipment is inadequate Part (b) of this entry refers to this ability to store and manipulate design data
about the physical characteristics of a part i n such a way that it can be transmitted to manufacture ng equi Pment with only minimal i ntermediate steps

dThs entry refers t- modules powerful €nough t. allow extensive interactive testing, simulation and refinement of designs n a wide range of applications Such systems
are strongly product-dependent, whi le they may be near available for certain products now (e g , integrated ctrc u its, certain portions of aircraft and motor veh icles),
they are much less advanced tn other industries and applications

‘This entry denotes the “window from design to production” which would, for Instance, allow designers to examine the production implications of design choices
These Include the costs and necessary production processes, as well as the history of manufacturing similaritems at the plant Such comprehensive connections

would allow much more substantial Integration of CAD, CAM, and computer. based management

A solution in laboratories
o first commercial applications

@ solution widely and easily available (requiring minimal custom engineering for each application)

SOURCE OTAanalysis and compilation of data from technology experts

never be solved at all-the development of
standard languages for robots (table 12 item
10) for example, depends as much on market
factors and political considerations among ro-
bot vendors and users as it does on technical
issues. Similarly, development of artificial
intelligencebased systems which could control
much of a factory without human intervention
(table 15, item 5) depends on fundamental ad-
vances in the field of artificial intelligence that
are by no means assured.

On the other hand, it is possible that some
of the advances in the accompanying tables
may occur significantly faster than the tables
indicate. This might be particularly likely if

the Federal Government and/or industry were
to choose to make dramatic increases in R&D
funding for PA technologies. Chapter 8 dis-
cusses R&D funding in more detail.

However, industry observers report with
virtual unanimity that the application of pro-
grammable automation in most industries is
lagging significantly behind the technologies’
development, and that there appear to be
abundant, relatively easy opportunities for use
of current automation technologies. Hence the
main stumbling blocks in the near future for
implementation of PA technologies are not
technical, but rather are barriers of cost, or-
ganization of the factory, availability of ap-
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Table 12.— Robotics: Projections for Solution of Key Problems

Current (1984) 1985-86 1987-90 1991-2000 | 2001 and beyond
Hardware:
1. Lightweight, composite structures and
new forms of drive mechanisms . . . . . A o n
Both hardware and software:
2. FOrCesensors . ... A's n
3. Versatile touch sensors ... . .. .. ... .. A . n
4. Coordinated multiple arms . . ... ......... A . [ ]
5. Flexible, versatile grippers . . . .. ........ A om
Software:
6. Precise path planning, simulation and
controlwith CAD .. .................... A . [ ]

7.3-D vision in structured environments
which have been planned to simplify the
visiontask . .. ... .. A "

8.3-D vision in unstructured complex
environments which have not been

planned to simplify the vision task ... . . . A L4 L]
9. Robust mobility in unstructured
environments . . ........... ... . ... ... A . .

10. Standards clarifying different versions
of robot languages, and helping ensure
a common language for similar
applications. . ... .. e ]

0= Solution in Taboratories oo o
. = first commercial applications
solution widely and easily available (requiring minimal custom engineering for each application)
SOURCE OTA analysis and compilation of data from technology experts
Table 13.—NC Machine Tools: Projections for Solution of Key Problems
Current (1984) 1985-86 1987-90 1991-2000 | 2001 and beyond

Hardware:

1. Systems which can automatically and
reliably remove a wide variety of metal
chips produced in cutting®............ A L

Both hardware and software:
2. Reliable, widely applicable adaptive
control to optimize speed of metal

removal . .......... ... A . ]
3. Tool wear sensors applicable to wide
range of cutting tools . . . . .. ......... A . [ ]

4. Systems for measurement of parts of a
variety of shapes and sizes while the

parts are being machined . . ............. A . s
Soft ware:
5. Controllers to accommodate ties to robots A . [ ]

6. Model-based machining in which the
machine tool operates substantially
automatically based on data about
metal processes and the part to be

produced . ........ ... ... A . ]
7, Widely applicable 3-D verification of NC
programs using CAD-based simulations . . A [ ]

agystems currently exist for automatic removal of metal chips, but despite much Interest and research, they are neither very reliable nor generically applicable (ie ,
they can only be used for certain kinds of metals or cutting processes)

A = solutionin laboratories

.= first commercial applications

W= solution widely and easily available (requiring minimal custom engineering for each application)

SOURCE OTA analysis and compilation of data from technology experts
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Table 14.—FMS: Projections for Solution of Key Problems

Current (1984) 1985-86 1987-90 1991-2000 | 2001 and beyond
Hardware:
1. Generic fixtures for holding a variety of
work-in-process parts . . . . ... ... ... A * 9
Both hardware and software:
2. FMS for:*
a) cylindrical parts production . . . ... .. A O L]
b) sheet metal parts production . . ... .. A, L]
c) 3-D mechanical assembly . A [ ]
d) electronics assembly. . .. ... ...... A ]
3. Materials handling systems which can
handle a variety of parts in any sequence
NECESSANY . . . v vt e e e et Ao L
Software:
4. Automatic diagnosis of breakdowns
inthe FMS. . .. ... ... .. . A . a
5. Standardization of software
interfaces between computerized
devicesinan FMS . .. .................. A . n

“Almost all FMS currently running are used to machine tlc parts. (e a,_enaine blocks) which are those whose outer shape consists primarilv of flat surfaces
The projectionsin this entry refer to FMS for quite different applications: a)machining of cylindrical parts, such as rotors and driveshafts (or “parts of rotation, ”
inmachining jargon, since they are generally made on lathes), b) stamping and bending of sheet metal parts, such as car body panels, c) assembly (as opposed to
fabrication of individual parts) of three-dimensional products, such as motors, and d) assembly of electronic devices, such as circuit boards. While machines currently
exist for automatic Insert lon of electronic parts into circuit boards, an electronics FMS would integrate the insertion devices with soldering and testing equipment.
A — solution In laboratories

e = first commercial applications.

m solutionwidely and easily available (requiring minimal custom engineering for each application)

SOURCE OTA analysis and compilation of data from technology experts

Table 15.—CIM: Projections for Solution of Key Problems

Current (1984) 1985-86 1987-90 1991-2000 | 2001 and beyond

Software:
Well-understood, widely applicable
techniques for scheduling and logistics
of complex materials handling systems
that would allow full factory integration . . A o L]
2. Standard communication systems
(networks) . ... oo A . [ ]
3. Standardization of interfaces between
wide range of computerized devices
in an integrated factory. . . . ............. A o ]
4, Data base management systems which
could sort, maintain and update all data
inafactory . ............ .. ... ... .. ... a0 ]
5. Computerized factories which could
run on a day-to-day basis with only a
few humans in management, design
functions . . ... ... .. A
A=solution in [ @bor at or i es.

e = first commercial applications
m = solution widely and’ easily available (requiring minimal custom engineering for each application).

SOURCE OTA analysis and compilation of data from technology experts
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propriate skills, and social effects of these
technologies. These issues are more fully ad-
dressed in later chapters of this report.

Many in industry would argue that CIM is
inevitably the future of manufacturing. Its ad-
vantages in cost, quality, flexibility, and con-
trol will, they assert, mandate its adoption.
Many parts of computer-integrated manufac-
turing can be put together on an ad hoc basis
now, and as the tables show, prototype solu-
tions for many of the key problems already ex-
ist. However, several key aspects of the puz-
zle are as yet unsolved (the development of in-
terface standards for computerized tools, in
particular), and for CIM to be practical each
of its elements must be mature, versatile, and
relatively easily available commercially.

As noted earlier in this chapter, CIM does
not necessarily imply manufacturing without
humans. In fact, one of the biggest challenges
on the road to CIM is learning to use humans
in effective ways, to develop machines with
which humans can work effectively, and to
identify the points in the production process
where maintaining human involvement may
enhance flexibility, responsiveness, diagnostic
power, and creativity. The extent to which
that effective use of people in manufacturing
will develop, and the extent to which CIM will
remove humans from manufacturing environ-
ments, are still open questions.

Automation technology researchers report
progress on virtually all of the technical prob-
lems, although the degree of progress often
depends on research funding, commercial de-
mand for related products, and inclinations of
researchers. The technical barriers to increased
sophistication in programmable automation
are largely due to the complexity of the man-
ufacturing environment, and to the fact that
many manufacturing processes—e.g., machin-
ing, scheduling, design-have not been clear-
ly understood in a way that can easily be
computerized.

These projections of future technical capa-
bilities, along with various other projections,
imply that the remainder of the 1980’s will be
a time when applications will to some extent

catch up with developed PA tools. Some tech-
nical improvements will doubtless be made
during this time. But most prognosticators
seem to see the 1990's as a period when the
application of basic PA tools will become wide
spread, and a number of major technical im-
provements will be available, particularly for
robots and FMSs (see tables 12 and 14). While
this may, in some cases, suggest that the
1990's seem far enough away to solve almost
any technical problem, it also seems to in-
dicate that the next decade will bring quite
substantial increases in the power and poten-
tial uses of programmable automation.

Future Levels of Use of
Programmable Automation

The rate of growth in use of programmable
automation in the United States, known as the
“diffusion” of the technologies, depends on
factors both in the larger economy and at the
level of individual firms and products. Some
of the more general factors include availabil-
ity of capital and skilled labor, international
competition, and the amount of attention
American firms devote to improvements in
manufacturing processes. The last factor may
be the most critical. Manufacturing engineer-
ing in the United States has been largely neg-
lected both in engineering schools and in
industry .52

Prompted in part by international competi-
tion, however, the mood among American in-
dustrialists (to the extent there is a “mood”
in such a diverse group) seems to be chang-
ing. Increasingly, established management
practices are being questioned in conferences
and industry journals, and many industrial
managers are closely examining improve-
ments in manufacturing processes, particular-
ly robots.* The extent to which this change

“See, for example, E. N. Berg, “Manufacturing’s Academic

Renaissance, ” The New York Times, Oct. 30, 1983.
*Despite the generally rising interest in robotics, a signifi-
cant group of people remain powerfully skeptical about the use
of robots as one of the primary steps to enhance productivity.
In a 1983 survey by the Institute of Industrial Engineers, for
example, members of the society-who are closely involved with
manufacturing processes on a day-today basis—rated robotics
relatively low in effectiveness of a group of productivity-
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in mood will effect lasting and significant
change in manufacturing, however, is uncer-
tain. Many management specialists believe
that such lasting change must include discard-
ing powerfully entrenched habits in industry,
particularly financially-oriented management
strategies that discourage risk-taking and
downplay quality relative to cost.”

In addition to these more general questions,
a large number of factors come into play when
an individual firm chooses to use or not to use
programmable automation. Some of the tech-
nical factors include: the applicability of the
technology to the problem at hand, which
tends to vary according to the particular man-
ufacturing processes used in each factory; the
range of tasks to which a given tool can be ap-

enhancing methods. Only 29 percent had undertaken increas-
ed use of robotics in the past 5 years; 22 percent rated the step
high in effectiveness, 48 percent moderate, and 26 percent low.
Measures which received higher effectiveness ratings includ-
ed capital investment for new or automated machinery general-
ly, worker training, improvement of inventory control, and
“systems innovations. ” The interpretation of these survey
results could differ; some would argue that increased familiarity
of industrial engineers with robotics will lead to higher percep-
tions of effectiveness. In addition, robotics was not viewed as
unproductive by very many respondents; it simply appeared
not to be the productivity tool of first choice. (See “Productivity
Today: An Inside Report, ” The Institute of Industrial
Engineers, Norcross, Ga.)

“See, for example, R. H. Hayes and W. J. Abernathy, ‘‘Man-
aging our way to econonic decline, ” Harvard Business Review,
July-August, 1980, pp. 67-77.

plied; the cost of customization, particularly
for new technologies where few standards ex-
ist and almost every application is a proto-
type; the ease of use of the tool; the reliabili-
ty of the equipment; the compatibility of pro-
grammable automation with machines already
in place; and finally, the capacity of different
PA systems for upgrading and expansion.

Organizational factors can also have a sig-
nificant effect on firms’ automation decisions.
For example, one researcher found that
previous experience with automation was a
key factor in successful applications,”and in-
dustry observers report that many unsuccess-
ful attempts to use programmable automation
have been due to premature jumps into com-
plex systems. There can also be substantial
resistance to change on the part of workers or
management. Many manufacturers report,
however, that production workers tend to
accept technological changes such as automa-
tion, while strong resistance tends to come
from middle managers who fear program-
mable automation will diminish their degree
of control or eliminate their jobs.” Chapter 5
discusses organizational issues of PA imple-
mentation in more detail.

“J. Fleck, “The Adoption of Robots, ” Proceedings of the 13th
International) Symposium on Industrial Robots and Robots 7,
Apr. 17-21, 1983.

OTA Automation Technology Workshop, May 29, 1983.
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Chapter 4

Effects of Programmable

Automation on Employment

Summary

Employment change due to programmable
automation (PA) will not be precipitous. Pro-
grammable automation will depress the num-
ber of jobs available in manufacturing, but it
will not necessarily cause significant national
unemployment during this decade or even the
next. By eliminating specific tasks and by con-
tributing to major changes in manufacturing
processes and organizations, PA will “dis-
place” jobs (where jobs are defined as sets of
tasks performed by individuals working a
standard number of hours). Whether unem-
ployment occurs depends not only on these
displacement effects, but also on the level of
production volume (which depends on foreign
trade and consumer demand), and on the num-
bers and types of people seeking work.

Slower growth in the labor force, increases
in capital goods production, and limited or im-
perfect use of PA technology are among the
factors likely to buoy manufacturing employ-
ment during this century. However, regional
and local employment may suffer due to the
combined effects of labor-saving technology,
import competition, and other factors, espe-
cially where area economies depend on so-
called declining or mature industries. Yet PA
may help firms in those industries employ
more people than they might otherwise—at
least to the extent that it makes them more
competitive. Cumulative experience and im-
provements in technical capabilities and costs
should increase the use of PA (and its employ-
ment effects) during the 1990’s relative to the
1980's.

Programm able automation will reinforce the
ongoing trend toward increased “white collar”
or salaried employment and increased service
industry employment, although skill require-

ments for jobs at all but the highest levels in
manufacturing may fall. Producers of PA are
particularly likely to employ predominantly
salaried personnel, especially if they continue
to import significant amounts of PA hardware
from overseas. Consequently, there will be few
opportunities for people to move directly from
production jobs where PA is used to jobs pro-
ducing PA. Also, the limited amount of actual
production work expected among PA indus-
tries is one reason OTA expects that job crea-
tion among producers of PA equipment and
systems will be less than job loss among users.

Programmable automation will blur distinc-
tions between occupational categories and pre-
sent vast opportunities for restructuring jobs.
Among occupational groups, technicians will
become more prominent with the spread of
PA, in part because they will perform tasks
otherwise performed by engineers or skilled
tradesmen. Engineers will nevertheless con-
stitute a growing share of manufacturing em-
ployment, as may mechanics, repairers, and
installers. Operatives, laborers, and produc-
tion-clerical personnel are the most vulnerable
to displacement.

PA will provide new opportunities for struc-
turing jobs because of its tendency to displace
and to create individual tasks. It therefore
raises questions about the tradeoff between
large numbers of narrowly defined jobs—cus-
tomary in manufacturing to date-and smaller
numbers of more broadly defined jobs. How
and whether the potential for positive change
in job design and the organization of work is
realized depends on decisions by individual
managers. Many factors—e.g., the operating
speed of automated equipment, the breadth of
functions it can perform, and the reduction in

101
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average skill requirements some users may ex-
perience—-may cause a problem of overconfi-
dence in programmable automation. There is
a risk that users may too readily assume that

the computer knows best, overlooking the val-
ue of experience-based understanding of man-
ufacturing processes.

Introduction

The elimination of jobs will be a principal
long-term effect of programmable automation:
PA technologies are designed to reduce labor
hours in production. They are sold as labor
substitutes, whether or not the total number
of employees will actually fall with their use.
Even the advertising language emphasizes the
capacity of machines to emulate or improve
on human performance (e.g., “the graphics
lathe control that thinks like a machinist”). In
addition to its impacts on the number of jobs,
programmable automation will also bring
about major changes in job content and job
mix in the manufacturing workplace. All of
these effects will occur not because of techno-
logical change alone, but because of concomi-
tant changes in how companies are organized
and managed and in what and how much they
produce.

This report does not examine employment
change exhaustively. * Doing so would require
a thoroughgoing examination of changes in
the structure of the economy and individual
industries. The report does, however, show
how one set of technologies (which can be used
across an unusually broad range of industries)
may alter demand for labor. It shows that pro-
grammable automation creates enormous poten-
tial for change in the use of labor. Not only will
it reduce the amount of labor used to produce
a given amount of product, it will also moti-
vate shifts in the mix of personnel and in the
services sought from employees. PA will di-
rectly or indirectly affect all types of person-
nel, professional and technical as well as pro-
duction and clerical.

*For additional treatment of employment change, seeupcom-
ing OTA assessments on technology and structural unemploy-

ment; technology, innovation, and regional economic develop-
ment; and economic transition.

Despite this broad potential for change, no
one set of impacts is inexorable. PA and other
factors (e.g., changes in consumer demand and
in the business relationships between firms)
will present employers with choices about the
number and types of personnel they use. The
outcomes of those choices will determine fu-
ture staffing patterns and employment levels
in firms and industries.

Prior to examining the employment effects
of programmable automation, it is useful to
review some basic labor market characteristics
and analytical concepts. In the aggregate,
changes in industry or national employment
levels depend principally on economic condi-
tions, including both short-term cyclical con-
ditions and more profound structural changes
in the economy. These conditions reflect
changing buying patterns of consumers as
well as the investment decisions of companies
and Federal budget policy (which affects the
financial resources of individuals and busi-
nesses). The numbers and types of jobs depend
heavily on the numbers and types of goods and
services consumers demand and on the coun-
tries from which they buy them. For this rea-
son, import (and export) levels—which reflect
preferences for foreign products relative to do-
mestic ones—are an important determinant of
employment.

Technology used in production is a second-
ary influence that is dwarfed by the effects of
demand changes; it governs the mix of labor
and other inputs. Technology change generally
affects employment much more slowly than
do demand shifts, because it does not affect
an industry or an economy all at once. Auto-
mation, in particular, is typically adopted dur-
ing periods of economic expansion, a timing
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that facilitates the adjustment of work forces
through attrition.*

While it is hard to attribute past employ-
ment growth to a single technology change,
the introduction of new products and produc-
tion processes has historically been associated
with employment growth. This has occurred
despite the fact that productivity improve-
ment (due to technology or other factors) by
itself—i.e., unaccompanied by change in pro-
duction volume or in the average number of
working hours per job—will result in fewer
jobs.**

The fact that interest in automation has
grown during two closely spaced recessions
tends to confuse the perceived relationships
between automation and employment. Many
employers laid off personnel because of the
recessions, as is usual; what is unusual is that

*These points are frequently raised by the Bureau of Labor
Statistics. Also, West German research shows that on an overall
industry level, the timing of adoption of automation, relative
to when it is first introduced, affects the rate and level of
employment change. A West German study found that the ac-
tual and hypothetical employment reductions associated with
numerically controlled (NC) machine tools fell between 1973 and
1979; actual layoffs were negligible. The authors concluded that
the potential for displacement depended on where the technol-
ogy was used: compared to the early ones, later NC investments
were aimed at replacing old equipment rather than expanding
capacity, and such installations were more common among rel-
atively small users, where the opportunity for productivity im-
provement (and displacement) was lower.

As that study illustrates, estimates of potential displacement
should allow for change in baseline conditions over time. An-
other German study estimated that, when used as an alternative
to stand-alone NC, newer flexible manufacturing system (FMS)
technology could displace 1,000 to 3,000 people by 1990, or less
than I percent of metalworking employment. The authors con-
cluded that organizational inertia and difficulties involved in
using the relatively new technology would retard actual dis-
placement. The conclusions drawn in these studies are consist-
ent with the expectations of analysts who are familiar with
American use of NC and FMS. See Werner Dostal, et al., “Flex-
ible Manufacturing Systems and Job Structures” (Mitteilungen
aus der Arbeitsmarkt- und Berufsforschung), 1982; and Werner
Dostal and Klaus Kostner, “Changes in Employment With the
Use of Numerically Controlled Machine Tools” {Mitteilungen
aus der Arbeitsmarkt- und Berufsforschung), 1982.

**()ECD, for example, has estimated that if productivity were
to rise 10 percent between 1980 and 1990 and world trade failed
to grow over the decade, aggregate employment would be O to
4 percent lower than in 1980. However, OECD believes that
the higher estimate is unrealistic, because such productivity
growth would be unusually high, permanent increases in pro-
ductivity growth rates are unlikely, and static trade is especially
unlikely. Microelectronics, Robotics and Jobs, OE CD, Paris,
1982, p. 90.

some may not rehire to pre-recession levels be
cause of recent or planned automation, and/or
because of permanent declines in their busi-
ness. Thus, the percentage of unemployment
due to permanent separations (as opposed to
layoffs and other factors) grew during the last
recession. These developments will likely slow
the return of the unemployment rate to pre-re-
cession levels.'On the other hand, because of
the recessions and recent high interest rates
many firms avoided investing in new equip-
ment. The recovery may outpace their ability
to automate, or it may fail to generate suffi-
cient profits for them to automate.

The auto industry exemplifies all of these
possibilities to some degree. Yet it was wide-
ly recognized before the recent explosion of in-
terest in robots that U.S. automobile manufac-
turers were unlikely to hire to prior peak levels
anyway, at least during the 1980’s, because
of changes in the auto market, such as growth
in imports.’In some industries, such as autos,
PA may help to preserve jobs by helping
domestic firms repel import competition, al-
though total industry employment may fall.*

Changes in employment levels will depend
not only on how technology and economic con-
ditions affect industries immediately involved
in producing and using the technology; they
will also depend on how related industries (e.g.,
suppliers and customers) are affected. Evalua-
tion of both direct and indirect employment
effects generally requires a macroeconomic
model that captures interindustry links and
their sensitivity to changes in prices and tech-

‘Robert W. Bednarzik, “Layoffs and Permanent Jobs Losses:
Workers' Traits and Cyclical Patterns, Monthly Labor Review,
September 1983.

‘See Increased Automobile Fuel Efficiency and Synthetic
Fuels: Alternatives for Reducing Oil Imports (Washington,
D. C.: U.S. Congress, Office of Technology Assessment, OTA-
E-185, September 1982).

*For reference, note that Arthur D. Little concluded from a
study of West European auto manufacturing that, despite an
anticipated $40 billion investment in programmable automa-
tion during the 1980's, the West European share of the world
auto market will continue to fall, and its employment capacity
may fall by as much as 30 percent from current levels. See
Martyn Chase, “European Car Makers Seen Installing $40 Bil-
lion in Automation Equipment, ” American Metal Market/
Metalworking News, Feb. 28, 1983.
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nologies. At this time, available data are not
adequate to fully model the likely impacts of
PA.

A major advance in this direction comes
from a study recently conducted at New York
University. It concluded from an input-output
analysis that, given the likely impacts of sev-
eral computer-based technologies on labor
requirements in manufacturing, education,
health, and the office workplace, and given the
employment generated by increased produc-
tion of computerized equipment, significant
unemployment during this century is not like-
ly to result from progressive computerization
(provided that the work force can satisfy shift-
ing occupational and sectoral requirements).

That study illustrates how employment in
manufacturing can be stimulated through this
century by the production requirements of po
tential rates of installation of computers and
automation into the manufacturing and office
environments. The study underscores the im-
portant role that domestic production of cap-
ital goods—demand by businesses for the
products of other businesses—plays in main-
taining domestic employment levels. It also
shows that slower growth in the labor force
can blunt the employment effects of labor-sav-
ing technologies. As the authors note, addi-
tional work is needed to assess the effects of
other factors on employment, such as possi-
ble changes in production materials, in level
and manner of equipment integration, and in
trade patterns.’

OTA shares the view that use of programma-
ble automation can grow, as is expected, with-
out large increases in national unemployment
during this century. The effects on employment
of labor-saving technologies can be offset in
the aggregate by changes in the labor force,
as well as by likely increases in output for cap-
ital goods and other products. Such output
growth, of course, assumes a strong economy.
However, the transition in industry structure
and occupational profiles accompanying PA

*Wassily Leontief and Faye Duchin, The Impacts of Auto-
mation on Employment, 1963-2000, final report, New York
University, Institute for Economic Analysis, April 1984.

and recent growth in imports may burden in-
dividuals and communities at least temporari-
ly, especially if PA use grows more quickly
and extensively than appears likely during
this decade. Changes in industry demand for
specific skills will make it harder for some in-
dividuals to find or change jobs, as will region-
al dependence on specific industries. Thus, PA
may aggravate ongoing local unemployment.
While the Nation as a whole will benefit from
the productivity gains expected from PA, it
will not benefit fully if otherwise productive
labor resources are idled for long periods of
time.

Analysis of the employment impacts of pro-
grammable automation is fraught with diffi-
culty. Briefly, analysts generally approach the
problem from two perspectives: the engineer-
ing approach, which focuses on the potential
for equipment to substitute for people on a
task-by-task basis; and the economic ap-
proach, which derives employment estimates
from models of the interaction among indus-
tries based on their requirements for labor and
other production inputs. Both approaches
have shortcomings.’Moreover, the number of
different PA technologies, the range of equip-
ment designs and implementation strategies,
and uncertainties about the speed and success
of technical advances make the formulation of
general rules about job loss (or creation) risky.
So, too, does existing variation among employ-
ers (even in the same industry) in job mix, job
definition, and adaptability to change. Final-
ly, data describing prevailing skill require-
ments, jobs, and job mixes among firms are
limited. As the technical memorandum pub-
lished during the course of this assessment ex-
plained, predictions of employment impacts
should be regarded with caution. Available
data only permit insights into the likely direc-
tions for employment change.

This chapter examines how PA is likely to
affect employment opportunities, drawing on
inferences from case studies, site visits, inter-
views, and technical literature. It focuses on
change at the level of the firm and the indus-

*‘1bid.



try. The first section describes how, and why,
programmable automation will shape job op-
portunities. It traces potential effects on tasks
and skills. The second section describes where
employment impacts are likely to be experi-
enced, by industry and by geographic region.
The third section explores the implications of
programmable automation for specific occupa-
tional groups. Together, the first three sec-
tions identify the groups of people most like-
ly to experience employment change and the
types of change they may confront.
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The final sections address the implications
of those changes for the labor market overall.
The fourth section discusses the overall effect
of likely impacts on tasks, skills, and occupa-
tions. It draws on other studies of individual
automation technologies and industries to pro-
vide perspective. The fifth section discusses
contextual factors that will shape observed
employment patterns. It identifies trends in
the supply of labor, and it describes recent
Japanese experiences in adjusting to auto-
mation.

Effects of Programmable Automation on Jobs

As figure 14 illustrates, change in employ-
ment induced by new technology depends on
how technology alters the tasks to be done in
manufacturing jobs, on what changes occur in
the skills required for different tasks and jobs,
and on how the roles of different occupations
change; total employment change also de-
pends on changes in how labor is used within
and between industries and changes in labor
supply. The effects of PA on work opportuni-
ties are so varied and (at times) so profound
that they call into question the basic defini-
tion of “skill,” the identification of where skill
fits into the production process, and the rela-
tionships between tasks, skills, occupations,
and jobs. Changes in task assignments and
skill requirements vitiate traditional occupa-
tional descriptions, which form the basis of oc-
cupational employment forecasting. *

Employers create jobs by combining sets of
tasks and allocating them to individuals. Jobs
with similar descriptions and avenues of prep-
aration are classified as occupations. Indeed,
the design of training programs depends on
the expectation that people in designated oc-
cupations or jobs will perform specific tasks.
Unfortunately for the analyst, what is actually

*The changes may occur only informally, at least at first, and
may not be reflected in job titles.

done on the job frequently differs from the for-
mal job description. Differences in actual func-
tion between various jobs and occupations are
often nominal, while companies differ in what
they ask of people in the same occupations,
even within a given industry.

Computer-based technologies, including nu-
merical control (NC) technology, have already
led to different staffing patterns within and
among countries, varying on the basis of in-
dustrial traditions, labor market conditions,
prevailing types of company structure, and na-
tional educational systems. These variations
further complicate employment forecasting, as
employment change depends on a series of de-
cisions yet to be made by current and poten-
tial employees, employers, and educators.

A German analysis of flexible manufactur-
ing systems (FMS), for example, concluded
that work within an FMS was comprised of
a set of tasks that could be allocated in numer-
ous ways generally not bound by the technol-
ogy (see table 16). The authors illustrated this
point by contrasting two cases, one with three
types of jobs directly associated with the
FMS, the other with five. They concluded that,
while the technology permits unusual freedom
in defining jobs, and is particularly conducive
to multifaceted jobs, radical change in job de-
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Figure 14.—Conceptual Model: Occupational Demand Change
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scriptions is a distant prospect due to the slow-
ness of organizational change.”OTA shares
this perception.

Effects of Programmable Automation
on Tasks

Although each application of programmable
automation in the workplace is unique, OTA's
analysis reveals some common trends in how
automation affects the use of labor. At the
simplest level, automation displaces and/or
creates tasks: Where tasks are transferred
from people to machines, fewer jobs are asso-
ciated with the production of a given amount
of product. This transfer process constitutes
displacement-the elimination of tasks (and
ultimately of jobs) that would have been avail-
able but for automation. On the other hand,
the introduction of new equipment and sys-
tems into the workplace also creates tasks,
particularly in the design of products and the
maintenance of the equipment. The situation
becomes more complex where production proc-
esses change more significantly. In this case,
even tasks and personnel associated remote-
ly, or not at all, with the primary tasks per-
formed by the equipment will be affected.

‘Werner Dostal, et al., “Flexible Manufacturing Systems and

Job Structures” (Mitteilungen aus der Arbeitsmarkt- und
Berufsforschung), 1982.
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Table 16.—Basic Tasks: Activity Elements With NC
Machines and Flexible Manufacturing Systems

Programing and planning:
1. preparation of a program
2. modification of a program
3. preparation of tool blueprint
4. preparation of mounting blueprint
5. processing problems: interviews for additional
information
the activities of a programer or operator in case of
breakdowns
Preparation and equipment:
making the tools available and transportation of
tools and mounting means
2, presetting of tools and mounting means
3. control of tool installation; bringing of tools into
play
4. preparation and setting up of mounting means and
devices
5. lifting and putting down of a workpiece
6. mounting of workplaces according to the mounting
blueprint and one’s experience
7. control of mounted workplaces
8. switching on and adjustment of refrigerant afflux
Preparing and equipping:
1. input output media insertion, spooling removal
2. zero adjustment
3, placing the correction switch according to tool and
mounting blueprint
4. placing correction switch towards tool lock
5. test run with coordinate and cutting direction
control
Operation and supervision of machines:
starting of a program run
observing of the operating cycle
removal of shavings
changing of tools and mounting
supervision of the operating status of the
installation
discovery of false control movements
activating of the switch in case of breakdowns
. removal of breakdowns
Controlling and monitoring:
1, measure and surface control during processing
2. control of the complete workplaces
3. installation care
4. putting into operation and keeping in operation
5. training of an operator

I

grLONE

o~

SOURCE W Dostal, et al , “Flexible Manufacturing Systems and Job Structures”
(Mitteilungen aus der Arbeitsmarkt- und Berufsforschung), 1982

Task Displacement

Automated equipment and systems perform
specific, primary tasks previously or otherwise
done by people, such as welding, materials
handling, and revision of product designs. The
fewer the tasks in the original job definition,
the more likely that automation of a given task
will lead to job displacement. For example, if
a person does only spot welding, the introduc-
tion of a spot-welding robot is more likely to
result in the elimination of part or all of that

Photo credit Cincinati Milacron, Inc

Machine cell with two computerized numerically
controlled turning centers and robot for machine
loading/unloading and inspection

job than if the person did spot welding and
other tasks, such as welding-gun repair.

Programmable equipment and systems can
substitute for labor more readily than can con-
ventional equipment, in part because of their ver-
satility; a single system can perform multiple
tasks. In particular, they perform secondary
tasks in the factory, such as collecting and
transferring information on equipment use or
movement of parts, and even automating the
flow of materials. Consequently, program-
mable automation may assume tasks tradi-
tionally done by nonproduction labor, from
managers to stock-chasers, as well as those
done by production workers. Also, substitu-
tion for labor may occur when PA is used to
replace other types of equipment. For exam-
ple, robots have been adopted by automobile
manufacturers as an alternative to automatic
welding machines (run by people) to do spot
welding in automotive assembly.

The possibilities for displacing labor are
generally greater for computer-integrated
manufacturing (CIM) systems than for stand-
alone applications of automation, although
such systems do not eliminate all need for
human input. For example, a single arc-weld-
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ing robot may require an operator (although
that robot/person combination may make the
hiring of additional welders unnecessary if it
is more productive than a single human weld-
er). On the other hand, a single materials-
handling robot serving other pieces of equip-
ment may displace a human materials-handler
without requiring an operator, although at
least one person may oversee the larger assem-
blage of equipment. Similarly, flexible manu-
facturing systems have the potential to dis-
place more people for a given set of machin-
ing tasks than do stand-alone NC machine
tools. However, because the art of designing
and implementing successful integrated man-
ufacturing systems remains immature, and
because FMS implementation is (and is ex-
pected to remain) limited, significant labor
displacement by either CIM or FMS is unlike-
ly in the near term.*

Programmable automation does not always
substitute for labor in an obvious or direct
way. For example, early research into bin-pick-
ing robot applications showed that it was more
efficient to do away with human-like sequences
of steps than to imitate them.’In some cases,
automation accompanies or motivates major
changes in production processes which them-

" #James Bright drew the same conclusion about the displace-
ment potential of systems by evaluating conventional automa-

tion and the use of computers in the late 1950's and early 1960's.

In a paper prepared for the U.S. National Commission on Tech-
nology, Automation, and Economic Progress in 1966, Bright
noted that the degree of mechanization varied among applica-
tions along three dimensions: 1) “span,” or use across a sequence
of operations; 2) “level,” the degree of automatic process con-
trol; and 3) “penetration,” the extent to which such secondary
and tertiary tasks as setup and repair are automated. Bright
concluded that “successive advances in automatic capability
generally reduce operator duties and hence contributions” (p.
11-210). He observed that sophisticated systems can and will
automate conceptual as well as physical work. In contrast,
simpler systems tend more to function as tools, complement-
ing the human user. See James R. Bright, “The Relationship
of Increasing Automation and Skill Requirements, ” The Em-
ployment Impact of Technological Change, app. vol. Il to the
report of the U.S. National Commission on Technology, Auto-
mation, and Economic Progress (Washington, D. C.: U.S. Gov-
ernment Printing Office, February 1966).

‘Steven Ashley, “GE to Install Forging Bin Picker Robot, ”
American Metal Market/Metalworking News, June 6, 1983.

selves alter the use of labor. As a sequence of
production operations, a process determines
the types and amount of tasks humans or
machines can perform. For example, comput-
er-aided design (CAD) (in its higher forms)
allows many product designs and production
plans to be tested through simulations rather
than through the building and manipulation
of prototypes. Accordingly, an aircraft man-
ufacturer developed a CAD package for ration-
alizing piping design, replacing its prior prac-
tice of building full-scale mockups of pipe lay-
outs against which production piping was then
matched.' These two practices, prototype and
simulation, have vastly different implications
for staffing: in simple terms, prototype con-
struction involved production labor, especially
skilled workers, while simulation and comput-
er analysis involve engineers and technicians.

Other cases of process change are even more
dramatic. For example, when IBM installed
a robot to test pin placement for component
wiring, the robotic application essentially elim-
inated the practice of delayed testing of com-
pleted assemblies by people using diagnostic
software packages. (This robotic application
may in turn be replaced by a process for chem-
ically bonding wires to boards, eliminating the
need for pins.) As these examples suggest,
even stand-alone applications of program-
mable automation can give rise to radical man-
ufacturing process changes. The more exten-
sive the process change, the more obscure the
direct implications for jobs even though the
potential impact may be substantially greater.

Process change, with or without automa-
tion, often is accompanied or occasioned by a
change in product design. * This combination

‘0TA case study.

*For example, continuing reductions in computer size reduce
the number of parts used in computers, resulting in fewer fab-
rication and assembly tasks. Also, companies seeking to design
products for ease of production are increasingly designing prod-
ucts that can be assembled like “layer cakes, ” built from the
bottom up in layers with no need for upending during assem-
bly. Such design changes reduce production labor with or
without automation.
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of events generally complicates the analysis
of displacement. Most employment forecasts
assume constant product characteristics,
which imply constant (average) requirements
for labor, capital, and materials. The more
variables that change, the harder it is to model
production and forecast related employment.
Furthermore, conventional employment fore-
casting techniques are ill-suited to evaluate
simultaneous changes in product and process
characteristics because these potentially in-
volve changes in industry characteristics, such
as production scale, number of firms, and num-
ber and nature of suppliers.

Task Creation

Although process change may vary in de-
gree, it is the principal reason that program-
mable automation can also be said to create
jobs. Tasks (and thus jobs) are created through
technology change in several ways: first, the
use of programmable automation may entail
more intensive work in some areas. For exam-
ple, automated systems tend to require more
maintenance work than conventional and
stand-alone equipment, in part because the
cost of a breakdown is much higher. Similar-
ly, CAD and CAE (computer-aided engineer-
ing applications of CAD) may stimulate design
and engineering activity. As those technolo-
gies have made design and product engineer-
ing easier and cheaper, employers have hired
more engineers.

Second, the introduction of software and in-
tegrated databases associated with program-
mable automation creates a need for new types
of support work, such as database manage-
ment, software maintenance, and programing.
Taking the long view, however, some support
tasks may only be needed temporarily: The in-
tegration of different types of equipment
eliminates some of the programing work as-
sociated with separate units. This phenome-
non is discussed further in a later section of
this chapter (see “Transient Skill Re-
guirements”).

Third, if buyers want a given product, pro-
grammable automation may help producers
sell enough to maintain or even increase em-
ployment. For example, several small metal-
working firms studied by OTA increased their
business (and employment) by using NC ma-
chinery, which helped them to deliver more
quickly and develop better bids.Change in
employment levels depends most heavily on
the level of demand for different products,
which depends in turn on consumer prefer-
ences and budgets.

Fourth, the production, distribution, and
servicing of programmable automation will
also generate tasks and jobs. Since automated
equipment sometimes replaces conventional
equipment, the net increase in work depends
on how much employment falls among pro-
ducers of conventional equipment. For exam-
ple, companies may buy robots as an alter-
native to nonprogrammable materials-han-
dling equipment. The employment potential
within the PA-producing industries is dis-
cussed in a later section.

Other Task Effects

Programmable automation is also used for
tasks people are not well-suited for or likely
to do, because the tasks would be too difficult,
risky, and/or time-consuming, and consequent-
1y too expensive.* One example is the design
of integrated circuits, for which computer as-
sistance is considered necessary (although con-
ceivably teams of people at drawing boards
could eventually do what individuals at ter-
minals do much more quickly). Similarly, for
certain types of complex machining (e.g., for
ships’ propellers), NC is considered necessary

*OTA case study.

*The application of PA to hazardous and unpleasant tasks
is discussed in ch. 5, “Work Environment. One example,
though, is Chrysler’s decision to use a robot to paint the in-
side of a rninivan. According to the vice president for manufac-
turing, “It replaces only one guy, so costwise, it will never pay
off. But painting the inside of a van is the most miserable job
in the plant. ” See John Holusha, “Chrysler: New Van and
Plant, ” The New York Times, Oct. 28, 1983.
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or preferable. In both cases, the equipment is
not totally automatic; human input is re-
quired. At this time, programmable automa-
tion appears essential for only a relatively few
tasks. That set may be enlarged as manufac-
turers refine and take advantage of PA’s capa-
bilities and as totally new products are in-
vented. The inability to forecast such new
products again interferes with employment
forecasting.

Effects of Programmable Automation
on Skills

Programmable automation, through its ef-
fects on the tasks performed in manufactur-
ing firms, also affects the types of job skills
required for those tasks. In some cases, the
creation of new tasks and the elimination of
old ones clearly raises or lowers skill re-
quirements. Often, however, the effect on skill
demand is ambiguous, because the skills asso-
ciated with individual jobs and the average
skill level of a company’s jobs depend on how
work is allocated among individuals. Skill de-
mand also depends on how well employers un-
derstand what skills they really need. By alter-
ing the balance of work between people and
machines, PA makes it possible for managers
to reallocate work in ways that either raise or
lower the skill requirements of jobs.

OTA's appraisal of the effects of PA on the
workplace suggests that these technologies
will alter both the “depth” and “breadth” of
skill requirements. Skill depth refers to the in-
put needed to perform an individual task or
group of interconnected tasks, while skill
breadth refers to the input needed to perform
a set of (nonsimilar) tasks. For example, a
journeyman machinist (who sets up and oper-
ates machine tools, applying a knowledge of
mechanics, mathematics, metallurgy, layout,

and machining’has skill depth in the area of
machining. Traditionally, subjective notions
about which people do skilled work—e.g., crafts-
men, professionals, specialists-draw on the
concept of skill depth. Skill breadth has tradi-
tionally been viewed with more ambivalence—
e.g., “jack of all trades and master of none. ”
This is one reason why labor contracts in
unionized firms, for example, contain job clas-
sifications that define relatively narrowly the
requirements and tasks of specific jobs. It is
these qualities that govern people’s percep-
tions about whether skill requirements have
risen or fallen.

Skill Depth

Skill depth has two dimensions: time to pro-
ficiency, and judgment. Jobs comprised of
tasks that require little or no time to master
(e.g., food service or filing) and limited judg-
ment tend to be low-skilled jobs in which ac-
cess is broad and pay is relatively low. The
longer the time to proficiency, the more like-
ly that formal training is required for hiring
and promotion. For example, conventional
drafting requires at least 2 years of technical
training, while electrical engineering requires
at least 4 years of formal training. Although
salaried (so-called “white collar”) and hourly
(“blue collar") work traditionally offer dif-
ferent, usually quite separate, career paths,
both types of work include hierarchies of jobs
that differ in terms of time to proficiency and
judgment, as well as other traits.

Programmable automation seems to lower
the time to proficiency and judgment required
for many tasks, including those performed by
professionals as well as craftworkers. Thus, it

‘U.S. Department of Labor, Employment and Training Ad-
ministration, Dictionary of Occupational Titles, 4th ed. (Wash-
ington, D. C.: U.S. Government Printing Office, 1977).
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tends to reduce the need for skill depth in re-
lated jobs. Through computerization (and ac-
companying aspects of mechanical design),
automated equipment offers the ability to per-
form a variety of relatively easy-to-learn tasks
(e.g., drawing basic shapes) and increasing
numbers of more sophisticated tasks (e.g.,
process planning). With PA relevant informa-
tion is, in effect, shared between operators and
equipment. People working with automated
systems therefore have fewer decisions to
make, while those who control the design of
a system have more.

Thus, reduction in skill depth is largely due
to a shift in emphasis away from complex
manual work and toward simpler mental work,
but it may involve decreases in both manual
and mental tasks. For example, a study com-
paring early NC machine tools to conventional
equipment noted that physical effort was di-
minished (in an amount depending on the ex-
tent of “automation”), demand for motor skills
“and the associated perceptual load related to
precision and accuracy of movement” were re-
duced, and the number of operator decisions
fell. *

Computerization may affect skill require-
ments by allowing greater freedom in the al-
location of tasks. For example, NC technology
allows programing to be separated from ma-
chine operation; CNC (computerized numerical
control), however, facilitates the combination
of programing and operation into a single job.
If NC programing is performed by a separate
programer, less judgment and proficiency is
required for machine operation. As another ex-
ample, CAD systems are being developed that
prevent certain actions, including mistakes.**

*While ““conceptual skill associated with the interpretation
of symbolic information in the form of drawings, planning in-
structions and calculations” rose, in more modern NC applica-
tions these tasks are often done by the programer rather than
the operator. R. J. Hazlehurst, et al. “A Comparison of the Skills
of Machinists on Numerically-Controlled and Conventional
Machines, ” Occupational Psychology, vol. 43, Nos. 3&4, 1969.

**At least on,commercially” available system (Computervi -
sion's CADDS 4) prevents design detailers from permanently
changing designs.

On the other hand, CAD itself may allow en-
gineers to complete designs without the aid
of draftsmen.

Since there is less to learn to operate CAD
or NC equipment, people with initially lower
skills can produce better, faster than they
could with conventional technology. Recogniz-
ing this, many companies have separated ma-
chine operation from NC programing in order
to hire less-skilled machine operators instead
of high-skilled machinists. However, this is
less likely to occur where the product is ex-
tremely complex and/or the work less easily
shared. OTA’s studies of machine shops at
both small and large firms show that employ-
ers prefer skilled machinists to operate NC
machines for complex tasks. It is not clear that
further refinement of NC technology will elim-
inate this need, although it may reduce it. Con-
sequently, it is dangerous to generalize about
the impact of PA on skill requirements and
staffing.

The removal of skill and the fragmentation
of work have always occurred with mechaniza-
tion. What makes programmable automation
different from dedicated, or “hard,” automa-
tion is the ability to reduce the skill required
for specific tasks at higher levels in the organi-
zation (see discussions of aircraft company
case study in ch. 5).

Skill Breadth

The potential effects of PA on skill breadth,
which applies more to jobs or occupations than
to single tasks, are less evident than the ef-
fects on skill depth. Requirements for the vari-
ety of skills in a job are determined by employ-
ers, who define specific jobs and hierarchies.
PA and other technologies do not force specific
forms of work organization; they provide em-
ployers with sets of choices about job design
and division of labor.

OTA's case studies and other sources sug-
gest that, in some cases, personnel working
with PA may require less intimate knowledge
of a single process or task but also a general
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knowledge of more tasks. Among the cases ex-
amined by OTA, skill breadth was most re-
quired for repair and maintenance personnel.
These personnel have been confronted with
more varied types of equipment on the job,
and with equipment that combines electrical,
electronic, and mechanical features. Also, pro-
grammable automation calls more attention
to production processes, to the linkage (with
and without computer-based integration) of ac-
tivities into systems and of system to system.
Consequently, some experts argue that pro-
fessional, technical, and managerial staff, in
particular, require broader familiarity with
production activities and their interconnec-
tions (as well as an understanding of the
means and limitations of computer control).

Skill breadth may be associated with chang-
ing job content. A Japanese survey of elec-

trical machinery workers reported that most
of these workers found that microelectronics
was associated with frequent change in the
content of their work.” Elsewhere, Japanese
researchers concluded from a series of automa-
tion case studies that changes in jobs and job
content erode the value of experience; one re-
ported solution was to promote experienced
workers to various tasks involving watching
over equipment.”

*Denki Roren, “Surveys on the Impacts of MicroElectronics
and Our Policies Towards Technological Innovation, ” paper pre-
sented at the 4th IMF World Conference for the Electrical and
Electronics Industries, Oct. 3-5, 1983.

""Japan Labor Association, “A Special Study Concerning
Technological Innovation and Labor-Management Relations, ”
interim report, June 1983.

Effects of Programmable Automation Employment
By User Industry

Which people will face changing job oppor-
tunities depends on which industries are like-
ly to use programmable automation, when,
where, and how, as well as on the capabilities
of the technologies. Given the range of poten-
tial applications described in chapter 3, it is
possible to identify the industries as well as
the occupational groups likely to be affected.
Indeed, because of its flexibility (and other at-
tributes), PA can be used in a remarkably
broad range of industries. In this regard, it is
but one manifestation of the growing use of
computer technologies taking place through-
out the economy. This section will discuss PA
users; the employment potential of PA pro-
ducers (who also tend to be users) is discussed
later in the chapter.

The first and principal users of the technol-
ogies addressed in this report have been firms

in the so-called metalworking industries—pri-
mary metals, fabricated metal products, elec-
trical machinery (includes electronics), nonelec-
trical machinery, transportation equipment,
and instruments®--particularly the electrical
and nonelectrical machinery and transporta-
tion equipment industries.” Together these in-
dustries employed almost 10 million people in
1980; the electrical and nonelectrical machin-
ery and transportation equipment industries
employed almost 8 million. Their occupational
profiles are shown in table 17. Other indus-
tries, including architectural and engineering
services, have also begun to be significant
users of programmable automation; engineer-

“Industries designated by Standard Industrial Classification

(SIC) codes 33-38.
“Ibid. (SIC 35-37).
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Table 17.—Occupational Profiles of Manufacturing Industries

Employment in Manufacturing Industries by Major Occupational Group, 1980

Production.
maintenance,
. . . construction,
Industry All. Managers Professional Technical Service reoarr, mat- Clerical Sales work-
occupations and officers workers workers workers enal handiing, Workers ers
and power-
plant workers
All - manufacturting 1000 66 69 29 18 681 115 22
Food and kindred products 1000 64 27 7 31 732 100 33
Tobacco products 1000 59 37 19 35 72.8 105 12
Textile mill products 1000 37 17 9 22 819 88 9
Apparel and other textile products 1000 36 12 2 12 832 91 14
Lumber and wood products, except
furniture 1000 62 15 8 21 814 64 17
Furniture and fixtures 1000 53 22 8 19 764 n1 23
Paper and allied products 1000 53 43 15 17 743 105 24
Printing and publishing 1000 101 99 10 17 488 211 74
Chemicals and allied products 1000 98 123 53 22 526 1.16 32
Petroleum refining and related
industries 1000 73 94 31 15 628 11 45
Rubber and miscellaneous plastics
products 1000 65 41 17 16 751 95 15
Leather and leather products 1000 39 14 3 13 806 104 23
Stone clay glass and concrete
products 1000 73 31 14 14 756 90 20
Primary metal products 1000 39 38 19 20 794 82 9
Fabricated metal products 1000 66 42 21 16 737 98 19
Machinery except electrical and
transportation equipment 1000 78 94 54 16 607 133 18
Electrical and electronic machinery 1000 64 123 62 14 603 123 10
Transportation equipment 1000 58 131 39 22 647 97 5
Instruments and related products 1000 87 116 74 17 537 149 19
Miscellaneous manufacturing |
industries 1000 77 35 15 17 688 141 28

Percent Distribution of Employment in Manufacturing Industries by Major Occupational Group, 1980

Production
maintenance

. . . construction .
Managers and Professional Technical Service work- Clerical work-

Industry N repair material Sales workers
| officers workers workers ers handling and ers
powerplant
workers
v — _ . .

Al manufacturing 1328,160 1404080 594270 373150 13767 040 2322400 438710
Food and kindred products 107750 45,360 12000 ! 52000 241 080 69730 66910
Tobacco products 3,780 2,380 1220 2,230 46270 6960 760
Textile mill products 31,980 14,710 7,750 19,110 713,410 | 76,780 7,040
Apparel and other textile products | 45,820 15,500 2,250 15,290 057,890’ 16 190 18.420
Lumber and wood products except

furniture 41,0701 9,8901 5,090 13,520 534,720 41,920 11060
Furniture and fixtures 24,3001 10,200 3 610° 8,510 348,250 50490 10470
Paper and allied products 37,3401 30,190 10,500 11,570 519530 73240 16540
Printing and publishing 26,8301 124,2701 12,620 20,980 612420 264,290 92890
Chemicals and allied products 10000 137650 58,990 24700 5875201 162670 35290
Petroleum refining and related

industries 14,7901 19,030 6,290 3080 1272901 23040 9170
Rubber and miscellaneous plastics

products 45,860 28,880’ 12,190 11420 534150 67470 11 020
Leather and leather products 9,130 3,390 720 3030 190440 24640 4840
Stone clay glass, and concrete |

products 48,720 20,930 9,580 9520 503440 60 1313 13310
Primary metal products 47,550 46,350 22,3201 23540 956430 98230 10680
Fabricated metal products 103,670 67,110 33,650 25750 1,164180 154,800 30800
Machiney, except electrical and |

transportation equipment 195,630 234,740 134,550 39,9-00 1 515640 332493 44 140
Electrical and electronic machinery 133,520 255,880 129,720 29,310 1,254920 255,900 20390
Transportation equipment 106,320 240,400 72,110 40,480 1,168110 178,180 9470
[instruments and related products 61,500 82,460 52,840 12130 381,320 105,970 13 540
Miscellaneous manufacturing

industries 32,400 14760 | 6,270 7,0801 290,0301 59280 11 970

SOURCE Bureau of Labor Statistics, Occupationai Employment in Manufacturing Industries Bulletin 2133 September 1982
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ing and architectural services employed 557,000
people in 1980."

Application of the PA technologies will grow
relatively quickly among these early users.
Their experience will facilitate further appli-
cation of PA, including the integration of sys-
tems. For example, GM’s widely publicized
plan to have over 14,000 robots by 1990 re-
flects not only the firm’s size, but also its ex-
perience with robots and its understanding of
how and where to use them. Because use of
automated production technologies, in partic-
ular, will probably remain concentrated in
these industries through this decade, principal
near-term employment impacts will also be
concentrated in these industries.

Programmable automation will be applied
in a growing variety of industries because of
improving capabilities, falling costs, and grow-
ing experience with particular applications, as
well as the perceived effect on competitive-
ness. Materials handling, assembly, simula-
tion, and inventory control applications can
be used across the manufacturing sector; this
contrasts with the more narrow market for
robotic spot welding and spray painting, NC
machining, and CAD for electronic equipment.
Already, industries such as food processing,
textiles, apparel, and paper manufacturing
have begun to explore use of programmable
automation, especially robots. Applications of
these technologies will spread both within the
manufacturing sector and outside of it, but
sufficiently slowly that significant effects on
employment outside of the metalworking in-
dustries are unlikely before 1990.

Some perspective on the unevenness of tech-
nology diffusion, and its impact on employ-
ment by industry, can be gained from data on

“Bureau of Labor Statistics, “Employment by Industry and

Occupation, 1982 and Selected 1995 Alternatives,” unpublished
data on wage and salary employment, 1983.

the spread of NC technology. In 1968, only 0.5
percent of machine tools in use among metal-
working industries in general were numerically
controlled. The percentage was only slightly
higher for nonelectrical machinery industries.
In the 1976 to 1978 period, the overall figure
was 2.0 percent, varying among industries
from 0.3 percent for metal stampings to 5.3
percent for aircraft and parts. The overall fig-
ure was 4.7 percent by 1983. These figures un-
derscore the fact that production technologies
tend to spread slowly and unevenly. Within
the machine-tool industry itself, the propor-
tion of NC machine tools was 2.6 percent in
1973, 3.7 percent in 1976-78, and 6 percent in
1983.'6

Firm size may affect the incidence of employ-
ment impacts within and across industries. To
date, most users of PA, especially the produc-
tion technologies, have been large firms. Such
firms may continue to dominate as users be-
cause they can more easily purchase equip-
ment, buy or build on previous know-how, and
otherwise afford to automate.”Industries
dominated by large firms may therefore ex-
perience faster employment change than in-
dustries dominated by smaller firms, other
things being equal; the changes will come in
larger doses. On the other hand, larger firms
generally have more capacity to transfer and
retrain displaced personnel, making layoffs
less likely. Also, supplier-buyer links between
large and smaller firms may hasten the adop-
tion of programmable automation by smaller
firms.* The domination of the aerospace and
auto industries by a few large firms linked to

“"The 13th American Machinist Inventory of Metalworking
Equipment 1983, ” American Machinist, November 1983; and
National Machine Tool Builders’ Association, 1983-84 Hand-
book of the Machine Tool Industry.

“Steven M. Miller, Potential Impacts of Robotics on Manu-
facturing Costs Within the Metalworking industries, doctoral
dissertation, CarnegieMellon University, 1983.

*So, too, will improvement of low cost systems aimed at

smaller users.
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a number of smaller suppliers can heighten the
employment impacts within those industries. *

Geographic Incidence

Programmable automation will exacerbate
employment problems in certain geographic
areas in the short term (i.e., the 1980's). In the
longer term, however, its impacts will be more
general.

Given the differing tendencies of different
industries to use programmable automation,
employment in the East North Central and
Middle Atlantic regions, plus individual States
such as California and Texas, are most likely
to be affected during this decade, as well as
the next. Employment in such metalworking
industries as automobiles and nonelectrical
machinery is concentrated in the East North
Central region, especially in Ohio, Michigan,
and lllinois; the Middle Atlantic region is a
major source of industrial machinery; Califor-
nia and Texas are major sources of electrical
machinery and aerospace products. See figure
15 for a comparison of regional differences in
manufacturing employment. These areas in-
clude the six States that had 5 percent or more
of their employment in manufacturing and to-
gether held over 42 percent of all manufactur-
ing employees, according to the 1977 Census
of Manufacturers (latest version available)—
California (9 percent), New York (8 percent),
Pennsylvania (7 percent), Ohio (7 percent), Il-
linois (7 percent), and Michigan (6 percent).

In the short term, areas most dependent on
single firms or industries will be the most vul-
nerable to the effects of employment change.

#()n ¢t he ot her hand. the movement anong nmajor  netal wor k-
ing firms toward using fewer suppliers {toimprove quality con-
trol) may shift supply business toward larger firms. which may
have a greater propensity to automate. The extent of this move-
ment varies among industries. It is especially pronounced in
the auto industry, for example. See Nancy Kingman, "OEMs
Planto [J tilize Fewer Supplier Firms, ” American Metal Mar-
ket Metalworking News, (Oct. 10, 1983.

As the authors of an OECD study of job losses
in major industries across countries noted,
“the proportion of the community’s workers
involved in the primary cutbacks’ is the prin-
cipal determinant of the effect of displacement
and unemployment on a community. '7 This
proportion, and a related factor, the diversi-
ty of the local economy, both affect the abili-
ty of the local labor market to absorb displaced
workers. Such vulnerability, however, exists
independently of PA or any other technology;
lack of economic diversity has long been
known to make local economies vulnerable to
any changes in hiring by dominant employers.
As table 18 shows, States with a lot of manu-
facturing were likely to have experienced
above-average unemployment over the past 7
years, although other States also experienced
high unemployment.

The East North Central region is particular-
ly likely to experience unemployment because
of its association with the auto industry. That
industry is not only a major user of program-
mable automation, but is also particularly sen-
sitive to import competition and to changing
consumer car-buying behavior. Consequently,
even before the auto industry’'s use of robots
was attracting much publicity, there was spec-
ulation that industry employment might not
re-attain the peak levels achieved in 1978 and
1979. The same area is also experiencing job
losses associated with other industries, such
as the industrial, farm, and construction ma-
chinery industries. These industries are not
only automating but have also been contract-
ing due to import competition and the cyclical
declines in business.

Increasingly, the employment impacts of
programmable automation will become dis-
persed because of the broadening geographic
distribution of manufacturing activity. Over

"Robert B. McKersie and Werner Sengenberger, Job Losses
inMajor Industries (Paris: OECD, 1 983).
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Figure 15.—Regional Manufacturing Employment
Employment as a percent of U.S. total, by State: 1977

Percent of total
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0.40to 1.19
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United States total employees
19.6 million

Change in employment, by State: 1967-77
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SOURCE U S Dpepartment of Commerce Bureau of the Census
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Table 18.—Unemployment Rates by State,”1976-82

1976 1977 _ 1978
Annual average - -
rate (0/0 ) 7.2 6.7 5.7
Distribution of State unemployment relative to averege
Number of years Number of
above average States Identity of States

1979 1980 1981 _ 1982

5.6 6.9 73 9.3

Colorado, lowa, Kansas-, Minnesota, Nebraska, New Hampshire, North Carolina, North

Arkansas, Louisiana, Maine, New Jersey, New Mexico, Ohio, Tennessee

0 14
Dakota, Oklahoma, South Dakota, Texas, Utah, Virginia, Wyoming
1 2 Maryland, Montana
2 4 Connecticut, Georgia, Missouri, Vermont
3 5 Kentucky, Massachusetts, Nevada, South Carolina, Wisconsin
4 6 Arizona, Florida, Hawaii, Idaho, lllinois, Indiana
5 7
6 4 California, Delaware, Mississippi, New York
7 9

51

aInciud(n gthe Distric t of Co | urn bia

Alabama, Alaska, District of Columbia, Michigan, Oregon, Pennsylvania, Rhode Island.
Washington. West Virginia

SOURCE U S Department of Labor Bureau of Labor Statistics Current Population Survey

the last two or three decades, manufacturing
has grown in the South and in the Western re-
gions of the country, aided in part by govern-
ment spending. Between 1960 and 1970, the
number of manufacturing employees in the
Northeast was almost constant, while in all
other regions it grew substantially. Between
1970 and 1980, manufacturing employment
fell in the Northeast, remained constant in the
North Central region, and grew relatively
rapidly in the South and West. By 1980, over
43 percent of manufacturing employment was
in the South and West regions.”

The growth in manufacturing employment
in the South and West reflects lower produc-
tion costs in those regions compared with the
Northeast and North Central, as well as a
growth of the aerospace and electronics indus-
tries in California and several Southern States.
These areas have benefited from space pro-
gram funding in the 1960’s and defense pro-
gram funding since the 1950's. Between 1951
and 1976, for example, the South’s share of
military prime contract awards rose from 11
to 25 percent, while the West's share grew
from 16 to 31 percent. ” Defense and space

“tJames A. Orr,Haruo Shimada. and Atsushi Seike, “U, S.-
Japan Comparative Study of Employment Adjustment, ” draft,
U.S. Department of Labor and Japan Ministry of Labor, Nov.
9, 1982.

'“F ileen Appelbaum, “ ‘High Tech’ and the Structural Un-
employment of the 1+; ighties,” paper presented at the American

Economic Association Meeting, Washington, D. C., Dec. 28,
1981.

R&D has, in turn, led to commercial manufac-
ture of such associated products as calculators
and semiconductors being concentrated in the
same regions.

The dispersion of manufacturing does not,
however, preclude regional variation in the
rate and type of technology change. A recent
study of geographic patterns in the use of met-
alworking equipment found:

The more advanced production technologies
are being introduced in the higher skill, higher
wage areas of the industrial Midwest while
less of these technologies or less advanced ver-
sions are being introduced to a lesser degree
in the low wage, lower skill labor markets of
the South and West.”

The authors suggest that there is a “match-
ing of capital with labor by region, ” a phenom-
enon that will influence the geographic inci-
dence of technological displacement and asso-
ciated unemployment.

The dispersal of manufacturing activity and
the growth of service industries among regions
have allowed regional economies to diversify.
This has made most regions less sensitive to
changes in manufacturing employ merit.* One

“John Rees, et al., “The Adoption of New Technology in the
American Machinery Industry, ” Occasional Paper No. 71, Max-

well School of Citizenship and Public Affairs, Syracuse Univer-

sity, August 1983.
*Note, however, that encouragement of just-in-time supply

systems by the auto and other industries may encourage re-
centralization (for the auto industry, at least, in the Midwest).
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indicator of how widely PA use is dispersed
is the distribution of service centers and dem-
onstration facilities established by vendors.
Vendor literature and the trade press suggest
that such facilities are distributed quite broad-
ly across the country.

Another influence on geographic incidence
is the combination of PA with advanced tele-
communications systems linking facilities
across a region or even across countries. For
example, Lockheed has found that its use of
CAD and CAM has affected its interfacility
activity.

Inter-company use of CADAM-generated
data through an interactive system using
satellites allows for the transmission of
CADAM models between four Lockheed com-
panies that are now on-line. Once the remain-
ing companies have been added to the net-
work, said [a Lockheed official], “we can
design at one plant, program at another and
manufacture at still another plant. “*

Automation producers face similar prospects.
For example, ASEA Robot Co. has facilities
in Detroit, White Plains, New York City,
Houston, and Los Angeles, and it installs
robots around the country. It adopted a com-
munications system “that will allow ASEA
engineers in New Berlin (Wis.) to work directly
with technicians installing equipment any-
where in the nation’ through computer con-
nections.” Computer and telecommunications
links, together with PA systems, enable man-
ufacturers to spread a given complement of
personnel across a large geographic area and
avoid fully staffing separate local facilities.

There is also an international dimension to
geographical impacts. In particular, the avail-
ability of programmable automation may in-
fluence manufacturers’ decisions about locat-
ing production in the United States or abroad.
Some proponents of PA argue that a principal
benefit may be to stem or reverse the exodus
of manufacturing jobs to other countries.

" Lockheed Exec: 30B Automation Market by 1990, * Amer:-
an Metal Market/Metalworking News, Sept. 26, 1983.

“Robert Fixmer, “Swedish Robots Pick Wisconsin” (Madi-
son), Capital Times, Mar. 5, 1983.

There is some evidence that the cost-reducing
effect of PA has motivated companies to lo-
cate more electronics facilities in the United
States than they might have previously. For
example, GM-Delco recently expanded U.S.
production instead of going overseas.” Also,
AT&T attributes its plans to consolidate most
of its consumer telephone manufacturing with-
in the United States to automation, as well as
to the benefits of domestic location for respon-
siveness to changing technologies and con-
sumer preferences. According to an AT&T of-
ficial:

Far East, Central and South American la-
bor rates are low , . . but we are designing and
building our products for automated assem-
bly, displacing labor with capital . . .
Changes in our manufacturing operations gen-
erally represent changes in technology—
moving from electromechanical phones to
electronic phones. Because that technology
has spread throughout the product line, and
a high percentage of the value added in a prod-
uct line is electronics, we are able to use
automated assembly instead of the human as-
sembly line.”

However, cost is not the only reason why
producers choose to locate offshore. Where
producers are motivated by a desire to be near
a foreign market, especially if local-content
laws there require local production, no reduc-
tion in costs at home will keep such produc-
tion in the United States. Thus, auto and elec-
tronics producers continue to operate, expand,
and buy from overseas production facilities.
Digital Electronic Corp., for example, expects
that half of its materials requirements will be
filled by overseas sources over the next 3 to
5 years, whereas 15 percent is now.” If, on the
other hand, programmable automation encour-
ages more small-batch production of goods
aimed exclusively at the domestic market, es-

#John Holusha, “G. M. Electronics Back in U. S,” The New
York Times, June 20, 1983.

*Laurel Nelson-Rowe, “AT&T Shifting More of Its Consumer
Phone Manufacturing to U.S., ” Communications Week, Jan.
30, 1984.

*Nancy Kingman, “OEMs Plan to Utilize Fewer Supplier
Firms, ” American Metal Market/Metalworking News, Oct. 10,
1983.
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pecially goods tailored to specific regional or
ethnic preferences, then domestic manufactur-
ing may benefit even if overseas locations re-
main most economical for mass production. *
Insofar as multinational corporations stand-

*The time-savings benefits of computerized apparel equip-
ment may help domestic firms compete with importers because
they can deliver more quickly. “When a customer can order
something and have it in his store in 2 weeks, there’'s no way
the imports can compete, ” according to one clothing maker.
See Fran Hesser, “Clothing Makers Try to Sew Up Labor Costs,
Foreign Competition, ” The Atlanta Constitution, Sept. 21,
1983.

ardize products across companies or draw on
standard components, it may be harder to iso-
late production for the U.S. market from pro-
duction for world markets. This prospect has
been raised by the discussions of the “world
car. “** It is also becoming an issue for pro-
duction of automation hardware (see ch. 7).

**Ford, for example, has a computer and communications
system linking engineers in Europe and the United States for
automotive design and analysis work. “Computer-Aided Engi-
neers: Worldwide Dedicated Computers Analyze Into Struc-
tures, ” Tooling and Production, October 1983.

Effects of Programmable Automation on
Occupational Employment

Occupational impacts of individual automa-
tion technologies and of accompanying major
process changes will vary enormously among
industries. In the absence of detailed company
and industry studies of the deployment of
labor across the economy, data on employ-
ment by occupation are the only means of
counting people potentially exposed to the risk
of displacement. * They can also be used to
develop inferences about new jobs and occupa-
tions. Such estimates, it must be understood,
are rough at best.

Selected Detailed Occupational Groups

Engineers

In many ways, engineers are a central fac-
tor in the employment changes expected to
occur with programmable automation. Engi-
neers develop automation technologies; they
work with them; yet they are not immune to
being displaced by them.

Engineers contribute to both the production
and use of PA. The mix of engineers by disci-
pline found in an enterprise varies with the
nature of the product or research topic; but

*Such data are principally available through the Bureau of

Labor Statistics (BLS), although some are also available from
the Bureau of the Census, the National Science Foundation, and
from private sources. Most data presented in this chapter are
for 1980, which represents essentially prerecession conditions
and conditions prior to much of the recent growth in PA use.

in general, electrical/electronic and mechanical
engineers design equipment and systems, and
industrial/manufacturing engineers as well as
electrical and mechanical engineers design ap-
plications. Different industries have different
needs for special engineering disciplines, such
as aeronautical/astronautical, chemical, and
metallurgical engineers. Typically, employers
prefer that engineers have at least a bachelor’s
degree, although individuals without such
training can be certified by the Society of Man-
ufacturing Engineers to perform certain types
of production engineering, and sometimes in-
dividuals attain the title of engineer through
promotion from other positions. Engineers
who perform research usually hold advanced
degrees. The employment share of manufac-
turing engineers with degrees reflects the fact
that employers and schools alike have histor-
ically held this engineering discipline in lower
regard than others (although this view is
changing, as discussed later).**

CURRENT EMPLOYMENT TRENDS

Total employment of engineers in 1980 was
over 1.1 million, including about 580,000 em-
ployed in manufacturing. In 1982, nearly

** N. b., statistics collected by BLS treat manufacturing en-
gineering as a subset of industrial engineering, although in the
vernacular the term industrial engineer has a more limited
meaning.



120 . Computerized Manufacturing Automation: Employment, Education, and the Workplace

590,000 engineers were employed in manufac-
turing industries.

Engineers have become more prevalent in
manufacturing industries over the past several
years. Sectoral employment of engineers grew
despite the recessions, although individual in-
dustries suffered declines in engineering em-
ployment between 1980 and 1982. Engineers
comprise nearly a third of professional and
technical personnel across the manufacturing
sector. The electrical and noneletrical machin-
ery, transportation equipment, and a few other
relatively technology-intensive industries (e.g.,
instruments and chemicals) together employ
over 80 percent of the engineers working in
manufacturing industries.* The number and
distribution of engineers reflects many factors,
particularly changes in process technology and
patterns in defense spending (the principal fac-
tor behind employment trends for aeronautical
engineers). See table 19. The relatively large
growth in electrical engineering employment,
for example, reflects the spread of microelec-
tronics across various products and processes.

Technology change and other factors are
causing growth in design and production engi-
neering activity, which in turn supports
growth in demand for engineers. In some
cases, programmable automation is merely a
vehicle for engineering activity motivated by
other factors; in others, the nature of PA itself
is a cause of growth in engineering. The use
of CAD, for example, may be associated with
increased design engineering activity because
it makes design cheaper and therefore easier
to do more often.* This is especially likely in

*'Changing Er_npll\(%/ment Patterns of Scientists, Engineers,
and Techriicians_in Manufacturing Industries: 1977 -1980,” Na-
tional Science Foundation, 1982. _

*This would be similar to the' experience with computer-based
technologies for financial services, the adoption of which was
associated with growth in certain banking transactions.

industries (e.g., special semiconductors) where
product differentiation and customization are
increasingly important. In some industries
(e.g., computers and aerospace), CAD/CAE fa-
cilitates faster advances in product tech-
nology, allowing more (and more complex)
products to be introduced in a given period of
time.**

Design requirements of FMS and auto-
mated storage and retrieval systems (AS/RS)
are increasing producer needs for engineers.
Cincinnati Milacron, for example, reports us-
ing thousands of engineering hours to analyze
FMS needs of potential customers.” Across
manufacturing generally, production engineer-
ing activities are growing because program-
mable automation and market factors are fo-
cusing attention on product quality, produc-
tion processes, and the links between design
and production. The growth of PA products
and markets is itself a source (albeit limited)
of increased engineering design and produc-
tion activity and employment. The more com-
plex the application of PA, and/or the greater
the change in the production process, the
greater the investment in engineering will be.

As was suggested earlier, the spread of pro-
grammable automation influences the mix of
engineers. In particular, it is contributing
(because of changes in materials technology,
as well as the growing concern with manufac-
turing processes) to a revival of interest in
the discipline of manufacturing engineering;
schools report greater interest among students

**According to Clarence Borgmeyer of Pratt & Whitney Air-

craft, “It takes us approximately as long to design an engine
as it did in 1956, but engine téchnology has grown infinitel
more complex. We couldn't begin to SOIVe today's Proble_ms wit
Eesterday's computers. ” See "Maker of Aircraft Engines Ties

ata Base to CAE Applications on Divisional Scale, ” Comput-
erworld, Sept. 12, 1983.

“Lauri Giesen, “Industry Interest Sparks FMS Sales Hopes
for '84, ” American Metal Market/Metalworking News, Dec. 5,
1983.

Table 19.— Number and Distribution of Engineers, 1980

" Metalworking  Office, computing,
machinery and and accounting
Al manufacturing equipment machines
Engineers 575,677  2.3% 11.930 3.2% 48,303 11.2%
Electrical 173,647  0.9% 1.671 0.5% 31,008 7.2%
industrial 71,442 0.4% 1.963 0.5% 6,125 1.4%
Mechanical 122,328  0.6% 6.713 1.2% 3.970 0.9%
SOURCE Bureau of Labor Statistics

Electrical incustrial

Electronic

components and  Motor vehicles and

apparatus accessories equipment Aircraft and parts
10,602 4.5% 34,077  6.1% 17.804  2.3% 75,587  11.5%
5818 2.4% 23.591 4.2% 466 0.1 5,367 0.8%
1,414 0.6% 3.031 0.5% 3.921 0.5% 5,809 09%
2,128 0.9% 2769  0.5% 3959  0.5% 11,364 1.7%

‘Fmployment by {ndustry and Occupation 1980 and Projected 1980 " unpublished data on wage and salary employment
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in pursuing a manufacturing engineering ma-
jor. Also, because of their dependence on sys-
tems analysis and the need for development
of computer hardware and software, PA pro-
ducers and users alike appear willing and able
to substitute computer scientists and systems
analysts for engineers. PA is thus likely to
have similar employment impacts on engi-
neers and systems analysts because of their
overlapping responsibilities, although systems
analyst employment is lower overall* (see
table 20).

A review of want-ads published by PA pro-
ducers and users over the last 2 to 3 years
shows that companies generally list engineer-
ing and computer science degrees as alterna-
tive criteria for eligibility when recruiting for
both product and applications development
positions. Among engineering degrees desired,
electrical engineering is listed most frequent-
ly, closely followed by mechanical engineering.

Flexible hiring criteria reflect in part a
growth in interdisciplinary work among engi-
neers. Production and use of PA equipment
help to spur interdisciplinary engineering be-
cause PA combines electrical, electronic, and
__‘I.n 1980. 42,404 Computerusvstems_ analysts were employed
in manufacturing. While manufacturlng’s share of computer
systems analyst, operations analyst, an sxstems analyst em-
ployment fell’ overall during the 1970's, the proportions em-
ployed by metalworking industries generally rose. Between 1970
and 1978, the percent employment of computer specialists rose
for all manufacturing rand for all industries combined), and in
metalworking industries, while the proportions of engineers and
engineering and scientific technicians fell slightly.

Table 20.—Employment of Computer Systems
Analysts, 1980

Number Percent
All industries ., . . . . ... ... -. 201,999 0.20%
All manufacturing . . . . . . . .. , . 42,404 0.20
Metalworking machinery and
equipment . . ... ... 336 0.09
Office, computing, and accounting
machines . . . . . .. ... ... 6,913 1.60
Electrical industrial apparatus ... . 581 0.24
Electronic components and
accessories . . . 1,146 0,20
Motor vehicles and equipment 945 0.12
Aircraft and parts . . 3,535 0,54
SQURCE Bureau ~f Labor Statistics  Emplovment by Industry and Occupalion
1980andProjected 1 990  u npublisheddata o nwageandsalaryem

ploymer!

mechanical systems technologies. In addition,
design and production activities often merge
with the use of PA systems, especially CAD/
CAE systems that allow for analysis of pro-
duction requirements and processes.

The rise in interdisciplinary engineering and
systems analysis suggests that college train-
ing for production engineers may become in-
creasingly necessary over time—i.e., it may
become more difficult for individuals lacking
college degrees to rise through the ranks and
obtain engineering jobs. Confirming this as-
sumption, 6,600 manufacturing engineers pre-
dieted in a 1979 survey that 50 percent of
plant work forces in the automated environ-
ment will be engineers and technicians. Inter-
estingly, while 49 percent of all respondents
had at least a B. A., 61 percent of those be-
tween 20 and 29 years of age did.” However,
recent want-ads suggest that, at least among
today’s users of programmable automation,
employers may be willing to accept several
years of relevant experience in lieu of a tech-
nical college degree for some engineering
positions.

The growth in engineering activity caused
by or accompanying programmable automa-
tion will not necessarily raise engineering
employment among user firms, although it
may raise it elsewhere. Many users appear to
favor turnkey purchases and rely on vendors
to meet occasional needs for applications
engineering, rather than expand their own
staffs. The Upjohn Institute, for example,
found this to be the case among robot users
generally.” Also, applications engineering
services are available from growing numbers
of third-party engineers employed in consult-
ing and service firms. These engineers may
substitute for in-house staff for either pro-
ducers or users, performing applications en-
gineering and planning (and sometimes con-
tributing to product development). For exam-
ple, increasing numbers of programmable con-

‘m,’ljhe Manufacturing Engineer: Past. Present and Future, "
special report 10 the membership of SM E. M ay 28, 1 979.

#17 Allan Huntand TimothvL 1lunt. T] uman Resources 1m-
plications of Robotics. The W. 11.UpjohnInstitute for I'; mploy-
ment Research, 1983.
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troller installations are handled by third-party
firms.™

Engineering employment in engineering
services firms has been growing generally, and
if PA consulting and service firms continue to
thrive, the share of engineers employed in
manufacturing firms (per se) may continue to
fall. Although the proportion of manufactur-
ing professional and technical employees rep-
resented by engineers has been rising, the pro-
portion of engineers employed in the manufac-
turing sector is declining. Between 1970 and
1978, the manufacturing sector share of engi-
neer employment fell from 54 to 50 percent,
while the (miscellaneous) service share rose
from under 13 to 17 percent (see table 21).
Within the service sector, engineering employ-
ment is concentrated in the engineering and
architectural service industry (a group in-
cluding a large proportion of self-employed
professional engineers). That industry was the
largest employer of engineers in 1982.*

PROJECTED EMPLOYMENT IMPACTS

OTA's case studies and other evidence sug-
gest that, while demand for engineers will in-
crease during this decade, automation will
eventually dampen the rate of growth of their
employment in manufacturing industries. This
is likely because: 1) computer-aided design and
engineering increases the output per engi-
neer;* 2) anticipated improvements in such
areas as equipment interfaces will solve some
of today’s problems in applications engineer-
ing; and 3) in the long term, if not sooner, there
may be some substitution of technician jobs
for engineering jobs (see the next section).

Although the complexity of PA installations
will grow, so will the capability of automated

%OTA case study.

Ronald E. Kutscher, “Future Labor Market Conditions for
Engineers, ' paper prepared for the National Research Council
Symposium on Labor-Market Conditions for Engineers, Feb.
2,1984.

*For example, Chrysler expects that its expanded use of CAD
will not lead to expansion in employment of engineers and de-
signers using the technology. Rather, the company expects to
devote time saved in design and analysis to such other tasks
as tooling and product testing. See “Chrysler Expanding CAD
Network, ” Automotive News, July 12, 1982.

Table 21 .—Percent Distribution of Engineering
Employment by Industry Group, 1970 and 1978

Economic sector 1970 1978
Agriculture, forestry, and fishing . . . . .. 0.18 0.27
Mining . ... 1.73 2.40
Construction . . ..................... 8.29 7.08
Manufacturing . .. .................. 54.26 50.08
Durables............. ... ... ..... 45.82 42.16
Primary metals . . .. ............. 2.2 2.01
Fabricated metals . . .. ........... 2.46 2.44
Machinery, except electrical and
transportation equipment . . . . . . 8.31 8.80
Electrical and electronic
machinery. . . ............... 13.23 12.37
Transportation equipment . . . . .. .. 11.97 10.53
Automobiles . . ............... 2.17 2.40
Aircraft . . .................... 8.53 7.02
Professional and scientific
instruments . .. ............... 2.36 2.48
Transportation, O.P.U.S. ............. 7.99 8.55
Wholesale and retail trade . . . ........ 4.32 4.44
Finance, insurance, and real estate. . . . 0.71 0.75
ServiCeS . . ..ot 12.73 17.01
Commercial R&D . . ... ............ 1.06 1.42
Engineering and architecture . . . . . . . 7.04 9.63

"Other public ut Il ities
NOTE Percentages do not sum to 100 due to exclusioncf government employ-
ment figures

SOURCE. U S Department of Labor, Bureau of Labor Statistics, The National
Industry-Occupation Employment Matrix, 1970, 1978, and Projected
1990, April 1981

engineering aids, such as simulation systems,
to deal with this complexity. A major aero-
space firm, for example, has predicted that its
engineering and related technical staff require-
ments may fall by as much as one-third once
the company achieves its automation goals;
for some production engineering tasks, the
drop may be as high as 80 percent.”* The aero-
space industry represents an extreme case,
because the complexity and the stringent qual-
ity standards of aerospace products will prob-
ably drive major aerospace firms to greater
levels of computerization and systems integra-
tion, and on a faster timetable, than firms in
other industries.

Various trends in industrial organization
will also work to slow the rate of growth in
engineering employment. For example, the
growth in engineering consulting and service
firms means that fewer engineers will be em-
ployed than would be if producers and users
satisfied their needs for engineers internally.

#0TA case study.
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Indeed, recent and anticipated growth in en-
gineering and architectural service firms has
been attributed in part to shortages of certain
types of engineers-in effect, fewer engineers
can be spread more thinly by this means .33 An-
other factor is growth in the number of auto-
mation users who also produce automated
equipment and systems. Such user-producers
will draw on engineers involved with their own
use of automation to produce automated
equipment and systems. One reason that
Westinghouse, for example, decided to enter
the robot market was management's realiza-
tion that it already had vital in-house engineer-
ing expertise.* Moreover, when Westinghouse
acquired Unimation, it consolidated its robot-
ics work force, since the combined forces of the
two firms were believed to be too large.”

SHORTAGES OF ENGINEERS

In the near term, engineering employment
depends primarily on market conditions and
defense spending. Thus, even though they
“need” engineers to develop new products,
machine-tool builders have laid off engineers
because of depressed sales; also, recent engi-
neering graduates have had difficulty getting
jobs because of the recessions.” Historically,
engineers have undergone cycles of shortage
and surplus; despite ambiguous evidence,
many in industry now believe that a shortage
of engineers does or will exist. For example,
the Electronic Industries Association recent-
ly forecast a shortage of 113,000 electrical and
computer engineers by 1987, based on fore-
casts of engineering graduates and employ-
ment targets reported in a survey of 815 man-
ufacturing facilities employing over 736,000
people.” However, employer survey data are
generally considered unreliable by employ-

*#U.S. Industrial Outlook, Washington, D. C., 1983.

“Laura Conigliaro and Christine Chien, “Computer Inte-
grated Manufacturing, ” Prudential-Bache Securities, Aug. 2,
1983.

*** Westinghouse Revamps Robotics; 40 Jobs Lost, " Chicago
N-Times, May 22, 1983.

“Lauri Gieson, “Engineering Layoffs Raise Questions About
the Domestic Industry’s Future Strength, ” American Metal
Market/Metalworking News, June 18, 1983.

Bill Laberis, *'Study Predicts Major Engineer Shortage, ”
Computerworld, July 11, 1983.

ment analysts. The shortcomings of this par-
ticular survey, for example, were addressed at
the February 1984 National Research Coun-
cil Symposium on Labor-Market Conditions
for Engineers.

Drawing on more comprehensive data, the
National Science Foundation (NSF) has con-
cluded from a forthcoming study of science,
engineering, and technician (SET) personnel
needed by defense and civilian industries be-
tween 1982 and 1987 that (under conservative
assumptions regarding the supply to SET
occupations):

1. the only engineering discipline that will
experience a shortage, regardless of mac-
roeconomic conditions and defense ex-
penditures, is aeronautical/astronautical
(although the sharp drop in the market for
aero/astro engineers in 1982-83 may have
made this less Likely);

2. under stagnant economic conditions and
with low defense expenditures, no other
engineering discipline will experience a
shortage; and

3. with economic growth and high defense
expenditures electrical engineers might be
in short supply .38

NSF and others note that even for a special-
ized occupational category such as engineers,
the supply of labor includes new graduates and
immigrants. It also includes movement in
from other occupations and movements be-
tween disciplines. Such in-mobility is easier for
some disciplines (e.g., electrical and electronic)
than for others (e.g., aeronautical and astro-
nautical) among engineers.”

#“Projected Employment Scenarios Show Possible Shortage
in Some Engineering and Computer Specialties, ” Science Re-
source Studies Highlights, National Science Foundation, Feb.
23, 1983. Also, note that “existing Federal programs do not
collect data on shortages of workers in specific occupations; such
data would be very expensive to collect and because of their
complexity their reliability would be questionable. See Neal
H. Rosenthal, “Shortages of Machinists: An Evaluation of the
Information, ” Monthly Labor Review, July 1982.

“Jean E. Vanski, “Projected Labor Market Balance in En-
gineering and Computer Specialty Occupations: 1982 -1987,”
paper prepared for the Symposium on Labor-Market Conditions
for Engineers, National Research Council, Feb. 2, 1984.
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Several factors may explain the differences
in perception about engineer availability. For
the purposes of this study, a principal factor
appears to be that employers desire person-
nel with very specific skills and experience,
gualities that data available to modelers (and
surveys tallying employment goals) may not
reveal. For example, a recruiter from Xerox
recently observed:

We're looking for hardware design engi-
neers and some software people . . . Many of
the resumes we see are from people right out
of school. Unfortunately, there’s nothing for
them.”

Because it takes time to train engineers and
for them to acquire relevant experience, this
problem is hard to overcome, especially where
technologies are changing rapidly. Further-
more, there is no way to objectively measure
the ability of employers to make do with sec-
ond-choice job candidates, or to restructure
their work. On the one hand, such steps bring
labor supply into balance with demand. On the
other hand, they raise questions about the ade-
quacy of the quality of labor used to meet oc-
cupational demands. Also, employees may pre-
fer graduates with the highest grades and/or
those from the top schools, a group obvious-
ly much smaller than the total graduate pool.

In time, employers may well find that a com-
bination of fewer engineers and automated en-
gineering aids will help them to stabilize their
engineering work forces and overcome labor
qguality problems. Such an approach appears
to be taken now with production workers; it
may come later for professional and technical
workers.

Technicians

A variety of technological and economic fac-
tors are contributing to the growth of techni-
cian employment in industry; the growing
numbers and responsibilities of technicians
suggest they are the new “skilled workers” of
the economy.

‘°Katherine Hafner, “Job Fair Shows Firms Not Seeking En-
try-Level DPers, " Computerworld, May 23, 1983.

CURRENT EMPLOYMENT TRENDS

Technicians employed in industry are clas-
sified as engineering, science, health, or other
(not elsewhere classified). Engineering techni-
cians, the principal group within durable man-
ufacturing, include the categories of drafts-
men, electrical/electronic engineering, indus-
trial engineering, mechanical engineering,
other engineering; NC tool programmers may
also be considered engineering technicians.
computer programmers (business, scientific,
and technical) are another important class of
technicians in the manufacturing industry. In
1980, combined employment of engineering
technicians, NC tool programmers, and comput-
er programmers was about 1.3 million; it was
about 508,000 in manufacturing. In 1982, the
total-industry and manufacturing levels were
1.5 million and 518,000, respectively (see table
22).

PROJECTED EMPLOYMENT IMPACTS

Technicians are becoming prominent in PA
applications engineering. For example, one
company visited by OTA has developed a
number of robot applications by teaming en-
gineers with technicians. However, it is not
likely that automation will result in a prolifera-
tion of narrow technician groups (e.g., “robot
technicians”) for several reasons. Programing
and other preparatory activities can occur rel-
atively infrequently, while production proc-
esses and plants generally involve a variety
of equipment, making dedicated applications
planning or other support personnel unlikely
in most cases.

Overall growth among the ranks of techni-
cians does not preclude declines in individual
categories. CAD, for example, will reduce de-
mand for draftsmen, unless trends in product
markets lead design activity to grow substan-
tially.” Increases in productivity through
CAD are generally measured as reductions in
time relative to conventional drafting to per-
form a given task, particularly for detailing,

revisions, or tests of designs (as distinct from

“Tupperware, for example, increased drafting employment
after adopting CAD because the “department is able to pro-
duce more.” See Joan Faulkner, “Computer-Assisted Drafting, ”
‘J”he Providence Journal, Oct. 16, 1983.
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design, per se). Fewer drafting hours, and pre-
sumably fewer drafters, are necessary to per-
form a given amount of work. Also, broader
distribution of terminals and workstations, in-
creased CAD/CAE system capabilities, and
improved interactivity reduce the rationale for
delegating drafting, programing, or data in-
put to specialists. However, the tendency to
train and use existing draftsmen in CAD op-
erations is one reason why demand for them
is likely to continue for quite some time.”

Also, anticipated improvements in equip-
ment integration and interfaces will reduce the
occasion for programing. For example, CAD/
CAE stations are being developed that will
automatically generate (and test) programs for
robots or machine tools, and production equip-

“0TA case studies: want-ads.

. 7“‘””%:”%/%%%% o

Computer-aided design system

ment is being supplied with increasingly easy-
to-use software, reducing the need for separate
NC tool programmers or robot programmers.
However, development of such systems is on-
going, and stand-alone NC equipment is like-
ly to remain the norm throughout this decade.

As in the case of engineers, trends in in-
dustrial organization may also shape employ-
ment opportunities for technicians. First, the
spread of programmable automation is ex-
pected to alter design interactions between
prime manufacturers and their suppliers.
Automobile and aerospace manufacturers, for
example, are increasing computer-links with
suppliers for transmission of design specifica-
tions. This trend could diminish drafter de-
mand among suppliers. Second, CAD may in-
fluence companies’ decisions on whether to do
their own drafting or have it done on the out-

157

Photo credit Beloit Corp

“menu” for drafting, with light pen
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side. A shift to outside drafting, under the
assumption that special service firms will be
more efficient and productive in drafting ac-
tivities, would further compress overall de-
mand for draftsmen. Growth in the engineer-
ing services market for CAD systems sug-
gests that demand for outside drafting, and
perhaps some accompanying demand for out-
side technicians, may be strong. The manufac-
turing share of technicians fell between 1970
and 1978 largely because of a growth in the
services share.”Trends in the 1970's reflect
a rapid growth in product complexity and de-
sign requirements and the use of both manual
and simple CAD systems; the continuation of
these trends is thus uncertain.

In particular, manufacturers who have the
potential to link CAD to production or other
equipment may become less interested in
buying outside drafting services as design
becomes more important in their operations.
One research center, for example, created a
new job category, “CAD/CAM operator, ” and
hired technicians to work with CAD systems
as an alternative to contracting with outside
parties for drafting work.” Some manufactur-
ers may use their own and outside personnel
at the offices of new CAD service firms, which
provide computer equipment time and tech-
nical support to companies unable to afford
their own CAD facilities (see ch. 7).

SUPPLY AND UTILIZATION FACTORS

It is difficult to gauge whether the supply
of technicians will be adequate, because per-
sons can become technicians through many
avenues that may or may not entail formal
“technician training. As will be described in
chapter 6, there is evidence that employers are
beginning to prefer formal training for tech-

National Industry-Occupation Employment Matrix, 1970, 1978,
and Projected 1990. Bulletin 2086 (Washington, D. C.: U.S.
Government Printing Office, April 1981). Almost 53 percent
of engineering and science technicians were employed in man-
ufacturing in 1970; almost 48 percent were in 1978. During that
period, the proportion employed in services rose from over 20
percent to almost 24 percent.
“OTA case study.

nicians, and to offer such training to prepare
employees for programmable automation; in
addition, independent, outside training is
available to individuals to prepare for tech-
nician careers. Because their educational re-
guirements are less (in terms of time, money,
and rigor) than those of engineers and scien-
tists, the supply of technicians can be in-
creased much faster through appropriate
training. This will tend to support proportion-
ate growth in technicians as a class, although
it is premature to forecast growth in specific
categories.

Because programmable automation lowers
the skill requirements for several engineering
and production tasks, technicians can and do
perform work that previously was considered
either professional or skilled trade work. While
this may always have taken place, PA is like-
ly to make the substitution possibilities more
obvious and numerous. The fact that growth
of technician employment in manufacturing
between 1977 and 1980 exceeded the growth
rate for both scientists and engineers also sug-
gests that technicians are being substituted
for other types of personnel. Growing flexibili-
ty in staffing again suggests that conventional
occupational descriptions and staffing conven-
tions are of limited use for gauging future
employment patterns.

Production and Related Workers

This broad category includes *“all skilled,
semiskilled, and unskilled workers performing
machine and manual tasks involving produc-
tion, maintenance, construction, repair, ma-
terials handling, and powerplant operations, ”
as defined by the Bureau of Labor Statistics
(BLS). It contains the bulk of the occupations
most directly vulnerable to displacement from
programmable automation, as well as from
past technological changes. Production work-
ers have varied educational backgrounds and
skill levels, but are less likely to have college
training than are other occupational groups
in manufacturing. They tend to acquire their
skills on the job rather than through outside
training.
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OVERALL EMPLOYMENT TRENDS

Production and related workers are, overall,
the largest occupational group in manufactur-
ing industry employment, with about 14 mil-
lion employees in 1980. This group’s share of
manufacturing employment has been declin-
ing. In 1980, 68.1 percent of manufacturing
employees were production and related work-
ers, compared with 70.8 percent in 1977. This
group constitutes the largest proportion of
workers in all industries surveyed by BLS in
its Occupational Employment Survey (OES)
of manufacturing industries. According to
1980 OES data, the highest absolute numbers
of these workers are found in the machinery
(1.52 million), electrical and electronic equip-
ment (1.25 million), and transportation equip-
ment (1.19 million) industries-the three broad
industry groups in which PA is produced and
most heavily used.

The group as a whole contains three princi-
pal classes of workers, by descending order of
skill: craft and related workers, operatives, and
laborers. In 1980, there were 3,768,395 craft
and related workers, accounting for 18.51
percent of manufacturing employment. This
group included 695,157 (3.4 percent of manu-
facturing employment) mechanics, repairers,
and installers; 668,002 (3.3 percent) metal-
working craftworkers (excluding mechanics);
and 1,751,529 (8.6 percent) others (e.g., weld-
ers, painters, etc.). Table 23 details some of the
occupations within these categories. In addi-
tion, there were 8,845,318 (43.4 percent) oper-
atives. This group included 1,661,150 (8.2 per-
cent) assemblers; 1,470,169 (7.2 percent) metal-
working operatives, and 5,713,999 (28.1 per-
cent) other operatives. Finally, there were
1,576,576 (7.7 percent) laborers. Some of the
occupations within these categories are listed
in table 24. Note that, between 1972 and 1980,
production worker employment grew slowly
across the economy, with employment among
craftworkers growing the most, followed by
laborer employment, and with no growth
among operatives.”

“Carol Boyd Leon, “Occupational Winners and Losers: Who
They Were During 1972 -1980,” Monthly Labor Review, June
1982.

A critical question for future employment
levels among production occupations is wheth-
er and how much the total amount of domestic
production changes; technologies that lower
labor input for a given amount of output do
not alone lower employment levels. For exam-
ple, companies using more (or more expensive)
equipment because of PA may find operating
for more hours in the day more profitable.
Adding one or more production shifts is possi-
ble if the companies can sell the extra output;
it also can increase or sustain company em-
ployment. On the other hand, if demand does
not support growth in industry output, em-
ployment may merely be shifted among firms.

It is important to remember that factors
other than automation are motivating declines
in production employment among metalwork-
ing industries: reductions in the amount and
proportion of metal used in a variety of prod-
ucts, and increases in the use of such other ma-
terials as plastics and ceramics will reduce
employment of metal craftworkers.* However,
where the materials shift occurs within a given
firm, metalworking employees may move to
work with other materials, keeping their jobs
but changing their labels. Recent increases in
offshore production also depressed domestic
employment in metalworking industries, par-
ticularly for production and related workers.
For example, U.S. auto companies have estab-
lished component plants offshore, and U.S.
aerospace firms have entered into coproduc-
tion or other supply agreements with firms lo-
cated abroad. Increases in imports have a sim-
ilar effect. Table 25 presents employment in
industries particularly affected by foreign
trade. As noted above, the growth in foreign
sourcing of parts and other products is attrib-
utable in part to lower labor costs overseas,
although differences in accounting make pre-
cise comparisons difficult.

*Materials changes also may affect skill requirements. For
example, less skilled workers are needed to install plastic pip-
ing than metal piping. Within the miscellaneous plastics prod-
ucts industry, craft and related workers comprised 16 percent
of 1980 employment, while operatives comprised 56 percent.
See James D. York, “Productivity Growth in Plastics Lower
Than All Manufacturing, ” Monthly Labor Review, September
1983.
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Table 23.—Craftworker Employment and Selected Occupations, 1980
(All manufacturing industries, wage and salary workers)

Occupation Number
Craft and related workers ., ... . . . . . . ... ... .. ..., . .3,768,395
Construction craftworkers . . ... . . ... ... .. oL 296,458
Electricians ., ... .. .. .. .. . . . 126,001
Plumbers and pipefitters . . . ..., . ... ... .. 61,747
Mechanics, repairers, and installers . . . . . . . . . .. . .. ... 695,157
Air-conditioning, heating, and refrigeration mechanics . . . . 11,759
Aircraft mechanics . . . . ... . . ... 19,603
Automotive mechanics . . . . . . . . .. e 51,867
Data-processing machine mechanics . . . . . . ... ... ... 18,050
Diesel mechanics . . ..., . . . . . . . 3,316
Electrical instrument and tool repairers . . . . ............... 2,979
Electric motor repairers. . . .. ... 1,578
Engineering equipment mechanics . . . . . . . . .. ... ... 11,056
Instrument repairers . . . . ... ... 22,537
Knitting machine fixers . . . . . . ... ... ... L o 10,578
Loom fIXers . . . . .. . 17,877
Maintenance mechanics . . . . . . . . ... ... oL 209,673
Maintenance repairers, general utility . . .. ................. 181,851
Millwrights ., . . . . . . 68,926
Office machine and cash register servicers ... . . ... ...... 1,864
Radio and television repairers . . .. ........ ... .. . . 5,136
Section repairers and setters . . . . . . ... ... 13,553
Sewing machine mechanics ., ... . . ... . . . . . . . . ... 12,141
Metalworking craftworkers, except mechanics . . . . . .. .. .. .. 668,002
Boilermakers ... ... . . . . . . ..o o 11,966
Coremakers, hand, bench, and floor . . . . . . . ... ... 9,107
Forging press operators . 8,727
Header operators . . . . ... .. ... .. .. ... 5,385
Heat treaters, annealers, and temperers ..., . .. ... .. 24,866
Layout markers, metal . . . . ... ... .. e e e e e 20,664
Machine tool setters, metalworking i 55,312
Machinists peegenye Oe 197,849
Molders, metal ..., . . . . ... .. .. e e e e 38,807
Patternmakers, metal ., . ..., ..., ..., . . ., ., 7,336
Punch press setters, metal . . . ..., . . . .., . ... ... ... 19,141
Rolling mill operators and helpers . . . . . . . . .. s 10,708
Shear and slitter setters . e e e e 5,462
Sheet-metal workers and tinsmiths . . . . ................... 80,729
Tool-and-die makers. . . . . . . . ... ... ... 158,586
Printing trades craftworkers . . . . . ... ... ... . ... 357,249
Bookbinders, hand and machine ..., . . . ... ... ... ... , 22,674
Bindery machine setters . . . . ... .. ... .. .. ... .. 6,453
Compositors and typesetters . . . .. ... .. ... . 105,465
Etchers and engravers. . ..., . . . . . . ... .. 11,964
Photoengravers and lithographers, . . ... ... ............ 52,601
Press and plate printers . . . .. ... . ... .. .. 156,242
Other craft and related workers . . . . .. ... ..............1751529
Blue-collar worker supervisors . . . .. ... ... . e 705,307
Cabinetmakers . . .. ... 28,020
Crane, derrick, and hoist operators. . . ... ................ 68,589
Food shapers, hand . . .. ...... ... ... . . ... ... ... ... 4,431
Furniture finishers . . . .. ... ... . 5,756
Heavy equipment operators . . ... .. .. e 17,052
INSPECLONS . . . o o 433,530
Jewelers and silversmiths. . . . . . ... ... ... .. ey e e e 4,373
Lensgrinders . . .. ... ... . ... ... ey ey e e 8,057
Log inspectors, graders, and scalers . ..., . . ..., . 4,701
Logging tractor operators . . . ... ... 13,380
Lumber graders . . ... Y ey e 5,614
Machine setters, paper goods . . . . ... ... e 9,955
Machine setters, plastic materials, . . ... ................. 7,415

Percent

18.51
1.46
0.62
0.30
3.41
0.06
0.10
025
0.09
0.02
0.01
0.01
0.05
0.11
0.05
0.09
1.03
0.89
0.34
0,01
0.03
0.07
0.06
3.28
0.06
0.04
0.04
0.03
0.12
0.10
0.27
0.97
0.19
0.04
0.09
0.05
0.03
0.40
0,78
1,75
0.11
0.03

0.06
0.26

8.61
3.46
0.14
0.34
0.02
0.03
0.08
2,13
0.02
0.04
0.02
0.07
0.03
0.05
0.04



130 . Computerized Manufacturing Automation: Employment, Education, and the Workplace

Table 23.—Craftworker Employment and Selected Occupations, 1980
(All manufacturing industries, wage and salary workers) —Continued

Occupation Number Percent
Machine setters, woodworking . . . .. ... .. ... ... ... 5,121 0.03
MiIllers. . o 6,204 0.03
Patternmakers, wood ., . ... ... 6,716 0.03
Patternmakers, n.e.C. . . ... ... ... 1,374 0.01
Shipfitters ... . .. .. 14,389 0.07
Stationary engineers . . . ... ... 17,684 0.09
Tailors. . .. 8,107 0.04
L= (= £ 104,745 0.51
Upholsterers . . .. ... 20,562 0.10
Upholstery cutters . . ... ... ... . 6,802 0.03
Upholstery workers, n.e.c. . . . ... .. i 15,495 0.08
Veneer graders . . . . ... ... 5,055 0.02

nec - Not elsewhere classified

SOURCE Bureau of Labor Statistics, ‘Employment by Industry and Occupation, 1980 and projected 1990 Alternatives un

published dataon wage and salary employment

MECHANICS, REPAIRERS, AND INSTALLERS

The spread of programmable automation
will increase the proportion and the role of
mechanics, repairers and installers (MRI) in
manufacturing because it will increase rates
of installation and levels of use of equipment,
and because both the risk and cost of produc-
tion stoppage due to equipment malfunction
will grow as production becomes more capital-
intensive. Though the reliability of individual
pieces of equipment appears to be increasing,
isolated problems often affect whole systems
where equipment is integrated. As manufac-
turers come to depend more on equipment,
their need to be able to respond quickly to
problems will grow. In many cases, that need
will be met by “throwing people at the prob-
lem,” although the need to do so may decline
as people learn how to develop still better sys-
terns. Between 1972 and 1980, data-processing
machine repairers experienced one of the larg-
est percentage employment increases among
all occupations; employment in this occupa-
tion grew 89.4 percent compared to an average
rate of 19.1 percent. Note, however, that in-
dividual MRI occupations account for very
small proportions of industry employment
(under 2 percent each). Table 26 shows MRI
employment levels for 1980 across manufac-
turing industries.

Programmable automation will also have a
major impact on the types of skills required
of mechanics, repairers, and installers. Im-
provements in diagnostic technologies and the
growing tendency to replace rather than repair
electronic components have lowered the skill
requirements for many specific diagnostic or
repair tasks (less skill depth). * On the other
hand (as was mentioned earlier), the combina-
tion of mechanical, electrical, and electronic
features that characterizes programmable
automation makes skill breadth necessary for
repair and maintenance operations. These op-
erations are likely to involve more, and more
varied, tasks than are encountered in repair
and maintenance of conventional equipment.
In some cases, individuals need broader skills
than before because maintenance of auto-
mated equipment has been added to other
maintenance work while the number of person-
nel has been kept constant. While individuals
may need broader skills, in larger firms repair
and maintenance personnel may be deployed
in teams of persons with different or overlap-

*For example, DEC has been developing the “Intelligent

Diagnostic Tool” to enable field service personnel to diagnose
equipment problems described by customers over the phone.
The IDT is based on an expert system. See Martyn Chase,
“DEC Says Artificial Intelligence Enabled It To Save $10 Mil-
lion, ” American Metal Market/Metalworking News, Apr. 4,
1983.
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Table 24.—Operative and Laborer Employment and Selected Occupations, 1980
(All manufacturing industries, wage and salary workers)

Occupation Number Percent
OPEratiVES ., o v v v ot e e e 8,845,318 43.44
Assemblers . . . ... ... .. 1,661,150 8.16
Aircraft structure and surfaces assemblers . . .. ............ 25,353 0.12
Clock and watch assemblers . .. .......................... 4,362 0.02
Electrical and electronic assemblers . . . .. ................ 232,694 1.14
Electromechanical equipment assemblers. . . . ... ... ... ... 58,174 0.29
Instrument makers and assemblers . . ... ... .. ... . ... 24,681 0.29
Machine assemblers . . .. ... ... ... . . ... 101,043 0.50
All other assemblers . . . . . . ... ... ... ... . . ....1214843 5,97
Binderyoperatives . ... .......... .. 77,918 0.38
Laundry, drycleaning, and pressing machine operatives . . . . . . . 57,132 0.28
Meatcutters and butchers . . . ........ ... ... 64,015 0,31
Metalworking operatives. . . . .. ... ... ... ......... .....1470,169 7.22
Dip platers, nonelectrolytic. . . . .......... ... .. .. ... .. ... 12,768 0.06
Drill press and boring machine operators . . . . .. ........... 124,232 0.61
Electroplates . . . ... ..o i 36,013 0.18
Furnace chargers . ......... ... 5,520 0.03
Furnace operators, cupolatenders . . . .................... 16,814 0.08
Grinding and abrading machine operators, metal. . . . . ... ... 128,053 0.63
Heaters, metal . . . ... ... ... ... . . e 6,473 0.03
Lathe machine operators, metal . . .. ..................... 155,935 0.77
Machine-tool operators, combination . . . ... ............... 167,942 0.82
Machine-tool operators, numerical control . . . ... .......... 52,627 0.26
Machine-tool operators, tool-room . . ...................... 38,352 0.19
Milling and planing machine operators . . . ... ............. 72,061 0.35
Pourers, metal . . ... .. 15,311 0.08
Power brake and bending machine operators, metal . . . . .. .. 39,877 0.20
Punch press operators, metal . . . ........................ 182,364 0.90
Welders and flamecutters . . . ... ... ... ... 400,629 1,97
All other metalworking operatives . . . . .................... 15,198 0.07
Mine operatives, N.e.C. . . . . . vttt 9,951 0.05
Packing and inspecting operatives . . . .. .. ... ... .. . 587,631 2,89
Painters, manufactured articles . . . .. ....... ... .. ... .. ... ..., 117,289 0.58
Decorators, hand . . . ... ... ... . . 4,748 0.02
RUBDErS . . . 6,363 0.03
Painters, production . . ... ... ... . 106,178 0.52
SAWYEIS .« o ottt e 76,728 0.38
Sewers and stitChers.. . . . ... ... . 845,294 4.15
Textile operatives. . . . . ... 378,540 1.86
Transportation equipment operatives . . . . ... ... ... ... . 711,195 3.49
Industrial truck operators . . . . ... ... ... 269,105 1.32
All other operatives . . . . . . ... . e 2,788,306 13.69
Batch plantoperators . . . ... 7,369 0.04
Boring machine operators, wood . . . ... ... ... 4,184 0.02
Cailfinishers . . . ... .. . 7,422 0.04
Cutters, machine . . . ... 28,048 0.14
Cutters, portable machine . . ........... ... ... ... ........ 16,472 0.08
Cutter-finisher operators, rubber goods . . . .. .............. 7,184 0.04
Cutting machine operators, food . .. ...................... 11,692 0.06
Die cutters and clicking machine operators . . ... .......... 19,680 0.10
Filers, grinders, buffers, and chippers . . . . ................ 115,680 0.57
Furnace operators and tenders, except metal . . ... ......... 29,378 0.14
MiXing Operatives . ... ...t 48,337 0.24
Nailing machine operators . . . .. ....... ... .. 9,352 0.05
OIS . o 22,657 0.11
Photographic processworkers . . . ....... .. .. . 12,439 0.06
Power SCrewdriver OPErators . . . . .......vvueunenennnnn.. 8,515 0.04
Punch and stamping press operators, except metal . . . . . . . . 5,284 0.03
RIVELEIS .« o o oot oot e e e e 14,161 0.07
Sandblasters and shotblasters . . ......................... 10,440 0.05

SANAEIS, WOOD. . . . .\ vv e e e e e e e 20,684 0.10
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Table 24.—Operative and Laborer Employment and Selected Occupations, 1980
(All manufacturing industries, wage and salary workers) —Continued

Occupation Number Percent
Shaper and router operators . . . . ... ... 4,655 0.02
Shear and slitter operators, metal . . . ..................... 30,380 0.15
Shoemaking machine operators. . .. ...................... 64,568 0.32
Winding operatives, N.e.C. . . . ... oot 49,157 0.24
Wirers, electronic . . . . .. ... ... 30,611 0.15

Laborers, except farm . . . . . . ... ... ... ... ... ... 1,676,576 7.74
Cannery WOrKers . . ... v ot e 75,066 0.37
Conveyor operators andtenders . . . .......... .. ... .. ..., 31,469 0.15
Furnace operators and heater helpers . . . ................. 8,316 0.04
Helpers, trades . . . .. ... 100,752 0.49
Loaders, carsand trucks. . .. .......... .. 5,941 0.03
Loaders, tank carsand trucks . . . ....... ... ... . L. 5,579 0.03
Off-bearers. . . ... . 22,499 0.11
RIGOEIS . o o 16,211 0.08
Setters and drawers . . . .. ... 7,157 0.04
Shakeout workers, foundry . .. ........ ... ... L 10,580 0.05
Stock handlers . . . ... 104,208 0.51

Orderfillers . . ... 104,208 0.51
Timbercutting and logging workers. . . .. .................. 36,104 0.18
Work distributors . . ... ... 16,895 0.08
Laborers, except farm, n.e.c. . . ... ... ... . o 1,104,071 5.42

nec = Not elsewhere classified.

SOURCE Bureauof Labor Statistics. “Employment by Industry
published dataon wage and salary employment

ping skills, although this may result from
work rules established by labor contracts as
well as the changing demands of technology.

The potential for long-term growth in abso-
lute numbers of mechanics, repairers, and in-
stallers is uncertain. Several factors will limit
that growth. First, where small, stand-alone
systems are used, vendors or existing mainte-
nance personnel are likely to repair the new
equipment. For example, a producer of shoe-
manufacturing machinery who installed a
single welding robot in an old facility simply
trained its existing electrician to repair the
robot.* Where installations involve a lot of
equipment, especially if integrated, new main-
tenance personnel may be added. One automo-
bile manufacturer, for example, took on sev-
eral new repair personnel to service an auto-
mated welding system.”

The fact that more hardware maybe used
for a given amount of manufacturing implies
that more maintenance personnel will be
needed, but experience suggests that for each

*OTA site visit.
“QOTA case study.

vd Occupation, 19S0 and projected 1990 Alternatives,” un-

user there is a threshold level of new equip-
ment that must be attained before new per-
sonnel are hired. That level varies substantial-
ly among companies and industries. Also,
automation of diagnostic and repair proce-
dures reduces the amount of diagnosis and re-
pair work. These developments, and related
trends such as growth in service hot-lines and
equipment communications links, will dampen
the potential growth in maintenance person-
nel. Finally, computerization generally carries
with it new needs for maintenance of software,
although this work has typically been done by
people classified as “data-processing profes-
sionals, rather than production workers.

One development in particular that may
curb employment growth for mechanics, re-
pairers, and installers is equipment and sys-
tem insurance. Companies may choose to in-
sure against the loss (of equipment and/or
profit) associated with a breakdown as an
alternative to protecting against that loss by
employing a lot of machinists or repairmen.
There is evidence that some companies have
been making such a choice while using conven-
tional equipment; the number of losses re-
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Table 25.—Trade-Sensitive Employment

Net trade-related ‘job change in'net trade-related job

Input-Output class® Industry description opportunities opportunities between 1964 and 1975
1964 1975 Total Direct Indirect

The 20 industries in which job opportunities were most adversely affected-by trade between 1964 and 1975
1804 Apparel, purchased -41,569 ~ 144,932 -103,363 -87,048 - 16,315
5903 Motor vehicles and parts 12,256 -63.939 -76.195 -54,299 -21,896
3701 Furnaces, steel products 10.055 -36,447 -46.502 -32,825 - 13,677
3402 Non rubber footwear. " -8,570 -46,315 -37,745 -36,790 -957
6105 Motorcycles, bicycles, and parts -7,150 -29,817 -22,667 -19,980 -2,687
5601 Radio and television sets -5,581 -25,986 - 20,405 -19,098 - 1,307
1601 Broad woven fabric mills -22,688 -40.815 -18,127 7.810 -25.937
3202 Rubber footwear. . -4,601 - 15,292 - 10,691 -10,377 -314
3101 Petroleum refining........ccccvevveveenie e -2,190 -12,395 -10,205 -9,843 -362
2307 Furniture and fixtures, n e ¢ -3,101 -13,094 -9,993 -9,933 -66
5104 Office machines, nec -700 -9.235 -8,535 -8,329 -206
3403 Other leather products -7,337 -15,647 -8.310 -7,898 - 412
5701 Electron tubes 359 -7,443 -7.802 1,022 -8>824
1802 Knit apparel mills -3,186 -9,946 -6.760 0 -6.760
2801 Plastic materials and resins 9,923 3,531 -6,392 -5,493 -899
4802 Textile machinery 4,325 - 1,805 -6,130 -5,519 -611
1903 Fabricated textiles, n.e.c " 4,149 - 1,714 -5,863 -1,709 -4,154
4701 Machine tools. metal cutting types ., ., 9,388 3.558 -5,830 -6.161 331
2201 Wood household furniture -96 -5,242 -5.146 1,324 -6,470
3201 Tires and inner tubes 1,722 -3,357 -5,079 -3,882 -1.197

The 20 industries in which job opportunities were most favorably affected by trade between 1964 and 1975
6001 Aircraft 22,633 76.683 54,050 48.104 6,036
6004 Aircraft equipment, n e c 33,246 78,542 45,296 19,507 25,789
5101 Computing machines 16,183 54,666 38,483 32.544 5,939
2001 Logging -17.967 8,278 26,245 13,785 12,460
4503 01 | field machinery 6,410 26,915 20,505 19,313 1,192
4501 Construct lon machinery 30,094 47,720 17,626 16,267 1,359
5301 Electric measuring instruments 4.897 17,671 12.774 11,671 1,103
2002 Sawmills and planing mills -31,566 - 19,372 12,194 10,021 2,173
6002 Aircraft engines and parts 15.769 26,201 10.432 3.812 6.618
2402 P aper mills -23,444 - 13,154 10,290 9.518 772
4806 Special Industrial machines 11,738 21,392 9.654 9.134 520
4901 Pumps and compressors 7,711 17,006 9,295 7,598 1,697
5304 Motors and generators 9,244 16.473 7.229 5,267 1,962
5503 Wiring devices 4,351 11,458 7,107 4.440 2,667
5703 Electronic components ., 15,371 21,990 6.619 5,138 1,481
5702 Semiconductors 4.984 11,182 6,198 4,961 1.237
2006 Veneer and plywood -13.734 -7,669 6,065 4.806 1,259
4006 Fabricated plate work 6,664 11,926 5,262 4,401 861
5203 Refrigerator machines................ 5,932 11,120 5,188 6,154 -966
5000 Machine shop products ., 12,128 17,204 5,076 1,612 3,464

aThe concordance between {-O (nput-outpu ‘table) classifications and standard industrial classifications s publishedin Survey of Current Business February 1974

noe Moo sea bere pass |t oed

SOURCE Granr » KSchiw s fle

corded by insurers that are attributed to in-
adequate maintenance is growing. Historical-
ly, U.S. casualty and property insurers have
refused to insure computers and computerized
equipment. However, Kemper has recently de-
cided to cover such equipment under its boiler
and machinery program, and other insurance
companies are expected to follow suit.” Mean-

“"Bob Nielsen, Kemper Insurance, personal communication,
November 1983.

Imy, rtsandDomestn Employ ment ident If) ing Affected | ndu staes  Monthhy L abor Review Augu st 1982

while, the American press has treated the of-
fering of “robot insurance” in Japan as an
oddity.

OTHER CATEGORIES

The remaining categories of production and
related workers—metalworking and other craft-
workers, operatives, and laborers—are to vary-
ing degrees likely to experience displacement
due to programmable automation, other



Table 26.—Employment of Mechanics and Related Personnel, 1980

Metalworking  Office computing Electrical Electronic
All machinery and  and accounting industrial components and  Motor vehicles Aircraft
manufacturing equipment machines apparatus accessories and equipment and parts
MRI*and construction craftworkers . . . . 991,615 4.90/. 7,292  2.00/0 19,097 4.40/0 8,666  3.6°0 14,976 2.70/0 44,497 5.8% 40,190 6.1%
Electricians ......... .. ... ... ... ... 126,001 0.6% 1,955 0.5% 813 0.2% 1,451 0.6% 1,762 0.3%
Data-processing machine mechanics .... 18,050 0.09% NA 14,296 3.32% 191 0.08% 312 0.06%
Instrument repairers. . ................. 22,537 0.1% NA NA NA NA 172 0.07% 285 0.05%
Maintenance repairers, general utility . ... 181,851 0.9% 1,642 0.4% 1,528 0.4% 1,552 0.7% 4378 0.8%
Electric motor repairer................. 1,578 0.01% — — 1,073 0.5% 151 0.03%
Electrical instrument tool repairer....... 2,979 0.01% — — 134 0.06% 1,326  0.24%

aMRI = Mechanics, repairers, and installers.
NA = Not available.
NOTE: Percentages have been rounded.

SOURCE: Bureau of Labor Statistics, “Employment by Industry and Occupation, 1980 and Projected

1990,” unpublished data on wage

and salary employment
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things being equal. This group, which domi-
nates manufacturing employment, numbered
over 12 million in 1980.

There are no simple rules about how automa-
tion displaces production workers; however,
it is clear that as long as production volume
is constant and automation improves produc-
tivity (or as long as volume grows significantly
less than productivity), it will displace produc-
tion jobs. By design, such innovations as auto-
mated controls, the use of robots and other
manipulators to load and unload machines,
flexible fixtures (which are replaced or ad-
justed less often than conventional ones), the
linking of automated production and materi-
als handling equipment into systems, and the
use of computers to regulate the flow of ma-
terials and work-in-process will: 1) reduce the
amount and type of human activity required
in any given operation, and 2) decrease the
number of workers required to perform a given
amount of work. Robots, for example, are cur-
rently not faster than people for most applica-
tions, but they may be more consistent, per-
forming with fewer errors over time and tak-
ing less time to achieve a given level of quality.

In practice, the potential for displacement
will vary enormously by application and facili-
ty. For some applications, one “operator” may
be needed at one machine; for others, one per-
son may tend several machines. In many
cases, the linking of activities by automated
materials handling (robotic or other) will
reduce the labor component for setup; both
trends will increase the machine-to-person
ratio.

Throughout this decade, technological lim-
itations (particularly in the areas of sensors
and interfaces) are likely to restrict the tasks
in which PA may be used, and economic con-
siderations will continue to moderate the rate
of diffusion and the extent to which products
and processes are redesigned. Looking toward
the future, no case-by-case evaluation of oc-
cupations can convey the potential for dis-
placement implied by the integration of man-
ufacturing equipment and systems because it
cannot capture all of the indirect impacts on
staffing. Experience with highly integrated
systems is quite limited, and it shows that ini-
tial applications using current technology re-
guire more labor than had been anticipated.
The employment effects of highly integrated
systems are not likely to be significant until
at least the 1990’s, and even then are likely
to remain concentrated in the machinery and
transportation equipment industries.

The problems in gauging displacement from
PA overall can be illustrated by examining the
cases of welders and flamecutters, painters,
and machinists. Welders and flamecutters
numbered 400,629 (1.97 percent of manufac-
turing employment) in 1980, and production
painters numbered 106,178 (0.52 percent).
Table 27 shows their distribution across se-
lected metalworking industries. While automa-
tic welding machines have been available for
some time, interest in using robots for welding
and spray painting was a major factor in the
commercialization of robot technology. A prin-
cipal motivation for these robot applications,
in addition to the prospect of lower labor costs,

Table 27.—Distribution of Flamecutters, Welders, and Production Painters

in the Metalworking Industries, 1980

Welders and

flamecutters

Production painters

Number Percent Number Percent
All manufacturing . . . ................... 400,629 2.0°/0 106,178 0.50/0
Metalworking machinery and equipment . . 6,562 18 1,284 0.4
Office, computing, and accounting machines 2,094 0.5 1,172 0.3
Electrical industrial apparatus . . . ........ 3,872 1.6 1,195 0.5
Electronic components and accessories . . 2,405 0.4 1,229 0.2
Motor vehicles and equipment . . . .. ... ... 41,159 53 13,556 18
Aircraftandparts . . .. ......... ... ..., 6,193 0.9 4,295 0.7

NOTE Percentages have been rounded.

SOURCE Bureau of Labor Statistics, “Employment by Industry and Occupation, 1980 and Projected 1990, " unpublished data

on wage and salary empfoyment

25-452 0- 84 - 10 : a3
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was the elimination of particularly unpleasant
and hazardous work.

It is easier to gauge displacement potential
for these occupations than for others because
the source of displacement appears limited to
a single automation technology, robots. How-
ever, all welders and production painters are
not alike. Those whose work is most monoto-
nous and unpleasant are most likely to be dis-
placed, other things being equal; that category
includes spot welders and spray painters in the
auto industry. By contrast, it is less applicable
to welders in the aircraft industry, who are
more likely to do arc welding. Although sen-
sor and machine vision advances will make arc
welding increasingly susceptible to automa-
tion during this decade, it is not clear whether
automated welding will ever be of sufficient-
ly high quality to displace large proportions
of these workers. Also, because much arc weld-
ing is not done in a mass-production context
(like automotive spot welding), human per-
formance may be more economical in many
cases.

Even with automation of welding and paint-
ing, human input is still required for setup,
supervision, inspection, adjustment, and/or re-
touching, because of the shortcomings of auto
mated equipment. Painting is easier to auto-
mate than welding because it is easier to con-
trol the quality of the work. Improvement in
automated inspection systems is likely to re-
duce, but not eliminate, the labor component
needed for supervision, inspection, adjustment
—and therefore retouching-by the 1990's.
The Upjohn Institute robotics study con-
cluded that 15 to 20 percent of welding jobs
and 27 to 37 percent of painting jobs in the
auto industry (3 to 6 percent and 7 to 12 per-
cent, respectively, for jobs in all other man-
ufacturing industries) could be displaced by
robots by 1990; Ayres and Miller estimated
that between about 93,000 and 169,000 weld-
ers and between about 35,000 and 52,000
painters could eventually be displaced by ro-
bots, depending on the level of sophistication.”

“Hunt and Hunt, op. cit.; and Robert U. Ayres and Steven
Miller, “Robotics, CAM, and Industrial Productivity, ” Nation-
al Productivity Review, winter 1981-1982.

The displacement potential for machinists
is much less clear-cut. There were 197,849
machinists (0.97 percent of manufacturing)
employed in manufacturing in 1980, according
to OES. BLS recently addressed the question
of machinist employment, drawing on Current
Population Survey (CPS) as the richest data
source for this purpose.” According to the
CPS, which also provides detailed data on
other skilled and operative machining occupa-
tions, there were 567,000 machinists in 1980;
there were 834,000 total skilled machine work-
ers, including machinists, job and die setters,
and tool and die makers.

While NC machining can do some tasks that
are beyond the capabilities of people working
with conventional machine tools, a principal
motivation in the development and spread of
NC equipment has been alleged shortages of
machinists, who are highly skilled, well-paid
craftsmen. Between 1972 and 1980, CPS data
show that machinist employment rose by
190,000, while employment in other skilled
machining occupations fell. For purposes of
comparison with other occupational statistics
presented in this chapter, table 28 presents
machinist employment levels in several met-
alworking industries according to OES data.

The proportion (and number) of skilled ma-
chinists is likely to fall in the long term be-
cause of growing use of NC technology, espe-
cially among smaller firms, and because of con-
straints on supply. This will happen because
in some cases NC allows less skilled people to
substitute for skilled journeyman machinists
in operating and/or programing machine tools.

One major response from management to
the skills shortage has been to de-skill the
work the journeyman once handled himself.
In effect, one job is broken down into its vari-
ous elements and then distributed among
workers who are able to learn these smaller
tasks.”

Meanwhile, entry into skilled machinist jobs
is limited by the need for a lengthy skill-
acquisition process (apprenticeships, for exam-

“Neal H. Rosenthal, “Shortages of Machinists: An Evalua-

tion of the Information, ” Monthly Labor Review, July 1982.
“Daniel D. Cook and John S. McClenahen, “Skilled Worker
Nears Extinction, ” Industry Week, Aug. 29, 1977.
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Table 28.—Machinist Employment, 1980

Machine toolsetters, -

o ) Machinists metalworking Tool and die makers

Number Percent Number Percent Number Percent
Al manufacturing ., . . . . .. . . . . . 197,849 1,0 55,312 0.3 158,586 0.8
Metalworking machinery and equipment ... 19,181 5.2 3,112 0.8 42,356 11.4
Office, computing, and accounting machines 1,987 0.5 1,063 0.3 1,849 0.4
Electrical industrial apparatus . . . . . ... ... 2,701 11 1,630 0.7 2,638 11
Electronic components and accessories . 4,108 0.7 708 0.1 3,599 0.6
Motor vehicles and accessories ... . . . . . . 2,468 0,3 9,993 1.3 11,811 15
Aircraft and parts. ., . . . . . . . .. .. 7,251 11 4,738 0.7 6,214 1.0

NOTE Percentages have been rounded

SOURCE Bureau of Labor Statistics Employment by Industry and Occupation, 1980 and Projected 1990, "

pie, usually last 4 years). * Consequently, al-
though the need for highly trained machinists
varies among firms and industries, it is likely
that the overall level of metalworking skills
will drop because machinists are among the
most skilled of metalworking craftsmen.

At least in the short term, however, in-
creases in defense expenditures will certainly
lead to shortages of machinists-which will in
turn spur the introduction of NC. A recent
study performed by Data Resources, Inc., for
the U.S. Department of Defense, forecasts
shortages of machinists and other metalwork-
ing personnel by 1987. It concludes that de-
fense expenditures will account for almost 60
percent of the growth in machinist demand be-
tween 1981 and 1987 (compared to a defense
share of 120 percent for assembler-demand
growth and 87 percent of metalworking oper-
ative demand growth) .51 While that study does
not appear to account for metalworking tech-
nology changes, and may therefore overstate
the potential for shortages, it underscores the
importance of production volume as a major
influence in employment opportunities. One

#Syrveys show that industry efforts to increase machinist

supply have heen limited. According to one: “In SOme areas,
it apparently is not a scarcity of journeymen but the price tag
they bear—and industry’s willingness to meet it—which effec-
tively results in askills shortage. " See Daniel D. Cook and John
S. McClenahen, “Skilled Worker Nears Extinction. ” Industry
Week, Aug. 29, 1977, and “Attitudes Toward the Skilled
Trades: Employment Issues in the Precision Metalworking In-
dustry, report of a survey conducted for Sentry Insurance on
behalf of the Task Force on the Skilled Trades Shortage by
Louis Harris and Associates, Inc., November 1982.

“Ralph M. Doggett, “Regional Forecasts of Industrial Base
Manpower Demand, 1981 to 1987, ” prepared for the Office of
the Under Secretary of Defense for Research and Engineering
by Data Resources, Inc., March 1983.

unpublished data on wage and salary employment

reason behind the belief in a machinist short-
age is the cyclical nature of machinist demand;
the unevenness in metalworking product de-
mand, especially that which is associated with
defense spending, tends to place employers in
a hiring position when demand surges.

Two groups of relatively low-skilled produc-
tion workers, materials handlers and assem-
blers, may be quite vulnerable to displacement
in the long run. Various forms of automated
materials handling, robots, and automated stor-
age and retrieval systems (AS/RS) can substi-
tute for such materials handlers as conveyor
operators; crane, derrick, and hoist operators;
and industrial truck operators. Manufacturing
employment in these categories totaled 370,000
in 1980. For example, central control comput-
ers for automatic guided vehicle systems can
monitor location, load, and obstacles, and
issue commands to vehicles in response to
problems. PA can also replace people who
manually load, unload, and transfer materials.
For example, in plastics processing, robots
perform such tasks as lifting, tilting, twisting,
positioning, aligning, and transferring items;
loading and unloading machines; and handl-
ing and orienting finished parts. Materials
handling employment will also be affected by
procedural changes, such as adoption of “just-
in-time’ delivery of supplies; the use of man-
ufacturing resources planning (MRP) and
other systems to rationalize the flow and use
of materials; and other measures to reduce
inventories.

The biggest changes in materials handler
employment, at least in the near term, will
come in large establishments. Large firms and
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Automated materials handling, storage, and retrieval,
with automated guided vehicles

plants are more able and likely to install
AS/RS, can most easily implement MRP, and
are more likely to link automated materials
handling to production activities.* Materials
handling robot applications are more practical
for a wide range of firm sizes and industries,
but are relatively limited at present (see ch.
3). Also, even where production is highly au-
tomated, labor is used for the initial input
and/or final removal of materials from the sys-
tem or the transfer from one stage to another.
In contemplating flexible manufacturing sys-
tems, for example, it can be misleading to look
only at the automated operations instead of
the entire production process.

Assemblers perform tasks that range from
the insertion of electronic components into cir-

*One gauge of patential changes in materials handling (es-

pecially for larger facilities) is the experience of food
warehousers, many of which have implemented AS/RS. For ex-
ample, B. Green & Co., a Baltimore full-line food wholesaler,
hoped to triple its business by opening a new $22 million semi-
automated warehouse and consolidating activities presently
conducted at several locations. The company expected to lay
off about 60 workers, most of them part-time. See Joyce Price,
“60 Workers Lose Out to Automation, ” The News Amen-can,
March 1983.

cuit boards to building aircraft. In 1980, there
were 1,661,150 (8.16 percent of manufactur-
ing) assemblers in manufacturing. Table 29
shows their distribution across selected metal-
working industries. The degree of complexi-
ty and margin for error of specific assembly
tasks govern their ease of automation. Sensor
and machine vision technologies can improve
the precision and consistency of automated as-
sembly equipment, and assembly applications
of robots are expected to grow by the end of
this decade. For example, the Upjohn Insti-
tute estimated that robots could displace 1 to
3 percent of assemblers by 1990 (including 5
to 10 percent of auto-industry assemblers);
Ayres and Miller estimated that robots could
ultimately displace between about 132,000 and
396,000 assemblers, depending on technolog-
ical sophistication, in metalworking indus-
tries.”

The vulnerability of assemblers to displace-
ment varies substantially by product type. For
example, with miniaturization many elec-
tronics products cannot be assembled (or in-
spected) adequately by people. Also, many
electronics products must be assembled in
sterile environments where managers aim to
minimize all sources of contaminants, includ-
ing those naturally conveyed by people. In
these cases, special equipment, not necessarily
programmable, may be designed to do assem-
bly and inspection work. Improvements in

“*Hunt and Hunt, op. cit.; and Ayres and Miller, op. cit.

Table 29.-Employment of Assemblers in Selected
Manufacturing Industries, 1980

Number Percent

Allindustries . . .................. 1,661,201 1.8%
All manufacturing . . . ............. 1,661,150 8.2
Metalworking machinery and

equipment . . ... ... 24,779 6.7
Office, computing, and accounting

machines . .................... 85,714 19.9
Electrical industrial apparatus . . . . . 50,987 214
Electronic components and

accesSores . . ..o 169,759 304
Motor vehicles and equipment . . . . . 175,922 22.7
Aircraftand parts . . .. ............ 64,126 9.8

NOTE: Percentages have been rounded.

SOURCE: Bureau of Labor Statistics, “Employment by Industry and Occupation,
1980 and Projected 1990, " unpublished data on wage and salary
employment
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product design, often associated with the
adoption of PA, will also reduce the amount
of (or at least simplify) assembly work needed
in manufacturing. For example, GE invested
$38 million in a highly automated dishwasher
factory and redesigned the products, reducing
the number of different parts handled from
4,000 to 800.”

Note that inspectors may be affected by sim-
ilar developments as assemblers, including im-
provements in sensor technology. In 1980
there were 433,530 manufacturing inspectors
(2.13 percent of manufacturing). Table 30
shows the distribution of inspectors in selected
metalworking industries. Many observers be-
lieve that the role and number of inspectors
and other quality-control personnel will dimin-
ish as companies move from end-of-the-line
guality-control inspection to in-line quality
assurance. This will often happen as a conse-
guence or corollary of automating. At least one
company, for example, offers statistical proc-
ess-control software in conjunction with its
line of robots. General Motors, for example,
expects that a combination of statistical proc-
ess control, just-in-time supply scheduling,
and other measures will substantially reduce
the amount of receiving work in its new
“Buick City” complex.”

“Bruce Vernyi, “Automated Dishwasher Plant Opens, ”
American Metal Market/Metalworking News, May 2, 1983.

**Al Wrigley, “GM Awards Buick City Contract to Progres-
sive, ” American Metal/Metalworking News, Aug. 15, 1983.

Table 30.—Employment of Inspectors, 1980

Number Percent

Allindustries . . . ............. ... . 471,984 0.50/0
All manufacturing . . . ............. 433,530 2.1
Metalworking machinery and

equipment . . .. ... 5,781 1.6
Office, computing, and accounting

machinery . . ................. 12,991 3.0
Electrical industrial apparatus . . . 6,744 2.8
Electronic components and

acCesSores . .. ....vvvunnnn. 22,072 4,0
Motor vehicles and equipment . . . . . 38,769 5.0
Aircraftand parts . . . .. ........... 28,914 4.4

NOTE: Percentages have been rounded

SOURCE Bureau of Labor Statistics, “Employment by Industry and Occupation,
1980 and Projected 1990, " unpublished data on wage and salary
employment

Finally, some new production jobs may
emerge as an indirect result of changes in pro-
duction processes and/or organizational proce-
dures associated with PA. For example, when
an auto manufacturer introduced a multi-robot
spot-welding system, it began to produce
major auto-body parts with corresponding
notches and tabs which are connected prior to
automated welding by an individual on the
line; this new job is called “toy-tabbing.” At
an aircraft manufacturer, the introduction of
an automated monitoring system for an auto-
mated machine shop was accompanied by the
introduction of relief operators, a group of in-
dividuals who substitute temporarily for full-
time staff.” In some cases, these new jobs may
be transient, reflecting the requirements of a
given level of automation, while in other cases
they may be long-term, reflecting enduring
changes in production processes. (Transient
skill requirements are discussed more fully in
a later section of the chapter. ) In any event,
these are jobs that are most likely to be filled
through the transfer and retraining of existing
personnel. The creation of new jobs is perhaps
the hardest employment impact to forecast.

Clerical Workers

CURRENT EMPLOYMENT TRENDS

Clerical workers in manufacturing industries
perform a variety of functions in both office
and plant settings. Across manufacturing in-
dustries, 2,322,400 (11.5 percent) were em-
ployed in clerical positions in 1980; 2,215,334
(11.8 percent) were so employed in 1982, when
economy-wide clerical employment was over
18.7 million (20 percent of total employment).
Now, manufacturing technologies will affect
both office and plant clerical workers, and the
growing use of office automation will reinforce
the displacing effects of PA in manufacturing.
Table 31 shows the distribution of potential-
ly vulnerable office and plant clerical occupa-
tions in selected metalworking industries.

Past growth in clerical employment in man-
ufacturing, as in the rest of the economy, has
reflected a substantial growth in company de-

*OTA case studies,
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mand for information collection and process-
ing, growth that has been facilitated by early
uses of computers and office automation. Note
that the continued presence of large numbers
of keypunch operators attests to the slowness
with which companies make major changes in
data-handling and data-processing systems,
especially those that represent major invest-
ments in hardware.

PROJECTED EMPLOYMENT IMPACTS

Programmable automation will affect cleri-
cal employment by computerizing the “paper
trail” that follows materials and work-in-
process through production. This is a direct
outcome of the data-aggregating function of
PA systems, which relate all types of tasks,
from design through shipment, to a manufac-
turing database. Indeed, the Air Force ICAM
program targets such functions as planning,
scheduling, and other indirect or nonproduction
functions, which underlie much production
clerk employment, as principal candidates for
automation. The development and storage of
product plans through computer-aided design,
the direct linkage of CAD to production equip-
ment, and the computerization of planning,
ordering, purchasing, billing, and inventory
control will all act to reduce the demand for
clerical services and personnel.

Clerical employment is most likely to
change, at least in the near term, among larger
firms because they are quicker to adopt com-
puterized inventory and planning systems,
and because they have greater information-
flow needs and problems. For example, the Lit-
ton Office Product Center installed an auto-
mated system for order entry, inventory
checking, receivable monitoring, and billing
which cut time for these activities by 75 per-
cent.” Larger firms are also more likely to
adopt sophisticated automated materials han-
dling systems and AS/RS, which is most eco-
nomical in larger installations. Finally, reduc-
tions in company work forces as well as auto-
mated recordkeeping may affect personnel and

¢ Paul Gillin, “Last Piece of Automation Puzzle Fits for
Firm, " Computerworld, Dec. 5, 1983.

payroll clerk employment. Of all occupational
groups, production clerks, together with such
other intermediaries as stockchasers and ex-
pediters, rank among the most likely to dimin-
ish in size with extensive automation and com-
puter-integration.

Managers

Managers plan, organize, direct, and control
various functions within firms. They may also
do work similar to that of their subordinates.

CURRENT EMPLOYMENT TRENDS

In 1980, there were 1,328,160 managers and
officers across the manufacturing sector, ac-
counting for 6.58 percent of manufacturing
employment. In 1982, there were 1,260,062
(6.7 percent). Nationally, employment of man-
agerial personnel has been growing in all eco-
nomic sectors, even during the recent reces-
sions.* There were about 7.7 million managers,
officials, and proprietors in 1982 nationwide.
Lower level managers include “nonworking”
or “blue collar” supervisors and clerical super-
visors, who are counted with production and
clerical workers, respectively. There were
705,307 (3.46 percent) blue collar supervisors
and 66,841 (0.33 percent) clerical supervisors
in manufacturing in 1980. Table 32 shows the
distribution of managerial and supervisory
personnel in the machinery and transportation
equipment industries.

PROJECTED EMPLOYMENT IMPACTS

Programm able automation will alter the mix
and number of managerial personnel. It will
probably support growth in upper manage-
ment ranks, for three reasons. First, the in-
tegration of databases and anticipated shifts
in decisionmaking toward higher staff levels
will increase the role of upper management in
the production process. The push for so-called
“top down control, ” facilitated by computeri-
zation, inherently increases the role of upper

*There were nearly 7 percent more managers and adminis-
trators in December 1982 than in January 1980, while overall
employment fell 1 percent; however, unemployment for man-
agers also grew in that period. See Karen W. Arenson, ‘‘Manage-
ment's Ranks Grow, ” The New York Times, Apr. 14, 1983.
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Table 32.—Employment of Managerial and Supervisory Personnel, 1980

Managers, Nonworking

officials, & blue-collar Clerical

proprietors supervisors supervisors

“Number Percent Number Percent Number  Percent

All industries . . . .. ... ... 7,557,359 8.1 1,273,191 14 428,087 0.5
All manufacturing . . . . ... ... ... ... 1,195,743 5.9 705,307 35 66,841 0.3
Metalworking machinery and equipment . 28,190 7,6 10,119 2.7 862 0.2
Office, computing, and accounting machines 40,583 9.4 8,112 19 2,473 0.6
Electrical industrial apparatus ... . . . . . .. 12,632 5.3 8,343 35 1,009 0.4
Electronic components and accessories . . 29,954 5.4 15,928 29 1,936 0.4
Motor vehicles and equipment ... . . . . 25,424 3.3 30,575 4.0 1,110 0.1
Aircraft and parts . . 48,746 7.4 24,391 3.7 1,914 0.3

NOTE Percentages have been rounded
SOURCE Bureau Of Labor Statistics,

management. Second, insofar as batch produc-
tion, product variation, and competition grow,
more managerial input will be required for
product planning and market analysis. Growth
in PA products and markets is itself a source
of growth in managerial employment; many
want-ads for managers refer to planned or ex-
isting new ventures, and they often refer to
marketing responsibilities. Third, change in
production technologies may create new opera-
tional units within firms, and associated needs
for planning and management. Automation
generally entails new work in database man-
agement, software quality assurance, and
training-activities which may be undertaken
by special staffs and managers.

Nevertheless, it is not clear how much new
managerial employment the support needs of
manufacturing automation will generate, espe-
cially where companies already have data-
processing staffs. Also, more advanced sys-
tems that do not require mastery of special
languages or formats, that include applica-
tions generators, or that entail distributed
data processing lower the requirement for spe-
cial, in-house personnel.

By contrast, the automation of data collec-
tion and transfer activities (e.g., through mon-
itoring operation and performance character-
istics of machines, and developing and trans-
mitting machine operating instructions from
CAD systems) is expected to lower the de-
mand for lower and middle managers .57 Some

*David Myers, “ACM Told OA May Squeeze Middle Mana-
gers Out of Jobs, ” Computerworld, Oct. 31, 1983.

Employment by Industry and Occupation, 1980 and Projected 1890 *

unpublished data on wage and salary employment

observers predict that this will lead to an hour-
glass personnel structure among firms. In
some cases, automation may bring about an
upgrading of a management position. For ex-
ample, added attention to materials require-
ments, production planning, and scheduling
may make certain materials and inventory
management activities into “white collar”
functions. Where a few employees oversee a
larger amount of equipment, fewer first-line
supervisors may be needed. Indeed, with in-
tegrated systems, it is likely that a hybrid
position containing attributes of formerly sep-
arate supervisory and subordinate operator
jobs may emerge.

Other changes in the nature of managerial
work are possible. A study evaluating pros-
pects for computer operations managers gen-
erally suggested growing needs for capacity
planning, performance monitoring, technical
support, security management, and facilities
management .* Also, a study of manufactur-
ing firms concluded that:

The new technology substantially changed
the jobs of supervisors and middle-manage-
ment, shifting the focus from watchdog and
disciplinarian to planning, training, and
communicating.

Industry representatives frequently point to
resistance among lower and middle manage-

™ Higher Skills Needed: Study, ” Computerworld, Apr. 18,
1983.

*Wickam Skinner, “Wanted: Managers for the Factory of the
Future, ” The Annals of the American Academy of Political and
Social Science, vol. 470, November 1983.
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ment as a principal obstacle to the spread of
automation. Greater recognition of the poten-
tial of these technologies to displace such per-
sonnel may add to such problems.

Sales/Service

Sales and technical service personnel consult
with potential and actual customers, conduct
presentations and demonstrations, provide
training, and install products. In 1980 there
were 437,497 (z. 15 percent) sales workers em-
ployed in manufacturing. In 1982, there were
413,657 (2.2 percent). These included sales rep-
resentatives or agents and sales clerks. Also
in 1980, there were 5,165 (0.03 percent) adult
education teachers employed in manufactur-
ing industries. Finally, technical writers (in un-
known number) comprise a related category.

Producers of PA, as well as independent con-
sulting or service firms, are likely to demon-
strate a growing need for technical sales and
service or support personnel to serve their
growing markets. On the other hand, auto-
mated management and office systems are
likely to dampen demand for sales clerks.

Although industry representatives have
complained of shortages of field-service per-
sonnel and trainers, it is difficult to judge the

numbers of such people, because in many cases
they wear several hats. Also, for products that
are new and continually developing, it is to be
expected that people with relevant expertise
may be hard to find. For smaller, innovative
firms, in particular, technology sales and sup-
port personnel tend to be engineers and other
professionals. However, want-ads suggest that
even large vendors of programmable automa-
tion use engineers-"applications engineers’
—for marketing and pre- and post-sale support
services. This situation reflects not only the
technology-intensive nature of PA products
but also the fact that experienced engineers
commonly move into sales, management, and
other nonproduction positions. Such individ-
uals are likely to be counted as engineers in
occupational statistics.

Want-ads suggest that PA vendors, like
other manufacturers of technical products,
prefer sales representatives with technical col-
lege degrees, but will consider others with rele-
vant experience. Similar preferences may ex-
ist for trainers. Predictably, selection criteria
for sales managers also emphasize relevant ex-
perience. Relevant experience may include a
background in sales or use of computer and
business systems, or in manufacturing or PA
sales.

Shift in Skills and Occupational Mix

As revealed by the preceding discussion of
skill requirements and occupational trends,
the proportions of skills and occupations found
in manufacturing will shift substantially be-
cause of programmable automation. In fact,
to date, this impact has been more striking
than any change in the level of employment.
While it is too soon to forecast precise numeri-
cal changes, the directions of change are clear.
In some cases, the effect will be to reinforce
the long-term shift toward white-collar em-
ployment; in other cases—notably, the nega-
tive effect on clerical opportunities-the long-
term effect will differ from past shifts. This

section describes the overall pattern of change
in occupational mix and discusses the income
implications of such change.

Shift Toward White Collar/
Salaried Employment

The broad—and long-term—tendencies are
for employment opportunities of:

engineers and computer scientists; tech-
nicians; and mechanics, repairers, and in-
stallers, on the whole, to rise-although
specific occupations (e.g., drafters) will
face diminishing opportunities;
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- craftworkers (excluding mechanics), oper-
atives, and laborers—especially the least
skilled doing the most routine work—to
fall;

- plant and perhaps other clerical person-
nel to fall; and

- managers and technical sales and service
personnel to rise, although lower and mid-
dle management opportunities among
users may fall.

Thus, a shift toward nonproduction or “white-
collar” employment appears evident. Table 33
lists key occupations, 1980 employment lev-
els, and the directions of potential change. *

‘* However, changes in the mix of occupations do not guar-
antee a rise in white-collar employment in all cases.

Demonstrated Impact of
Individual Technologies

Studies of the impacts of single automation
technologies provide detailed evidence in sup-
port of a relative shift toward white-collar
employment. For example, the Upjohn Insti-
tute forecast displacement, by 1990, of
100,000 to 200,000 production worker jobs due
to robots alone, compared with creation of
10,000 to 20,000 jobs for maintaining robots
and under 11,000 for robot applications engi-
neering. Ayres and Miller of Carnegie-Mellon
University forecast the potential displacement
of 1 million to 4 million production worker jobs
by robots, over a period of at least 20 years™

*Hunt and Hunt, op. cit.; and Robert U. Ayres and Steven
M. Miller, “Robotics and Conservation of Human Resources, ”
Technology in Society, vol. 9, 1982.

Table 33.— 1980 Employment for All Manufacturing Industries,
Selected PA-Sensitive Occupations -

Long-term direct ion--

Number Percent of change
Engineers . ........... . 579,677 2.85 +
Electrical .. ........... ... .. ... .. ..... 173,647 0.85 +
Industrial . . .. ... ... 71,442 0.35 +
Mechanical . ......................... 122,328 0.60 +
Engineering and science technicians ... . . . 439,852 2.16 +
Drafters . . ......... .. ... . ... . .. ... 116,423 0.57
NC tool programmers, . .. .............. 9,371 0.05 -
Computer programmers . . . . . . ... ... 58,622 0.29 -
Computer systems analysts . . . ........... 42,404 0.21 +
Adult education teachers . . .. ............ 5,165 0.03 +
Managers, officials, and proprietors. . . . . . 1,195,743 5.87 ?
Clerical workers . . . . .. ... ... ... 2,297,379 11.28
Production clerks ... ... ... . . . . . . . . 139,947 0.69
Craft and related workers. . . ... ... .... 3,768,395 18.51 -
Electricians . . . .. .., o oo 126,001 0.62 +
Maintenance mechanics and repairers . . . 391,524 1,92 +
Machinists, tool and die makers . . . ... ... 356,435 1.75
Inspectors and testers . . . .. ... ... ... 538,275 2.64 -
Operatives. . . .. ..o 8,845,318 43.44 -
Assemblers . ........ ... .. 1,661,150 8.16
Metalworking operatives . . ... .......... 1,470,169 7.22
Welders and flamecutters . . . .. ... ... .. 400,629 1.97
Production painters . . . .............. 106,178 0.52 -
Industrial truck operators . . . ............ 269,105 1.32 -
Nonfarm laborers. . . ........... ... ... ... 1,576,576 7.74
Helpers, trades. . . ..................... 100,752 0.49
Stockhandlers, order fillers . . . ... ... ... .. 104,208 0.51
Work distributors . . .. ................ .. 16,895 0.08
Conveyoroperators . . .. ... ... 31,469 0.15

Note Data refer only to wage and salary workers

SOURCE Bureau of Labor Statistics. “Employment by Industry and Occupation, 1960 and Projected 1990 Alternatives. ” un

published data
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(see table 34). And a German study found that
when NC machine tools were introduced, the
least skilled personnel (machine operators)
were most likely to be laid off, while higher
skilled programmers, toolsetters, and mechanics
were likely to be retained, and even more
brought into the firm.”

A study of the effects of advanced telephone
switching technologies showed that at Bell
Canada, despite growth in output, technology
limited growth in total man-hours of labor per
year between 1952 and 1972 while producing
large shifts in the occupational mix. The per-
son-hour share of the least skilled category,
operators, fell by over 20 percent while the
shares of plant craftsmen and clerical person-
nel each rose by around 5 percent, and the
“whitecollar worker” share, least affected by
technology change, rose by over 9 percent. The
authors of that study concluded that new
telecommunications technology outweighed
change in labor costs as the cause of employ-
ment shifts, having the greatest effect on em-
ployment of the least skilled (and least expen-
sive) workers. ”“ The pattern of large decline
for the least skilled “production” workers and
small increases among other categories is like-
ly to occur with the introduction of program-
mable automation in manufacturing.

Finally, similar trends emerge from a survey
of workers in the Japanese electrical machine
industry. It was reported that, when micro-
electronics was introduced into products or
production processes, employment of “perma-
nent workers” in machining, assembly, inspec-
tion, and quality control was likely to fall,

‘Werner Dostal and Klaus Kostner, “Changes in Employ-
ment With the Use of Numerically Controlled Machine Tools’
(Mitteilungen aus der Arbeitsmarkt- und Berufsforschung),
1982.

#See Michael Denny and Melvyn Fuss, “The Effects of Fac-
tor Prices and Technological Changes on the Occupational De-
mand for Labor: Evidence From Canadian Telecommunica-
tions, " The Journal of Human Resources, vol. 17, No. 2, 1983.
The authors note that, “The force of automation can be seen
from the fact that had technical change not occurred, the de-
mand for operators would have increased over the 1952-72 pe-
riod by 4 percent per annum rather than declining by 3 per-
cent per annum. Similarly, zero output growth would have
meant that the decline in operator demand would have increased
to 7 percent per annum” (p.175).

while employment of production engineers was
likely to rise or remain constant.”

Overall Effects

Occupational demand shifts stimulated by
PA reinforce a long-term growth in the pro-
portion of nonproduction workers employed in
manufacturing industries. For example, be-
tween 1945 and 1979, the nonproduction work-
er proportion in the nonelectrical machinery
industry rose from 24.2 to 34.4 percent. By
comparison, the proportion for the highly
automated chemicals and allied products in-
dustry rose from 22.5 to 42.8 percent in the
same period. The trends within manufactur-
ing are paralleled by trends within the econo-
my as a whole; employment in craft, operative,
and laborer positions overall is now about one-
third of total employ ment.” The broad occu-
pational shift reflects both technology change
and the growth in nonmanufacturing employ-
ment: In 1940, there were 300 manufacturing
jobs per 100 service industry jobs; in 1980
there were 113.7

Studies of the effects of microelectronics
(and telecommunications) technologies on
other economies show similar tendencies. For
example, an OECD study drawing on research
in several countries identified the following
broad trends:

- within manufacturing industries, a de-
cline in the proportion of production work-
ers engaged in low-skill, rote activities
such as assembly;

- within services, a decline in the propor-
tion of more routine information-handling
occupations (e.g., low-skilled clerical);

- within all sectors, a decline in the propor-
tion of lower managerial and supervisory
occupations, with remaining personnel

#Denki Roren, “Surveys on the Impacts of Micro-Electronics
and Our Policies Towards Technological Innovation, ' paper pre-
sented at the 4th IMF World Conference for the Electrical and
Electronics Industries, Oct. 3-5, 1983.

%U.S. Department of Labor, Bureau of Labor Statistics, Em-
ployment and Earnings, May 1983, p. 179.

®“Jobs in Nation's Service Industries Continue Rise in Reces-
sion: Set New Record, Top Manufacturing Total for First Time, ”
News, U.S. Department of Labor, Bureau of Labor Statistics—
Middle Atlantic Region, Dec. 8, 1982.
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Table 34.—Carnegie-Mellon University Study Estimates

Drill press/boring machine
Filer, grinder, buffer .
Gearcutting, grinding, shaping.
Grinding/abrading machine
operator . .
Lathe/turning machine operator
Machine tool operator.
combination
Machine tool operator, NC
Machine tool operator, toolroom
Machine tool operator, setter
Milling/planing machine operator

Sawyer, metal -
Subtotal, metalcutting machines
Coil winding "

Drop hammer operator .,
Forging press operator
Forging/straightening roll

o p e r a t o r
Header operator
Power brake/bending machine
Press operator/plate print
Punch press operator
Punch press setter
Riveter (light) . .
Roll forming machine .,
Shearer/slitter operator .,
Subtotal, metalforming
machines

Conveyor operator/tender .
Die casting machine operator . . .
Dip plater .,
Electroplate .
Plater helper . "
Fabricator, metal
Fabricator, plastic " .
Furnace operator/cuppola tende
Heater, metal, .
Heat treater, annealer
Inject ion/compression mold

operator (plastic)
Inspector . .
Laminator, preforms,
Machine operator. n.e.c..
Molder, machine .,
Packager, production .,
Painter, production
Pourer metal . .
Sandblaster, shot blaster
Screwdriver operator (power)
Tester Y “
Wirer, electric

Subtotal, miscellaneous

m a ¢ h i n e s
Joining (welding) N
Assembly .

Total of subtotals + joining +
assembly

Level | robot

Range
percent

25-50
5-35

10-20
10-20
10-30
10-90
15

10-20

1540

lo-100

5-100

5-15
20-100
5-40

10-50

1-40
30-100
5-20
lo-100

" 1060

3-20

Potential for robotization®

Level Il Operatives” Potential displacement
Average Range Average Sector Sector Sector 34-37 Sector 33-38
percent percent  percent 34-37 33-38 Il I I

30 60-75 65 104,050 113,210 31,215 “68,933 33.963 73,587
20 5-75 35 77,360 103,430 15472 27,076 2,086 36,201
10 50 11,070 11,670 1,107 5,535 1,167 5,835
18 20-100 50 97,090 109,680 17,476 48,545 19,742 54,840
18 40-60 50 130,260 141,560 23,447 65,130 25481 70,780
15 5-60 30 142,750 154,220 21,413 42,825 23,133 46,266
20 30-90 49 41,900 45020 8380 20531 9,004 22,060
3 4-60 50 33,410 36,160 1,002 16,705 1,085 18,080
10 50 47,260 51,490 4,726 23,630 5149 25,745
18 40-60 50 58,900 63,230 10,602 29,450 11,381 31,615
20 50 10,660 15180 2,132 5,330 3,036 7,590

754,710 844,850 136,972 353,690 135,227 392,599
24 15-50 40 26,570 33,550 6,377 10,628 8,052 13,420
15 70 2,990 2,950 449 2,093 449 2,093
15 70 6,500 7,190 975 4,550 1,079 5,033
15 70 1,000 2.840 150 700 426 1,988
20 70 5,080 5,080 1,016 3,556 1,016 3,556
20 70 33,240 35240 6,648 23,268 7,004 24514
20 70 4,230 4,230 846 2,961 846 2,961
15 60-80 70 159,890 171,710 23,984 111,923 25757 120,197
15 70 16,080 16,840 2,412 11,256 2,526 11,788
15 10-100 30 9,090 9,090 1,364 2,727 1,364 2.727
20 70 4,320 11,030 864 3,024 2,206 7,721
20 70 22,450 28,660 4,490 15,715 5732 20,062

291,440 344310 49,575 192401 56,467 216,060
10 30 18.070 20,240 ‘1,807 5,421 2,024 6,072
5 10-20 10 6,530 14,670 327 653 734 1,467
40 50-100 77 7,780 9,500 3,112 5,991 3,800 7,315
20 5-60 55 27,350 29,770 5470 15,043 7,954 16,374
30 100 26,100 26,560 7,830 26,100 7,968 26,560
10 30 5,910 5,910 591 1,773 591 1,773
10 30 1,970 1,970 197 591 197 591
20 50 4,420 14,490 884 2,210 2,898 7,245
20 100 2,070 5,010 414 2,070 1,002 5,010
10 5-90 46 14,770 23,440 1,477 6,794 2,344 10,782
20 50 24,910 29,830 4982 12,455 5,966 14,915
13 5-60 35 228,530 269,650 29,709 79$986 35,055 94,378
20 50 10,160 10,160 2,032 5,080 2,032 5,080
16 20-65 25 13,020 38,590 2,083 3,255 6,174 9,648
20 50 5650 18,540 1,130 2,825 3,708 9,270
16 2-70 41 55,480 75,640 8,877 22,747 12,102 30,939
44 50-100 66 74,380 78,540 32,727 49,091 34,558 51,836
10 10-30 24 1,280 13,280 128 307 1,328 3,187
35 10-100 35 6,290 10,030 2,202 2,202 3,511 3,511
10 50 3,420 3,420 342 1,710 342 1,710
8 5-30 12 51,470 62,890 4,118 6,176 5,031 7,558
9 10-50 28 22,940 26,520 2,065 6,423 2,387 7,426

612,500 788,650 112504 258,903  141,700_ 322,647
27 10-90 49 319,040 344,280 86,141 156,330 92,956 168,697
10 20-50 30 1,182,650 1,318,750 118,265 354,795 131,875 395,625

3,160,340 3,640,840

503,457 1,316,119 558,220 1,495,628

aTime frame s uncertain . Authors refer to “eventual” displacement potential

bEmponmenl figures are from Bureau of Labor Statistics, Occupational Employment in Manufacturing Industries (Washington, D C U S Government Printing Otfice. 1977)

C.,e ¢ . Not elsewhere classified

NOTE The italicized numbers are estimates by Robert U Ayers, based on similarity

SOURCE TheImpacts of Robotics on the Workforce and Workpiace, Carnegie-Mellon University, June 1981
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more restricted to preparing and trans-
mitting information to upper manage-
ment;

- growth in the proportion of occupations
installing, operating, and repairing new
equipment and providing related support;
and

- some deskilling of tasks in some craft oc-
cupations due to transfer of prior operator
functions to machines.”

However, it is imprudent to simply take
past trends as accurate forecasts of the future.
For example, there are indications that the oc-
cupational shift is not inexorable, at least in
the short term. Researchers at New York Uni-
versity, in the study cited at the beginning of
this chapter, forecast the effects on labor de-
mand in 1990 and 2000 of a growing use of
computer technology in manufacturing, office,
health-service, and education settings. They
concluded that the overall trend toward white
collar employment would continue, but that
the shift would be greater for the slower of two
alternative trends for the diffusion of com-
puter technologies.

Their analysis suggests that the large size
of the investment in capital goods required for
the diffusion of computer-based technologies
could buoy manufacturing industry and pro-
duction occupation employment throughout
this century. While computerization reduces
demand for labor overall, because of antici-
pated slow growth in labor supply it can serve
to avert potential shortages of certain types
of personnel rather than create unemploy-
ment. Although, like any other modeling ex-
ercise, that analysis is shaped by its underly-
ing assumptions, it shows how output levels
can determine employment mix as well as
level. Thus, output levels, economic perform-

#*QECD, Information Activities, Electronics and Telecommu-
nications Technologies, Paris, 1981. An econometric study of
the Canadian economy described in that OECD volume sug-
gested that, as capital intensity grows, complexity of opera-
tions also grows, making planning and coordination—and as-
sociated personnel—more necessary. It also found that as the
cost of capital or equipment falls relative to other costs, demand
for “information labor” rises, while demand for ‘‘noninforma-
tion labor” falls.

ance and growth can be seen to be vital to em-
ployment.

PA Producer Employment Mix

The emerging occupational mix found in
automation producers may indicate future
trends for the metalworking industries gener-
ally-and perhaps for the rest of the manufac-
turing sector as well. The Upjohn Institute,
for example, suggested that two-thirds of the
jobs among robot producers would be white-
collar, including professionals, technicians, ad-
ministrators, sales, and clerical workers. *
Researchers at New York University, draw-
ing on discussions with the leading robot pro-
ducer (Animation), also estimated that about
two-thirds of employment in the robot indus-
try would be white-collar, although it had dif-
ferent detailed estimates (see table 35). Final-
ly, a similar appraisal was provided in recent
congressional testimony by Walt Weisel, chief
executive of a robot manufacturer (Prab Ro-
bots) and president of the Robotic Industries
Association (formerly the Robot Institute of
America). Weisel forecast new jobs in sales,
applications engineering, research and devel-
opment, and field service among producers, as
well as new maintenance and manufacturing
process jobs among users.** These examples
reflect the fact that production work is rela-
tively limited among producers of program-
mable automation (see ch. 7}; its role is also
declining among other manufacturers.***

The implications of the employment mix
found among producers of automated equip-
ment can be seen by contrasting the staffing
profiles of the electronic and computing machin-
ery and engineering and architectural services

*That study estimated that employment by domestic robot
manufacturers was approximately 2,000 persons in 1982 and
would grow to between 9,000 and 17,000 by 1990. Hunt and
Hunt, op. cit. . X C .

**Testimony during hearings before the House Committee
on Small Business, Subcommittee on General Oversight and
the Economy, May 17, 1983.

***Th_Upjohn instiue also estimated that there would be
about 8,000 to 16,000 jobs associated with supplying hardware
components to robot producers by 1990. This latter estimate
assumes domestic sourcing of hardware; it will overstate actu-
al supplier employment potential if companies continue to ex-
pand their imports of robotic hardware.
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Table 35.— Estimates of Robot Manufacturer Staffing Profiles, 1982

Robot Robot
manufacturing manufacturing

Occupation (%) Occupation ( % )
New York University® Upjohn Institute”

Electrical  engineers ., . . . .12, 10/0 Engineers . . . . . . . . ..o 23.7°/0
Industrial engineers . ... ., . . .. . . 22 Engineering technicians ., . . . . .. 157
Mechanical engineers . . . . . . . . . 44 All other professional and technical workers 4,2
Other engineers. . . . . .. ... ... ....... 8.3 Managers, officials, proprietors . . .. ..., . ... 6.8
Computer programmers . . . . . ... . . . . . . 2.1 Sales workers ... .. .. . . . .. . 34
Computer systems analysts . . . . . . .. ... 0.9 Clerical workers . . . . . . . . . . 139
Other computer specialists . . . . . ... ... .. 0,3 Skilled craft and related workers . ., . . . . 8.4
Personnel and labor relations workers ... . . . 0.3 Semiskilled metalworking operatives . 4,2
Other professional, technical . . . . . . . . . .. 8.2 Assemblers and all other operatives . . . . 19,0
Managers, officials, proprietors ... . . . . . 9,0 Service workers . . . . . . . . . —
Sales workers ... . . .. ... 4.0 Laborers . . . . . .07
Stenographers, typists, secretaries . . . . . . . 5,6 Farmers and farmworkers ., . . . . . . —
Office  machine operators ... . . . . . . . . 09 Total . . o . . o .. .. 1000
Other clerical . . . .. . . . .. . 92

Electricians . . . . . . . . . . . . . . . ... 0.9

Foreman, N.e.C ., . . . . v v v v i 0.8
Machinists ... . . .. . . . . . . .. 2.3
Other metalworking craftworkers ..,..,,. .,, . 1.5
Mechanics, repairers . . . . . . . . . . . . . .. 0,8
Assemblers . . . . . .. ..o 14,7
Checkers, examiners, Inspectors, , . .,,..,... 2,8
Packers and wrappers . . . . . . . . . . . . .. 0,4

Painters . . . . . . . . . .. 0.7
Welders, flame cutters, . . .. ............... 0.9
Other operatives, . .,, . ., 4 31 cerseeeee -~ . . 5,6
Janitors and sextons . . . . . . . . . .. ... 0,4

Laborers, ......... e ¢ I 4

Total . . 100.0

Columns may not add to total due to rounding o

nec = not elsewhere classified

SOURCES 3Wassily Leontief and Faye Duchin The mpacts of Automation on Employment, 1963-2000 final report New York University Institute for Economic Analysis
April 1984 Data based on staffing of Unimation.inc (now part of Westinghouse)
by Allan Huntand Timothy L Hunt, Human Resource /mplications of Robotics. The W E UpjohnInstitute for Employment Research 1983

industries with those of the motor vehicles and
parts, metalworking machinery, and primary
metals industries (see table 36). The electronic
and computing machinery industries have pri-
marily employed professional and technical
workers (39 percent) and other white-collar per-
sonnel, as has the engineering and architectural
services industry (69 percent professional and
technical). By contrast, employment in the
other industries has a more even distribution
over a larger range of occupations, with many
more opportunities in production jobs. For ex-
ample, craft and kindred workers and opera-
tives each comprise about a third of the em-
ployment in metalworking machinery; they
have comprised 20 percent and over 50 per-
cent, respectively of motor vehicle employ-
ment .

The staffing contrast is instructive, because
employment opportunities for producing PA
will be more like those in the computer indus-
try than in conventional metalworking manu-
facturing. As noted by the Upjohn Institute:

The most remarkable thing about the job
displacement and job creation impacts of in-
dustrial robots is not that more jobs are elim-
inated than created; this follows from the fact
that robots are labor-saving technology de-
signed to raise productivity and lower costs
of production. Rather, it is the skill-twist that
emerges so clearly when the jobs eliminated
are compared to the jobs created . . . We sub-
mit that this is the true meaning of the so-
called robotics revolution.®’

*Hunt and H unt, op. ¢cit., p. 172.
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The contrast in staffing patterns implies that
there will be relatively few opportunities for
people to move easily from other metalwork-
ing manufacturing jobs into automation-pro-
ducer jobs. It also implies that there may be
fewer opportunities for promotion from pro-
duction to nonproduction work.

Intercompany Patterns

Where automation is part of broader process
changes that also include changes in business
relations between manufacturers and their
suppliers or distributors, occupational shifts
within companies may mask offsetting or am-
plifying trends in related firms (upstream or
downstream). Computer links between facili-
ties, in particular, may affect facility staffing.
Eaton, for example, is implementing a com-
puter-aided design and manufacturing system
that will share information about product de-
sign, process planning, materials require-
ments, and costs among computers at 200
Eaton manufacturing facilities (and many sub-
contractors). Such a network will reduce en-
gineering and other personnel requirements
per facility.”

As was discussed earlier, the spread of CAD
and its integration with CAM may alter com-
panies’ decisions on whether to contract out
for drafting and other design services. In addi-
tion, the growth of automation service and
consulting firms will affect producer and user
hiring of applications engineering staffs. While
manufacturers have increasingly contracted
out for “producer services” such as account-
ing, food services, and security, programmable
automation may reinforce or counter this
trend for individual services, thereby influenc-
ing staffing patterns among both manufactur-
ing and service firms.

Transient Skill Requirements

One factor that cushions employment ad-
justment in the short term but presents chal-
lenges for long-term planning and adjustment

*American Metal Market/Metalworking News, May 16,1983.

is the tendency of early or simpler types of pro-
grammable automation (and other computer
applications) to require work that is found to
be no longer needed with more advanced tech-
nology. A classic example, in the case of com-
puters, is keypunching. Keypunchers are still
in demand in the United States (over 57,000
were employed in 1980) because many comput-
er users cannot afford to jettison outmoded
data-entry systems when improved technolo-
gies come along. The availability of new tech-
nology thus does not guarantee an immediate
demand for new skills and staffing. However,
keypunching was the only computer field to
experience declining employment in the
1970's.

The most obvious areas in which skill re-
guirements associated with PA maybe short-
lived, at least in some firms, are data entry,
data transfer, and programing. One major
aerospace user of PA, for example, anticipates
a major reduction in its use of engineering and
computer support personnel with the integra-
tion of various computer-based systems.” As
early as 1977, NC users responding to a sur-
vey conducted by MIT researchers “reported
a desire to reduce both programing and main-
tenance costs by increasing their dependence
on computer sophistication and reducing the
need for highly skilled technicians. “7°

At present, different automation equipment
and systems have different programing and
data-processing needs. Integration of those
systems where applicable, development of a
standard language, and/or other developments
(see ch. 3) may bring about a sharp reduction
in the amount of programingthat is necessary.
CAD, CAE, and computer-based management
systems typically use commercial software
packages and involve little programing by
users. Although data entry is necessary to
establish databases, after the initial input

-0OTA case study.
“Robert T. Lund and Christopher J. Barnett, “Numerically
Controlled Machine Tools and Group Technology: A Study of

U.S. Experience, ” MIT Center for Policy Alternatives, Jan. 13,
1978.
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Photo credit McDonnell Doug/as Automat/on Co

Graphics-based offline robot programing
using a CAD system

stage updating may be handled by profession-
als using distributed, interactive systems.*

Robots are usually programed with easy-to-
use software that generally does not require
programing skills, and they have tended to be
reprogramed infrequently. Moreover, direct
links between robots and CAD or CAE sys-
tems will further reduce robot programing.
Similarly, NC programing is becoming sim-
pler, and direct links to CAD or CAE systems
will reduce programing requirements. While
users may develop greater needs for persons
capable of adapting programs, they will have
less need for program creators, although such
persons may remain important to suppliers of
PA equipment systems.

Transient jobs tend to persist among small
firms longer than among larger ones, inas-
much as small firms are less able to adopt

*Computer-industry representativessee improved software

and easier-to-use systems as a response to a perceived shortage
of programmers and other data-processing personnel. At an April
1983 conference, one software company spokesman contended,
“What we need is to make microcomputers easy enough to use
so that end users can control their destiny. ” See Robert Batt,
“Micros Seen Holding Key to DPer Lack, ” Computerworld,
Apr. 25, 1983.

newer technology. However, the development
of cheaper, smaller, easier-to-use PA systems
—such as those currently fueling market
growth for CAD and CNC, in particular-will
hasten their adoption by smaller firms during
this decade and the next (see ch. 7).*

Qualification Trends

Evidence from the United States and other
countries suggests that, though automation
is simplifying production tasks, employers are
hiring better qualified, more skilled personnel.
Insofar as this occurs, simple contrasts in oc-
cupational employment levels will not be ac-
curate indicators of changes in skill require-
ments.

Research from Japan and West Germany
brings out the contrast between employee
gualifications and skill requirements:

A Japanese survey reported that the
spread of microelectronics was associated
on the one hand with substantial growth
in employment of high school and college
graduates with science and engineering
majors and on the other hand with growth
in the number of machine operators do-
ing simple or unskilled tasks.”

. A Japanese case study of automation in
software development found that compa-
nies hired better educated staff over time
but adopted automated techniques aimed

*To put the timing issue into perspective, note that most job
openings represent the replacement of personnel, rather than
employment growth. Replacement hiring occurs not only be-
cause of deaths, retirements, and resignations, but also because
people move between occupations as well as jobs. Replacement
needs are one reason why BLS and others forecast that most
1980's job openings will occur in existing occupations, and that
PA will have a negligible effect on many of the occupations ex-
pected to grow the most. Indeed, although 5 computer-related
occupations experienced dramatic employment growth (rang-
ing from 28 percent for data-entry personnel to 477 percent for
other computer specialists) between 1972 and 1982, as a group
they accounted for slightly more than 5 percent of overall job
growth in that period. See Ronald E. Kutscher, testimony before
the House Committee on Small Business, Subcommittee on
Oversight and the Economy, hearings on “The Impact of Ro-
bots and Computers on the Workforce of the 1980’ s,” May 18,
1983.

“"Ministry of Labor Report on Microelectronics and Its Im-
pact on Labor, ” cable from American Embassy (Tokyo) to U.S.
Secretary of State, August 1983.




at simplifying work, allowing employees
to ‘“supervise’ automated processes.
Work tasks were changed in response to
shortages of experienced personnel.”

. A Japanese survey of electrical machinery
industry workers reported that operators
of microelectronics-equipped machines in
machine shops (and to a lesser extent in
assembly shops) perceived a need to un-
derstand computers, programing, electric-
ity, and electronics, while machine “super-
vision’ and monotonous routine work in-
creased.”

. A West German study of the employment
effects of NC machine tools reported that
workers increasingly perceived a need for
“professional training, ” while their re-
sponsibilities shifted from machine opera-
tion to machine “supervision.””

The preference of employers to hire (or re-
tain) well-educated personnel, both in the
United States and abroad, suggests that high-
er education or skill may be regarded as an in-
dicator of other attributes such as responsibili-
ty (desired because of growing investments in
equipment) or an ability to solve problems and
troubleshoot (desired because of growing de-
pendence on equipment and the costs of a
breakdown). Thus, the Japanese survey of elec-
trical machinery workers noted a need for “at-
titudes such as meticulousness and accuracy,
the readiness to learn new things, and so
forth” that allow prompt decisionmaking and
guick responses.

In the short term, employers may continue
to employ personnel who are on average more
or less skilled than necessary. This is because
most companies are inexperienced with pro-

“Japan Labor Association, “A Special Study Concerning
Technological Innovation and Labor-Management Relations, ”
interim report, June 1983. Also, note that this experience is
similar to conditions observed following the introduction of NC
machine tools.

“Denki Roren, “Surveys on the Impacts of Micro-Electronics
and Our Policies Toward Technological Innovation, " paper pre-
sented at the 4th IM F World Conference for the Electrical and
Electronics Industries, October 1983.

“Werner Dostal and Klaus Kostner, “Changes in Employ-
ment With the Use of Numerically Controlled Machine Tools, ”
(Mitteilungen aus der Arbeitsmarkt- und Berufsforschung),
1982.
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grammable automation, especially the produc-
tion technologies, and are not yet familiar with
their exact skill requirements and capabilities.
In the long term, as experience is gained, com-
panies may employ more lower skilled people
plus a few highly skilled people working at
higher levels. This may come about because
PA can lower skill requirements as well as job
numbers at low and middle levels of organiza-
tions, and because companies generally try to
reduce the amount of skill they have to pay
for. On the other hand, companies try to avoid
wholesale replacement of skilled categories,
since skilled workers are generally more pro-
ductive than others. The transition in skill mix
is likely to be gradual, and it will vary among
firms and industries.

Compensation Patterns

Occupational shifts affect wage levels and
in turn influence the income distribution and
the buying power of consumers. The shifts dis-
cussed in this chapter will alter wage patterns
both within the manufacturing sector and be-
tween it and other sectors. While short-term
trends can be identified, long-term implica-
tions are less clear; they depend on many fac-
tors besides technology change.

A major implication of the shift to “white-
collar” or salaried jobs, given contemporary
wage patterns, is a reduction in access to well-
paying jobs for individuals with a high school
education or less, individuals who have tradi-
tionally found ready employment in the manu-
facturing sector (and in production jobs in par-
ticular). In many cases, manufacturing person-
nel earn higher pay than their skill levels or
educational attainment would suggest, in part
because of collective bargaining. By contrast,
many low-skill service jobs pay less and offer
less job security, in part because of the ab-
sence of collective bargaining. Lack of proper
education and training or employer prejudices,
as well as a reduction in available job oppor-
tunities, may restrict the movement of such
individuals into higher skilled jobs in the
manufacturing sector, while technology change
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and import competition may reduce the total
number of manufacturing jobs. *

Figure 16 contrasts the earnings distribu-
tion for agriculture and industry and for serv-
ices in 1971 and 1981. Lower levels of compen-
sation for the service sector as a whole reflect
the relative lack of unionization, the preva-
lence of small firms, the greater role of part-
time work, and the predominance of women.**
Table 37 shows the distribution of average
earnings by industry; table 38 shows that av-
erage earnings in metalworking industries are
higher than those in durable manufacturing
overall; and table 39 shows earnings levels by
occupation in machine-tool industries.

As the above contrasts suggest, employees
displaced from manufacturing employment
may suffer reductions in earnings, income, and
job security if they move into new jobs in serv-
ice industries or into other jobs in manufac-
turing that are not subject to collective bar-
gaining. The losses are especially likely for
older workers, whose wages would have grown
with seniority.

Changes in job mix may affect the distribu-
tion of income more than the level of income
overall. In very general terms, PA and other
factors will contribute to long-term growth in
output and, therefore, aggregate income. While
shifts in job mix may depress wage growth,
returns on invested capital may grow, shifting
spending power from workers to investors
(many of whom are workers themselves). This
shift may be compounded inasmuch as wage
earners are more likely than investors to spend

“*A survey performed by Westat for OTA in August 1982

showed a propensity of firms—especially those that are
relatively large or relatively heavy users of automation-to train
professionals and high-skilled production workers to work with
automated equipment.

**"A large share of the rapidly increasing service sector em-
ployment has involved work traditionally done by women at
low pay, and throughout the period (1950-81) there has been
a marked tendency for much of the new white-collar work to
be defined as women'’s work, paid for at relatively low rates and
performed by women and until recently by young workers from
the baby-boom generation. ” Thomas M. Stanback, Jr., “Work
Force Trends, ” The Long-Term Impact of Technology on Em-
ployment and Unemployment (Washington, D. C.: National
Academy Press, 1983).

on relatively labor-intensive goods and serv-
ices, as some evidence suggests. *

Past trends suggest that technological
change and the declining share of manufactur-
ing jobs in the economy have eroded midlevel
job and income opportunities, polarizing the
work force and income distribution (see table
40). Noyelle, for example, argues from an anal-
ysis of private sector earnings distributions
that:

Medium jobs are shrinking in importance
across the economy, in good part because
employers are increasingly emphasizing the
concentration of skills in a relatively narrow
stratum of upper level jobs, while dealing with
the rest of their work force as a buffer that
can be adJusted over the course of the econom-
ic cycle.

However, it is not clear that this pattern will
continue in the long run. While long-term
changes in wage patterns and income distribu-
tion are beyond the scope of this report,
several observations can be made here.

Stanback and Noyelle attribute the loss of
midlevel jobs in manufacturing to “increased
separation between production and adminis-
trative functions . . . and the increased divi-
sion of the work process within both produc-
tion and corporate administration.”Pro-
grammable automation should counteract
these trends, because it aims to integrate pro-
duction and administration. Also, PA may
help to reduce employment fluctuations
among firms in the future because it simulta-
neously lowers labor requirements and encour-
ages broader job descriptions, which may
make workers less “dispensable.” Moreover,
as suggested by the discussion of occupational
trends above, PA may so blur occupational

*Note that between 1968 and 1982, personal consumption
expenditures consistently grew faster than GNP; consumer
spending is the largest component of GNP. See Arthur J. An-
dreassen, “Economic Outlook for the 1990's: Three Scenarios
for Economic Growth, " Monthly Labor Review, November
1983.

“Thierry J. Noyelle, “People, Cities, and Services, ” The En-
trepreneurial Economy, June 1983.

"Thomas N. Stanback, Jr., and Thierry J. Noyelle, Cities in
Transition (Totowa, N. J.: Allanheld, Osmun & Co., 1982).
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Table 38.—Earnings of Production Workers,
Selected Industry Groups, 1936 to Date, Annual Averages

Motor Metal- Metal-
Durable Nonelectrical vehicles & Aircraft working cutting
qoods machinery equipment and parts machinery machinery
Year industries industry industry industry industr’ industr
Average weekly
1936 $ 23.72 NA $ 30.13 NA NA $ 28.73
1937 26.61 NA 32.66 NA NA 32.48
1938 23.70 NA 30.59 NA NA 26.75
1939 26.19 NA 33.58 NA NA 32.34
1940 28.07 NA 36.69 NA NA 37.44
1941 33.56 NA 42.68 NA NA 44.22
1942 42 17 NA 54.15 NA NA 52.70
1943 48.73 NA 59.13 NA NA 55 .11
1944 51 .38 NA 60.12 NA NA 58.19
1945 48.36 NA 55.28 NA NA 57.14
1946 46.22 NA 52.28 NA NA 54.40
1947 51 .76 $ 57.58 58.63 $ 54.74 $ 58.69 57.87
1948 56.36 60.38 63.15 60.97 63.13 61 .68
1949 57.25 60.31 67.33 63.34 61 .33 59.23
1950 62.43 67.08 74.85 68.10 71.73 69.87
1951 68.48 76.13 77.16 77.96 86.01 85.14
1952 72.63 79.55 84.87 81 .27 92.20 90.24
1953 76.63 82.68 8988 83.38 96.81 95.17
1954 76 .19 81 .40 91 .30 84.66 93.09 89.25
1955 82 .19 87.36 99.84 89.21 98.34 95.48
1956 85.28 93.06 96.82 95.57 108.96 106.25
1957 88.26 94.12 100.61 96.35 106.89 101 .04
1958 89.27 94.33 101 .24 101 .25 102.00 91 .20
1959 96.05 102.92 111 .38 106.63 113.74 106.93
1960 97.44 104.55 115.21 110.43 117.27 110.99
1961 100.35 107.42 114.65 114.68 117.04 111 .92
1962 104.70 113.01 127.67 119.97 125.57 119.41
1963 108.09 116.20 132.68 122.43 128.90 124.42
1964 112 .19 121 .69 138.03 125.03 137.06 132.01
1965 117.18 127.58 147.63 131 .88 144.37 138.76
1966 122..09 135.34 147.23 143.32 153.72 150.20
1967 123.60 135.89 144.84 146.97 154.56 154.25
1968 132.07 141 .88 167.66 152.04 158.70 152.65
1969 139.59 152.15 170.56 161 .35 172.38 166.61
1970 143.47 154.95 170.47 168.92 174.28 166.00
1971 153.52 161 .99 195.29 175.82 174.62 163.90
1972 167.27 179.34 219.22 193.44 198.29 194.71
1973 179.28 193.83 237.08 207.50 214.90 219.11
1974 190.48 207.62 239.54 218.70 225.33 232.74
1975 205.09 219.22 262.68 246.19 226.46 232.68
1976 225.33 236.74 305.30 263.16 248.89 249.96
1977 248.46 259.79 345.40 289.95 279.72 290 .18
1978 270.44 285.44 368.05 318.19 308.88 322.56
1979 290.90 305.98 372.37 351 .05 329.30 344.21
1980 310.78 328.00 394.00 389.76 346.83 366.21
1981 342.91 360.33 450