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Preface

Advanced computer and communication technology is providing a wide
assortment of new tools for improving industrial productivity by automating
manufacturing. Robotics technology is an important component of modern auto-
mation technology, one in which U.S. industry is vitally interested.

On July 31, 1981, the Office of Technology Assessment held an exploratory
workshop to examine the state of robotics technology and possible public policy
issues of interest to Congress that may arise from its use. The workshop partici-
pants included researchers in robotics technology, representatives from robot
manufacturing firms, and representatives from firms that use robotics technol-
ogy. The principal goals of the workshop were the following:

+ assess the state of robotics technology;

+ examine the structure of the robotics market;

+ determine the relationship of robotics to other new automation technol-
ogy; and

+ determine whether significant Federal policy issues were likely to be
raised.

This report contains a summary of the results of the workshop along with
copies of four background papers that were used as starting points for the
discussion. The workshop was exploratory in nature, and OTA does not at this
point take any position on the merits of the issues discussed or on their worthi-
ness for future assessment.

JOHN H. GIBBONS
Director

iii



Workshop Participants

Roy Amara
Institute for the Future

Paul Aron
Daiwa Securities America, Inc.

James K. Bakken
Ford Motor Co.

Donald C. Burnham
Westinghouse Electric Corp.

Laura Conigliaro
Bache Halsey Stuart Shields, Inc.

Robert W. Duffy
Honeywell, Inc.

Joseph Engelberger
Unimation Corp. & Consolidated Control Corp.

Donald F. Ephlin
International Union United Auto Workers

Bela Gold
Case Western Reserve University

Margaret Graham
Harvard Business School

John Kendrick
George Washington University

Robert B. Kurtz
General Electric Co.

Ronald L. Larsen
National Aeronautics and
Space Administration

Alvin P. Lehnerd
Black & Decker Manufacturing Co.

Eli S. Lustgarten
Paine Webber Mitchell Hutchins, Inc.

Reginald Newell
International Association of Machinists

Gordon 1. Robertson
Control Automation, Inc.

Bernard M. Sallott
Robot Institute of America

Harley Shaiken
Massachusetts Institute of Technology

Ken Susnjara
Thermwood Corp.



OTA Robotics Staff

John Andelin, Assistant Director, OTA
Science, Information and Natural Resources Division

Sam Hale, Interim Program Manager
Communications and Information Technology Program

Frederick W. Weingarten Marjory Blumenthal
Zalman Shaven Charles Kimzey*

Administrative Staff

Elizabeth Emanuel, Administrative Assistant
Jeanette Contee Shirley Gayheart

Contractors and Consultants

James Albus, National Bureau of Standards
Paul Aron, Diawa Securities
Bela Gold, Case Western Reserve University
Eli Lustgarten, Paine Webber Mitchell Hutchins

OTA Publishing Office

John C. Holmes, Publishing Officer

John Bergling Kathie S. Boss Debra M. Datcher Joe Henson

*n detail from the Department of Commerce.



Contents

Chapter Page
LLINTRODUCTION . . . e e e 3
Background . . ... . 3
Workshop Goals . . ... . 4
I1. ROBOT TECHNOLOGY . .. . e 7
Roots of Robotics Technology . .. ...... ... .. . . . . . 7
Definition of Robots.. . . . . ... ... . 8
Technological Contextof Robots . . . ........... ... ... ... ........ 8
The Robot Market. . . . ... ... 9
Technology and Market ISsues. . . ... .. i 10
111. SOCIAL ISSUES... . . .. 13
Productivity and Capital Formation. .. ................ .. ....... 13
Labor . ... 14
Education and Training. . .. ........ .. i 16
International Impacts. . .. ....... ... .. . . 17
Other Applications. . ... .. e 17
REFERENCES. . . . . .. 21
Appendixes
A. Workshop Issues List of Social Impacts . . ........................ 25
B. Commissioned Background Papers. . .. ........ ... .. i 26
I. Paul Aron Report NO. 25. . . . . ... . . e 27
2. industrial Robots and Productivity Improvement. . ... ........... 62
3. Robotics, Programable Automation and Improving Competitiveness. 90
4. Robotics and Its Relationship to the Automated Factory. . ......... 118

Vii



Introduction



I.
Introduction

Background

The topic of industrial robots has recently
been given increased attention. Articles in
the technical and popular press have dis-
cussed the potential of robots to boost U.S.
industrial productivity and enhance interna-
tional competitiveness (1,2). Others have
concentrated on the effects of robots on em-
ployment and their potential to change the
workplace environment and alter the nature
of work (3,4).

This same interest in robotics technology
has been expressed informally to OTA by
congressional staff from several committees.
Other OTA studies in such areas as informa-
tion policy, educational technology, innova-
tion, and industrial competitiveness have
touched on the impacts of robotics technol-
ogy in light of those issues.

To date, a primary thrust of domestic U.S.
interest in robotics seems to be the belief
that robots, along with other new automa-
tion technology will be an important tool for
improving the competitiveness of U.S. man-
ufacturing. The use of robots may lower pro-
duction costs, improve the quality of manu-
factured goods, and reduce workplace haz-
ards. A clear theme has been the concern
that foreign competitors may be gaining a
significant edge over the United States both
in using this new production technology and
in establishing a competitive position in the
potentially major export market for robots.

Some writers have also expressed concern
about possible impacts of this technology on
workers as it becomes more widely used.
They have stressed possible unemployment,

the need for new and different skills, and ef-
fects on the work environment.

Abroad, interest in robotics has been in-
tense. England, Japan, Germany, Norway,
Italy, and Sweden have initiated govern-
ment and private efforts to develop robotics
technology and stimulate its use in manufac-
turing. Some of these countries have also
undertaken studies to assess ways in which
automation may create or eliminate jobs.

In response to congressional interest in
public policy issues related to robotics, the
rapid advances in computer technology and
its applications, and public concern about
the state of the U.S. industrial economy,
OTA sponsored an exploratory workshop to
discuss the future of industrial robotics and
its likely impact on public policy. The pur-
pose of this paper is to summarize the re-
sults of this effort and to make available sev-
eral informal papers prepared for that work-
shop. Most of the information is based on
discussions at the workshop, commissioned
papers, * and other material collected prior to

the workshop.

The summary presents background infor-
mation and identifies key questions and is-
sues that were raised to the OTA staff dur-
ing the course of the project. It does not con-
tain analysis or evaluation of these issues. It
also does not present any options for Federal
policy or analysis of such options.

*Attached to this report as app. B.
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Workshop Goals

The workshop had several goals:

assess the current and likely future
state of robotics technology;

examine the structure of the robotics
market, including domestic and foreign
users and producers;

determine how robotics relates to other
manufacturing technologies such as
computer-aided design and flexible
manufacturing systems; and

determine whether significant Federal
policy issues were likely to be raised by
the expected growth in industrial
robotics.

General agreement was found on the fol-

lowing points:

. the use of robots for industrial automa-

tion is growing rapidly; robots are likely
to be heavily used by the end of the

decade in many settings;

robotics, while perhaps the most visible
and dramatic one, exists in a wide spec-
trum of technologies that contribute to
the automation of manufacturing;

any major impacts on productivity and
employment within this decade will be
attributable to the general trend toward
automation (including robotics), compu-
ter-aided design, the use of information
systems to control operations and sup-
port managements, and the integration
of all these technologies into flexible
manufacturing systems; and

robots, themselves, may have important
impacts in the long run as they evolve
toward intelligent, stand-alone devices
that can perform a variety of complex
tasks, and thereby substantially broad-
en their range of potential application.



1}
Robot Technology



11.

Robot Technology

Roots of Robotics Technology

The paper by Albus (see app. B, item 2)
surveys the state of robotics technology.
Robots have a dual technological ancestry
that has an important effect on discussions
about what they are, what they can do, and
how they are likely to develop. The two an-
cestral lines are: 1) industrial 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.
Ideas about the nature of robots differ
according to the importance given to these
two technological roots.

Most modern industrial robots are exten-
sions of automated assembly-line technol-
ogy. This form of automation has not histori-
cally depended on computers, although mi-
croelectronics provides a powerful new tool
for extending its capabilities. In this view
modern industrial robots are closely related
to numerically controlled machine tools.

From such a perspective, robotics is
already approaching the state of a mature
technology. Over the next decade, the most
important impacts of robotics on the econ-
omy and work force cannot be considered
separately from the impacts of industrial
automation in general.

On the other hand, modern computer tech-
nology may provide future robots with new
“intelligent” capabilities such as visual and
tactile perception, mobility, or understand-
ing instructions given in a high-level, natural
language, such as “Assemble that pump!”
The commercial availability of such capabil-
ities may be one or two decades away.

In the view of some computer science re-
searchers, robotics as a technology that will
have significant social impact is still in its in-
fancy. They estimate that, given sufficient
research support, they could produce a flexi-
ble, intelligent robot for the market within
this decade. A robot of this type will be able
to move freely about an unstructured envi-
ronment, and perform a wide variety of tasks
on command with minimal reprogramming
time.

This view stresses the need for continuing
basic research in computer science related to
robotics, particularly in *“artificial intelli-
gence. ” Robots are seen as “stand-alone,”
reprogramable devices, capable of perform-
ing many tasks other than large-scale assem-
bly line applications, for example, small-
scale batch manufacturing, mining, or equip-
ment repair.

Which of these views is most pertinent in
terms of current policy issues will depend, in
part, on whether such an “intelligent” robot
would be economically feasible in the near
future and whether it would meet a signifi-
cant need in the industrial sector. It seems
likely, in fact, that both types of robotics
technology will eventually become impor-
tant, but that their economic and social im-
pacts will differ to the extent that they are
used for different purposes in different en-
vironments. Furthermore, the time scale for
widespread adoption will be significantly
later for the “intelligent” machines.
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Definition of Robots

It is difficult to establish a usable, general-

ly agreed on definition of a robot. Experts
use different approaches to defining the
term. The problem of definition is further
compounded for the public by images shaped
by science fiction movies that bear no resem-
blance to robots currently on the market.

At the same time, it is important to have

some common understanding of the term in
order to define the state of the art, to project
future capabilities, and to compare efforts
between countries. Depending on the defini-
tion used, for example, estimates of the num-
ber of robots installed in Japan vary from
3,000 to over 47,000 (5). This variation stems
in part from the difficulty of distinguishing
simple robots from the closely related “hard
automation”™ technologies for transferring
material.

The Robot Institute of America, a trade

association of robot manufacturers and
users, defines robots as follows:

A robot is a reprogramable multifunctional
manipulator designed to move material,
parts, tools, or specialized devices, through

*The term "hard automation” refers to traditional custom
engineered automated |ines.

Al though they may contain

some standard conponents, they are built to acconplish one
specific set of tasks and often nust be conpletely torn down
and rebuilt when the manufacturing process or product
design changes.

variable programed motions for the perform-
ance of a variety of tasks.

This definition seems to describe the current
state of the technology and is generally ac-
cepted by U.S. industry.

Industrial robots have three principal com-
ponents:

1. one or more arms, usually situated on a
fixed base, that can move in several
directions;

2. a manipulator, the business end of the
robot, is the “hand” that holds the tool
or the part to be worked; and

3. a controller that gives detailed move-
ment instructions.

Computer scientists add to this list a few
capabilities that are not generally commer-
cially available today, but that might be part
of a general purpose robot of the future (6).
They include the following:

4. locomotion some means of moving
around in a specified environment;

5. perception, the ability to sense by sight,
touch, or some other means, its environ-
ment, and to understand it in terms of a
task—e.g., the ability to recognize an
obstruction or find a designated object
in an arbitrary location; and

6. heuristic problem-solving, the ability to
plan and direct its actions to achieve
higher order goals.

Technological Context of Robots

The principal technological context of ro-

botics is the field of industrial automation.
Most experts on industrial automation state
that robots are only one component of a
large collection of related devices and tech-
nigues that form the technological base of in-
dustrial automation (7). This view was ex-
pressed both at the workshop and in discus-
sions of experts with OTA staff. Mechanical

devices that performed tasks similar to
those done by modern industrial robots have
existed for centuries. The principal dif-
ference is that, whereas so-called “hard
automation” is custom designed to a par-
ticular task, robots are standardized, but
flexible and programmable units that can be
installed in different environments with
much less customization. (Some adaptation
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is still often required). Clearly, there is a
tradeoff between the efficiency of hard auto-
mation and the flexibility of robots.

Since machinery will be integrated with
the total design of a factory it may not be
useful to distinguish robotics as an inde-
pendent technology. A fully automated fac-
tory of the future might include the follow-
ing components:

+ a computer-aided-design  (CAD) system
that provides a tool for engineers to de-
velop new products on a computer using
an electronic display screen. The data
base generated by the computer during
the design phase is then used by other
computerized parts of the factory;

« numerically controlled machine tools
and other automated devices that fabri-
cate components of the product, trans-
port, and assemble them following
instructions generated by the CAD
system;

+ robots, also operating under computer
generated instructions, that transfer

materials from station to station, oper-
ate tools such as welders and spray
painters, and perform some assembly
tasks; and

« computerized information systems that
keep track of inventory, trace the flow of
material through the plant, diagnose
problems, and even correct them when
possible.

All of the above technologies are currently
under development and being used in some
form. They will likely evolve into compo-
nents of a fully automated flexible manufac-
turing facility.

Thus, there appear to be two parallel tech-
nological tracks along which industrial ro-
bots are likely to develop: 1) stand-alone
standardized units that will have varying
uses in many different environments; and 2)
robotics technology that is integrated into
complete factories that will, themselves, be
flexible. Any assessment of the impacts of
robotics would need to consider both types.

The Robot Market

The current structure of the industrial ro-
bot market—producers, users, and inves-
tors—is discussed in detail in the back-
ground paper by Lustgarten (app. B, item 4).

The principal uses of robots today are spot
welding, spray painting, and a variety of so-
called “pick and place” operations that in-
volve simply picking up an object and put-
ting it with a specific orientation in a pre-
determined spot.

The automobile industry is the largest
user of industrial robots, in terms of the
value of equipment installed, and probably
will continue to be over the next decade.
Other major current and potential future
users are summarized in the Lustgarten pa-
per. Once again, these estimates consider the
industrial robot as an extension of manufac-
turing equipment. They do not consider
possible new applications outside of manu-

facturing such as mining or equipment
repair.

Domestic robot manufacturers appear to
fall into four grous:

1. Traditional machine tool manufactur-
ers such as Cincinnati-Milacron that
have developed a robot product line.

2. Established firms such as Unimation
that have specialized in industrial ro-
bots.

3. Large manufacturing firms, such as
General Electric and, in particular, elec-
tronic computing equipment manufac-
turers such as Texas Instruments, that
plan to be major users of robots and that
have decided to build their own. These
firms may choose either to retain the
technology for their own use or to mar-
ket their robots externally.



10 . Exploratory Workshop on the Social Impacts of Robotics

4. Small entrepreneurial firms that devel-
op new, innovative robots. This type of
firm has been important in many sec-
tors of the information industry, and
could well play an important role in
robotics.

The relative importance in the market-
place of these different types of firms will de-
pend on and, in turn, influence the evolution
of robotics technology. The history of the
microelectronics market suggests that many

innovative new types of robots will come
from the entrepreneurs, while the large firms
will have the capital and capacity to produce
and market large quantities of heavy equip-
ment. Also significant in this regard is the
trend, common with most high technology
firms, toward acquisition of small, innova-
tive firms by larger industrial firms seeking
either to diversify or to integrate their tradi-
tional product lines with new technologies.

Technology and Market Issues

A number of issues concerning the robot
industry were identified in this project:

« Industrial organization.—What types
of firms will play the most significant
role in the production of robots and in
innovation? Will robot use and produc-
tion be concentrated in a few large com-
panies? Will a variety of robotics prod-
ucts be available for many applications
by diverse types and sizes of users?
What will be the effects on the financial
health of different types of potential
producers and users?

* Research and development (R&D).-
Should R&D stress applications or
should it focus on fundamental work
aiming at significant new breakthrough
in the state of the art? What role should
the Federal Government play in fund-
ing this research via agencies such as
the National Science Foundation?
What type of work should be pursued in
Government research labs such as the
National Bureau of Standards, and at
what level should it be funded? What
additional policies, if any, would be re-
quired to stimulate R&D in the private
sector?

®* Government use. —Are there particular-
ly important applications of robots in
the Federal Government that should be
explored and developed? Experts at the
workshop mentioned in particular de-
fense applications and uses of robots
for space exploration and oceanograph-
ic work.

® Definition. —The question of defining
robotics and their context, while not a
policy issue per se, is an important
problem if any Federal action is con-
templated to encourage their use or de-
velop any R&D program. How the tech-
nology is defined may well determine
the type of industry that will be helped
by the programs, and influence the
structure of the U.S. robotics industry.

® Standards. —Should the Government
encourage the establishment of tech-
nical standards for robotics devices and
components? Should standards be set
for interfacing between robots and
other automation and information tech-
nology? Would standards encourage
the development of the robot industry
and the diffusion of the technology, or
would they prematurely freeze the state
of the art? -
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1.
Socilal Issues

In addition to the technology and market
issues above, the workshop panel identified a
number of social impacts. This list is pro-
vided in appendix A. Many of the issues on
the list were offered without much comment;
and, as would be expected, the panel mem-
bers differed in their opinions of the priority
of the various issues and their importance to
the Federal Government.

Combining the workshop results with
other information collected and evaluated in
terms of congressional interests, OTA iden-
tified five sets of issues.

. Productivity and capital formation
Labor
—Unemployment, displacement, or job
shifting

—Positive or negative effects on the
guality of working environment (such
as exposure to hazards, job boredom,
and employer/employee relations)

Education and training

—Need for technological specialists

—Need for a technologically literate
work force

—Need for retraining workers

International impacts

—Import/export of robotics technology

—Contribution to economic competitive-
ness

. Other applications

—Military

—Space

—Oceans

Each of these sets of issues is discussed
briefly below.

Productivity and Capital Formation

As stated in the introduction, much of the
literature on robotics contains reference to
the contribution robotics can be expected to
make toward improving industrial produc-
tivity. Since a major national concern is the
strengthening of U.S. industry, it is impor-
tant to examine this question.

No answers were agreed on by the work-
shop participants. However, some experts
did warn about making simplistic assump-
tions that exaggerate the importance of ro-
botics, by itself, in improving productivity.
Two reasons were offered:

1. Robotics is only one part of a wide array
of technologies available to automate
manufacturing and to increase indus-
trial productivity.

2. Productivity is a subtle and complex
concept with several definitions and
measurements. (This is developed in

some detail in the paper by Gold; see
app. B, item 3.) Furthermore, even after
some specific definition is chosen, indus-
trial productivity depends on many fac-
tors that interact with one another. It is
difficult, hence, to attribute productiv-
ity improvements to any single technol-
ogy.

These warnings do not suggest that ro-
botics is not an important production tech-
nology. Most experts seem to feel that it is.
However, they stated that there are dangers
inherent in taking an overly narrow defini-
tion of the technology when assessing im-
pacts on industrial productivity.

While most applications of robots to date
have been made by large firms, the future
diffusion of robotics and related technologies
can also affect small businesses in several
ways. For example, there are likely to be

13
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many new business opportunities for small
firms to develop and produce software and
specialized types of equipment. Secondly, it
can be argued that robotics and flexible
automation may in some cases lower the
minimum scale for efficient production, and
therefore that new manufacturing opportu-
nities could be created for small businesses.
Third, the adoption of robotics and related
technologies by large firms may foreclose
some manufacturing opportunities for small
firms that cannot afford to invest in new
equipment. This situation frequently arises
when major equipment technologies change.

Capital formation is another issue that
was raised in the workshop and is discussed
in the appended Lustgarten paper. The im-
portant questions seemed to be whether
there would be adequate capital for three
purposes:

1. To fund the modernization of industrial
plants for the use of automation technol-
ogy. The financial need would be par-
ticularly great if it were necessary to
rebuild entire plants in order to make
the most effective use of robotics.

2. To fund the construction and expansion
of plants to produce robots in quantities

necessary to have a significant economic
impact.

3. To fund entrepreneurs who wish to de-
velop new types of robots for new ap-
plications. The importance of the avail-
ability of this type of capital depends on
how important it is that the technology
be pushed forward rapidly.

No one in the workshop expressed the view
that lack of capital is an important impedi-
ment to the growth of the robotics industry
or to the expansion of the use of robots in
manufacturing. However, some panelists ob-
served that a tax policy that encourages
such investment would be an important
stimulus.

There was some disagreement about the
availability of private capital to fund R&D.
Robot manufacturers maintained that they
were investing large amounts of money in
R&D. Other experts suggested that these
expenditures were principally aimed at
short-term product development and adapt-
ing existing products to specific tasks. There
was a difference of opinion about the defini-
tion of R&D and concerning the amount of
emphasis that needs to be placed on long-
term research v. short-term product devel-
opment.

Labor

Unemployment is an issue that is con-
stantly raised in discussions about the social
impact of robots, but that seems in this con-
text not to be well understood as yet or even
to have been widely studied by labor econo-
mists in the United States (8). The discus-
sion at the workshop reflected a wide variety
of opinion about the effects on jobs, dif-
ferences that seemed to be confounded by a
number of conceptual problems.

Productivity improvements resulting from
the use of robotics and related technologies
can affect labor in a number of ways. These
effects depend on factors such as the follow-
ing:

+ The effects of new technology on the
relative proportion of machinery to
workers (the capital-labor ratio) in a
given industry.

The extent of change in prices and pro-
duction volumes for U.S. firms once the
new technology is in use.

The supply of qualified workers with
specific job skills in a given industry.

J.S. employment in a given industry may
fall because of productivity improvements,
which, by definition, enable fewer workers to
produce a given volume of product. U.S. em-
ployment in a given industry may remain
constant or rise, however, if productivity im-



Ch. Ill—Social Issues .15

provements are combined with increases in
production volume. Effective labor compen-
sation may rise or fall if productivity im-
provements lead to shorter workweeks
and/or new product prices, depending in
large part on production volume and profit-
ability. Finally, average wage levels will
change with changes in the necessary mix of
worker skills resulting from the implementa-
tion of robotics and related technologies.

Definitions of unemployment, like those of
productivity, require distinctions between
short-term and persistent job loss, or be-
tween true unemployment (job loss) and dis-
placement (job shift).

For some time, most experts in the United
States have argued that more jobs are cre-
ated by new technology than are eliminated.
However, if these jobs are in different in-
dustries and/or require different skills, the
effect on an individual who has been replaced
by automation can be traumatic.

Production and servicing of robots and
related technologies will create new jobs.
The number of jobs created and the rate at
which they appear will depend both on the
growth rate of the robot industry and the
degree to which robot manufacture and re-
pair are, themselves, automated.

Additionally, the effects of modern micro-
electronics will be to lower cost, improve per-
formance, and widen the availability of
automation technology substantially. Nega-
tive impact on employment that, in the past,
has been small enough to be insignificant or
undetectable may be much larger in the
future.

In order to assess the effects of automa-
tion on future employment levels, a baseline
must be established against which job loss
or gain can be measured. This baseline could
be a simple extrapolation of current trends.
But it may also need to be adjusted to reflect
two other effects:

.Virtual employment, domestic jobs that
were not explicitly eliminated, but that

would have existed were robots not in-
stalled.

® Virtual unemployment, domestic jobs
that would have-been lost if the plant
had not responded to domestic and in-
ternational competition by automating.

As the case with productivity, it is dif-
ficult to attribute employment effects to any
single component of an entire range of im-
provements in the manufacturing process, in
this case robotics. Any examination of the
effects of robots on jobs would need to con-
sider, at least in part, a much broader con-
text of automation technology.

There seemed to be two principal sets of
guestions concerning unemployment. These
questions are different in their focus, in their
implication for Federal policy, and in the
data collection necessary to analyze them:

1. Will the United States experience a
long-term rise in the real unemployment
rate due to the introduction of robotics
and other automation? If so, will these
effects be differentially severe by geo-
graphical location, social class, educa-
tion level, race, sex, or other character-
istics? What might be the employment
penalty of not automating?

2 Will the use of robots create displace-
ment effects over the next decade? In
what ways will these effects be specific
to particular industry classes, geograph-
ical locations, or types of jobs? How will
they effect labor/management negotia-
tions?

Quality of working environment is another
issue that was identified. If robots are
employed principally for jobs that are un-
pleasant or dangerous and if the new jobs
created by robotics are better, the quality of
worklife will improve. Productivity increases
may also, in the longer term, result in a
shorter, more flexibly scheduled workweek.

New forms of computer-based automation
may in many cases relieve job boredom and
resulting worker dissatisfaction that many
management experts have been concerned
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with. Workers may be able to make use of
more complex skills and perform a greater
variety of tasks. For instance, they may be
able to follow the assembly of a product from
beginning to end and assume greater individ-
ual responsibility for the quality of the
result.

The human working environment can also
be improved by segregating processes that
create hazardous working conditions (such
as heat or exposure to chemicals) from the
section of the factory occupied by humans,
and staffing them with robots. Furthermore,
equipping a worker with a robot helper for
strenuous activities not only eases job
stress, but opens up employment opportuni-
ties to those who have physical handicaps or
other limitations.

Whether these benefits are realized de-
pends, in part, on the particular ways in

which industry uses the technology. Many
labor experts are concerned that some uses
of robots will produce effects on the working
environment that will not be so salutary. For
example, some argue that one long-term ef-
fect of robotics may be to “deskill” labor, re-
quiring less ability on the part of humans as
they are incorporated into a mechanized
environment.

Some labor experts and others have also
expressed concern that automation provides
increased opportunities for employer surveil-
lance of employees. Some unions also fear
that automation could be used by employers
to “downgrade” jobs that require working
with automated systems, or that robots
might be targeted to replace unionized jobs
first.

Education and Training

A number of education and training issues
are raised by robotics. Some of them will be
addressed in the current OTA assessment of
the impact of information technology on edu-
cation, in the context of vocational education
and industrial training.

According to the workshop participants,
there is a shortage of trained technical ex-
perts in the field of robotics. If there is to be
any significant expansion in the pace of
automation including robotics, many more
computer scientists, engineers, software pro-
gramers, and technicians will be needed in
the next decade.

A shortage already exists in many fields of
engineering and science. It seems to be par-
ticularly critical in areas of computer soft-
ware design and programing, according to
findings of the recently released National In-
formation System study by OTA (9). Hence,
the issue is not peculiarly unique to robotics
technology, at least in the case of very
highly skilled jobs.

At the same time, the use of robots has
already created some new technical jobs. A
few programs have been started at the com-
munity college level to train workers in robot
installation, programing, and maintenance.

Some participants and observers sug-
gested that there was a need for a more tech-
nologically literate work force, one that has a
basic understanding of technology and
mathematics. In their view, improved tech-
nological literacy would provide the follow-
ing benefits:

1. To the extent that workers would be ex-
pected to instruct, oversee the operation
of, or repair robot units, they would
need some basic understanding of com-
puters and systems, both mechanical
and electrical.

2. A technologically literate work force
would be less likely to resist the intro-
duction of robots and other automation
technology.
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3. A knowledgeable, technologically
skilled worker would be easier to retrain
for some other job, somewhere else in
the plant.

One observer at the workshop suggested
that the reason the Japanese work force
seemed to welcome robots in their plants was
the high level of technological literacy re-
ported for the average Japanese employee.
This characteristic, accordingly, would give
the employer greater latitude in finding

another and possibly even more skilled job
for a displaced worker.

If the introduction of robotics into a plant
is not to result in unemployment, a program
of retraining displaced workers to take on
new jobs may be necessary. Retraining may
also be required for those workers who re-
main, for their existing jobs will change in
form and function even if their job title re-
mains the same.

International Impacts

Concern about economic competition in
this technology from Europe and Japan was
repeated often. Panelists pointed to large in-
vestments abroad both for research and de-
velopment and for encouraging the use of
robots. This potential competition exists on
two levels: 1) developing and selling robotics
technology, itself, and 2) using robots to pro-
duce goods more competitively (for example
automobiles).

Some experts felt that the directions of
robotics-related research were significantly
different between the United States and
other nations, notably Japan. U.S. research-
ers emphasize software and highly flexible
systems while many foreign laboratories are
concentrating on hardware. No one main-
tained that the foreign state of the art in
robotics was superior to that in the United
States. “Technological leads” are hard, in
general, to either prove or disprove.

There was a general feeling that the uti-
lization of robots was further advanced in

several nations (possibly including the Sovi-
et Union) compared to the United States.
Some analysis of the Japanese and Soviet
picture is presented in the background paper
by Aron (app. B, item 1).

The issue of international competition cre-
ates conflicts in import/export policy. Con-
trols might be placed on exports of industrial
robots either for national security reasons or
to limit foreign access to domestic high tech-
nology that increases the competitiveness of
U.S. firms. However, such controls also deny
U.S. robot manufacturers access to foreign
markets. Even if the total international
market in robots, per se, were to remain
relatively small, robot technology would be a
vital component in the much larger interna-
tional market for sales of complete auto-
mated factories.

Some issues of export controls are exam-
ined in the context of East/West trade in a
recent OTA study (10).

Other Applications

Some panelists and other consultants ex-
pressed concern that an examination of the
impacts of robotics not be restricted only to
applications to traditional industrial auto-
mation. Because of their ability to work in
environments that are hazardous, difficult,

or even impossible for a human to enter or
survive, there may be future uses of robots
that represent new opportunities.

For example, several defense applications
were mentioned. While there is work on
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direct military applications of robots, much
of the interest on the part of the defense
community in robotics is focused on manu-
facturing. Improved productivity in the
manufacture of weapons and associated mili-
tary hardware could offer significant savings
to the defense budget. Flexible, automated
factories, even those not normally involved
in military production, could be more easily
and quickly mobilized in times of national
crisis.

The National Aeronautics and Space Ad-
ministration is exploring the expanded use

of robots for such tasks as planetary explora-
tion, repairing satellites in space, and aiding
mining expeditions. Some researchers are in-
terested in the use of robots for ocean ex-
ploration and seabed mining.

These examples suggest that, depending
on the capabilities of robots in the next
decade, there may be important applications
that are not now imagined. The nature of
these new capabilities, and hence of the ap-
plications, will depend in part on Federal
policies in such broad areas as R&D, techni-
cal education, and reindustrialization.
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Workshop Issues List of

Social Impacts

Empl oyment (Plus and M nus)
Displacement
Patterns
Demographics
Skills/Occupational Categories
Regional Impact
User Industries
Quality of Work Life
Education and Training
Adequacy of Institutional Structure/Curricula
Population Segments
General Population
Executives
Workers
Engineers
Economi ¢
Economi ¢ Incentives
Capital Availability and Utilization

30-240 0O - BZ - 3

Antitrust
International Competitiveness
Import
Export
Technology Transfer
Quality of Life
Incone Production and Distribution
Product Quality
Research and Devel opnent
Time Base
Continuity
Critical Mass
Process Over Product
People
Robotics Technol ogy
General Standards
Rate of Diffusion
Mlitary Preparedness

25
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The following papers were prepared as background for the workshop and are included for
the purpose of documenting the project. Their content and conclusions are the sole respon-
sibility of the authors and do not necessarily reflect the views of OTA:

1. Paul Aron Report No. 25.

2. Industrial Robots and Productivity Improvement by James S. Albus.

3. Robotics, Programmable Automation and Improving Competitiveness by Bela Gold.
4. Robotics and Its Relationship to the Automated Factory by Eli S. Lustgarten.
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Daiwa Securities America Inc.
One Liberty Plaza, New York, New York 10006 (212) 732-6600

91 Liberty Street

JoUe ACTITRSS
Subsaary of Daiwa Secunies o S Jiasan E:‘f::ﬁitg,‘\’w o
July 28, 1981
ROBOTS REVI SI TED :
Paul Aron Report (#25) : ONE_YEAR LATER

Introduction: Statistics and Definitions

Just about one year ago | issued the Paul Aron Report #22 “Robotics
in Japan” which aroused considerable interest as the first serious and
conprehensive study by an American anal yst. In a note to that
Report, | wote: “OF course, one could continue to search for additional
data which woul d probably inprove the presentation. In view of the ex-
tensive Anerican discussion of productivity and the spate of articles on
robots, excellent though insufficiently attentive to Japan experience,
timeliness demanded the publication of what we know now. Thus, as with
all learning, the report nust be considered tentative and prelimnary not ex-
haustive”.  This note could well be descriptive of this current report. This
report is an update but to facilitate reading. | have included the relevant
material from the previous report. (Report # 22 is still available on request) .

In reexamning the conclusions of ny earlier effort, viewed at the
time by some as overly optinistic, | find that the report, w hile basically
correct, understated the tenpo of ‘growth. The Japanese industrial robot
industry is growing at a faster pace than anyone had previously estinated.
The original forecast by the Japan Industrial Robot Industry Association
(JIRA) for 1979 shipments was Y 36 billion é_about $180 nmillion); actual
shipments anounted to Y 42.4 billion, exceeding the original estimte by
17. 8% JIRA had initially estimated shipments for 1980 at Y 43 hillion; later
it revised the forecast upwards by 39. 5%to Y 65 billion. In actuality, ship-
nents were Y 78.4 billion (about $ 392 nillion) fully 82.3% above the original
estimate, JIRA is now estimating shipnents for 1981 in excess of = 100
billion (about $ 500 million) and for 1985 approximtely Y 500 billion (about
$2.5 billion). For 1990 the current “unofficial” estimate is = 1 trillion
(about $5 billion). These estimtes should be conpared with the initial JIRA es-
timate in early 1980 of = 195 billion for 1985 which many critics argued coul d
not be achieved until 1990. Even JIRA has difficulty keeping up with the
forecasts as late in 1980 it was estimating shipments of Y 240- 300 billion
for 1985 and Y= 450- 600 billion for 1990.
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TABLE |

Industrial Robot Production Value

Year Y Billion $ MIlion
1968 A

1969 1.5

1970 4.9

1971 4,3

1972 6.1

1973 9.3

1974 11. 4

1975 11.1

1976 14.1

1977 21.6

1978 24. 7

1979 42.4

1980 78.4 392
1981E 100. o+ 500
1985E 500.0 2,500
1990E 1,000.0 5,000

**Exchange Rate: Y 200 °$ 1.00

(For convenience only, | have used a single exchange rate of
Y 200 = $ 1.00 throughout the report for the past, present and
future. )

It may be argued that Japanese data on robots is confusing to
Anericans because of a difference in definitions. The Electric Machinery
Law of 1971 in Japan defined an industrial robot as an all purpose machine
equipped with a nenory device, and a ternminal device (for holding things)
and capable of rotation and of replacing human |abor by automatic performance
of nmovenents. JIRA classifies industrial robots by the nethod of input
information and teaching as follows:

1) manual manipul ator--a manipul ator that is worked by an operator.

2) fixed sequence robot--a manipulator which repetitively perforns
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successive steps of a given operation according to a predeterm ned
sequence, condition, and position, and whose set information cannot be
easily changed.

3) variable sequence robot--a manipulator which repetitively
performs successive steps of a given operation according to a predeterm ned
sequence, condition, and position, and whose set information can he easily
changed.

4) playback robot--a manipulator which can produce, from nenory,
operations originally executed under human control. A human operat or
initially operates the robot in order to input instructions. Al the infor-
mation relevant to the operations (sequence, conditions, and positions ) is
put in menory. When needed, this information is recalled (or played back,
hence, its name) and the operations are repetitively executed automatically
from nenory.

5) NC (nunerical control) robot--a manipulator that can performa
given task according to the sequence, conditions and position, as commanded
via nunerical data. The software used for these robots include punched
tapes, cards, and digital switches. This robot has the same control node
as an N C. machine.

6) intelligent robot--this robot with sensory perception (visual
and /or tactile) can detect changes by itself in the work environment or
work condition and, by its own decision-nmaking faculty, proceed with
its operation accordingly.

| have used three different robot definitions:

(1) “Robots by Japanese Definition ''--all 6 classes

(2) “Robots by US. Definition ''--classes 3,4, 5,6

(3) “Sophisticated Robots ''--classes 4,5,6

The Anerican Robot Industry Association (RIA) defines a robot as “a
mani pul ator designed to nove material, parts, tools, or specialized devices,
through variable programmed notions for the performance of a variety of

tasks. “ Thus, the U S. definition of robots elimnates the manual mani-
pulators and fixed sequence machines.

The following is a breakdown by the nature of input information and
teaching (in yen value) .
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TABLE 2

Share in Total Shipnent

By Nature of Teaching and Input Information

First
Half F. Y.
1974 1975 1976 1977 1978 1979 1980

1) Manual Manipul at or 6.5% 7.8% 11 4% 8.7% 5.6% 5 % 7. 8%

2} Fi xed Sequence Robot 68.0} 73.0} 47.6 39.0 37,1 47.0 35.8

3) Variable Sequence Robot 8.9 10.9 14.6 18.0 13.3

4)  Playback Robot 10.5 10. 2 12.7 18.0 17.4 17.0 25.0

5 NC Robot 0.2 0.4 0.4 0.5 4.0 2.6

6) Intelligent Robot 0.1 1.7 6.2 10.3 12.2 9.0 9.9

7) Attachnments 14.7 7.2 12.8 12.7 12.6 5.6
100.0 100.0 100.0 100.0 100.0 100.0 100.0

The sophisticated robots clearly represents an increasing share of
p reduction--37. 5% by the first half of 1980 conpared to only 10.8%in 1974,

Data is available for the nunber of units per type produced in 1979
and the nunber of robots installed and working at the end of 1979.

TABLE 3
Shipnents of Industrial Robots - 1979
Type Units Value =Y MIlion)

Manual  Mani pul at or 1,051 2,100
Fi xed Sequence Robot 10,721 19,990
Vari abl e Sequence Robot 1,224 7,700
Pl ayback Robot 662 7,200
NC Robot 89 1,700
Intelligent Robot 788 3,800

14,535 units 42, 400
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TABLE 4

Industrial Robots - Installed and Operating

12/ 31/ 79
Manual  Mani pul at or 7,290
Fi xed & Variable Sequence Robot 45, 760
Pl ayback & NC Robot 2, 410
Intelligent Robot 788

56, 800 units

As JIRA previously had not differentiated fixed and variable sequence
robots, the number of operating variable sequence robots installed in
1979 nust be estimated. | prefer the more conservative estimate of 4300
rather than the higher 10 250.

Final data is not yet available for 1980 but, based on the |atest
prelimnary data shipnents and installed working robots at the end of
1980 can be estimted as fol | ows:

TABLE 5

Industrial Robots - Installed and QOperating (Estimated)

12/31 /80
Units
1) Manual Mani pul ator 8,790
2) Fixed Sequence Robot 56, 460
3) Variable Sequence Robot 6, 100
485) Pl ayback & NC Robot 3,460
6) Intelligent Robot 1,690

Tot al 76, 500
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TABLE 6

Shipnents of Industrial Robots Estimated

1980

Units

1) Manual Manipul at or 1,500
2) Fixed Sequence Robot 15, 000
3) Variable Sequence Robot 1,800
4 Playback Robot 900
5 NC Robot 150
6) Intelligent Robot "350
Tot al 19, 700

Using the more restrictive U.S. definition of industrial robots, the
following chart conpares the relative positions.

TABLE 6A
Us. - Japan Conparison
I ndustrial Robots

1980
Japan Us.
Production in Units 1980 3,2000 1, 269
Production in Value ($ M1.) 1980 180 100
Installed Operating Units  12/31 /80 11, 250 4,370

The nost optinistic estimates for US. production in 1980 is 1,500
and for U S installed robots 5 000 but even if this estimte were correct
the U'S. position is hardly altered.
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In 1980 the United States probably placed third in the unit pro-
duction of industrial robots--the Soviet Union produced an estimated
2,000- 3,000 industrial robots. Soviet production, however, tends to
concentrate on the less sophisticated robots. Sonehow, Americans seem
to have taken confort with an estimate published in Time in Decenber 1980,
of 25 robots in the Soviet Union (at the very noment That the Sovi et
Uni on was producing about 70 different robot nodels) . Incidentally, Soviet
robotics began even later than Japan--in 1971-72 the first three Soviet
robots were produced. The United States ?roduced its first robot in
1961--a Unimate based on a patent originally issued in 1954. It was only
in 1967 that Tokyo Machinery Trading Co. started to inport and sell a
Versatran fobot, then produced by AMF, Inc. In Novenber, 1968,
Heavy Tndustries concluded a technology [Tcense agreement with Unimation and
in 1969 began to produce robots in Japan. Thus, the U S. enjoyed at
| east an eight year |ead over Japan and a ten year |ead over the Soviet
Uni on.

What does the future hol d?--M estimates or better “guesstinates”
for Japan is necessarily very tentative.

TABLE 7

Japanese Industrial Robot Denmand Forecast--Paul Aron

In Units

1980 (E) 1985 (E) 1990 (B)

Manual  Mani pul at or 1,500 6, 000 12, 000
Fi xed Sequence 15, 000 30, 000 45, 000
Variable Sequence 1,800 14,000 18, 650
Pl ayback 900 6, 500 13,000
NC Robot 150 1,400 2,800
Intelligent 350 10, 000 23,000

Tot al 19, 700 67,900 114,450
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TABLE 8 (Japanese Industrial Robot Demand Forecast--Paul Aron[cont.])

In Value - Billion Y

1980(E) 1985(E) 1990 (E)

0 0, 0,
Manual  Mani pul at or (3Y)0 (3@8 % (? (Zg (?
Fi xed Sequence 38.4 49.0 60 12 90 9
Vari abl e Sequence 12.0 15.3 75 15 100 10
Pl ayback 12.1 15.4 70 14 140 14
NC Robot 3.7 4.7 15 3 30 3
Intelligent 4.9 6.3 120 24 280 28
Auxi | iary Equi prent 3.0 3.8 70 14 140 14
Export 1.2 1.5 80 16 200 20
Tot al 784 Too% o500 To0% T000  TO0%

Using the nore restrictive American definition of robots, Japanese
industrial robot production is estimated to achieve a unit output of 31,900
with a value of $ 2.15 hillion in 1985 and 57, 450 units and $ 4.45 billion
in 1990. If this were to occur, Japanese output in 1985 would be four times
greater in units and value than the nmost optinistic forecast for the US

Wy have industrial robots enjoyed such success in Japan and why
do the Japanese place such high confidence in their future?

LABCOR :

Japan’s success in robot production and installation can be traced, in
large measure, to its labor practices. The Japanese enployees in mgjor
corporations are guaranteed lifetime enployment (until the age of 55-60) .
In addition, all enployees receive two bonuses, each ranging from 2-5
mont hs pay, in June and Decenber, which, while negotiated between the
union and nmanagenent, are ultimately based upon the conpany profitability
The Japanese union snot based on crafts, skills or occupations: the union
is on a conpany wide basis and covers all nember of the bargaining unit.
Enpl oyees identify with the conpany, not with a skill and they are often
shifted fromone job to another within the conpany. The worker, not
fearing loss of enploynent, does not oppose automation; in addition, as
automated production generally enhances quality and profit and conse-
quently the bonus, the Japanese enpl oyees wel cone the robots. In Japan
the conpany assumes the responsibility for retraining the enployees who
have been displaced by the robots. The large conpanies, at least in the
| ast 20-25 years have assuned the responsibility of training and retraining
their enployees; lifetinme enployment deprives nmost conpanies of the
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opportunity to recruit skilled workers from other conpanies and therefore
necessitates training. Not fearing the |oss of trained workers, conpanies
are encouraged to devote considerable effort to training prograns. Finally
as robots are used in dangerous, unhealthy and repetitive jobs, the

enpl oyees consider production by robots as a means of relieving nonotonous
and environnental ly harnful tasks in manufacturing. Enployees, dis-

pl aced by robots, have noved to jobs, more challenging intellectually and

| ess demanding physically.

The practice of QC circles has played an inportant role in devel oping
enpl oyee participation in problemsolving. They are voluntary teams of
8-10 enpl oyees who began in the md-sixties to study quality problens
and to suggest inmprovenents. These teans expanded their range of
activity from quality to many other areas including productivity, especially
during the seventies. Studies indicate that both the unions and particu-
larly the QC circles have often been involved in introducing robots into
plants. It should be no surprise that those conpanies which have the nost
active QC circles are also the leaders in robotization. O course, the
relatively high tenpo of real economic growth in Japan, with its con-
sequent demand for increased |abor, has nore than conpensated for the
losses of jobs resulting from increasing productivity, automation, and
robot introduction. Some Japanese econonists, however, are already
warning that the saturation by industrial robots mght create an unenpl oy-
ment problemin the 1990's

The Japanese seemto believe that they displaced the U S. as the
“Nunber One” in robot production largely because of the |abor problem
In Anerica and Western Europe, the introduction of robots is frequently
debated and the crucial point in such debates is the unenpl oyment pro-
blem This is rarely discussed in Japan and instead the positive effects
of robots are discussed: inprovement of quality and productivity and
greater safety for the enployees. Stress is placed on the new opportunities
for greater and higher |evel enploynent, as robot operators, robot
mai nt enance workers, and “software engineers”, and for opportunities in
new industries such as ocean resource gathering made possible by robots
Unlike Japan, few U S. conpanies have assunmed the responsibility for
retraining workers that could be displaced by robots. Furthernore, the
Anerican worker does not directly benefit from the increased savings and
profit created by robotics. It is interesting that the TV program on
productivity (“If Japan can do it, etc. ") omtted any discussion of the bonus
in Japan

COSTS OF LABOR AND ROBOTS

The advantages of industrial robots can be better understood in the
context of the relationship of labor costs and robot costs. The acconplish-
ments of the robot introduction in Japan from 1968 to 1973 were not
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promi sing because of the wide divergence of |abor and robot costs. Before
the 1973 “G | Shock”, Japanese |abor costs were still relatively inexpensive
while industrial robots were still high-priced because of the low level of

el ectronic devel opnent. During the decade of the seventies |abor costs

rose sharply in Japan. The manufacturing cost of industrial robots of

all types at first declined from 1970-1975. After 1975, the price of the
sinpler and less electronic “robots” rose, but the “semconductor revolution”
in Japan continued to reduce the cost of the more sophisticated robots.

The following table based on a JIRA survey is revealing.

TABLE 9
Ratio of Robot Costs to Labor Costs
(Unit Y 1000)
Tot al 1970 1975 1978
A Labor Cost Per Man 990 2,300 3,000
B.  Average Price -- Robot 4,600 4,100 5,000
Japanese def i ni ti on)
c. cost -- Playback Robot 12,000 11,000 11,000
Ratio B/ A 4.6 1.8 1.7
Ratio CA 12.1 4.8 3.7

The decline of robot costs relative to |abor costs is especially sharp in
the field of sophisticated robots. Superficially, a playback robot can be
anortized within four years on a single shift and within two years on a
double shift. The actual expenses of robot installation and naintenance
resulted in a slower rate of anmortization. |In the future, labor costs are
expected to increase 6 - 7% annually while robot costs, thanks to declining

m croprocessor prices, should remain level or decline.

In a questionnaire distributed by JIRA on the notives for installing
industrial robots in the future, the responses in order of inportance were
as follows: (1) economic advantage, (2) increased worker safety,

(3) universalization of production systems, (4) stable product quality, and
(5) labor shortage.

Hence, the econonic advantage of the industrial robot over human
[ abor which seens certain to growin the future is considered the nost
inportant factor in the increased application of industrial robots.
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MANAGEMENT

Japanese managenent on all |evels has been more responsive to the
introduction of robots than their American counterparts. Life-tine
enpl oynent has created greater security and a nore long-range attitude
anong Japanese managers. The absence of stock options reinforces this
attitude. Japanese managers are able to tolerate the high initial costs of
incorporating robots into p reduction and are willing to accept a much |onger
payoff than their American counterparts. In the first year of robot intro-
duction, costs can be very high-- not only increases in depreciation
interest costs, and niscellaneous costs related to the robot (changes in the
plant and its equipnment to acconmodate the robots) , but also interference
and sl owdowns in production while the robot is being fully integrated into
p reduction. In one case study in Japan, for exanple, the conpany had
anticipated that robots would increase production, and thus would permt
wite-off of all costs within the first year. [Instead, production declined
and total costs grew by 30% Sinilar experiences have caused many
Armerican managers to abandon their robot program But the Japanese
persisted and at the end of the second year total costs were 25% | ess than
if the product had continued to be produced manually.

Japanese managers are generalists, often shifted fromone area to
another that bears little relationship to their previous experience. On the
other hand, American managers tend to be specialists and stay within one
area of work during their entire career. This, at times, creates opposition
if not hostility, to a novelty such as a robot that might undermine their
position. Anmerican reports are replete with tales of opposition to robots
by middle and |ower managers and conflicts between manufacturing engineers
seeking to introduce new technology and production departments seeking to
maxim ze current production and intolerant of any interference in output.
Even the front line of management-the foreman-often see the robot as a
threat to their status especially when the robot requires “care and feeding”
by an inexperienced youth with a training in electronics who substitutes
know edge for strength

In an atnosphere of relatively high interest rates the financial side of
U.S. managenent constantly seeks shorter and shorter payouts and
Anerican roboticists often see these “bean counters” as their eneny. The
non-adversary relationship and the long-term outlook which pervades the
Japanese conpany has successfully coped with the issues of robot intro-
duction

Anerican and European conpanies were also, to some extent, side-
tracked in robotics as they had been in the production of nunerica
control machinery. The Anericans devel oped very expensive and very
conplicated NC machines so that when the conputer broke down, the entire
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maachine, virtually a machine shop in itself, halted. The Japanese devel oped
smaller, sinpler, less expensive machines that catered to small-scale pro-
duction and could produce in small batches. In robotics the European and
Anerican producers often concentrated on the nost expensive robots and
permtted the Japanese to devel op robotics gradually from the unsophisti-
cated manual manipulators to nore conplex systems that incorporate
“intelligence”.

| NDUSTRY STRUCTURE FOR | NDUSTRI AL ROBOTS

At present about 130-140 firms in Japan are manufacturing robots of
whom 37 are menbers of the JIRA. Mst |arge manufacturers, actual or
potential, are JIRA nmenmbers but sonme inportant exceptions should be
noted--Matsushita Electric Industries, Osaka Transformer Corporation,
Sei ko, and the pen manufacturers.

The existing robot makers are widely distributed over the whole
range of business scales. In size of capitalization, robot makers are
broadly distributed fromsmall firms to giant corporations. In exam ning
the table below, the 55 small conpanies with less than Y 100 nillion
capitalization (equal to about $ 500, 000) represents 41. 4%of the enterprises;
the medium firms with (Y 100- 300 nmillion) represent 23. 3% while the firns
with over Y 3 hillion capitalization (equal to about $ 15,000, 000) represent
35. 3% of the corporations. The same trend is evident when we exam ne
the robot makers by nunber of enployees. The small firms with less than
500 enployees represent 46. 6% of the total, the medium firms with 500 to
5000, 30. 1% and the giant firms with over 5000 enployees, 23. 3% This
data, based on a JIRA survey in 1979, of 133 robot makers, is shown bel ow

TABLE 10
Industrial Robot Maker Distribution
By Size of Capital
Less than Y 10 million 19 conpani es 14.3 %
Y 10 million - Y 100 mllion 36 conpani es 27.1 %
Y 100 million - Y1 hillion 23 conpani es 17.3 %
Y 1 billion- Y3 hillion 8 conpanies 6.0 %
More than Y 3 billion 47 conpani es 35.3 %

Tot al 133 conpani es 100.0 %
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TABLE 11

I ndustrial Robot Maker Distribution

By Nunmber of Enpl oyees

Less than 50 33 conpani es 24.8 %
50 - 500 29 conpanies 21.8 %
500 - 1000 15 conpani es 11.3 %
1000- 5000 25 conpani es 18.8 %
Mre than 5000 31 conpani es 23.3 %
Tot al 133 conpani es 100.0 %

The wide distribution of industrial robot makers is the result of
several factors. The giant electrical equipnment and heavy machinery
mekers were attracted by the high growth potential of industrial robots
and entered the field to diversify their business. Many have been notivated
originally by the need for robots within their own business to increase
productivity and safety, overconme shortage of some skilled workers, and to
enhance their ability to undertake small and medium batch nulti-product
manufacturing. This applies to the large electrical manufacturers such as
Hitachi, Mtsushita, Toshiba, Mtsubishi Electric and Fuji Electric. It
al so applies to the heavy equi pnent manufacturers such as_Kawasaki Heavy
Industries, Mtsubishi Heavy Industries, Tokico, Shinnmeiwa, and
Ishikawaj i ma-Harima.  Some of the steel makers such as Kobe Steel and
Daido, In diversifying their operations into heavy machinery, also were
attracted to robots.

Since robot application often nust be custommade for each and every
user according to his specific production process, the robot maker, even
if small, can specialize in a specific area of application and successfully
conpete with the big corporations. Some of these smaller conpanies under-
took to produce robots in order to enhance their mjor products such as
Aida in the hydraulic press manufacturing. The production of robots often
enabl ed the manufacturer to offer a total systemrather than an individual
pi ece of equipnent. This phenonmenon is seen nmainly anong the nachine
makers such as Fujitsu Fanuc, Toshiba Seiki, Nachi-Fujikoshi and Komatsu.
G her small enterprises began to manufacture robots for their own use and
then ultimtely marketed them This applies to firms such as Seiko and
Sailor Pen. Many firms branched into robots from manufacturing materials
handling equi pment and conveyors. This included firnms such as
Tsubaki mot o and Mot oda.
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The Japanese are currently debating the future of this structure of
robot makers. Some expect no radical change in the industry structure
within the foreseeable future. They believe that the small to medium
enterprises will continue to carve out markets for themselves in the many
specialized areas. Qthers visualizing the increasing role of ninicom
puters and intelligent robots expect that the large electric manufacturing
conpani es because of their superiority in IC and LSl technol ogy, will
domnate the robot industry. At present, each individual robot maker
has its own area of special expertise such as _Yaskawa in arc welding,

Kobe Steel in large paint sprayers, Aida in press application, Eujitsu
Fanuc in machine tool processing. However, all makers are using the
technol ogy developed in their specialty area for applications  of other areas .
Kawasaki is the nost active in this approach with its Unimtes entering
almost all areas of application. But many other manufacturers are aspiring
to be “universal robot makers”. The energence of an electronically-
oriented universal robot maker depends on the rate of devel opment of
intelligent assembly robots.

Unlike the United States, where two robot makers hold over one half
of the market share, the Japanese market is widely dispersed and changing
each year. Inthe US , despite the many new conpanies entering the
field, conpanies actually manufacturing robots probably nunber [ess than
20 conpared to about 140 in Japan. Kawasaki Heavy Industries has only
3-4% of wunit volume of all Japanese robots (by Japanese definition) . By
the nore strict U S. robot definition,_Kawasaki produced 450 of the 3300
robots made in Japan in 1980 for a market share of 18% in units. Because
of its relatively higher price, the market share of Kawasaki in value is
probably somewhat higher. In many respects the production of robots
in Japan resenble the fierce conpetition that grew up anong manufacturers
of television sets, digital watches, desk and hand cal culators and video-
tape recorders. After a period of intense conpetition among many firns,
production ultimtely was concentrated in a few large firns. It should
be noted that this period of conpetition also resulted in Japanese donmin-
ation in the world market for these products. As the spokesman for the
Long Term Credit Bank of Japan confidently puts it: “It is only a matter
of time before the industrial robot becomes one nore piece of nerchandise
whi ch synbolizes Japan”.

This industrial structure has given the Japanese several advantages.
The Anerican robot manufacturers nust sell their robots to users; few can
test their equipnent in actual production conditions at their own plants.
Wth the entry of IBM_Texas Instrunents, and \estinghouse into the
robot market, this should be altered. But in Japan all through the decade
of the seventies the major manufacturers now energing-Htachi. Mtsushita
Toshi ba- had been using robots within these conpanies. Furthernore,
many other conpanies entered the robot field because they had devel oped
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robots initially for their own needs-Sailor Pen, Pentel, Pilot in the pen
and pencil industry, Okanura in the furniture industry, Tokico in the
conpressor industry. Many conpanies devel oped robots to sell their

own products -Aida, Japan |eading press manufacturer , devel oped a
series of loading and unloading robots for its presses. Fujitsu Fanuc

devel oped a series of robots to service their N C. machines. In turn,
Fanuc's conpetitors devel oped robots to stay in conpetition with Fanuc
while Fanuc in turn devel oped an assenmbly robot to help reduce the costs
of producing its robots. In sone cases conpanies devel oped robots for
affiliates. That Mtsubishi Electric should develop a “Wndow C eaning
Robot” , a fixed sequence machine for high buildings, can be better
understood when we know that its sister, Mtsubishi Estate, owns many
of the tall buildings in Tokyo's Wall Street. This automatic cleaning
operation, reduced maintenance cost, elininated dangerous work, pro-
vided better cleaning, and protected “privacy in offices, hotels, and
other places”. Tovoda Machine Wirks provided welding and handling robots
for _Toyota. Mtsubishi Heavy Industries provided robots originally just
for Mtsubishi Mtors, its autonobile nmaking subsidiary.

Because the robots were used within their own factories, the robot
mekers in Japan offered for sale not just robots but total systems which
already had been tested for several years in their own factories. This
conpel | ed conpani es that had originally just produced robots to begin
to develop total systems. One exanple of this is a conpletely unmanned
conputer-run dry noodle factory-which includes an automatic warehouse,
battery-operated cars, |oading and unloading robots, automatic manu-
facturing and inspection, and packing.

GOVERNMENT  POLI CY

It is quite evident that MTlI has been interested in robots since the
beginning of the seventies. Tt would seem unlikely that JIRA would have
been formed without some government encouragement. However, it was
not until 1978 that the industrial robot was officially designated as an
“experinmental research promotion product” and as a “rationalization pro-
motion product” with promulgation of the special Machine Information
Industry Pronotion Extraordinary Measures Act. Wiile the Electric
Machi nery Law in 1971 had defined an industrial robot, industrial robot
termnology was first standardized in 1979 under the Japanese Industrial
St andar ds.

Fol I owi ng the typical policy of cooperative rather than adversary
relations with business, the Mnistry of Trade and Industry (MTI) ,
having identified robot production as a mjor strategic industry for
Japan’'s future, undertook several neasures to popularize their utilization.

82 - 4
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(1) Wth MTI encouragement, if not direction, a robot |easing
conpany, Japan Robot Lease, (JAROL) , was founded in April, 1980
with the initial paid-in capital of Y 100 million. This conpany is jointly
owned- - 70% by 24 Jl RAmenbers and 30% by ten non-life insurance com
panies. The aimof JAROL is to support robot installation by small and
medi um scal e manufacturers and increase their productivity. As 60% of
operating funds are financed by |ow cost l[oans from the governnent’s
Japan Development Bank, and the rest from the - '
Industrial Bank of Japan and the city banks, JAROL is in a position to
[ ease industrial robots under conditions nore advantageous than the
ordinary leasing conpanies. For its first year of operation (fiscal year
1980) , JARCL planned Y 700 million robot |eases; actually its |easing
contracts nunbering 52 amounted to Y 1, 150 nillion (about $ 57u2 nillion) .
The average term of the lease was 6.5 years and provided a full payout.
In April, 1981 JAROL offered a more flexible 2- 3 year rental agreenent
(not a full payout) and after the expiration of the agreenment planned to
rent the robot to the sanme or a different user. At the sane tine_JAROL
began discussions with MTlI to enter overseas |easing of robots. This
resulted froma request of an Australian firmto |ease Japanese-made
robots. Some question arose as to the propriety of using government
| oans for overseas |easing but JAROL suggested |oans from the Japan
Export and Inport Bank. Positive action on this matter will greatly
strengthen Japan’s conpetitiveness in overseas industrial robot markets.

(2) MTI has arranged for direct government |owinterest |oans
to small and nediumscal e manufacturers to encourage robot installation
for automating processes dangerous to human |abor and for increasing
productivity.  The government budgeted for fiscal year 1980 Y 5.8 hillion
for these loans which are extended through the Small Business Finance
Corporation, a government finance agency.

(3) MTI has pernitted the manufacturer who installs a robot to
depreciate 12. 5% of its initial purchase price in the first year in addition
to taking ordinary depreciation. This extra depreciation is a conmmon
practice in Japan when MITIseeks to pronote a particular industry or
product. Extra depreciation has been as high as 50% Generally it can
be taken over a three year period and is usually repaid in five annual
installments beginning in the sixth year. By installing an industrial
robot, a firmcan depreciate 52. 5%in the first year, 12. 5%plus 40% ( 5
year depreciation double declining) .

(4) MTI created an atmosphere favorable to the introduction of the
industrial robot, but it had depended |argely on the private conpanies to
determine the direction and scale of production and to undertake R & D.
However, MTI has now just announced plans for a huge R & D program
to be discussed in the follow ng section.
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ORGANI ZATI ON OF ROBOTI C RESEARCH AND DEVELOPNENT

Research on robotics in Japan is conducted by three major types of
institutions --colleges and universities, national and public research
institutes, and research |aboratories of private firms. The nunber of
robot research laboratories in universities and public research institutions
grew from43 in 1974 to 85 in 1980. In fiscal 1979, the universities spent
100 million yen (or about $.5 million) on robot research and the public
research institutes about 220 million yen (about $ 1 mllion) . This tota
of about $ 14 mllion is hardly a very large amount. But this statistic
onits “personnel expenditures” and is therefore a substantial under-
statement. Some 270 researchers at colleges and universities and 80
researchers at institutes worked on robots in 1979. Public research has
concentrated on theoretical problens, many of which have direct and
i mredi ate application such as-- speed control (acceleration of robot when
its grip per holds nothing) , inproved positioning accuracy, sinplification
and nodul arization of robots, sensory perception, pattern recognition
ability.

The expenditure of private enterprises on robots has not been
made public but up to now has been the overwhel ming source of robotic
R & D O the 107 robot manufacturers surveyed by JIRA in 1979
twenty had a specialized robot research division in their in-house research
laboratories, while another fifty-two without a special robot research
division had one or nore researchers specializing in robot research

The private research |aboratories have concentrated on R & D nost
closely linked to application—increased speed, miniaturization, conmputer
control, weight reduction and nodul arization (devel opment of inter-
changeabl e robots)

A major change has just occurred-- M Tl announced a seven year
Y 30 billion national robot research programto begin April 1, 1982. MTI
will create a new R & D group to carry out the program whose purpose 1S
to make robots suitable for a wider application and to devel op Japanese
robot technology instead of relying on inmported American and West
European know how. Stress is to be placed on intelligent robots especially
for assembly work, and on robots for nuclear, space, oceanic, and earth-
moving industries. The devel opnent of sensory perception, |anguage
systenms, and notional capacity are to receive top priority. This program
is called a nationally inportant mgjor technol ogy devel opnent schene.

SOCl O- ECONOM C | MPACT OF | NDUSTRI AL ROBOTS

This section expresses the Japanese views on this topic and is greatly
indebted to M. Yonenoto of JIRA Japan’s nost proninent authority on this
subject. Industrial robots have three major characteristics which, in large
measure, determine their socio-economc inpact.
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1) Industrial robots ,unlike special purpose automated machines,
are progranmabl e, and, as a consequence, are both flexible and versatile.
A robot’s novenments may be altered nerely by changing its program

2) Industrial robots can perform beyond the physical and nechanica
abilities of humans. They do not tire fromlong and continuous hours of
work in an environment which may be unconfortable, if not hazardous to
humans.  (They require no breaks to overcone fatigue or to neet per-
sonal needs)

3) Industrial robots performwith a high fidelity and accuracy in
conpliance with the instructions which they receive from nan.

As a result of their versatility, super-human capability, and high
fidelity to programming, industrial robots have changed in many ways
the production scene in which they are enployed.

L Autonation of Milti-Product Small Batch and M xed-Flow Production Line

The flexibility and versatility of industrial robots makes possible
the automation of multi-product small batch and mxed-flowline pro-
duction. The special purpose automated machine is restricted to linited
model mass production. Recently, consumer demand has become increasingly
diversified to the point where according to Japanese estimates, fully 80%
of mechani zed industry's products are manufactured in a noderate-to-
| ow volume of output. Thus, the nature of contenporary consumer
demand and particularly Japan's desire to accommodate a wide diversity of
export requirenents necessitated and encouraged the use of industria
rohot s.

2. Ease of Phasing in Product Design Mdification and Mdel Changeover

A conpl ete changeover or even a nodification in a product node
often require changing or at least radically rebuilding a special purpose
automated machine. Were an industrial robot is used instead, a nere
change in programis required. As the product |ife cycle shortens, the
flexibility and versatility of industrial robots becones increasingly advanta-
geous .

3. | mproved Operating Ratio and Increased Operating Tine.

Unlike men, industrial robots can operate on a 24 hour basis and
therefore, the machines, they service can al So operate on a 24 hour basis
Furthermore, industrial robots are capable of performng functions at a
hi gh speed which exceed human linmitations.
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4, Ability to Wthstand Severe Wrking Conditions.

The industrial robot can work in an environnent which is adverse
to humans. Human beings require a host of conditions to make the
working atnosphere both pleasant and safe-ventilation, proper |ighting,
air conditioning, or at least tenperature control, and a variety of
safety devices and conditions.

5, Ability to Execute Proper and Accurate Motions and the Ability to
Cope Elastically wth Changing Production Vol une.

The sustained stability of industrial robot operation--their ability
to work continuously and accurately faithful to their man-given instructions--
elimnates slunps and spurts and provides a smoother production flow.
This ability also enables increased production demands to be net effectively.

. Change in Nature of Production System

To the Japanese the introduction of industrial robots means a
change in the p reduction system In the typical traditional mss pro-
duction line the machine deternines the activity of the operators--sone-
thing pointedly satirized in Chaplin's famous film “Mdern Tinmes”. The
operator prograns the industrial robot and therefore, the human donin-
ates the system According to the Japanese, the industrial robot
reduced psychol ogical resistance to the conveyor system and thus
permtted its nore effective use. They believe that human satisfaction
derived fromthe human control over the robot and this attitude led to
qualitative inprovement in |abor.

7, Creation of New Technol ogi es.

The characteristics of the industrial robots-- conmbined with the change
in the production system to a man-domi nated robot-machine system |ed
to the creation of conpletely new technologies and to their application
in exploiting oceanic resources and in increasing utilization of nuclear
energy. Robot applications to health, household, and cleaning duties
have also been forecast.

The wide socio-economic Inpacts of the application of industrial robots
expected by the Japanese roboticists has begun to be evident.

L I mprovement of Productivity.

The automation of small-batch and nmulti-product mixed-flow Iine
production saved man-hours and reduced in-process and accunul at ed
inventory. The inproved operating ratio and increased operating time
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al so reduced nman-hours. The relative ease with which an industrial robot
could be fit for a product design changed saved the time usually required
for retooling. The nore effective use of the conveyor system made possible
by the industrial robot,also contributed to enhanced productivity.

2. Stability and Inprovenent in Product Quality.

The super-human capacities of the industrial robots and their
fidelity to human instruction led to a unifornity of products and hence
made possible the stability and inprovenent of product quality. By
working 24 hours the industrial robot elimnated the incidence of inferior
or defective products which often occur during factory start-up operations
The quality variations which result fromlong hours or the differing
abilities of operators were elimnated

3 | nproverment in Production Minagenent

Production managenent has inproved for several reasons

a) Reduction of inventory and in-process products as a result of
automation of small-batch and multi-product mxed-flow -1ine-production

b) Reduction in set-up time and elimnation of retooling the pro-
duction Iine.

c) The durability and accuracy of industrial robots facilitated
production planning

d) Industrial robots reacting nore elastically to production vol une
change reduced problens of manpower reallocation.

e) Industrial robots have helped to inprove the quality of work life
and led to greater enployment stability. |In addition, they have con-
tributed to overcoming the skilled manpower shortage in such areas as
wel ding and painting

4, “Humani zation” of Wrking Life

a) Industrial robots released humans from hazardous and unheal t hy
working conditions preventing accidents and occupational diseases

b) Industrial robots released humans from nonot onous work and
thus reduced psychol ogical stress

¢) The man-robot-machi ne production system eliminated the
psychol ogi cal resistance to the conveyor system and inproved |abor
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quality and human satisfactions from the human control of robots. Such
a system corresponded better to a more highly educated and aging
society. In recent years, Japan's society has witnessed a grow ng shift
from blue-collar to white-collar occupations and the industrial robot
enabl es corporations to accomodate to this trend. Human resources
l'iberated from adverse work environments and from nonot onous repe-
titive manual jobs are rechanneled into nore intellectually demanding
robot operations and maintenance positions. For exanple, nmanual wire
bonding of ICs require the fatiguing performance of nonotonous
repetitive tasks under a mcroscope, and a training period of 4 - 5
months.  The industrial robot reduces the training period to 15 mnutes
and elimnates the fatiguing manual operation

Robot utilization makes possible greater enployment opportunity
for the infirm elderly and female work force in industries where heavy
and continuous loading /unloading or carrying a heavy welding gun were
required. The “humanization” or work life contributed to enployment
stability, reducing absences from work.

5 Resource Conservation

~ Industrial robots contributed to conservation of resources, a high
priority factor especially since the oil crisis of 1973. These savings
were achieved in a variety of ways

a) The robot saved material-the paint spraying robot, for exanmple
used 20- 30%less than the manual painters in many operations

b) The ease of accommmdating the robot to product design changes
reduced investnment in purchasing and /or rebuilding equipment

¢) The reduced defective ratio saved resources.

d) The industrial robot, by working in unpleasant environnent,
reduced the energy consunption of air conditioning, ventilation, lighting
etc.

d) By its ability to operate on one, two or three shifts, the industria
robot resulted in reducing investment

ROBOT _APPLI CATI ON

Robot shipnents are also classified by user which shows the auto-
mobi l e as the primary buyer except in 1980, when the electric appliance
i ndustry, which usually occupied second place, took the lead for the first
time
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TABLE 12

Breakdown of Industrial Robots by User (In Value)

Japanese Definition

1974 1975 1976 1977 1978 1979 1980P
Aut o 35. 5% 19. 9% 30. 5% 33. 6% 34, 5% 38. 4% 30. 0%
Electric Appliance 9.6 12.8 20.9 23.1 24.6 17.5 36.0
Machi nery 4.5 5.6 7.6 8.8 7.0 5.3
Metal Products 5.8 3.8 5.8 3.4 7.1 9.0
Exports 2.9 4.2 2.3 4.5 2.5 1.9

(P - Prelimnary announcement of JIRA)

However, the automobile industry still dominated the sphere of sophis-
ticated robots.

TABLE 13

Shi pments of Playback Robots by User

(4/1/80 - 10/1/80)

Uni t Val ue
Aut onobi | e 61. 5% 52. 4%
Electric Appliance 10.3 11.6
Machi nery 3.9 8.3
Metal Products 4.4 5.7
Exports 5.9 6.0
O hers 14.0 16.0

The large percentage of exports of playback robots conpared to the [ess than 2%
export share of total industrial robot production indicates the direction
of Japan’s export policy.

Since the playback robot seens to be concentrated heavily in the
automotive industry, an analysis of the type of work performed by
playback could indicate relative use:
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TABLE 14

Breakdown of Playback Robot by Wrk Process

(4/1/80 - 10/1/80)

Uni t Val ue
Arc Vel ding 18. 8% 26. On
Spot Wl di ng 57.1 451
Spray Painting 11.3 17.8
O hers 12. 8 11.1

It is clear that spot welding represents the mejor application of the
pl ayback robots. A prelimnary report on 1980 cal endar year robot
production revealed that compared to 1979, arc welding robots increased
2 11%in value and 100%in units, and spot welding robots grew 85% and 100%
respectively. In addition, assenbly robots grew 340% and 33% respectively
(certainly froma low base) , and press and conveying robots 60% and 6%
respectively. The large growth in assenbly robots was mainly for insertion
of electronic parts into printed circuit boards (an increase of 440% in 1980
conpared to 1979) .

SPOT VELDI NG

The autonobile industry has until 1980 been the largest single con-
sumer of robot production, in large neasure because of its purchases of
spot welding robots. The majority of Japanese car bodies consist of
300-400 press-formed parts manufactured from sheet steel which are
bonded together by 3,000-4,000 spot welds. In the latter half of the
1960' s special purpose automatic multi-spot welding machines were intro-
duced. However, with the tendency to product diversification and the
shorter life cycle of car nodels, the return on investment of the multi-
spot welders declined. Large monetary expenditures to nodify the multi-
spot wel ders were necessitated by nodel change-over or design nodifi-
cation. During the modification, aconsiderable period of time was |ost
and managenent expenses were consunmed for production line reorgani-
zation.

Thus, the robots replaced the nulti-spot welders because they only
require being taught where to weld in the new nodel in the event of a
nmodel change-over. COften nerely one hour is required for the new
[ earning process. As production volume is no longer clearly predictable,
it became quite risky to invest in special purpose automatic machines.
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Investment in the nore flexible robot seemed preferable. The robot also
elimnates the need of the manual operator to follow the conveyor line
with a heavy wel ding gun.

The automobil e conpanies then introduced batteries of robot welders.
In some assenbly plants, a single operator for robots can handle a work
| oad once shared by ten workers. To inprove productivity by sinultaneous
mul ti-spot welding, efforts have been made to develop nulti-arm wel ding
robots and to apply a nunber of nodular robots to welding. Robot intro-
duction into the spot welding line has made possible the automation of multi-
product mixed-flow assembly line on which various nodel flow one after
anot her .

Ni ssan has been the largest user of spot welders and by the end of
1980, it had about 300 spot welders. At the same time, Toyota reportedly
had 200 spot welding robots, but it ordered 720 robots from Kawasaki
Heavy Industries--220 by 3/81, 200 by 3/82, and 300 by 3/83. It has been
assunmed that nmost of these would be used for spot welding. Kawasaki
is reportedly delivering about 25 units monthly. Mtsubishi Mtors has
been receiving spot welding robots from Mtsubishi Heavy Industries.
Toyo Kogyo and Honda have introduced welding robots.

Kawasaki H .1. is clearly the leader in production of robot spot welders.
By spring of 1981, it had delivered 1,500 Unimates primarily for s-pot
wel ding, and its nonthly production rate is 60. Mtsubishi H 1. occupies
second place, having delivered 250 robots by the spring of 1981 and with a
monthly production rate is slightly over 10. Toshiba Seiki has begun
production of a nodular spot welding high speed robot which can reach
a monthly rate of 35-50. Toyoda Machine Works is al so making an inex-
pensive building block system spot welding playback robot, but they will
not be offered for public sale until the fall of 1982. Toyoda expects to sell
1,000 units annually. W do not know how nmany of these have already
been shipped to Toyota. By 1983, Toyoda Machine Wrks and Toshiba
Seiki, if they should be successful Tn their modular and sinpler spot
welding robots, could accupy a significant market share.

ARC VELDI NG

Arc welding operations are conducted in an extrenmely unfavorable
environnment where carbonic acid gas, fumes and heat are generated. As
a result, arc welders nust wear masks and consequently, nust take time
out frequently. Some loss of operating time is, therefore, inevitable.

In addition, the new generation of young workers, being better educated,
tend to shun arc welding. As a consequence, arc welding was particularly
susceptible to robotics.

However, the |arge-sized robot such as the Kawasaki Uni mate, which
coul d handl e heavy loads could hardly be justified economcally by an
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application which largely used |ight weight welding guns. Yaskawa

Electric Mg. , at present, dominates the arc welding robot applications

wth its relatively lowp riced playback robot. Shinneiwa devel oped arc

wel ding robots for work on heavy plates while Osaka Transforner devel oped
arc welding robots for work on sheets. Kobe Steel has produced a

nore expensive, continuous path control, arc welding robot. Hitachi had
produced two robots suitable for arc welding: a sophisticated intelTigent
robot, and a low priced articulated playback robot. Mtsushita has intro-
duced a very conpetitive arc welding robot.

Wth Mtsushita entering the arc welding area and with Hitach
capabl e of substantially increasing its output, it is entirely possible that
these two firms will ultimately donminate the arc welding market.

SPRAY PAI NTI NG AND COATI NG

Painting robots are the third largest type of playback robots and
are nowgrowing at the same rate as spot welding robots but not as fast
as the arc welding robots. Spray painting and coating offer a rich area
of application. To beconme skilled, a coating worker required 2-3 years
of experience. However, the poor working environnent and the tendency
to a nore educated society contributed to a devel oping skilled worker
shortage. The necessity for a large percentage or rework nmade pro-
duction planning difficult

The industrial robot provided certain advantages in painting

1) They insured stability of product quality and therefore made
possi bl e inproved production planning and control. Despite the selection
of the most skilled workman for finish coating, the quality of the finish
varied according to the workers and the conditions of the day. In auto-
mobi | es, the paint finish of a car, and especially its unifornmty, is a
determining element in the Japanese domestic consunmer preference

2) They made possible a multi-product mxed batch coating Iine

3) They provided continuous production operation and reduced
the need for internediate stocks

4) The manual workers and special purpose automatic coating
machines tended to increase the use of paint to preclude uneven coating
especially in conplicated shapes. In addition, special purpose auto-
matic coating machines tend to overspray paint on smaller products in a
nul ti-product coating line. In the case of spray painting an auto body
a savings of 10-20% in the use of paint has been effectuated. Reducing
the amount of paint reduced the need for ventilation and therefore, saved
on energy consunption
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5) Spray painting is a very unhealthy job because of the
chenmicals and dust. The spray painting robot could free the operator
fromstaying in the spray booth. It provided arelatively sinple way
to nmeet safety regulations.

Kobe Steel introduced the Norwegian Trallfa spray painters--a
rather expensive robot. Both Hitachi and Mtsubishi Heavy |ndustries
worked wit h other firms -- N hon Parkerizing Co. and Twata Air Conpressor
Mg. Co. respectively to develop playback spray robots. Tokico
offered a large variety of low priced painting robots while Nachi
Fujikoshi offered a spray robot with both remote and direct teaching.

Consi dering the demand for spray robots (Nissan alone is reportedly
seeking 300 units) it seems evident that production objectives will be
increased. It is still too early to predict the future market share as
changes are expected shortly, at least in Htachi.

MACHI NE LOADI NG AND UNLOADI NG

Industrial robots have been applied to a wide variety of production
processes in which the basic breakdown of the process indicated that the
robot is being used primarily, if not exclusively, for (1) |oading and
unloading, (2) trans-shipping and (3) palletizing and depalletizing.
This refers to applications in the follow ng areas:

) die casting

) forging

) press work

) plastic molding

) machine tool |oading
) heat treatment

OO O B GO N
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In each production process, fierce conpetition exists between those
who designed industrial robots, often relatively unsophisticated, for
particular production processes and the universal robot makers who
of fer playback and intelligent robots. In nost cases, however, the
specialists seemto have won out as of now. In press working operations
Ai da Engineering seens to have won domi nance though strongly
chall enged by Toshiba Seiki. Simlarly, Fujitsu Fanuc seens to enjoy
supremacy now in the |oading of machine tools, although Kawasaki H. 1.
has mounted a strong chall enge.

In plastic nolding (the automatic unloading of injection molded
products) the small manufacturers dom nate. |chikoh Engineering Co.
and Kyoshin Electric offer a conplete Iine of fixed sequence machines.
Star Seiki offers both fixed and variable sequence robots. Sailor Pen,
ikew se, offers relatively unsophisticated machines. For unloading
wor kpl aces from a die casting machine, Ichikoh offers its fixed sequence
machi ne while Shoku and Daido offer variabl'e sequence robots.

For putting workplaces into a furnace Shinko Electric has a
relatively sophisticated variable sequence robot. Nachi Fujikoshi. offers
a specially designed robot to tolerate hot tenmperature which has D€E n
used to transfer workplaces froma furnace to a press.

In the forging area, a great nunber of robot nakers offer a variety
of specialized products: Aida, Kobe Steel, Komatsu and Nachi Fujikoshi.

MACHI NI NG

In Japan one operator of NC machine tools serves on average |ess
than two NC machine tools. This low ratio is the resultof manual |oading
and unloading of the work pieces, manual disposal of chips and mainten-
ance. Mny Japanese firnms sought robotic solutions to this problem One
of the consequences of the application of robots to machining besides
i nproved productivity was inproved production managenent. Robots
coul d respond nore elastically to changes in production volune and in
the event of temporary requirenments for increased production they could
easily be worked overtine. Were the process was conputerized, it was
possi bl e to know bef orehand when a machi nery operation woul d be conpl et ed.

Wil e several other conpanies manufacture robots for machining
Fujitsu Fanuc dominates this application area with an output of 100 units
monthl'y. The Fanuc Mdel O uses the NC of the single machine tool which
it services; the Mdel 1 and 2 (known in U S. as 3) have their own NC
and service up to two and five machines respectively. These machi nes
make possible an unattended machining system that operates automatically
at night.
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The entry of Fujitsu Fanuc into robots has caused some of its
conpetitors and sonme of the machine tool manufacturers to devel op and
produce robots of their own. This is especially true of Ckuma which
supplies its own NC for its machine tools. In addition, Yamatke-
Honevwel | and | keganmi Iron Wrks have started Production of NC
robots. Fanuc plans to introduce-additional nodels in the sumrer of 1981,

Fanuc's conpetitors now are other manufacturers of robots who
have nodified their products to service machine tools.

TRANSFERRI NG

Closely allied to the machine |oader/unloaders are the robots which
are engaged primarily in the transfer of materials. Many robots equipped
for specialized processes such as welding and painting can also be
modified for transferring of materials. In addition, many conveyor
equi pment manufacturers were conpelled to produce robots to conpete
with robot manufacturers entering their market. Some robot nmakers
entered the materials handling market trying to carve a special niche for
t hensel ves.

Shinko Electric, Taiyo, and Kayaba Industry are manufacturers of
machi ne Toading robots that entered into the transfer field. The con-
veyor manufacturers that entered the field include Tsubakinmto and
Sanki Engineering. The “universal robot nakers” offering nachines
for transterring include Kawasaki, which offered modifications of its
Unimate for that purpose, Daido Steel, Yaskawa, Nachi Fujikoshi and
Toyoda Machi ne.

Sone firms specifically developed a line of materials handling
robots. Dainichi Kiko has developed a line of heavy duty transfer robots.
Mtoda (now Oiental Terminal Products) makes a conplete line of what
I's described as multi-purpose versatile robots in both variable sequence
and playback versions. Their mgjor, if not exclusive, market, seens to
be the materials handling area but Mtoda clains that these robots can
be used for welding and spray painting. Toyo Keiki has devel oped
a series of variable sequence robots specifically dedicated to palletizing
and depalletizing. The entire area of transfer robots like the area of
machine loading robots is still too greatly splintered to provide a nmean-
ingful market share analysis.

ASSEMBLY ROBOTS

~ Assenbly robots capable of inserting, screwdriving, bonding, and
simlar p recesses exist largely either inthe R& D or the early application
stage in Japan. Mbst major electrical manufacturers, such as Hitachi,
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Mat sushita, Mtsubishi, NEC, ki, and Fujitsu, have developed fully
automatic systems for bondingAll these use cameras for visual
perception to position by shape or pattern and in the case of Htach

and Mtsubishi FElectric, to detect defects. Fuji Electric's “Checker
robot”, which examnes and rejects pharmaceutical pills is not a robot
but does advance both visual (by use of a camera) and tactile perception
for quality inspection.

In addition, special purpose automatic assenblers provided con-
siderable data for constructing assenbler robots. Htachi built for
Nissan an automatic tire fitting system which uses a machine hand to
detect the hub bolts, position them and tighten them Htachi also
developed a fully automatic system for fitting rubber belts to tape
recorders from which they |earned assembly principles suitable for
autonobi l e and electric appliance belt fitting.

H tachi manufacturers an intelligent robot with a 25 step menory
capacity and a 200g. |oad capacity that can fit different conponents
one by one in a specified order. The robot noves fast requiring only
1-2 seconds to fit workplaces. [Its finger support is flexible to prevent
excessive force. Its positioning precision does not have too close a
tolerance but a special searching function automatically detects the holes
of workplaces and fits them properly even when positioning is not
accurate. An automatic rejecting function within the robot prevents
assembly of defective workplaces

Both Hitachi and Matsushita have built experimental robots to
assenbl e electric vacuuns.

The larger electronic/electrical manufacturing conmpanies are planning
to robotize 50-75% of their assenbly operations by 1985. This would in-
dicate that far nore activity and experinentation has taken place than has
so far been publicly revealed. (Still this forecast seems too optinistic
tom. )

In March, 1981, Htachi publicly announced a task force of 500 key
technol ogy experts to fashion and install a standardized assenbly robot
with both visual and tactile sensors, nicroconputer control, and
mobi ity and projected a 60% robotization of its assenbly processes by
1985. In April, 1981, Matsushita announced a plan to marshall the
entire staff of its technological division to develop intelligent industrial
robots controlled by microprocessors and nodul arized (BBS) i
reveal ed that some BBS robots were already functioning at its plants
The new robots were to be of three types (1) robots that position
wor kpl aces accurately, (2) robots that assenble workplaces, (3) robots
that adjust the finished product to function as originally designed
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NEC then reported that it had devel oped a factory robot that
assenmbl es electronic machinery and appliance parts and conponents
with a speed of 45 centinmeters per second and a positioning accuracy
of only 8 microns. The high precision and speed has been realized by
conputerization and by the application of the principle of electronic
magnetic repel lence, utilizing the linear-nmotor levitation technol ogy
that has been used by the Japanese National Railways in devel oping
the “floating” train. The NEC linear-notor driven robot arm and hand
pi cks up a machine part or conponent with a maxinmum load of 2 Kilo-
grans and carries it around by meking it float over the work table.
The high precision of nmovement is achieved by the robots’s set of 16
sensors (visual) supported by a built-in mcroprocessor. NEC has
been producing these assenbly robots so far for its own factories and
those of affiliated conpanies and in 1981 NEC plans to manufacture 50
units of these assenbly robots.

In June, 1981, Ishikawajinma Harim Heavy Industries, a close
ally of Toshiba, announced plans to produce its Goup Mnipulator
Mbdul e System (GWS) with an articulated armwith the nost advanced
parallel circuit-type 16K RAMS in its microprocessor. In Cctober,
1981, the GWB will be tested (possibly at Toshiba?) and hopeful Iy woul d
be marketed by Septenber, 1982 the latest.

Fujitsu Fanuc has al so devel oped an assenmbly robot but no details
are known except that it is being used at their new Fuji plant. Fujitsu

is working closely on robot developnent with its affiliate.

The heavy enphasis on assenbly and sense perception by both
the private firms, universities, and public research institutes would
seemto indicate the possibility of achieving the goal of popularization
of assenbly robots by 1985. As will be discussed |ater, the Japanese consider that
the intelligent robot is an inportant element of export policy for the
future.

BUI LDI NG BLOCK SYSTEM ( BBS)

The trend to incorporate various nodels into a single production |ine
and to run these lines at higher speeds created some problens for the
conventional universal type spot welding robot. In a mxed-flow production,
[ine robot capacity was not fully and efficiently utilized. Furthermore, it
required a large floor space for installation.

After a year of devel opment and design and a half year of testing
a new robot, the BBS becane operational in My, 1978. The BBS is nore
conpact in size and therefore, |ower in cost than the conventional robot.
It is a fully articulated nulti-welding system wherein one control panel
can control sinultaneously up to 8 units (48 axes) and a hydraulic unit,
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separate fromthe robot min body, controls three robots

A study of two years of operation of the BBS welding in an auto
plant indicated that its investment efficiency was 30% greater than a
conventional robot system The floor space required was reduced
almost in half. The downtime of a BBS robot was one third of the
downtinme of a conventional robot.

BBS is the aimof nost of the makers of sophisticated robots
How many of these building block systems are now operative in Japan
is not known, but the several years of experience and the concen-
tration of private research |aboratories on the BBS would tend to sub-
stantiate the Japanese expectation of a substantial increase of the BBS
far beyond application only to spot welding. Toyoda Machine Wrks and
Toshi ba Seiki have devel oped successful BBS robots but detailed pro-
duction information for these conpanies and other BBS nakers is
currently unavailable

FROM ASSEMBLY ROBOT TO FLEXI BLE MACHI NE SYSTEM

The ultimte aim of the assenbly robot is the creation of a com
prehensive flexible manufacturing system (FMS) sonetines called the
“ unmanned factory”. Such a system as exemplified by Fuji Electric’s
turnkey noodl e factory would combine industrial robots wth an auto-
mat ed war ehouse, unmanned transport vehicles, belt conveyors, and
conputers which would sinultaneously operate and record production

Fujitsu Fanuc has invested Y 8 billion to create such as factory
at Fuji to serve both as an automated manufacturer and a show oom
Its production capacity can be expressed in terms of nonthly sales of
Y 1.5 billion or in terms of production output-- 100 industrial robots
150 electric discharge wire cutting machines, 100 numerical controls.
The total nunber of enployees is 100--19 nmachine processors, 63
assenbl ers, 4 inspectors, and 14 management and clerical personnel. A
factory of this scale normally requires five times as many people

The Japanese argue that the FMS actually results not only in
reduced |abor costs but reduced capital investnment. Fuji operates
24 hours a day (unmanned at night) and equipment utilization ratios
are close to the maximum Furthernore, nodel changes can be nade
easily. Wth robots, machines need not be replaced or rebuilt; only
the program nust be changed. Prior to the introduction of industria
robots, factories often shut down for nonths to make the required
alterations for a model change. |In addition, a substantial amount of
peripheral factory equipment such as lighting (the robots run at night
in an unlighted plant) , air conditioning and atnosphere control became
unnecessary, at least in those areas where robots work without humans
in proximty. Finally, the niniaturization of industrial robots, which
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is beginning to take place, wll enable robots to be positioned very close
to each other permitting a higher degree of efficiency in space utiliza-
tion, a mgjor element in Japan where industrial land is relatively scarce
and high-priced. This plant contrasts sharply with the custom made
alnost handicraft assenbly of many Anerican robot manufacturers. The
ability of Fanuc to increase its output swiftly is understandable; when
they speak of an ultimate capacity of 360 units per month of industria
robots (which | presume includes both machine |oading/unloading robots
now being sold and their new assenbly robots) it seems quite feasible

FUTURE OF JAPAN S | NDUSTRI AL ROBOTS

The demand projections for rapid growh are based on the following
anal ysis:

(1) The intelligent robot with an internal mcroconputer and
sensory perceptions has emerged and its field of application, especially
in assenbly and inspection, will widen and expand very rapidly. The
announced plans of the major electrical manufacturers shoul d provide
substantial markets within each conpany and its affiliates.

(2) The shortage of skilled Iabor and the aging of the work-
force will hasten the acceptance of industrial robots.

(3) The ability of industrial robots to work in adverse work
environments resulting in savings on anti-pollution devices and energy
will also accelerate acceptance of industrial robots.

(4) The governnment policies of financial aid and accelerated
depreciation will encourage the use of industrial robots anong the smal
and medi um corporations. To the extent that such firms are suppliers
of the larger process industries, they will be conpelled to introduce
industrial robots to provide swift on-time delivery of conponents
(the Komban System of Toyot a)

(5) To increase Japan’s conpetitiveness in international markets
not only against the advanced Western nations, but also against its |ow
| abor cost conpetitors in East Asia (South Korea, Taiwan, Singapore,
Hong Kong) , Japanese firns are being conpelled to automate

(6) As demand for goods becomes |ess uniform and nore
diversified, small and medium batch multi-product production and
constant nodification will become predominant. The industrial robot
especially the BBS, has greater flexibility than the dedicated, single
pur pose automatic equi pnent.

(7) Japan has made robots a top priority both for research and
production and an unrestrained effort is being made in that direction

(8) The Japanese expect a substantial expansion of robots to areas
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other than the process industries such as electrical and automobile
manufacturing. In agriculture, robots will be used for crop dusting
and spraying chemcals, harvesting fruit trees, tilling ground and even
mlking and feeding of cows. The Japanese expect robots to be used
in many aspects of forestry.

A top priority has been given to underwater geol ogical surveying
and wel ding and nachining (under 300 nmeters) . Komatsu already has
an underwater robot being used in bridge building. In mning, robots
are being devel oped to work coal and ore faces. Robots are also being
pl anned for building construction (especially multi-storied) and road
construction. In the service industries robots are being devel oped to
clean walls and floors of buildings, cleaning of boat hulls, cleaning
electrical insulators in nuclear energy. The Japanese also expect to
expand robot use in the hospital and the hone. However, it should be
enmphasi zed that the top priority for the first half of the decade remains
the intelligent robot for assenbly

(9) Japan expects to be a major exporter of industrial robots.
This requires some additional coment.

The Japanese expect that Western Europe and the U S. , as wel
as Eastern Europe, will make strong efforts to increase worker pro-
ductivity. These “reindustrialization” programs will necessarily
invol ve increased use of industrial robots and Japan plans to export
them Wile exports of robots were less than 2% in 1980, the Japanese
expect that in 1985 and 1990, exports will constitute about 20% of
p reduction

The Japanese attitude is expressed inthefol |l ow ng view of Mchida
of the Long Term Credit Bank: “The industrial robots presently in
use are, technologically speaking, still in their infancy. During the
1980's they will mature from boyhood to the young adult stage. At
present, Japan is the nunmber one country qualified to be the parent of
this child"

Accepting the challenge of Japan’s lack of innovativeness and
creativity, Machida wote “It has been said that Japan cannot be victorious
in the pioneer technology which is producing sophisticated, know edge-
intensive products because we do not possess high creativity. However
the expanding exports of Japanese intelligent robots will soon bear testi-
mony to the fact of our international conpetitive strength, not only in
i nprovenent technology and application technol ogy, but in pioneer
technology as well”.
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Machi da concl udes his overview asserting that the “intelligent robot
is representative of the |eading edge of technology products” and that
“the growth of the industrial robot industry will bear eloquent testi-
mony to our strong international conpetitiveness even in the area of
state-of-the-art technol ogy”. These views reflect the Japanese
attitude of placing major stress on the export of intelligent robots
as proof of Japan's creativity.

Returning to the estimated demand forecast, the nost substantial
growh through the eighties will be the intelligent robot. Playback
and NC robots will grow at an accelerating rate in the first half of
the decade, but should slow down in the second half. Variable
sequence robots will also grow significantly in the first five years but
level off in the second five years. The manual manipul ators and fixed
sequence machines show growth but their total share of output will
decline significantly in value terms. Thus, in 1974, the sophisticated
robots constituted 10. 8% of total value; in 1980 26. 4% in 1985, 41%
and in 1990, 45%

In ternms of production, the two processes certain to grow through-
out the decade will be assenbly and inspection and measurenent, probably
at a rate of almost 40% annually. Spot wel ding, arc wel ding, and machine
loading will continue to grow but at a decelerating rate. Spray painting
should maintain continuous growh. In 1985 the production process for
which robots are produced have been estimated as follows (in % of value).

1) Assenbly 21 7%
2) Machine Tool Process 13.1
3 Arc Velding 10.5
4)  Inspection 10.0
5 Spot Wélding 7.5
6) Spray Painting 5.0
7)Mol ding 3.3
8) Qhers 28.9

How will the U S. and Japan conpare in the future? Using the US.
definition of robots the following table includes the |atest estimates.

TABLE 15
U.S. -Japan Conparison
Industrial Robots (U S. Definition)

Units Value (nillion $)

us. Japan uU.S. Japan
1980 1,269 3,200 100. 5 180
1985 5,195 31,900 441.2 2,150

1990 21,575 57,450 1,884.0 4,450
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This is probably the best estimate of the future, assuning a contin-
uation of those elements presently at work in each country. If we learn
anything from history, it is that the future is never a sinple continua-
tion of the present. Therefore, hopefully the estimates remain “tentative
and prelimnary”.

FOOTNOTE :  Wile | alone am responsible for this report and its con-
clusions, many others provided assistance. In particular, M. Karl Kanita
of Daiwa Securities ably researched and translated nunerous articles

on robotics in Japan. The works of M. Yonenoto of the JIRA, M. Mchida
of the Long Term Credit Bank of Japan, Prof. Ueda of Nagoya University,
and M. Engelberger and M. Tanner, two “veterans” of U'S. robotics,

not only added to ny fund of know edge but greatly influenced ny

t hi nki ng.

v //
»J'C’u// [T e
Paul H. Aron,
Executive Vice President
Daiwa Securities America Inc.
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I NDUSTRI AL ROBOT TECHNOLOGY AND PRODUCTI VI TY | MPROVEMENT

Janes S. Al bus
Industrial Systens Division
Nati onal Bureau of Standards

Robots have received a great deal of publicity recently

The novie “Star Wars” and several television series such as
“The Six MIlion Dollar Man” and “The Bionic Womnman” have
raised the consciousness of the public to the subject of
robot s. The enornous influx of foreign cars manufactured in
part by robots has aroused awareness of the press and nany
politicians to the fact that robots can have a profound ef-

fect on industrial productivity. Many peopl e today believe
that the robot revolution is well under way, that factories
are full of armes of highly intelligent robots, and that
human workers are being displaced in droves. The facts are
quite different.

First of all, there are only about 3000 robots installed in
the entire country, secondly, the great nmjority of these

are quite primtive, with no capacity to see or feel or
respond to their environment in any significant way.

Most people think of a robot as an android, which wal ks and
tal ks, sees and feels, and | ooks nmuch |Iike C3P0O, or at |east
R2D2. Real robots are much nore primtive. In its sinplest
form a robot is nothing nore than a nechani cal device that
can be programred to perform sonme useful act of manipul ation
or loconotion under automatic control. An industrial robot
is a device that can be programmed to nobve some gripper or
t ool through space so as to acconplish a useful industrial
t ask.

These robots are typically programed by recordi ng each task
as a series of points in space. This recording is then sim
ply replayed whenever the task is to be perforned.

This sinple procedure is adequate to perform a surprising
nunber of industrial tasks, from spot welding autonobile bo-
dies, tending die casting machines, loading and unl oading
machine tools and presses, spray painting, and performng a
wide variety of materials handling tasks.

Even arc wel ding can be perfornmed by a robot which can nei-
ther see nor feel, so long as the parts to be wel ded are po-
sitioned in exactly the right place, and the welding parane-
ters are controlled by sonme automatic system

However, the great majority of industrial tasks are beyond
the capacities of present day robot technol ogy. Most tasks
are too complex and unstructured, or involve too nany
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uncertainties, or require too nuch ability to see and feel
and adapt to changi ng circunstances. Bef ore robots can sig-
nificantly inpact productivity of the economy as a whole,
t hey nust be used in hundreds of thousands and even mllions
of applications. This will not be possible before a Ilarge
nunber of technical problens are solved.

TECHNI CAL PROBLEM AREAS

One of the first problems is accuracy. Robot  positioning
accuracy needs to be inproved. Al'though the repeatability
of nost robots is on the order of 0.050 inch over its work-
ing volune (and in some cases as good as .005 inch), the ab-
solute positioning accuracy may be off as nmuch as 0O 250
inch, or even O 500 inch in sone regions of the reach en-
vel ope. Thus, it is not possible to program a robot to go
to an arbitrary mathenmatically defined point in a coordinate
space and have any assurance that the robot will cone closer

than a half of an inch. This creates major problens in pro-
granming a robot froma conputer termnal, or in transfer-
ring programs from one robot to another. Each robot nust be

taught its program separately by leading it point by point
through its job, a tedious and costly task.

Presumabl e/ this accuracy problem could be solved through
cl oser robot nanufacturing tolerances) although not w thout
cost. alternatively, calibration procedures such as illus-
trated in Figure 1, nm ght all ow each robot to offset its
off-line program points to conpensate for its mechanical
i naccur aci es. However, no efficient nethods of robot cali-
bration have yet been devel oped> and robot control sof tware
is not presently designed to use calibration tables for im

proving absol ute positioning accuracy. Until this absolute
position accuracy problemis solved) robot assenbly in the
smal | batch environment will be wuneconomical. Teaching a
robot every point in the trajectory of a conplex assenbly

task is a time consuming job which nmay take many times
longer than would be required to performthe sanme task by
hand. Thus, using a robot for small |ot batch assenbly can-
not be econonical until software can be efficiently produced
by off-line programming (i.e., programmng froma conputer
termnal}.

Second, dynami c performance must be inproved. Present day
robots are too slow and clumsy to effectively conpete with
human | abor in assenbly. Two possible exceptions to this

are in arc welding where speed is governed by the wel ding
process itself, and spot welding where the task corresponds
to nmoving a heavy welding gun through a sinple string of
points in space -- a procedure which the robot is particu-
larly adept at executing. However, if robots are to perform
ot her types of assenbly and construction tasks, they nust be



64 .Expl orat ory Workshop on the Social Impacts of Robotics

abl e to execute much nmore conplex routines with nmuch greater
grace, dexterity, and speed than they are now capabl e of.
Control systens need to be alternately stiff and conpliant
along different axes in space (which do not generally coin-
cide with joint coordinates). This requires nmuch nore so-
phisticated cross-coupled servo control conputations than
are presently enpl oyed.

Furthernore/ robot structures are typically quite nassive

and unwi el dly. Most robots can lift only about one tenth of
their own weight. Many cannot even do that. New nechani ca
designs using light weight materials such as carbon fil anment
epoxi es and hollow tubular construction are needed. Ad-
vanced control systens that can take advantage of such |ight
wei ght structures and high speeds will be a major research
proj ect.

Mich also remains to be done in gripper design. Typi cal |y,
robot hands consist of pinch-Jaw grippers with only one de-
gree of freedom -- open and shut. Contrast this wth the

human hand which has five fingers, each with four degrees of
freedom No robot has come close to duplicating the dexter-
ity of the human hand, and it is not likely that one will in
this century. Certainly, dexterous hands wth Jointed
fingers for industrial robots are a long way in the future
The problemis not so much in building such a mechanical
structure, but in controlling it. No one has any idea how
to design control algorithnms to nake use of such conplexity
and very little research is being done in this area.

Third, sensors of many different types nust be developed
Robots nust becone able to see, feel, and sense the position
of objects in a nunber of different ways. Processing of
vi sual data nust becone faster and be able to deternine
3-di mensi onal shapes and rel ationshi ps. Robot grippers nust
becone able to feel. the presence of objects and sense the
forces devel oped on those (hjectS. Proximty sensors are
needed on robot fingertips to enable the robot to neasure
the final few mllineters before contacting (objects. Longer
range proxinmty sensors are needed on the robot armto avoid
colliding with unexpected obstacles. Force and touch sen-
sors are needed to detect and neasure contact forces. A
variety of acoustic, electromagnetic, optical, X-ray, and
particle detectors are needed to sense the presence of vari-
ous materials such as metars, ferromagnetic, pl astics,
fluids, and linp goods, and to detect various types of flaws
in parts and assenblies. Both the sensing devices and the
software for analyzing sensory data represent research and
devel opnent problens of enornous nagnitude

Robot sensors is an area where there is nuch research ac-
tivity. Robot vision is by far the npbst popul ar research
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topic, and also probably the nost difficult. A conputer
mst treat a visual imge as an array of brightness dots
called picture elenents, or pixels. A typical scene my
consist of from 16 thousand to over a million pixels. I n-
terpretation of such a large volunme of data is an enornous
task even for a high speed conputer. It often takes many
seconds to several minutes to analyse a single picture by
conput er. This is far too slow for the robot to respond in
a tinely fashion to what it sees. Various tricks are used
to speed up this response tine. One is to illunmnate the
scene so that the objects appear as black and white
si | houettes. Another is to assure that no two Objects of
i nterest touch or overl ap. However, even under such artifi-
ci al circunstances robot vision is a very conplex problem
and subject to many difficulties. Such techni ques obviously
limt the use of robot vision to a few select applications.

O her robot sensory inputs such as touch and force appear to

be sinpler in principle, but much less work has been done in
t hese areas.

Fourth, control systens are needed which can take advantage
of sophisticated sensory data froma |arge nunber of dif-

ferent types of sensors sinultaneously. Present contro
systens are severely linmited in their ability to nodify a
robot’s behavior in response to sensed conditions. Robot

control systens need to be able to accept feedback data at a
variety of levels of abstraction and have control |oops with
a variety of loop delays and predictive intervals. See for
exanpl e, Figure 2. Sensory data used in tight servo |oops
for high speed or high precision notions nust be processed
and introduced into the control system with delays of no

nore than a few mlliseconds. Sensory data used for detect-
ing the position and orientation of objects to be approached
nmust be available within hundreds of nilliseconds. Sensory

data needed for recognizing the identity of objects or the
relationship between groups of (Objects can take seconds.

Control systens that are properly organized in a hierarchi-
cal fashion so that they can accommpbdate a variety of senso-

ry delays of this type are not available on any conmerci al
robot .

Fifth, robot control systens need to have nmuch nore sophis-
ticated internal nodel s of the environnment in which they

work. Future robot control systems  will have data bases
simlar to those generated by Conputer—Ai ded-Design (CAD)
systens, and used for conputer graphics displays. These can
describe the three dinensional rel ati onships of both the
wor kpl ace and the workpl aces. Such data bases are needed to
generate expectations as to what parts should look like to
the vision system or what they should feel like to the

touch sensors, or where hidden or occluded features are
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| ocated. Eventual ly, such internal nodels mght be wused in
the automatic generation of robot software; for exanple, by
describing how a finished assenbly should |ook, or even how
each stage of an assenbly or construction task shoul d appear
in sequence.

Si xth, techniques for developing robot software nust be

vastly inproved. Pr ogramm ng- by-teaching is inpractical for
smal | | ot production) especially for conplex tasks where
sensory interaction is involved. Shop fl oor personnel un-

skilled in conputers nmust be able to instruct robots in what
to do and what to look for in making sensory decisions.

Eventually it will be necessary to have a whole range of
programming |anguages and debugging tools at each |evel of
the sensory-control hierarchy. The devel opnent of conpilers

and interpreters and other software devel opnent tools, as
wel|l as techniques for making use of know edge of the en-
vironment derived froma nunber of different sensors and CAD
dat a- bases are research topics that will require hundreds of
person-years of highly skilled systens software talent.

Seventh, interfaces need to be defined in sone standardized
way, so that large nunbers of robots, machine tools, sen-
sors, and control conputers can be connected together in in-
tegrated systens. Trends in the field of conputer-aided-

manufacturing are toward distributed conputing systens
wherein a large nunber of conputers, robots, and machine
tools all interact and cooperate as an integrated system
This creates enornobus software problens. Particularly in
the case where sensors are used to detect variations in the
environnent and to nodify the control output to conpensate
for those variations, the software can becone extrenely dif-
ficult to wite and virtually inmpossible to debug. I n order
for such systens to work at all, it is necessary to parti-
tion the control probl em into nodul ar conponents and then
devel op interface standards by which the various system com
ponents can conmunicate with each other. See Figures 2 and
3.

It is often felt that standards are an inhibiting influence

on a newy developing field — that they inpede innovation
and stifle conpetition. In fact, just the opposite is true.
Vel | chosen interface standards promote market conpetition,
technol ogy devel opnent, and technol ogy transfer. They make
it possible for many different manufacturers to produce
vari ous conponents of nodul ar systens. Standard interfaces
assure that multivendor systems will fit together and
operate correctly. I ndi vi dual nodul es can be optinmzed and
upgraded w thout making the entire system obsol ete. Inter-

face standards also nake it possible for automation to be
introduced increnmentally -- one nodule at a tine, Syst ens
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can be mde wupward conpatible and automated piecew se.
Thus, users can test the automation waters gradually,
without a large initial capital barrier.

Ei ghth, nmany potential robot applications require robot no-
bility. Most  robots today are bolted to the floor or to a
t abl et op. Smal | robots can reach only one or two feet while
larger ones can grasp objects nine or ten feet away. But
many applications need robots which can naneuver over nuch
[arger distances. For exanple, a robot used to load a
machi ne tool typically spends nost of its tine waiting for
the nmachine tool to finish its operations. Sonetinmes a sin-
gle robot can be positioned between two or nore nachine
tools so that it can be nore fully utilized. However, this
leads to severe crowding of the work environnent and in nany
cases is sinmply not practical. There are a few applications
in which robots have been mounted on rails so that they can
shuttle between several machi nes. Unfortunately} to date
this has proven too expensive and cunbersone for wide scale
use.

In many applications, particularly in arc welding of large
structures like ships or buildings it is not practical to
bring the work to the robot; the robot must go to the work,
sonetinmes over distances of nmany tens of feet. One exanpl e
is in the construction of large machinery such as road
buil ding equipment. Anot her exanple is in the building of
shi ps. A good ship building robot would be able to maneuver
inside odd shaped conpartnments, clinb over ribs and bul k-
heads, scale the side of the ship’'s hull, and weld seans
sever al hundred feet in length. Simlar nmobility require-
ments exist in the construction of buildings. Construction
robots will need to be able to manuever through the clut-
tered environnent of a building site. In some cases they
will need to clinmb stairs, and work from scaffol di ng.

Robots will also be used in undersea exploration, drilling,

and mning. Robot vehicles will sonmeday explore the noon
and pl anets. These applications will require significant
new devel opnents in mobility nechanisns.

Robot mobility in the factory using rails, carts, or over-
head conveyors is a relatively sinple problemthat undoubt -
edly will be solved in the decade of the 1980’s. Robot no-
bility on the construction site, under the sea, and in outer

space however, is another issue entirely. The sensor, data
processi ng, and control problens associated with these as-
pects of robot nobility will require gears of concentrated
research.

For the nost part, these eight problem areas enconmpass pro-
found scientific issues and engineering problenms which wll



68 . Exploratory Workshop on the Social Impacts of Robotics

require much nmore research and devel opnent. It may be pos-
sible to inprove the nechanical accuracy of robots, and to
i mprove servo performance with little nmore than careful en-
gi neering. But nuch nore fundanental research and devel op-
ment will be required before the sensor, control, i nterna

model i ng, software generation systens interface and nobil-
ity problenms are sol ved. Mich remains to be done in sensor
technol ogy to i nprove the perfornmance, reliability) and cost
effectiveness of all types of sensory transducers. Even
nore remains to be done in inproving the speed and sophisti -
cation of sensory processing algorithns and special pur pose
hardware for recognizing features and analyzing patterns

both in space and tine. The conputing power that is re-
qui red for high speed processing of visual and acoustic pat-
terns will even require new types of computer architecture.

Sensory-interactive control systems that can respond to
various kinds of sensory data at many different levels of
abstraction are still very nmuch in the research phase.
Current commerci al robot control systens do not even allow
real -tinme six-axis increnental nmovenents in response to sen-
sory data. None have conveni ent interfaces by which sensory
data of many different kinds can be introduced into the ser-
vo loops on a nmillisecond tine scale for true real-tine sen-
sory interaction. None of the commercial robot control sys-
tens have anything approxi mati ng CAD data bases or conputer
graphics nodels of the environment and workpl aces. Finally,
current programming techniques are tinme consum ng and not
capable of dealing with internal know edge or sophisticated
sensory interactions.

These are very conplex problems that will require many
person-years of research effort. It is thus not surprising
that the robot applications are still extrenely linmted

VWHAT LI ES IN THE FUTURE?

Al'l of the problens listed above are anenable to solution.
It is only a matter of tine and expenditure of resources be-
fore sensors and control systens are devel oped that can pro-

duce dexterous, graceful, skilled behavior in robots. Even-
tually, robots will be able to store and recall know edge
about the world that will enable themto behave intelligent-

ly and even to show a nmeasure of insight regarding the spa-
tial and tenporal relationships inherent in the workplace
Hi gh order | anguages, conput er - ai ded-i nstructi on, and so-
phisticated control systens will eventually nmake it possible
to instruct robots using much the sanme vocabulary and syntax
that one might use in talking to a skilled worker.

There is no question that given enough time and resources
robotics will eventually become a significant factor in
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increasing productivity in industrial production. The ques-
tion is: How ruch tine and how nmany resources will be re-
quired before this becomes a reality?

In ny opinion nore than a few tens of mllions, and |less
than a few hundreds of mllions of dollars for research and

devel opnent will be required to nmake robots capable of per-
formng a sufficient nunber of tasks to make significant
productivity inmprovenents in industrial manufacturing. Mor e

than a few hundred and less than a few thousand person-
years of high level scientific and engineering talent will
be needed before robot software of sufficient conplexity can
be generated economically for small lot batch production.
In other words, anational research and devel oprment effort
of at l|east one, and perhaps two, orders of nagnitude
greater than what has been done to date will be required to
produce a significant inpact on industrial productivity.
And nore than just total dollars spent is inportant. Robot -
ics research is systens research. At least a few stable,

consistently well funded research centers of excellence wll
be required.

The questions then are:

“How fast are we progressing along the road to the solutions?”

and
“Who are the researchers that are |eading the way?”

In the United States there are four types of research |a-
boratori es:

L Uni versity
2, Non- profit
3. Private ‘Industry
4, Gover nment

UNI VERSI TY RESEARCH
Anong the principal university |abs are:

Stanford University: The robotics effort at Stanford is of
long standing, Tom Binford has been doing pioneering work
in three-di mensional vision for over a decade. Hi s students
have developed one of the npbst advanced robot progranm ng
| anguages avail able today called AL, for Arm Language. The
Stanford artificial intelligence lab has produced a |ong
list of ground breaking research projects in nmanipulation
hand-eye coordination) and robot assenbly. Stanford is
presently working on robot vision, a three-fingered hand,

force sensing, robot progranmi ng | anguages, and geonetric
nmodeling for vision and programm ng. They also have a
cooperative program wth Unimation for robot nobility.
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Stanford received about $200K in FY81 from NSF. There are
about 14 graduate students working on various projects.

M T has had a mejor robotics effort at least as long as
St anford. At present, Danny Hillis and John Hollerbach are
buil ding robot skin nade of thin sheets of rubber lined with
tiny wres that detect pressure. These are being used to
give robots a sense of touch, MT also is active in robot
vision and programing |anguages. Tom Sheridan of MT is
wor ki ng on Supervisory Control of Tel eoperators. This work
is currently directed toward undersea work and is partially
funded by Naval Ocean Systens Center in San Diego. Tot al
MT funding is around one nillion per year. Ofice of Naval
Research provides approximately 700K of this anount.

Carnegie-Mellon University has recently fornmed a Robotics
Institute directed by Raj Reddy with funding from Wsting-
house, ONR, DARPA and other industrial sponsors. The Insti -
tute has prograns in flexible assenbly, machining, sensory
systens, vision, mobility and intelligent systens. In its
less than two years of existence the Institute has recorded
significant achievenents in the expansion of sensory capa-
bilities of machines, the integration of several nachines
into cells carrying out conplex tasks, the application of
vision and optics to a wide range of industrial tasks, the
devel opnent of new robot nechani sms, and the application of
artificial intelligence to the nanagenent of evolving intel-
'igent technol ogies. Total funding is over $3 million, mak-
ing it one of the best funded mgjor university projects.

O fice of Naval Research contributes approximtely 500K per
year to Carnegie-Mellon University,

Rhode Island University has an inpressive effort directed by
John Birk on general nethods to enable robots with vision to

acquire, orient, and transport workpl aces. The Rhode 1Isl and
robot was the first to pick parts out of a bin of randonmy
oriented parts. Rhode Island is also doing work on dex-

terous robot grippers and robot progranmng |anguages.
Funding from NSF is $210K per year and fromindustrial affi-
liates, about $750K per gear.

University of Florida under Del Tessar is doing work in
t el eoperat ors, force feedback, and robot ki nemati cs and
dynani cs. Funding from the Departnent of Energy, NSF, and
State of Florida anounts to about $1 nmillion per year.

Purdue University is doing research in robot control Sys-
t ens, robot  progranm ng, | anguages, machi ne vision, and
nodel ing of part flow through industrial plants. Tot al NSF
funding to Purdue is about $400K over a four year period.

A nunber of Universities have smaller robotics efforts, or
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efforts in related areas.

The University of Mssachusetts is doing work in visual i n—
terpretation of natural scenes and design of parts for au-
tomati ¢ assenbly. ($125K per year) They have just received
an NSF grant for $157K to study “Economi c Applications of
Assenbly Robots”.

University of Maryland Conputer Vison lab under Azriel
Rosenfeld is doing work on a nunber of inmge processing pro-
jects including robot vision and methods for using visual
know edge in interpreting inages. (over $1 MIlion per
year)

University of Rochester under Herb Voelcker is devel oping
advanced net hods of representing three di nmensional shapes in
a computer nenory. The result of this work is a conputer
graphics language called PADL which is profoundly influenc-
ing the way future conmputer graphics systenms are being
desi gned. Much of this is being done with NSF funding.
($85, 576 in FY81)

Renssel ear Pol ytech Institute under Herb Freenan is also
studying the generation of conmputer nodels for three-
di nensi onal curved surface objects. ($98K)

University of Arizona is doing teleoperator work. ($113K)

University of Wsconsin is doing work in machine vision.
($60K)

Chio State University under Robert MGChee is working on
dynamics and control of industrial manipulators and |egged
| ocomotion systems. ($125K from NSF) DARPA has recently
funded MChee to build and test a man-carrying walking
machi ne. This project is funded at $250K in FY81 and $630K
in FY82. Battelle Labs are cooperating with Chio State
University in this effort.

University of Illinois, University of Pennsylvani a, Uni ver -
sity of \ashington, and the University of Texas all have
smal | research projects in robotics, and robot related work.

Total National Science Foundation funding for university
research in robotics and related fields is on the order of
$5 million per year. Addi tional university funding from
other sources such as industrial affiliates and internal
university funding may run another $4 mllion per Vyear.
University research tends toward small projects of one or
two professors and a few graduate students. The average NSF
grant in robotics and related fields is around $150K per
year.
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Al't hough support of wuniversity research by industry is on
the rise, it is still small by European or Japanese stan-
dar ds. University efforts tend to be fragmented, progress
is sporadic, and the issues addressed are often unrelated to
the problens of industrial manufacturing.

NONPRCFI T LABS

C. S. Draper Labs with Jim Nevins and Dan Wi tney have been
studying part-mating science and assenbly system design for
a nunber of years. They have performed a variety of assem
bly experinents studied the wuse of force feedback, and
devel oped a theory of the use of passive conpliance in
part-mating. Draper has also done econonic nodeling for
designing industrial systens, and real-time simulation of
the space shuttle renote manipul ator system for NASA NSF

funding is about $200K per year. Draper also has a nunber
of industrial clients for whomit perforns design and con-
struction of advanced assenbly systens. Tot al funding is

about $1 MIlion per year.

SRl International has an extensive robot research program
that dates back to the SHAKEY Artificial Intelligence pro-

ject that was funded by ARPA in the late 1960’s. Presently
SRI's program is headed by David Nitzan. Enphasis is on
machine vision for inspection and recognition. Sonme very

sophisticated robot vision research is being done on over-
| apping parts using structured light and a conbination of
binary and gray-scale vision. Wrk is also being done on
printed-circuit board inspection, progranmmabl e assenbly,
vision-guided arc welding, and sem automatic process pl an-
ni ng. Fundi ng from NSF i s about $350K per year wth about
$350K per year from industrial affiliates. SRl was the
first robotics lab to develop an industrial affiliates pro-

gram Ofice of Naval Research contributes approxinately
250K for research in communication and negotiation between
cooperating robots to distribute their workload. Addi ti onal

$250K per year funding from NSF started in August 1981 for
work on printed-circuit board inspection.

PRI VATE | NDUSTRI AL RESEARCH LABS

Ceneral Motors has established a najor robotics research ef-
fort at the G M Research Labs in Warren M chi gan. They
have concentrated on vision and have produced a new robot
vision system called “CONSIGHT". This system has a unique
net hod for obtaining silhouette inages of parts on a con-
veyor belt that does not require back lighting and is not

dependent on contrast between the part and the belt. Gen-
eral Motors is also interested in small parts assenbly by
robots and automatic inspection. Several years ago they

contracted with Unimation to produce the PUMA robot; a
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smal |, accurate, conputer controlled robot designed for as-
senbly

General Electric is becomng very active in robot research.
G E has a substantial research effort in robot assenbly,
robot vision, robot controllers and new VLSI mcro circuit
t echnol ogy. They have designed a very inpressive | aboratory

robot which enbodi es a nunber of innovative concepts. G E.
also has a robot denonstration facility where they have one

of almost every robot manufactured today. As a part of this
facility they offer courses in robot programm ng and appli -
cati ons engi neeri ng. G E. has al so announced intentions of

mar keting the Italian PRAGVA robot in this country under the
name of ALLEGRO, as well as the Hitachi Process Robot.

West i nghouse has established a productivity center in Pitts-
burgh with a robotics research |ab containing 15 robots of
all different Kkinds. This center supports Carnegie-Mllon
University wth $1 million per year grant for manufacturing
research. West i nghouse al so has a cost sharing project with
NSF cal |l ed APAS for Adaptabl e Progranmabl e Assenbly System

This research project will be conplete in 1982. It has been
funded by NSF at about $500K per year. West i nghouse al so
has a R&D center which is working wth the University of
Florida to assess what tel eoperator technology is needed for
nucl ear power plants.

I BM has been involved in robotics research for a nunber of
years. | BM has devel oped robot programm ng |anguages called
AUTOPASS and EM LY and has studied the problem of robot as-
senbly. I BM has al so developed its own robot which it uses
in its own nmanufacturing operations. Al'l of the IBM robot-
ics effort is internally funded and details of the projects
are not avail abl e.

Texas Instrunments al so has devel oped a robot which they use
for assenbly and testing of hand cal cul ators. No details of
this effort are available.

Martin-Marietta has a robotics effort directed primarily to-—
ward NASA and DOD interests. They are working on autonated
di agnosi s and checkout of avionics, cockpit sinplification,
and various autononous devices. Martin is al so studying the
speed requirenents for space shuttle manipulators, coordi -
nate transformations, and two arm coordination. Funding is
about $3 nmillion per year.

Automatix is a small new conmpany with a heavy enphasis on
robotics research. Robot vi sion, mcroconputer control sys—
tems, and applications engineering in arc welding systens
are their main target areas.

90240 0 - 8 - 6
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Machi ne Intelligence Corporation is another small conpany,
whose technical staff includes the principals who pioneered
robot vision at SR I nternational. Machine Intelligence
Corporation manufactures conputer vision systens to be in-
corporated into turnkey inspection, materi al -handling and
assembly  systemns. In cooperation with Unimation Corpora-
tion, they have devel oped the Univision system the first
comerci al l y-avail abl e “seeing” robot, marrying an advanced
vi sion systemw th the PUMA robot, programmabl e under a spe-
ci al | anguage “VAL". They have an NSF Smal | Busi ness | nov—
novation grant for research on a nethod of person/robot com
muni cation, to permit progranmi ng a robot w thout need for a
pr of essi onal progranmer.

ROBOT MANUFACTURERS

The major robot manufacturers, of course, also conduct a
substantial anount of research. Uninmation is working on ad-
vanced control syst ens, calibration techniques, mobi lity

systems, and progranm ng techniques.

G ncinnati Mlicron has a research group working on new con-
trol system architectures) programm ng | anguages, and
nmechani cal design.

Pr ab- Versatran, Aut opl ace, Advanced Roboti cs, Devi | bi ss,
Mobot, Nordson, Thermwod, ASEA, KUKA, Tralfa, U S. Robots,
and perhaps ten other small new robot conpanies are all ag-
gressively devel opi ng new and inproved product Iines.

The level of funding for research by the robot manufacturers
is proprietary. However, based on the aggregate sales of
about $150 million for the entire U S, robot industry, it
is probably around $15 million per year and scattered over

about twenty conpanies. One or tw of the largest nanufac-
turers are spending around % MIlion per year on research.
However, it is doubtful if nore than three manufacturers are

spending nore than $1 nillion per year.
GOVERNMVENT RESEARCH

The National Bureau of Standards is pursuing research relat-
ed to interface standards, perfornance neasures, and pro-
gramm ng | anguage standards for robot systens and integrated
conput er - ai ded- manuf act uri ng Syst ens. This work focuses on
advanced concepts for sensory-interactive control syst ens,
nmodul ar distributed systens, interfaces between nodules, and
sensor interfaces to the control systens of robots and
machi ne tools. Fundi ng fromthe Departnent of Commerce is
about $1. 5 mllion per year.

The Air Force Integrated Computer Aided Manufacturing (I CAM
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project has funded several robot devel opnent and inpl enent a-
tion proj ects. A contract with General Dynanics introduced
robots into drilling and routing applications in aircraft
manuf act uri ng. A contract with McDonnell-Douglas resulted
in a robot progranm ng language based on the APT N C tool

| anguage, A contract with Lockheed Georgia produced a study
of potential future aerospace applications for robots. To-
tal funding was about $1 million per year. This work is now
conpl et ed. Techni cal Modernization, a related program is
presently funding General Dynam cs to design several aspects
of an automated factory. Funding for this is about $4 ml-
lion per vyear. Total ICAM funding is $17 nmillion per year
for conputer based information, planning and control, and
systems engi neering methodol ogies for increased autonation.

Estimated future | CAM funding for robotics is $2 mllion per
year.

NASA has a nunber of snall robotics projects at several of

its centers. JPL has a project in stereo vision, force
feedback grippers, and the use of automatic planning pro-
grans for mssion sequencing applications. Langl ey Research

Center is doing research on robot servicing of spacecraft.
Mar shal | Space Flight Center has devel oped a prototype robot
armfor satellite refurbishing and is working on free-flying
t el eoperat ors. Johnson Space Center is nmanaging the
devel opnent of the space shuttle renpte manipul ator system
The total NASA reseach budget for automation is about $2
mllion.

The Naval Air Rework Facility in San Diego is funding the
devel opnent of robots to renobve rivets and fasteners from
airplane wings,, to strip and repaint aircraft, and to per-
form wire assenbly. Total funding for these three projects
is about $3 mllion per year.

The Naval Ccean Systems Center is currently exploring vari-
ous mlitary applications of robot and tel eoperator systens.
There are specific interests in teleoperated and robot sub-
nersi bl es, tel eoperated and robot | and vehicles, teleoperat-
ed lighter than air vehicles, underwat er  nmani pul ators,
stereo optic and acoustic vision, renote presence, auto-
nonmous robot know edge representation and decision making
and conplex robot system specification and verification.
These interests are distributed anong six projects funded at
a total of $650K per year.

The total governnment funding for robotics is about $10 mil-
[ion per year.

OVERSEAS RESEARCH

Overseas robotics efforts are considerably better funded.
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Al't hough exact figures are hard to obtain, most  knowl edge-
able observers estimate that the Japanese are spending from
three to ten times as much as the United States on robotics
and related research. The Western Europeans are estimated
to be spending fromtw to four times as nmuch as the U S.
Certainly the corporate giants of Europe and Japan are
heavily invol ved. Fiat, Renault, Olivetti, and Vol kswagen
have all developed their owmn robots, and many other European
firmse are marketing a wide variety of very sophisticated
r obot s. In Japan, Kawasaki, Hitachi, Yasakawa, Fanuc, and
M subi tshi all have major research laboratories and are ag-
gressively nmarketing a wde variety of industrial robots
Fanuc has teanmed up with Siemens of Germany to market a very
conpetitive line of robots under the name General Numeric.

Eur opean and Japanese university efforts are heavily subsi-
dized by the respective governnents and university-industry
col l aboration is very close. Many university research |a-
boratories are el aborately equi pped with the nost nodern N C
machi ne tools and the best robots. Many of these machines
are donated by private industry. Gover nment support for
sal ari es and overhead nmakes it possible for the universities
in Europe and Japan to sustain |large and coherent research
prograns. Even if the total U S. effort were equivalent,

the lack of U S. centers of excellence supported on a con-
sistent long term basis would put the U S at a serious
di sadvant age. The fact is, U S. robotics research efforts
are neither better funded nor better organi zed than those of
our overseas trading partners. The Japanese have made the
devel opnent of the automatic factory a high priority item of
national policy. European research is heavily subsidized by
t he governnent funds. In both places robotics technology is
treated as crucial to national econom c devel opnent.

| MPLEMENTATI ON

In the United States at present, there are only about 3000
robots installed. That’s |less than the nunber of workers
enployed in a single factory in many conpani es. That’'s less
than the graduating class of sone high schools in this coun-
try. Today, there is a bigger market for toy robots than
for real robot s. So at least for the present, robots are
havi ng al nost no effect one way or another on overall pro-
ductivity in this country. Today, robots are being produced
in the United States at the rate of about 1500 per year.

Predictions are that this wll probably grow to between
20,000 and 60, 000 robots per year by the year 1990. In oth-
er words the production rate is growi ng atabout afactor of
10 to 30 per decade. At that rate the U. S. wll be |ucky
to have a nmillion robots in operation before the year 2000

This neans that unless there is some drastic change in the
presently projected trends, there won't be enough robots in
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operation to have a significant inpact on the overall pro-
ductivity of the nation's econony before the turn of the
century.

(OF course, there will be some specific areas where the im
pact of robots wll be [large. In areas |ike autonobile
spot -wel ding, robots have already had sone effect. By the
md 1980's there may be a significant effect on productivity
in arc welding.

Arc welding is a hot, dirty, unpleasant job where the wel der
must wear heavy protective clothing and must work in the

presence of a shower of hot sparks and choking snoke. Typi -
cally a human wel der cannot keep his torch on the work nore
than 30% of the tine. A robot welder, on the other hand can
keep its torch on the work about 90% of the tine. Thus,

even though the robot cannot weld any faster than a human,
it can turn out about 3 times as much work.

Unfortunately, present day robots cannot set up their own
wor k. That requires a human assistant. So this reduces the
productivity advantage. Al so, the robot nust be programmed
to perform the welding task. Typically this takes mnuch
| onger than would be required to actually perform a weld.
Thus, unless the robot is used to performmany repetitions
of the same welding task there is no productivity gain.

O course, once robots becone intelligent enough to assenbl e

and set up their own work, productivity wll inprove. Once
robots become clever enough to look atthe job and figure
out where to put the weld, productivity will inmprove even
nor e. Eventually, welding robots will be sufficiently so-
phisticated to work from plans stored in conputer nmenory and
to correct errors which may occur during a job. Vel di ng
robots will then be able to work nights and weekends (four
shifts per week) conpletely w thout human supervision. At
that point productivity inprovenents over present nethods of
many hundreds of percent becone possible. Unfortunately, we
are a long way fromthat today. There are many difficult

research and devel opment problens that must be solved first.
Unless the evel of effort in software devel opnment is in-
creased many fold, these inprovenents will not be realized
for many years.

Let's |l ook at another industry, the netal cutting industry,
where robots are already being wused to load and unl oad

machi ne tools. This is a relatively sinple task, so |long as
the parts are presented to the robot in a known position and
orientation. During the 1980's, robot sensory and control
capabilities will inprove to the point where robots can find

and | oad unoriented parts, or in some cases, even pick parts
out of a binfilled with randomy oriented parts |ying on
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top of each other. This may inprove productivity by hun-

dreds of percent because it will make it possible to install
robots in manyexisiting plants w thout najor re-engineering
of production nethods. For exanple, in conventional NC

machi ne shops a single nmachinist could set up several
nmachi nes which could then run for extended periods unattend-
ed. In some cases robot tended machines may run overnight
and on weekends wi thout human intervention.

By 1990 robots may begin to have a significant i npact on
mechani cal assenbly. There has been a great deal of
research effort spent on robot assenbly. Unfortunately/ the
results have not been spectacul ar--yet. On the one hand,
robots cannot conpete with classical so-called “hard autona-
tion” in assenbly of mass produced parts. General purpose
machi nes like robots are still too slow and too expensive to
be econoni cal for mass production assenbly tasks. On the
ot her hand, robots cannot yet compete wth human assenbly
workers in small ot assenbly. Humans are incredibly adapt-
abl e, dexterous, as well as fast, skil | ed, and relatively
cheap conpared to robots. A human has two hands and ten
fingers with arns, and shoul ders nounted on a nobile plat-
form equipped with a total of 58 degrees of freedom The
human has a fantastically sophisticated vision system and
can be progranmed to performa wide variety of tasks quite
easily. Even in a relatively routine task such as the as-
senbly of an autonobile alternator (perfornmed at the C S
Draper Lab, Canbridge, MA) , test results indicated that
robot assenbly would be only marginally effective econom -
cally even after every phase of the task had been optinized.

Nevert hel ess, progress is being mde and will conti nue.

Robot capabilities will gradually increase. Sensory systens
will beconme nore sophisticated and | ess expensive. The cost
of conputing hardware is dropping rapidly and steadily with
no sign of bottom ng out. Software costs are likely to be
the mgjor inpediment to robot devel opnent for the foresee-

abl e future, but even these are slowy yielding to the tech-
ni ques of structured progranm ng and high |evel [|anguages.

Eventually, extrenely fast accurate, dexterous robots will
be programred using design graphics data bases which
descri be the shape of the parts to be nade and the confi-
guration of the assenblies to be constructed. Eventual |y,
robots will be able to respond to a wide variety of sensory
cues, to learn by experience and to acquire skills by self
optim zati on. Such skills can then be transferred to other
robots so that |earning can be propagated rapidly throughout
t he robot [ abor force.

During the 1990's robots will probably enter the construc—
tion trades. Under the tutelage of a human naster-
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craftsman, apprentice robots willcarry building mterials,
lift and position walland floor panels, cut boards to size,
and lay brick, block, and eventually stone. In the next
century, | abor intensive building techniques (using robot
| abor) nmay once again become practical. Hones, streets,
bri dges, gardens and fountains nay be constructed of scul pt-
ed stone, quarried, cut, and assenbled by robots. Event ual -
ly, robots wll mne the seabed, and farm the surfaces of
the oceans for food and fuel. And, of course, robots will
play a major role in outer space, -- in the construction of
| arge space structures, in space mnufacturing, and in
pl anetary expl oration.

Sonetine, perhaps around the turn of the century, robot
technology will devel op to the degree necessary to produce
the totally automated factory. In such factories robots
Wil l perform nost, if not all, of the operations that now
requi re human skills. There will be totally automatic in-
ventory and tool nanagenent automatic nachining) assenbly,
finishing, and inspection systens. Automatic factories wll
even be able to reproduce thenselves. That is, automatic
factories will make the conponents for other automatic fac-
tories.

Once this occurs, productivity inprovenments wll propagat e
from generation to generation. Each generation of nachines
wi Il produce machi nes | ess expensive and nore sophisticated
than thensel ves. This will bring about an exponential de-
cline in the cost of robots and autonatic factories which
may equal the cost/performance record of the conputer indus—
try. For the past 30 years conputing costs have spiraled
downward by 20% per year. This, at least in part, is due to
the fact that conputers are used to design, construct, and
test other conputers. Once automatic factories begin to
manuf acture the conmponents for automatic factories) the cost
of manufacturing equipnment will also fall exponentially.

This, obvi ously, wll reduce the cost of goods produced in
the automatic factories. Eventual |y, products produced in
automatic factories nay cost only slightly nore than the raw
materials and energy from which they are nade.

The long range potential of totally automated manufacturing
is literally beyond our capacity to predict. It may change
every aspect of industrial soci ety. Automatic factories
that can operate w thout human |abor, and reproduce them

selves, could lead to an entirely new era in the history of
civilization.

Now, in the light of the unprecedented econom c potential of
robots, | suppose | should coment on why the inplementation
of this technology is proceeding so slowy.
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First, at least in the U S. , funding for robotics R& has
been very nod est. Everyindication is that in the future,

support will grow, but not dramatically. Certainly, there
is nothing to suggest that a crash devel opnment program on
the scale of the Manhattan Project or the Apollo Man Pro-
gram is inmnent. Certainly, there are no plans for the
federal governnent to |launch such an effort and private in-
vestnent funds are not likely to be committed on a nassive

scal e because of the long tine to pay back, Robotics is
still a long termresearch topic. W are a long, long way
froma sophisticated sensory interactive, intelligent, high-
ly skilled, dext er ous, econom cally feasible, and conmer-
cially manufacturabl e robot. Research in this area is long
term time consum ng) and risky. Al so, there is no certain-
ty that inventions can be kept proprietary. There is there-

fore, no guarantee that the firns which nake the investnents
can capture enough of the benefits to mke the risk
wor t hwhi | e.

Secondly, even after the research and devel opnent problens
are solved, several decades and nany hundreds of billions of
dollars will be required to convert the present industrial
base to robot technol ogy. This enornous investment wll
severely tax available sources of capital. The transforma-
tion of the entire industrial plant of a country sinply can-
not be achieved except over an extended time period.

Thirdly, and perhaps nost inportantly) many voters question
the desirability of rapid, nassive deploynent of robot tech-
nol ogy. Despite the obvious benefits from productivity im
provenent, there would be serious social and econom c ad-
justnents necessary as a result of such a rapid productivity
growt h. Productivity inprovenent by its very nature reduces
the anount of human | abor needed to produce a given product.

Thus, an obvious, but | believe incorrect conclusion is that
a rapid increase in productivity would lead to unenpl oynment.

There is awi de spread perception that robots pose a threat
to jobs. The fear is that if robots were introduced at the
rate that is technologically possible, unenploynent would
becone a serious problem

However, wi despread unenployment is not the inevitable
result of rapid productivity growth. There is not a fixed
amount of wor k! More work can al ways be created. Al that
is needed is awayto neet the payroll. Markets are not sa-
turat ed. The purchasing power of consumers can always be
increased at the same rate that nore products flow out of
the robot factories. At present, there is plenty of denmand.

The nmere fact of inflation is prima facie evidence that con-
surrer dermand exceeds the ability of present production tech-
niques and facilities to supply goods and services at con-
stant prices. Wrk is easy to create. So is demand. What
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is hard to produce is goods and services that can be sld
for a profit, at, (or below) the current market price.

Nevert hel ess, the average citizen is unconvinced that ad-
vanced automation would necessarily put increased spending
power into his or her pocketbook, The question is -- |If the
robots have npst of the jobs, how will average people get
their incone? In order for nost people to be convinced that
robots are going to bring nore benefits than problens it
Wi Il be necessary to denpnstrate that a variety of alterna-
tive income producing occupations will be created to fill
the void left by those jobs which are taken over by robots.
Fortunately, this is not difficult to do.

Per haps, the nost obvi ous source of new jobs is in the in-
dustries which rmust be created in order to convert to a
robot based econony. Certainly if robots are to be manufac-
tured in large enough quantities to nake a significant im
pact on the existing industrial system entirely new robot
manuf acturing, sales, and service industries will emnmerge and
mllions of exciting new jobs will be created. A typical
i ndustrial robot costs from $30,000 to $80,000 and sonetimes
nore by the time it is installed and operating. This nmeans
that every robot installed creates from 2 to 4 person-years
of work somewhere in the econony. The robot market is
presently grow ng at about 35% per year, which neans it dou-—
bl es about every 3 years. As long as this growth rate con-
tinues, robot production will add jobs to the econony about
as fast as robot installation takes them away.

It will be many years, perhaps nmany decades, before robots
can design, manuf acture  narket, install, program and
repair thenselves with little or no human intervention. In
the neantineg, t he manufacture and servicing of robots will
produce an enornous denmand for mnechani cal engi neers, techni-
cians, conputer programmers electronic designers robot in-
stallation and repair persons. New r obot conpanies will re-
quire secretaries, sales persons, accountants, and business
managers. It seens likely that the robot industry wll
eventually enploy at |east as many people asthe conputer
and automobile industries do today.

Converting the world's existing industrial plants from manu-

al to robot labor will require many decades and will cost as
much as the total existing stock of industrial wealth. Thi s
is a Herculean task which will provide enploynent to ml -
lions of workers for several generati ons. For a country

like the United States which has a strong technol ogical
base, the world market in robots could easily <create twice
as many jobs in robot production as were lost to robot |a-
bor. Needl ess to say, the export of robot systens (as well
as products nmade by them) could have a strong positive
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effect on the balance of trade and the strength of the dol-
lar on the international narket.

In general, industries that use the nost efficient produc—
tion techniques grow and prosper, and hire nore workers.
Markets for their products expand and they diversify into
new product lines. Workers displaced by automation are sim-
ply transferred into new growh areas or retrained for dif-

ferent occupations. It is in the industries that fall
behind in productivity that job layoffs are prevalent.
I nefficient industries lose market-share to conpetitors,
shrink, and eventually die. Thus, the biggest threat to

jobs is not in industries that adopt the | atest robot tech-
nol ogy, but in those which do not.

For exanpl e, there are alnost one-half million jobless work-
ers today in the American autonobile industry. This is not
because of a couple thousand robots. It is because of the
energy crisis and because of foreign conpetition. U S
auto workers are suffering unenpl oynent nore because of
robots in Japan than because of robots in Detroit. If Armer-
ica continues the present |low rate of productivity growh,
we cannot help but have even greater unenployment. Forei gn
trading partners are nodernizing at a rapid rate. If we do
not  innovate, our products cannot conpete, and our workers
will find their jobs being taken away by foreign conpeti-
tion.

| nproving productivity is not easy. It requires research,
devel opnent) educat i on) capital investnment, and incentives
to do better. The new technol ogy of advanced autonation is
not a quick fix. It is along range sol ution. Robots have
much prom se but a long way to go. W are only beginning to
understand sonme of the technical probl ens. W are many
years, perhaps several decades from meking truly intelli-
gent, highly skilled robots. But technical solutions wll
come. It is only a matter of time, noney, and intellectual
resour ces. The real question is whether we can evolve a so-
ciety in which robots will conplenent, not conpete with, hu-
mans for their livelihood. If this problem can be sol ved,
then the prospects for the future may be very bright indeed.
Robots and automatic factories have the potential to in-

crease productivity virtually without [limt. This poten-
tial, if brought to reality, could create a material abun-
dance and standard of living which far exceeds the horizon
of today's expectations. Over the next two centuries the
technol ogy of robotics and advanced automation could nake
everyone rich. Robots sonmeday could provide the economnic
foundation for an “everypersons’ aristocracy. “ However, this
will require that we find a way to nake them work for us,
and not in conpetition wth us. To protect the human

worker’s livelihood in the com ng decades there are several
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steps which can and shoul d be taken.

First, we nust provide retraining for workers displaced by
robots for new and better occupations.

Second, (after adecade or so when robots begin to nmake a

significant i nppact on productivity) we can decrease the
wor kweek. It is nowhere witten in stone that humans nust
work 40 hours per week. As robots take over nore and nore

wor k, humans can inprove their work environment and de—
crease their work periods to 30, 20, or even 10 hours per
week. Education and leisure activities can be increased
virtually without limt. Eventually all “work” could be
vol untary.

However, in order to achieve this we will need to explore a
wide variety of mechanisns for broadening our ownership of
robots and autonmatic factories. Enpl oyee stock ownership
pl ans, i ndi vi dual robot-owner entrepreneurs, and even semi-
public rmutual fund ownership plans m ght be devel oped in the
future. If everyone could own the equivalent of one or two
robots, everyone would be financially independent, regar d-
| ess of whether they were enployed or not.

Finally, in the next few years and decades, we nmust recog-
nize that it is premature to worry about insufficient work
to go around. There is virtually an wunlinmted anount of
work that needs to be done in elimnating poverty, hunger,
and disease, not only in Anerica, but throughout the world.
W need to devel op renewabl e energy resources> clean up the
environment rebuild our cities, exploit the oceans, explore
the planets, and colonize outer space. The new age of
robotics will open nmany new possibilities. VWhat we humans
can do in the future is limted only by our inmagination to
see the opportunities and our courage to act out our be-
liefs.
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Figure 1. Renote, in situ robot trajectory calibration system Each of the two
cameras can neasure the x and y position of |ight—emtting-diodes (LEDs)
Initially, a calibration cube with a set of LEDs at known points is used
to compute the positions and viewi ng angles of the tw caneras. Then
the two caneras can track a LED on the robot so as to determine the
3-di nensional position accuracy of the robot over its working vol ume.
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Expl anation of Figure 2.

The command and control structure for successful or gani za-
tions of great conplexity is invariably hierarchical
wherein goals, or tasks, selected at the highest |evel are
deconposed into sequences of subtasks which are passed to
one or nore operational units at the next lower level in the
hi erarchy. Each of these lower l|evel units deconposes its
i nput command in the context of feedback information ob-
tained from other units at the same or |lower levels, or from
t he external envi ronnent, and issues sequences of sub-
subtasks to a set of subordinates at the next |ower |evel
This sane procedure is repeated at each successive hierarch-
i cal | evel until at the bottom of the hierarchy there is
generated asetof sequences of primtive actions which
drive individual actuators “such as notors, servo valves, hy-
draulic pistons, or individual nuscles. This basic schene
can be seen in the organizational hierarchy on the left of
Figure 2.

A single chain of command through the organizational hierar-
chy on the left is shown as the conputational hierarchy in
the center of Figure 2. This conput ati onal hi erarchy con-
sists of three parallel hierarchies: a task deconposition
hierarchy, a sensory processing hierarchy, and a world npde

hi erar chy. The sensory processing hierarchy consists of a
series of computational units, each of which extract the
particular features and information patterns needed by the
task deconposition unit at that |evel. Feedback from the
sensory processing hierarchy enters each |level of the task
deconposi ti on hierarchy. This feedback information cones
from the sanme or lower levels of the hierarchy or from the
external environnent. It is used by the modules in the task
deconposition hierarchy to sequence their outputs and to
nodi fy their deconposition function so astoacconplish the

hi gher  level goal in spite of perturbations and unexpected
events in the environment.

The world nodel hierarchy consists of a set of know edge
bases that generate expectations against which the sensory
processi ng nodul es can conpare the observed sensory data
stream Expectations are based on stored information which
is accessed by the task being executed at any particular
tine, The sensory processing units can use this information
to select the particular processing algorithms that are ap-
propriate to the expected sensory data and can inform the
task deconposition units of whatever differences, or errors,

exist between the observed and expected data. The task
decomposition unit can then respond, either by altering the
action so as to bring the observed sensory data into
correspondence with the expectation) or by altering the in-
put to the world nodel so as to bring the expectation into
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correspondence with the observation.

Each conputational unit in the task deconposition, sensory
processing, and world nodeling hierarchies can be represent-
ed as afinite-state rmachine. At each tine increnment, each
unit reads its input and based on its present internal state
conputes an output with a very short tinme delay.

If the output of each unit in the task deconposition hierar-
chy is described as avector, and plotted versus tinme in a
vector space, a behavioral hierarchy such as is shown on the

right side of Figure 2 results. In this illustration a high
| evel goal, or task, (BU LD SUBASSEMBLY ABCD) is input to
the highest level in a robot control hierarchy. The H5 task

deconmposition unit breaks this task down into a series of
subt asks, of which (ASSEMBLE AB) is the first. This “com
pl ex” subtask conmmand is then sent to the H4 task deconposi -
tion unit. H4 deconposes this “conplex” subtask into a se
guence of “sinple” subtasks (FETCH A), (FETCH B), (MATE B to
A, FASTEN B to A). The H3 unit, subsequently deconposes
each of the “sinple” subtasks into a string of “el ement al
moves”  of the form (REACH TO A), (GRASP), (MOVE to X),
(REALEASE), etc. The H2 deconposition unit then conputes a
string of trajectory segnents in a coordinate system fixed

in the work space, or in the robot hand, or in the work
piece itself. These trajectory segnents nmmy include ac-
celeration, velocity, and deceleration profiles for the
r obot not i on. In Hl, each of these trajectory segnents are

transformed into joint angle nmovenents and the joint act ua-
tors are servoed to execute the conmanded notions.

At each level, the G units select the appropriate feedback
information needed by the H modules in the task deconposi -
tion hierarchy. The M units generate predictions> or ex-
pected val ues, of the sensory data based on the stored
know edge about the environnment in the context of the task
bei ng execut ed.
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Expl anati on of Figure 3.

The computing architecture shown in Figure 3 is intended as
a generic system that can be applied to a wide variety of
automati ¢ manufacturing facilities and can be extended to
much | arger applications. The basic structure is hierarchi-
cal, with the conmputational |oad distributed evenly over the
various conputational wunits at the various different |Ievels

of the hierarchy. At the lowest level in this hierarchy are
the individual robots, N C machining centers, smart sensors,
robot carts, conveyors, and automatic storage systens, each

of which nmay have its own internal hierarchical control sys-
tem These individual machines are organized into work sta-
tions under the control of a work station control wunit.
Several work station control wunits are organized under, and
receive input commands from a cell control wunit. Sever al
cell control wunits may be organized under and receive input
commands from a shop control wunit, etc. This hierarchical
structure can be extended to as nmany levels with as nmany
nodul es  per | evel as are necessary, depending on the com
plexity of the factory.

On the right side of Figure 3 is shown a data base which
contains the part programs for the nachine tools, the part
handling progranms for the robots} the materials require-

nments, di nensi ons, and tolerances derived from the part
design data base, and the algorithms and process plans re-
quired for routing, schedul i ng) t ool i ng, and fixturing.

This data is generated by a Conputer-Aided-Design (CAD) sys-
tem and a Conmputer-Aided-Process-Planning (CAPP) system
This data base is hierarchically structured so that the in-
formation required at the different hierarchical levels is
readily available when needed.

On the left is asecond data base which contains the current

status of the factory, Each part in process in the factory
has afile in this data base which contains information as
to what 1is the position and orientation of that part, its
stage of conpletion, the batch of parts that it is with, and
quality control i nformati on. This data base is also
hi erarchically structured. At the |owest |evel, the posi-
tion of each part is referenced to aparticular tray or
tabl e top. At the next higher level, the work station, t he
position of each part refers to which tray the part is in.

At the cell level, position refers to which work station the
part is in. The feedback processors on the left scan each
level of the data base and extract the information of in-
terest to the next higher |evel. A managenent information

system makes it possible to query this data base at any |ev-
el and determine the status of any part or job in the shop.
It can also set or alter priorities on various Jobs.
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ROBOTICS, PROGRAMMBLE ~ AUTOIVATI ON AND | NCREASI NG COWPETI Tl VENESS*

Bel a Gol d**

Mre than 25 years of enpirical research on the productivity, cost and
other effects of major technol ogical innovations in a wide array of industries
inthe U S and abroad have led me to draw two concl usions:

First: that the actual economc effects of even major technol ogical
advances have alnost invariably fallen far short of their ex-
pected effects; and

Second: that such exaggerated expectations have been due to their over-
concentration on only a limted sector of the conplex of
interactions which determne actual results.

Hence, sound analysis of the prospective effects of increasing applications of
robotics in domestic industries on their cost effectiveness and international
conpetitiveness requires avoi dance of such over-sinplifications.

Accordingly, Part | of this paper will present some foundations for policy
anal ysis, including: the place of robotics within current and prospective ad-
vances in manufacturing technol ogy; the effects of increasing robot utilization
on productivity and costs; and the resulting effects on international conpeti-
tiveness. Part 11 wll then consider the problems and policy inplications of
seeking: to accelerate the devel opnent of robotics and related advances in
manuf acturing technol ogy; to accelerate the diffusion of such advances within
domestic manufacturing industries; and to mitigate any potentially burdensome

soci al and econonic effects of such devel oprments.

| POLICY ANALYSI S FOUNDATI ONS

A, Robotics and Programmable Automation in Mnufacturing

1. Programmabl e Autonation

Gains in the physical efficiency of manufacturing operations may be derived

* Prepared for the Robotics Wrkshop of the Congressional Ofice of Technol ogy
Assessnent held on July 31, 1981.
** Wlliam E Unstattd professor of Industrial Economics and Director of the
Research Programin Industrial Economics, Case Western Reserve University,
C evel and, Onio.
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froma variety of developments. The nost inportant among these include: ad-
vances in technology; increases in the scale of production; inprovenents in the
output and quality capabilities of equipnment; adjustnments in |abor contributions;
and continuing increments in the effectiveness of production planning and control.
Because the effectiveness of such operations depends on integrating all these
factors, changes in any one are likely to interact with others. Hence, evalu-
ation of the effects of any innovation requires consideration of all resulting
readjustments in the system

After basic advances in technology, the nost inportant and continuous source
of gains in the physical efficiency of production operations in the past has
probably been increases in the specialization of facilities and equi pment. The
degree of specialization which was found nost rewarding was determined by the
variety and volune of output which needed to be processed by the given equipment.
Thus, increases in the standardization of products and in the quantity required
encouraged the introduction of progressively nore narrowy specialized production
syst ens. Eventual |y, the manufacture of conpletely uniform products in very large
quantities led to the construction of interlocking arrays of highly specialized
machi nes capabl e of producing enornmous quantities with very great physical
efficiency. Such “dedi cated systems”, however, permt only mnor adjustnents
in product designs or processing nmethods. As a result, they are not applicable
to the overwhel ming proportion of manufacturing activities which involve the
production of wider arrays of products in smaller quantities. In addition, the
heavy investment required by such dedicated systens, conbined with their very
linmited flexibility, also encourages their users to resist changes in products
and inprovements in production nethods in an effort to use their existing equip-
nment as long as possible.

O course, engineering design pernmits a wide range in the extent to which
specialization is built into production machinery. Thus, “general purpose”
equi pment may be designed to accommdate a wide array of tools and processing
functions in return for limting its rate of output as well as other capabilities
in respect to any particular task. Such equipment’s output is also heavily
dependent on the concomtant specialized contributions of operators and other
service personnel. And intermediate degrees of equipnment specialization have
offered progressively larger trade-offs of decreases in the range of functions
capabl e of being performed,as well as decreases in reliance on the specialized
contributions of operators and other external inputs,in return for increases in
the level of output, quality and effectiveness of designated production tasks.
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asa result of intensifying narket pressures, there have been sharply
increased efforts in recent years to inprove the cost conpetitiveness of nmanu-
facturing operations devoted to a limted variety of products required in
vol umes ranging fromrelatively small to noderate. Such needs are doninant in
nost small and internediate manufacturing plants as well as even in large plants
manuf acturing capital goods. By far the npbst inportant advance in such capa-
bilities has cone from the devel opnent of conputerization and related communication
and instrumentation capabilities. These permt the utilization of replaceable
programed instructions in combination with programmable controls to enable
given equipnent to turn out varying amounts of a succession of different parts
with little or no operator requirenents.

In order to help clarify the broad potentials of the resulting revolution
in manufacturing technology which will be unfolding with accelerating rapidity
over the next decade, it may be useful to illustrate the interconnected changes
being generated as a result. Increasingly, the process wll begin wth conputer-
ai ded design (CAD), with engineers devel oping new designs on the screen of a
term nal by specifying certain points on the screen and tapping instructions
concerning the desired shapes and dinensions of the configurations to be drawn
around them The key point to understand is that in the course of projecting
the design shown on the screen the computer is storing a detailed nathematical
model of all of its features. It then becomes possible to use this information,
or data base, for an expanding array of purposes. For exanple, the resulting
definition of the dinmensions and configurations of the designed part may be used
in computer programs to generate such manufacturing requirenents as:

1. a schedule of the sequence of machines to be used in producing the part;

2. specific operating instructions for each machine as well as identification
of the tools required to perform such operations;

3. dinmensional criteria for testing conformance of the finished part wth
design requirenents;

4. production schedul es specifying individual nachine assignnents to accord
with estimated nmachining time required for each part and with previously
schedul ed nachine |oadings as well as delivery dates;

5. estimates of the unit cost of each operation, including the wages of the
operator;

6. estimates of total unit costs of producing specified products nmay be used

to determine bids for contracts; and
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7. conbining the design data with materials specifications and planned
output, along with expected scrap rates and waste, to generate pro-
curenent requirenents.

As indicated in Figure 1, various other kinds of performance eval uation and
control information may al so be generated.

By tracing only one direction of such information flows, however, even the
preceding inpressive array of applications understates the potential benefits of
such systens. In fact, all such flows nove in both directions. Engineers can
use themto explore the relative costs of alternative designs: Mnufacturing
specialists can evaluate alternative processing sequences and machining in-
structions. I nventory adjustnents can be adapted to accord with production and
distribution variations. Production requirements and manpower availabilities

can be adapted to one another.

Production Machining | fachine Parts -
Schedul i ng” Instructi Per f or mance Testing
& Control |

\‘

Assenbl y

Process y
Pl anni ng ] Operations
- Computer-—
: ’ Aided .
1 npcion .
/ \
Pr Ocurenem// \\Shlpplng
I nventories Inventories§ Personnel Cost
Wor k- i n- Fi ni shed Assi gnnment s Accounti ng
Process — 1

Figure .1. Potential Applications of Design Data Bases

Prograns have already been devel oped to apply each of the possibilities
cited above. But few plants are actually utilizing many of them on a continuing
rather than an experinental basis. Despite the clarity of the logic involved,
the devel opment of a functioning systemrequires confronting very large nmasses
of details and many alternative possibilities at most stages of defining sequential
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deci si ons. There can be little doubt, however, that the future will see in-
creasing realization of such potentials with profound effects on the requirenents

(1)

for remaining conpetitive.

2. On the Role of Robotics Wthin Progranmmabl e Automation

Mbst robots are used in manufacturing as mechanical replacenents for formerly
manual operations. Mjor categories of such assignnents include “pick and place”,
“mani pul ate” and “process”. Essentially, the first involves transferring in-
dividual parts fromone location to another, the second usually involves bringing
parts together, as in assenbly, and the third involves carrying out actual
operations, such as welding or painting or testing. The conplexity of these
efforts may be enhanced if the robot is required to select anong several objects
through identifying key characteristics, or if it has to sense proxinmity to its
target location, or if it has to adapt its manipulative or processing efforts
to variable conditions. Efforts to extend the range of applications of robots
have accordingly involved shifting increasingly from mechanically guided and
controlled nodels to those which are programable, equipped with feedback
controls, capable of sone degree of “learning” and possessed of a wider array
and nore sensitive manipulative potentials. Thus, in the perspective of [|abor-
repl acenent objectives, developnmental progranms have sought to supplement the
greater strength, speed, fatigue resistance and inperviousness to boredom of
robots with increasing such capabilities as visual discrimnation, precision
of location and nmovenent, and sensitivity to touch, pressure and torque.

Robots have commonly taken the form of separate pieces of equipment which
are readily novable fromone location to another. This obviously vyields ad-
vantages of nobility conparable to the relocation of operators to adjust to
changes in production needs. But the performance of what have cone to be
considered as “robot-like” functions need not be restricted to such separate

nobi l e units. I ndeed, the devel opment of flexible nmanufacturing systens (FMS),
or programmmabl e automation systems, may well involve new conbinations of
“built-in” robot-like functions. In the case of machining centers, for exanple,

instead of using a separate robot to select needed tools froma rack and then

(1) For further discussion, see B. Cold,_An Inproved Mdel for Managerial Evalu-
ation and Uilization of Conputer-Aided Manufacturing: A Report to the
Nati onal Research Council Conmittee on Conputer-Ai ded Manufacturing,
Washington, D. C., March 1981.
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attach and remove themin proper sequence, this capability is built into the

equipnent.  Various kinds of machines also have built-in capabilities for

grasping, loading, unloading and passing parts along. And still others include

devices for testing the conformance of finished parts with dimensional requirenents
The point being enphasized is that continuing devel opment of programmble

automation systems may well involve changes in the physical forms as well as in

the functional capabilities of robot-like contributions to production. Physically

separate units may be increasingly supplenmented by replaceable attached units

to service the changing requirenents of particular machines, as well as by built-

in robot-like capabilities in cases where the need for such services is expected

to be continuous and to remain within a range which can be nmet effectively --

thus, many |abor-replacing robots may thenselves be replaced. Indeed, the very

devel opnment of inproved capabilities in robots may stinulate the redesign of

ater equipment to incorporate some of these additional functions. Hence, while

it my remain feasible to assess the prospective effects of many individua

robot applications, an increasing nunber of cases may require a broader eval u-

ative context in order to ensure consideration of their interactions with other

inputs as well as of other factors affecting performance in tightly integrated

production operations

B.  ROBOTICS, NMANUFACTURI NG PRODUCTIVITY AND COSTS

1. On the Concept and Measurenent of Productivity

Despite wi despread concern about |agging productivity in many U S. industries,
anal yses of the problem and proposed inprovenment policies are still seriously
handi capped in several ways. The nbst serious of these involves continuing re
|'iance on inadequate concepts and nisleading measures of productivity, such as
“output per man-hour” or “value added per nman-hour” or the supposedly sophisticated
“total factor productivity” -- all of which can be shown to be of dubious val ue,
when not actually nisleading, for nmanagerial purposes.

For exanple, “output per man-hour” has nothing to do with the effectiveness
of production as a whole, or even with the effectiveness of |abor contributions
to output. By conparing the conbined product of all inputs with the sheer volume
of paid hours by one input, it patently ignores changes in the volume and contri -
butions of all other inputs. “Value added per man-hour” repeats this error of
attributing changes in output to only one of the inputs, but also encourages
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interpreting mere increases in wage rates, because they enter into value added
as evidences of increased “labor productivity”. The grandly |abelled “tota
factor productivity”, on the other hand, is so overly aggregative as to nmake
interpretations of resulting changes both difficult and highly vul nerable
Specifically, howis one to interpret changes in its ratio of “product value
at fixed product prices” to “total costs at fixed factor prices”? Do they re-
present changes in deflated profit margins, or changes in the ratio of product
price to factor price indexes, or changes in product-nix, or changes in a variety
of other relevant factors including some aspects of productivity?

In addition to such erroneous concepts and neasures, prevailing discussions
of productivity problems and renedial policies are also underm ned by highly
vul nerabl e deductions about the causes of apparent changes in productivity levels
and by dubious clainms about the effects of productivity adjustnments on costs
and profitability. As a matter of fact, findings that output per man-hour, or
val ue added per nman-hour, or total factor productivity had increased or decreased
by 5 per cent last year would reveal nothing to management about: what had caused
this change; or how rewarding or burdensome it was; or what mght be done to
i mprove future performance

In order to serve the practical requirements of nmanagement, a productivity
neasurenent and anal ysis system nust enconpass all of the inputs whose inter-
acting contributions determine the |evel of output and the effectiveness of
production operations. For this purpose, one approach which has been applied
in awde array of industries utilizes the concept of a “network of productivity
rel ationships”. As shown in Figure 2, it enconmpasses the six conponents which
managenent can manipulate in seeking to inprove production efficiency: three
representing the input requirements per unit of output of materials, labor and
capital goods;(z) and three nore representing the proportions in which these
are conbined with one another. The latter obviously need to be included because
managenent coul d, for exanple, substitute more highly processed inputs in place

(2) Fixed investment is related to capacity rather than to output, however, because
that is what capital goods provide. Actual output may then vary with demand
entailing varying levels of idleness of such equipment. In neasuring the pro-
portions in which the nmajor inputs are conbined with one another, however,
| abor and materials inputs are conpared not with total fixed investnent but
with actively-utilized fixed investment, i.e., with fixed investment adjusted
for the ratio of output to capacity.
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of using sone of its own |abor or equipnent, or it could substitute nore equip-
ment to replace labor. The inter-connectedness of these six elements enphasizes

that a change may be initiated in any one, but that its effects must then be
traced around the entire network to ensure that all adaptive adjustments have
been made which are necessary to reintegrate the system This al so nmeans
that an observed change in one of the links need not have been engendered in
that link, hut rather have resulted as an adjustment to a change induced el se-

where in this system

Output
Fixed | Materiols volume: \ Materials

invesimeni . yolume
Fixed investment X output/capacity

Fig. 2 The network of productivity relationships among direct input factors [9].

For exanpl e, mechanizing some manual operations would first affect the
ratio of actively-utilized fixed investnment to man-hours. This would tend to
reduce man-hours per unit of output, while the attendant increase in fixed in-
vestment mght alter its ratio to capacity. And if the innovation reduced
scrap rates, it would also decrease the naterials input volume per unit of
out put .

Because managenment’'s prinmary notivation in altering productivity relation-
ships is usually to inprove its cost conpetitiveness, it is necessary to evaluate
past or prospective changes in the productivity network by tracing resulting
effects on the cost structure. This involves, first, tracing the interaction of
changes in each unit input requirenent with its factor price to calculate re-
sulting changes in its unit cost. For exanple, a 10 per cent increase in output
per man-hour would yield only a 5 per cent reduction in unit wage cost, if it
were acconmpanied by a 5 per cent increase in hourly wage rates. In turn, the
effects of resulting changes in various unit costs on total unit costs depend

of course, on their respective proportions of total costs, as shown in Fig. 3.
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Thus , the preceding exanple of a five per cent reduction in unit wage costs

woul d tend to reduce total unit costs by only one per cent if wages accounted
for only 20% of total unit costs. And total unit costs need not have declined

at all if the assumed ten per cent increase in output per man-hour had been
engendered by increased investment in nachinery,or by purchasing nmore highly

processed and hence nore expensive nmaterial inputs.

Moteriol
costs
Total
o o3t

Fixed
costs
Yotail

costs

Materiol
{ sost_
QOutput

| _Mmoteriol

Woge, prices

rates

FIG 3 Productivity network, cost structure and managerial control ratios.

Management tends to be even nore concerned about the effects of prospective

i nnovations on profitability than on costs. Hence, account nust be taken of the

fact that such effects involve not only the direct inpact of changes ‘on total

unit costs, but also the indirect effects of any changes in product quality or
product-m x on product prices and capacity utilization rates. In addition,
profitability would alsobe affected by any changes in the proportion of total
investment allocated tofixed investment and in the productivity of fixed invest-
ment. But this discussion will not pursue such further ramfications. It may be
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of interest to add, however, that the above analytical framework can be dis-
aggregate from plant level results to results within individual product Iines
or individual cost centers, and it can al so be deconposed to trace the effects

of changes anobng various conponents of material, labor or capital goods inputs. (3)

2. Exploring Productivity and Cost Effects of Robotics and Programable

Aut onati on

The preceding framework may now be used to trace the prospective effects
of increased applications of robots and of broader systems of programmble
aut omat i on.

Wthin the network of productivity relationships, the inmediate inpacts
of introducing additional robots would tend to center around increases in fixed
investment and reductions in |abor requirenents per unit of output. |n cases
where the utilization of nachine capacity had been restricted by the sustainable
speed of |abor efforts, output capabilities mght be increased. And in sonme
processing operations, robots night reduce the reject rate or even raise the
average quality of output. OF course, part of the reduction in direct man-hour
requirenents would tend to be offset by the need for providing additional skilled
mai nt enance and set-up personnel as well as progranmmng capabilities when required.

These indirect manpower requirenents enphasize the need to consider the pro-
spective effects of individual robot applications separately fromthe effects
of robotization programs, especially when nore conpl ex programmble robots are
involved. Sinple nechanical robots which are introduced as direct replacenents
for labor wthout altering other conponent of the production process offer no
speci al eval uation problems. But the requirenents of nore conpl ex programmable
robots for various types of skilled servicing technicians and even engineers
involves the assunption of substantial specialized and relatively fixed m ninum
manpower commitnents. Hence, the effectiveness with which these are utilized
depends on the number and variety of robots to be enployed. Indeed, such nan-
power requirements nmight offset nost or all of the expected benefits of reductions

in operator man-hours if the number of robots acquired were too small to utilize

(3) For nore detailed discussion of this analytical approach and for sone enpirical

findings resulting fromits applications, see B. Cold, Productivity, Technology
and Capital: Econonic Analysis, Managerial Strategies and Governnent Policies
(Lexington, MA: D.C. Heath-- Lexing on Press, 1979).
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such additional expertise. Because of such threshold requirements, the evalu-
ation of proposals for the acquisition of nore conplex robots should cover the
pl anned programto be carried out over several years rather than charging the
whol e of such basic service nmanpower requirenents against the first robots
acquired

As was indicated earlier, the effects of increasing the use of robots on
unit manpower costs depends on resulting changes in the volunme of direct and
indirect manpower per unit of output and in their respective rates of paynent
In the case of relative sinple robots which replace |abor and involve quite
mi ni mal demands on existing maintenance and set-up personnel, the result tends
to be a sharp reduction in the unit wage cost of the particular operation which
was affected. In the case of adoptions of nore conplex robots, such reductions
in direct unit wage costs would tend to be at |east partly offset by increases
in the number of needed maintenance and other specialists as well as by their
hi gher average earnings. The net effects on total unit manpower costs woul d
depend then on the output |evels over which these larger indirect costs were
distributed. Thus, because of the decreased flexibility in enployment |evels
for such service personnel, attendant changes in output levels may have a
significant effect on total unit manpower costs as well as on total unit capita
char ges. But the introduction of robots is not likely to affect output levels
except, as was noted earlier, where operator linmitations of effort, fatigue or
careful ness have resulted either in under-utilization of the related equi pment
capacity, or in higher reject rates (thus involving higher unit mterial costs
as well) -- or where robots are subject to significant periods of unexpected
downtime for repairs or readjustnents.

Expected changes, in the total unit costs of the operation directly affected
can then be readily calculated by weighting the estinmted percentage change in
unit materials, l|abor and capital costs by their respective proportions of tota
costs, as shown in Fig. 3. In the case of nore conplex robots, however, as
exenpl ified by processing and assenbly robots, a broader evaluation franmework
may be necessary if the effective functioning of such robots requires nodifications
in prior operations in order to provide nore precise Or higher quality parts to
enter such processes. A broader evaluation framework nmay also be necessary if
such robotized operations significantly affect the productivity and costs of
subsequent stages of operations, or the quality of the final product in ways

affecting prospective demand or prices
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In short, the increasing diffusion of robots is likely to nake only a
modest, though still significant, contribution to inmproving the cost effectiveness
of most manufacturing firnms. One of the basic factors linmiting such potential
benefits is that direct wage costs seldom account for more than 15-25 per cent
of total costs and any savings through reducing direct man-hour requirements tend
to be partly offset by increases in capital charges and in indirect wage and
salary costs, and further offsets would be generated if wage rates are increased
to help gain acceptance of such innovations. An additional limtation on such
potential benefits “arises fromthe fact that only a narrow array of tasks can be
performed nore economcally by robots than by |abor or by nmachines which include
the robotizable capabilities. Indeed, even sone of the nmanual functions which
can be econonmically transferred to robots now may in time be transferred into
redesi gned rmachines, as was noted earlier.

From the standpoint of l|onger term planning perspectives, consideration
should also be given to a plant’s cost proportions and to the prospective effects
of increasing the ratio of “fixed” to “variable” costs. Cost proportions differ
very widely, of course, anong industries as well as among plants within industries.
The long term average proportion of total costs accounted for by actual wages in
U S. nmanufacturing has been well under 20 per cent, ranging between |ess than 10
per cent in ore snelting, petroleumrefining and other industries which represent
the first stage of processing natural resources to nmore than 40 per cent in in-
dustries involving the fabrication of conplex nachinery. (4) Thus, the prospective
effects of robotization on total unit costs through reductions in unit wage costs
woul d tend to be far greater at the latter extreme. Attention nust be given not
only to the magnitude of cost proportions, however, but also to the extent to
which a given category of unit costs could be reduced through robots or other
i nnovations. Thus, any resulting increases in output per man-hour which are largely
or wholly offset by attendant increases in hourly wage rates would yield little or

no cost advantage, however large the wage cost ratio -- especially if account is

(4) For a conparison of cost proportions in 20 manufacturing industries, see B. ol d,
Expl orations in Managerial Economics: Productivity, Costs, Technol ogy and
Gowh (London: Macmillan, 1971; New York: Basi ¢ Books, 1971), p. 137.
Japanese translation - Tokyo: Chikura Shobo, 1977. Differences in cost pro-
portions anong plants in the same industry are attributable primarily to

differences in their “make vs. buy” ratios, in the nodernity of their technol ogies
and facilities, in their scale of” operations and in their product-mx. For

further discussion, see B. Gold, “changing Perspectives on Size, Scale and
Returns: An Interpretive Survey”, Journal of Economic Literature March 1981,

especially pp. 21 et.seq.
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al so taken of the associated increase in capital charges. On the other hand,
sight must not be lost in such evaluations of the powerful |everage of reductions
intotal unit costs on profit nmargins, for even a 5 per cent reduction in total
unit costs could increase profit margins by 33-50 per cent. Hence, the relative
magni t udes of wage cost proportions warrants careful consideration in choosing
targets anong different sectors of operation for robotics applications whose
benefits are expected to center on wage savings.

Longer term planning for advancing manufacturing technology has al so been
affected in many industries by the traditional concern about the burdens of in-
creasing the ratio of total capital charges, which are considered “fixed”, to
| abor costs which are considered “variable”-- meaning that the former are un-
affected by reductions in output, while the latter decline with them But” it is
obvi ous that |abor costs have beconme |ess “variable” because of trade union
resistances to reductions in enployment and wage rates, and because of increasing
cost penalties for lay-offs through “social benefit” requirenents. I ncreasing
attention has also been given in recent years to adjusting depreciation rates in
response to changing levels of capacity utilization, thus enhancing the
variability of total capital charges.

The possibility should also be considered that capital inputs are becom ng
progressively nore econonmical than labor inputs as conpared with their respective
contributions to output. In part, this reflects the fact that continuing techno-
| ogi cal progress tends to enhance the production contributions of facilities and
equi pnent far nore than those of labor. Mreover, although capital goods prices
and wage rates both rise during inflationary periods, the prices to be paid for
the former stop rising as soon as they are purchased, while wage rates continue
to rise even after worknmen are hired,and nmight rise even more if “higher |abor
productivity” can be claimed as a result of the additional equipnent. Indeed, the
costs of using such capital goods nmay even decline steadily under some forms of
depreciation. In addition, nost increases in capital facilities involve sone,
and often substantial, replacements of |abor inputs, thus helping to offset part
of the capital costs. Stillanother factor tending to increase the relative
econony of capital inputs is the seenmingly irreversible trend towards increasing
paynents to labor for non-working time, including:lay-offs; sickness; holidays;
vacations; and pensions. Altogether, these considerations suggest that, in addition
to altering past characterizations of capital and |abor costs as “fixed” or

“variable” in response to output fluctuations, attention should be given to
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characterizing the long termtendencies of capital and |abor costs -- with
indications that the latter may warrant classification as “rising” relative to
the former.

Eval uating the prospective effects of advances in conputer-aided nmanufacturing,
or programmabl e automation al so requires nore conplex considerations as well as still
broader coverage and even |onger time perspectives. Briefly summarized, they are
likely to affect all unit input requirenents as well as the factor proportions
enconpassed by the “network of productivity relationships”, they tend to alter
longer termtrends in capacity levels as well as in capacity utilization, and
their effects are likely to reach beyond production operations to nodify nana-
gerial planning and control systens as well as the organizational structure of

firms. "’

€. ROBOTICS, MANUFACTURI NG TECHNOLOGY AND | NTERNATI ONAL COVPETI Tl VENESS

1. Sone Basic Perspectives onthe Determinants of International Conpetitiveness

The growing national concern with the declining international conpetitiveness
of a significant array of mpjor U S. industries has generated a stream of pro-
posals for renedial action. Unfortunately, nost of these are based on untested
assunptions about the general causes of such lagging conpetitiveness instead of
on penetrating anal yses of the specific industries affected.

It is inmportant to recognize that foreign conpetitive pressures no |onger
concentrate only on older industries with mature technologies. On the contrary,
such pressures are intensifying over a w de spectrum of “high technol ogy” in-
dustries as well. Exanples of the latter include: sem -conductors, conputers,
tel econmuni cations, sophisticated robotics, aircraft and flexible nmanufacturing
systems. Hence, followi ng the panic-induced proposals to abandon our ol der
industries, which are also major sources of enploynent and incone, would merely
intensify problens of donestic welfare and mlitary security. It is inportant,
of course, to foster the devel opnent of newy energing industries because, al-

though they are likely to nake only nodest contributions to enploynent, income

(5) For a brief summary of some of these effects, see B. Gold, “Revising Mnaga~~~~al
Eval uations of Conputer-Aided Manufacturlng ste

ety of R/{Enu?act [?rlng Engineers,

fact West Conference Vol 1 (Deaborn, :
Nov. 1980). For a nore detailed repor'[f &gae B. GOA||(é dAnl\/bl m?roved_ M°‘.ielAf or
Managerial—Evaluation—a-n-d—Utilizat&)o 0 npu_t er- € nuf act ur_l ng:

Denart ta the Natinnal Becearch uncil Committee on Computer-Aided Manufacturing

Wishi ngton, D.C.  March 198l.
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and foreign trade during their first 5-10 years of devel opnent, some of them
may beconme powerful sectors of our econony in the future. But encour agenent and
support for such enbryonic industries nust be supplenmented by intensified efforts
to re-establish the conpetitiveness of ol der major industries through advancing
beyond their current technological frontiers,if the national welfare is tobe
saf equarded in the short-run and internediate-run as well. (6)

A related view whose vulnerability is inadequately recognized holds that the
international conpetitiveness of our basic manufacturing industries is bound to
decline relative to | ess devel oped countries because of our higher wage rates.

O course, substantial wage rate differentials do exist and these are likely to
encourage continuing shifts in the location of some |ight manufacturing industries.
But such wage rate disadvantages are largely offset in many basic industries by

hi gher output per man-hour and higher product quality. |In addition, the tendency
for wage rates to rise nore rapidly in industrializing countries tends to further
reduce resulting differences in unit wage costs. It is also worth recalling here
that wages tend to account for less than 20 per cent in U S manufacturing as a
whole, thus liniting the effects of |ower wage rates in w de sectors of industry.
Most inmportant of all for the longer run is the fact that |abor inputs are being
replaced increasingly in determning the productive efficiency of nost manu-
facturing industries by capital inputs, which embody the technol ogical contri-
butions of advances in processing, nechanization, conputerization, programmble
controls and robotics. Hence, advanced industrial nations are likely to retain
their conpetitive advantages in nmany basic manufacturing industries for many years
to come. Such advantages will be reinforced by the greater availability of
investnent funds and the greater availability of the advanced engi neers and highly
skilled labor needed to maintain, supervise and inprove such sophisticated operations
-- especially those producing higher quality and nore conplex products

At any rate, rmore sharply focussed diagnoses are obviously essential to the
devel opnent of effective renmedial efforts, not only for the industries which have
already been hard hit by foreign conpetitors, but also to help the additional array
of domestic industries likely to face such increasing pressures during the next
five years. In this connection, it may be worth noting sone of the findings
energing froma study of the factors affecting the international conpetitiveness

(6) For further discussion, see B. Gold, “US. Technological Policy Needs: Sone
Basic M sconceptions,” in HH Mller (cd.), Technology, International Econonmics
and Public Policy (Mashington, D. C. : Anerican Association for the Advancement

of Science, 1981).

90240 0 - 8 - 8
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of a sanmple of domestic industry being conducted with the support of the National

ci ence Foundation.”’ Contrary to widespread assunptions and beliefs, the major
causes of the decreasing international conpetitiveness of various donestic
industries differ widely anong industries. Hence, generalized solutions are

likely to result in only mld palliative at best. Also, although decreasing
conpetitiveness in production efficiency is a major factor in a nunber of industries;
such shortcomings are powerfully reinforced, and sonetimes even over-shadowed by:

a. Product designs which are less efficient, less attractive, |ess trouble-

free or less sensitive to changes in consuner preferences;

h. Higher unit wage costs resulting from wage rate increases which have out-

run gains in output per nman-hour;

c. Higher unit costs of raw materials, energy, capital goods, or investment

funds; and

d. Less aggressive marketing and |ess responsiveness to customer delivery

and servicing needs.

Third, even disadvantages in respective to production efficiency are due to
a variety of causes. Less advanced technol ogical processes, older facilities
and nore limted utilization of conputer-aided manufacturing and robotics have
certainly been inportant handicaps. But it would be a nmistake to under-estinmate
the influence on strengthening the conpetitiveness of various foreign producers
of such factors as: nore aggressive managerial demands for productivity inprove-
ment; larger technical staffs under greater pressure and nore effectively notivated
to increase technol ogical capabilities; and reliance on longer production runs of
a more limted product-mx to help keep capacity utilization rates high.

Fourth, another inportant contributor to the production efficiency of sonme
foreign producers has been their |abor’s greater productive efforts, greater
willingness to accept and maximze utilization of technol ogical advances and
improvenents, and greater nobility among tasks. But blaming a large share of the
decreasing conpetitiveness of domestic industries on general declines in the capa-
bilities and notivations of |abor tends to be contradicted to some extent by the
high quality of output and the apparent cost effectiveness of sonme foreign-owned
plants in the United States. This does not mean that all trade unions have sup-
ported the introduction of technol ogical advances, have co-operated in efforts to
raise productivity levels to those achieved by foreign conpetitors, and have limted

(7) The author is Chief Investigator, The report is scheduled for late 1981.
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demands for increases in wage rates to match increases in their contributions

to production capabilities. But it does nean that sonme foreign managenents --
and sone donestic managenents as well -- have found it possible to work with
domestic labor in ways which yield high quality products, high productivity and
conpetitive costs. Here again, therefore, the need is to dig beneath superficia
general izations to come nore closely to grips with the factors which are nost
influential in various sectors of industry, and under different conditions

2. Potential Contributions of Robotics and Progranmabl e Automation to

I mproving International Conpetitiveness

The potential contributions of robotics and programmabl e automation to
improving the conpetitiveness of domestic manufacturing industries must be
examned within the context of the preceding conplex of influential factors

Increasing the utilization of progressively inproved robots woul d obviously
tend to have a positive effect on technol ogi cal conpetitiveness. But the re-
sulting gain is likely to be of only nodest proportions in most plants and
industries unless such advances are integrated with sinultaneous advances in *
other determinants of technol ogical conpetitiveness. Roboticizing manual op-
erations in old plants using old machinery to nake ol d products has obviously
linited potentials. Nor are major advances likely to result frominproving any
other single component of the interwoven fabric of changes underlying significant
progress in technol ogical conpetitiveness. Robotics can undoubtedly make sub-
stantial contributions to such progress, but only as part of a conprehensive
program to inprove technol ogical conpetitiveness.

Such programs nmust enconpass carefully co-ordinated plans seeking to inprove
the capabilities and attractiveness of products, to adopt advanced technol ogies
to enbody themin mdern equi prent of a scale deened close to optimal for the
level of output and product-mix to be provided, to provide for progressively ad-
justing input factor proportions and equiprment utilization practices so as to
maxi ni ze production efficiency, and to ensure continuing efforts to inprove
per f or mance. It would be inpractical, of course, to attenpt to advance on al
of these fronts simultaneously. But it would also be frustrating and wastefu
to attenpt to make major advances along any of these channels w thout considering
prospective interactions with, and possibly offsetting pressures from these

other conponents
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Moreover, recognition of the conplexity of the elements involved in
achieving significant advances in technol ogical conpetitiveness nust be conbined
with appropriate time perspectives both in setting inprovenent targets and in
pl anni ng progress towards them In setting targets, it is inportant to base
them not on catching up with the current capabilities of conpetitors, but on
careful evaluations of prospective inprovenents in their capabilities over the
next 5 years, along with parallel evaluations of prospective changes in the avail-
ability and prices of all required inputs,as well as in the output |evels, mx
and prices of products likely to be experienced in the market place. And in
pl anning progress, realistic assessments need to be made of the likely avail-
ability of capital, of the time needed to acquire needed facilities and equi prent
and for management, engineers and labor to learn to use them effectively, as well
as of the constraints likely to affect the rate of adjustments in enpl oyment

level s and organizational rearrangenents.

Il SOVE BASIC PCLICY | SSUES AND ALTERNATI VES

A BASIC | SSUES

Although it has already been enphasized that the declining international
conpetitiveness of an increasing array of donestic manufacturing industries is
attributable to a variety of factors, there can be no doubt that |agging techno-
| ogi cal conpetitiveness and related production efficiency is one of the |eading
causes. Such lags are due to belated and inadequate adoption of successful
technol ogi cal advances available from abroad, to inadequate nodernization of
facilities and equi pment, to inadequate inprovenents in production managerment and
controls, and to continued shortcomings in gaining |abor co-operation for maxi-

mzing the cost and quality conpetitiveness of products.

Wthin this array, programable autonmation is especially inmportant not only

because it can contribute to each of the others, but, above all, because it re-
presents an essentially general process of Progressive advances in technol ogical
capabilities and productive efficiency. Instead of offering the particular

| ocalized benefits of any single inprovement in process technology, or in the
capability of a new machine, programmable automation may be regarded as a form of

“cont agi ous” technol ogy which keeps pressing to surmount the boundaries of any
given application and thereby to “infect” adjacent sectors of operations and

controls. It may, of course, be applied beneficially to single operations, but
its major potentials derive from providing the means Of achieving increasingly
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optimal functioning of each production unit, increasingly effective integration

of all conponents of production, and increasingly effective co-ordination and

control of other non-production operations as well -- as was illustrated in
Figure 1.
Robots have been and will, of course, continue to be introduced sinply as

direct replacenents for individual workers performng manual tasks. But an in-
creasing proportion of their applications in the future are likely to derive
from the continuing devel opnent and spreading of programmabl e autonmation systemns,
which are likely to require conparably inproving capabilities in their robot
conponents.

Accordingly, the key issues involved in increasing the contribution of pro-
grammebl e automation and robotics to strengthening the international conpetitive-
ness of domestic manufacturing industries would seemto center around:

1. the adequacy of the rate of devel opnment of the technol ogical capabilities
of programmeble aut omati on systens and of robotics relative to the rate
of progress abroad,;

2. the adequacy of the rate of diffusion of programmabl e automati on systens
and of robotics relative to their capacity to inprove productive efficiency
and cost conpetitiveness, and also relative to such diffusion rates anong
foreign conpetitors;

3. the relative effects of slower and faster rates of devel opment and dif-
fusion of such systens and of robotics on the conpetitiveness of various
domestic industries as well as on their enploynent |evels and capital
requirenents; and

4., the identification of the nature, sources and relative inportance of the
influential deternminants of changes in the rate of devel opnment and dif-
fusion of programabl e automation systens and robotics.

The formulation of effective approaches to encouraging fuller realization

of the constructive potentials offered by programmabl e automation systens and

robotics would seemto require prior careful exploration of these issues.

B.  SOME POLICY NEEDS AND ALTERNATI VES

1. On the Adequacy of Devel opnent Rates

Until now, nost of the devel opnent efforts concerned wth programable auto-
mation and robots have been focussed on perfornming existing tasks nore effectively
or nore safely. Because of the already recogni zed needs of managements and the
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consequent easing of marketing problems, early robot applications were designed
to replace workers in dangerous or unconfortable working environments, then in
tasks involving heavy physical demands, and only later and nore gradually in

highly repetitive tasks. Mst such past applications required few advances in
technol ogy, primarily representing new forns of specialized machi ne designs. (8)

Al though later applications have required somewhat nore conpl ex operating
and control capabilities, devel opmental efforts have continued to be dom nated
by the objective of performng existing jobs faster or nore accurately. And
this approach is likely to continue anmong robot manufacturers because of the in-
evitably narrow set of functions to be performed by anyone of their products and
the consequent need to satisfy the conpletely pre-defined paraneters of the
conmponent tasks to be performed. Research frontiers would accordingly concern
i nproving mani pul ative capabilities, increasing the precision of actions taken,
enhancing the reliability and durability of operations, and broadening the
functions of programmable controls through extending the range of human senses
whi ch can be duplicated and through inproving provisions for adaptive adjustnents
and “learning”.

It is difficult to find persuasive data concerning relative progress in the
devel opment of robot capabilities in different countries. Active efforts have
patently been under way for sone years in Western Europe, Japan and the United
States as well as in Eastern Europe. And inpressive products have been marketed
by producers from each of these areas. Anerican manufacturers have been especially
conplimentary about the reliability of Japanese robots and about certain capa-
bilities of Swedish and Italian robots, while also praising a number of domestic
products. But the readiness of current and prospective American users of robots
to rattle off a long list of specific [imtations which tend to narrow the range
of inmediately rewarding applications much nore sharply than is suggested by
general discussions indicates that increased research and devel opnent may open
the way to a nmgjor expansion of practical robot applications in donmestic industries.
And resulting innovative advances might well engender the rapid growth of the
domestic robot manufacturing industry in addition to accelerating increases in
the productive efficiency of robot-using domestic industries.

This raises the question of whether any additional neasures should be con-

sidered by the government to augment the limted but increasing efforts by private

(8) For an excellent review of robotics applications by a pioneer in their develop-
ment, Se€e J.F. Engelberger, Robotics in Practice (New York: AVACOM 1980).
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industry and universities to inprove the capabilities and cost effectiveness of
dorestically produced robots. Sone foreign governnents have supported such
efforts through research and devel opment grants to industry and to universities
ana}j stohrough encouragi ng prospective users, especially in defense industries.
Simlar efforts have been made in this country, although probably on nore
limted scale.

Turning to progranmebl e automation, somewhat. similar early devel opnental
patterns may be noted. Initial applications tended to concentrate on devel opi ng
process controls for individual production units. But the fact that conputer
manuf acturers had a broader range of application potentials in view than robot
producers resulted in a rapidly expanding concern with co-ordinating progressively
wi der sets of individual process controls and then integrating these into in-
creasingly enconpassing performance-monitoring and control systens. Although
international surveys have called attention to sone foreign systens which seem
to be nuch more advanced than any in the United States, nost of these seem still
to represent uncommon cases of pioneering or largely experimental applications. (9)

Devel opmental efforts are under way in a number of domestic firms, especially
those involved in aerospace programs, to extend applications of progranmable
controls to a variety of production, planning and control functions. Butnpst of
these have not yet reached the stage of reliable broad comrercial applicability
and none at all have achieved effective integration over a wide array of such
functions. Moreover, both devel opnental efforts and applications have been of
distinctly neager proportions in firms basically devoted to non-defense production.
Hence the question arises in this connection, as it did in respect to robotics,
whet her any additional measures should be considered to augnent the increasing,
but still limted, efforts of private industry and of universities to accelerate
the devel opnent of increasingly conprehensive programmble automation system

Finally, increasing attention mght well be given to the possibility that the
devel opment of programmabl e automation systems may engender an alternative approach
to the devel opnent of robotic functions and forms. Specifically, in place of the
past approach of roboticizing existing manual tasks, the designing of programmable

(9) For exanple, see Dennis Wsnosky, Worldwide Computer-Aided Manufacturing
Survey (Dayton, OH Air Force Systems Command, Decenber 1977) and also
J. Hatvany, K. Rathmill and H. Yoshi kawa, Conputer-Ai ded Manufacturing:
An International Conparison (Wshington, D.C.: Nati onal Research Counci l
Committee on Conputer-Ai ded Manufacturing, Sept. 1981.)
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automation system may result in generating altered definitions of the kinds of
functions to be considered for robotization, and may even integrate some of these
functions into other machine or equipment conponents of the system It my be
relevant to mantion in this connection that progress in programmble autonation
is often discussed within the context of efforts to develop “automatic factories". (')
Al t hough such achievenents still seemfar off in respect to plants capable of
producing limted quantities of a variety of products econonically -- as dif-
ferentiated from continuous process petroleum refineries and chenmical plants --
they exenplify the reverse orientation which is likely to become increasingly
inportant: designing the plant as a whole and then defining the functions and
needed characteristics of the conponent parts, iﬁaad of devel oping robots and
programabl e controls for a succession of individual operations within existing

pl ant characteristics.

What are the policy inplications of such observations? There is anple
basis within the basic values of the Arerican” econom ¢ system for questioning
the advisability of governnental support for efforts by private firms to devel op
appropriable comrercial inprovenents in robot capabilities or in other tech-
nol ogi es. But there are very cogent reasons indeed for recognizing the govern-
nment’s responsibility for supporting research and devel opnent prograns seeking
to extend and enrich the pre-conmercial scientific and engineering foundations of
increasingly effective industrial operations.

Most private firns sel dom undertake technol ogi cal devel opment prograns which
are unlikely to reach comrercial fruition in less than 5 to 8 years, including
the time necessary to construct needed production facilities and to begin
marketing their products. One of the nost promising neans of nultiplying such
private efforts would be to increase the array of technol ogi es which have energed
fromthe often lengthy, costly and risky processes of internediate devel opnent
between basic research findings and a level of refinement deemed to be within
striking distance of appropriable forms of commercialization. Mreover, such
advances represent additions to national resources of know edge which are likely
to stimulate application efforts in many other sectors of the economy and soci al
services, including office operations, construction, household services and health

(11)

and rehabilitation activities.

(10) As an illustration of current efforts in this direction, see ELo_c_e_edJ_u%s_o_L
the Autofact West Conference (Dearborn, M: Society of Manufacturing Engineers,
Nov. 1980) Volumes | and I1I.

(11) For further discussion, see B. Cold, Productivity, Technology and Capital:
Econonic Analysis, Mnagerial Strategies and CGovernnent Policies (Lexington,MA:
D. C. Heath - Lexington Books, 1979) pp. 302-303.
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It should also be noted that one of the npst inportant future sources of
technol ogi cal conpetitiveness in manufacturing industries -- the devel opment of
i ncreasingly enconpassing systens of programabl e automation -- has not yet
advanced sufficiently to mnimze the possibility that intensified donestic
efforts mght not only match but mght even surpass foreign progress. It should
be recogni zed, however, that vendors of particular conponents are not likely to
make substantial investments in devel oping broadly conprehensive systens of pro-
grammebl e controls. Indeed, they are nore likely to resist any such devel opnents
whi ch mght generate requirements for components with characteristics different
fromtheir own offerings. Mreover, few manufacturers are likely to devel op
programabl e aut onmation systems which are applicable beyond their own unique
operating and organi zational arrangements. Hence, the practical questions would
seem to be: what span of operating and functional coverage would be applicable
wi dely enough to warrant the investment in developing it? and who night consider
it worth making such a commitment? Efforts to develop such systens in aircraft
manuf acturing plants are being supported by governnment agencies. And some private
firms have joined in devel oping some conmmon conponents of such systens. But no
conprehensive review of what needs to be done, or what the benefits of more ef-
fectively organized efforts might be, is available at this tine. Here, then, is
another area in which governnental support may yield valuable contributions to

advancing the conpetitiveness of donestic manufacturing.

2. On the Adequacy of Diffusion Rates

The inpact of technol ogi cal advances on narket conpetitiveness is determ ned
not by the location or rate of their developnent, but by the rate of their dif-
fusion and the extent of their utilization. Al though sone observers claimthat
Japanese industry has surpassed the United States in the utilization of pro-
granmabl e aut omation systens as well as of robots, such applications still account
for only very linmted sectors of their manufacturing industries and are even sparser
in Western Europe, Accordingly, there is still a wide open opportunity for donestic
manufacturing to overcone its current lags in this area and thereby achieve nmgjor
i mprovenents in its productive efficiency and cost conpetitiveness.

What factors have retarded the nore rapid diffusion of these technol ogies?
Perhaps the nost inportant influence has been the basic unawareness of nost in-
dustrial managenents of the far-reaching potentials of this burgeoning revolution
in manufacturing technol ogy. Such inadequate appreciation of these potentials
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may be attributed in part to the limted know edge of such capabilities of nost
of the senior engineering officials responsible for advising top managenent about
i mportant technol ogi cal devel opments. Another influential factor has been the
tendency of firns to continue relying on processes for devel oping innovational
proposal s, and on capital budgeting nmodels for evaluating them which worked
reasonably well for increnmental inprovements in established technologies in the
past, but which have serious shortcom ngs in generating and eval uating proposals
for major advances in technology |ike programrabl e automation. (12)

Such restricted perspectives have al so been supported by the concentration
of mpst vendors of programmable control systems and of robots on selling bits and
pieces to the lower level officials concerned with the sub-sectors likely to be
directly affected by their application, thus reinforcing the traditional view
that technical innovations can best be evaluated by specialists in the operations
i mredi ately involved, instead of enphasizing the broader potentials rooted in these
energi ng technol ogies. Wdespread awareness of the shortcomings and resulting
penalties of sone early applications have al so encouraged disinterest in these
devel opnents. It is inportant to recognize in addition that nost universities
have been quite backward in recognizing the new potentials of manufacturing tech-
nol ogy and of providing the educational prograns and research facilities needed
to train urgently needed specialists and to provide urgently needed advances in
related know edge.

There woul d be no basis, of course, for efforts by government to urge all
manuf acturers to adopt these innovations, inasmuch as differences in their needs
and resources ensure that no advances in technology are equally attractive for
all firms even in the industries nost directly affected. But it might well be
desirable for government agencies to undertake active programs to help devel op
full er understanding in industry of the potentials and acconplishments, as well
as the current limtations, of programmable automation systems and robotics --
including periodic reports on progress in the devel opment and utilization of such
advances abroad. And such agencies mght well consider exploring with a reasonable
array of universities the possibilities and desirability of expanding educational
as well as research prograns in various sectors of nmanufacturing technology -- and
hel ping to finance the acquisition of needed facilities as well as some schol arship
aid.

(12) For a detailed discussion of these processes and nodels, see B.Gold, An

or Manageri a al uation ] Utilizati onput er - Al

Manufacturing: A Report to the National Research Council Committee on
Conput er - Ai ded Manuf act uring (Vshington, D. C., March 1981).
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3. Effects of Atering Devel opnent and Diffusion Rates

Apprai sing the adequacy of current rates of adopting and utilizing program
mabl e aut omation and robotics obviously requires consideration of attendant
enbefits and burdens. Past adoptions of both have been sufficiently limted and
gradual to engender little observable effects on the enployment and skill require-
ments of the work force, while increasing the need for servicing personnel. This
experience has engendered sonme unconvincing assurances that the accelerated dif-
fusion of such technologies will not entail significant displacements of |abor
at the sane time that others have enphasized the urgency of utilizing these advances
in order to overcone serious shortcomings in cost conpetitiveness through the
attendant reductions nade possible in l[abor requirenents.

The basic fact is that unenploynment in any firmis caused prinarily by a
decline in its conpetitiveness. If it fails to adopt the technol ogi cal advances
utilized by conpetitors, its enployment will decline much nore rapidly than if it
adopts such advances, even if these involve sone displacement of |abor. Moreover,
for many donmestic industries such effects represent costs which have already been
exacted and which threaten to become even greater if technological |ags are not
reduced. Regai ni ng conpetitiveness in sone domestic industries may now require
reductions in man-hour requirements per unit of output of at |east 20-30 per
cent. “? Moreover, such lags are continuing to grow as foreign conpetitors’

efforts to surpass Anmerican performance keep intensifying -- as may be illustrated
by Japanese devel opnents in the steel, autonobile, machine tool and semi conductor
i ndustries. In short, major inprovenents in the performance of domestic industries

is inperative. Hence, rejecting attenpts to accelerate the diffusion of program
mabl e automation and robotics could only be justified by identifying and then
pronoting other neans of achieving the needed |arge advances in the productive
efficiency and cost conpetitiveness of mgjor industries within the next five years.

It should also be recognized that inplenenting the najor advances in tech-
nol ogy involved in accelerating tha application of programmabl e automation represents
a much nore difficult and far-reaching challenge to managenent than is generally
recogni zed. The key reason for this is the failure to recognize that basic tech-
nol ogies are built not only into the production machinery, but also into:

(13) For a conparison of |abor requirenents in the Japanese and U S. steel industries,
see B. Gold, “Steel Technol ogies and Costs in the U S. and Japan”, lron and
Steel Engineer, April 1978. Japanese translation in Joho Shuho (Tokyo)

July 1978.
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a. the expertise of the technical personnel;

h. the structure and operation of the production system

¢. the economically feasible range of changes in product designs and product-
m X;

d. and the very criteria used to evaluate the capabilities of new capital
goods; as well as

e. the skills and organization of |abor.
Each of these represents powerful and nutually reinforcing conmitments to pre-

serving existing operating and organi zational arrangenents, except for small,
gradual and localized changes. Hence najor advances are not |ikely to be achieved
unless they are pushed aggressively by senior managers comitted to achieve them
and willing to invest the resources and to introduce the organizational neans

necessary to inplement such prograns.

4, Oher Incentives and Deterrents

One of the most inportant stimuli to the increasing diffusion of robots has
been the gradually grow ng awareness among managenents, engineers and |abor that
these have proven thensel ves practical and economical in an expanding array of
applications, and hence are beconming an increasingly unavoi dable option anmong the
alternatives to be considered whenever plans to inprove productive efficiency are
being developed. This fact alone has forced production nmanagers and engineers to
seek nmore information about robot capabilities, limtations and costs, thereby
sensitizing themto the kinds of applications where they mght prove nost rewarding.
And such inquiries from prospective customers obviously help to focus the devel op-
ment efforts of robot nmanufacturers on neeting newy energing market opportunities.

On the other hand, one of the influential deterrents to nmore rapid adoptions
of robots has been managerial concern about |abor reactions. The introduction
of robots to replace operators in dangerous or especially unconfortable environ-
ments was readily accepted, of course, as, was their use in unduly exhausting jobs.
The use of robots in” highly routinized (“boring”) jobs has also been commonly
accepted by labor provided that the replaced operators were given other assignnents.
But there seems to be w despread concern anpbng managers that robot installations
whi ch threaten substantial enployment reductions in existing plants nay well en-
gender serious |abor problens, whose resolution would be |ikely to reduce expected
cost-savings substantially. Myjor installations are accordingly likely to be
restricted to new plants which can establish new nmanning levels in accordance wth
their new operating characteristics. Such nanagerial concerns need not, of course,
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prevent the increasing use of robots in older plants, but they would seemto
encourage introducing robots only slowy and in scattered operations, thereby
mnimzing the rate of gains in productivity and cost savings while easing |abor
resi stance. Only when an imediate threat to the survival of the plant is re-
cogni zed by |abor are such resistances likely not to inhibit major readjustments.

But it should be noted once again that large scale introductions of robots
woul d sel dom of fer substantial econom es anyhow, except as a neans of inplenenting
pl ans for broader programmble automation. And these can seldom be retrofitted
into old plants, except through major nodernization prograns involving changes
in production facilities and equi pment as well as operating practices.

Consi deration of large scale prograns of programuabl e automation and robot -
icization, however, raises fundanental questions concerning the past bal ancing
of prospective incentives and deterrents by managements, and the possible need
to shift that balance to provide greater encouragenment to undertaking the costly
and risky commtments involved in devel oping and adopting major technol ogical

advances. Key el enents would seemto include:

a. increasing the prospective profitability of longer terminvestnents in
advanced production facilities and in seeking to devel op mgjor techno-
| ogical inprovements in processes as well as products;

b. increasing the availability of trained technical manpower to guide and
manage such devel opments as well as the availability of a richer foun-
dation of scientific and technol ogical research and pre-comerci al
devel opnent as the basis for private commercialization efforts;

¢. increasing |abor recognition of the urgency of achieving nmajor advances
in cost conpetitiveness in order to ease threats to enployment and al so
easing resulting burdens on labor resulting from co-operation in the
utilization of technol ogical innovations offering such advances.

Meeting such needs would seem to require substantial contributions from
the governnent, from |abor organizations and from universities as well as from
industrial managements. And failure to neet such needs woul d probably exact
penalties from each of these beneficiaries of an effective industrial econony. (14)

(14) For more detailed di scussion, see B. Gold, Productivity, ‘technol ogy and
Capital: Economic Analysis, Managerial Strategies and Government Policies
(Lexington, MA: D. C. Heath - Lexington Books, 1979) Chapter 17. Also
see B. Gold, An Inproved Mddel for Managerial Evaluation and Uilization
of Conputer—Aided Manufacturing: A Report to the National Research Council

Conmi ttee on Computer-Aided Manufacturing (Vshington, D. C., March 1981).
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BaSiC ROBOTI CS AND | TS RELATI ONSHI P

Analysis TO THE AUTOMATED FACTORY

Paine Webber
Mitchell Hutchins Inc.

| NTRODUCT! ON

Mre attractive technology, the end of the baby boom the need to nodernize an aging
US. manufacturing base and to reduce the use of |abor nore expensive than nost o f our
international conpetition, and a nore favorable tax structure will |ead to increasingly
automat ed factories. One product, the robot, is likely to becone a key building block
in the penetration of factory’ automation into the manufacturing world. The purpose of
this report is to provide a framework for analyzing the robot industry and its
interrelationship with U S, mnufacturing techniques.

This report is divided into several sections: _ _
An overivew of the general status of U S. manufacturing and the potential need
for robots.

An anal ysis of current and potential uses of robots.

An analysis, from the robot producers’ point of view, of the likely evolution
of the robot market and key conpetitive factors.

A discussion of the inpact of robots on manufacturing operations.

A discussion fromboth the producers and users’ point of view of capital
availability and potential financial incentive prograns which could foster the
devel opnent of the robot industry.

OVERVI EW
REDI SCOVERI NG
THE FACTORY

The automated factory has been a dream of the manufacturing world. The production
manager, always pressured to inprove output, has been influenced by classical
econoni sts who ranked technol ogi cal advancement as the most inportant determ nant of
productivity (38%, capital investnment second (25%, with labor accounting for only 14%
of the changes. However, U S. business has had to operate in an exceptionally
difficult econom c environment during most of the 1970s, a period of rapidly increasing
inflation, exploding energy prices and gyrating noney markets. These factors
contributed to a decade of sluggish econonmi ¢ growth, weak research and devel opnent
spendi ng and economi ¢ policies that favored consunption over investnent, resulting in
real capital spending that significantly trailed the strong outlays of the 1960s. The
1.5% productivity growh during 1973-79 was half our historic average, with sone
economi sts suggesting that |abor may have been the only factor in the classical
equation that contributed more to productivity growth since 1973 than it did from 1948.

July 31, -1981 -- —---Eli S Lustgarten (312) 580-8213 .
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ackson& Curtisincorporated e ndlor Blylh Eastman Paine Webbderincorporatedaflihatadcomoaniesand/oriheiroiticersdirectors employees ofr$iOoCkhotdars May al imashavea
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Real G\P Real Gross Private Real Producers Real P&E Productivity vy
G ow h Fixed 1nvestnent Dur abl e Equi pnent Gowh
1959-72 3.8% 4 . 9 % 5. 7% 3. 1%
1973-79 2 .5% 2. 1% 2.8% 2.1% 1.5%

The econonic environment of the 1970s also favored capital outlays that resulted in a
qui ck payback. As econonists Burton G Malkiel has pointed out:

"From 1948 to 1973 the (net book value of capital equipment) per
unit of labor grew at an annual rate of alnmost 3 percent. Since
1973, however, |ower rates of private investment have led to a
decline in that growth rate to 1.75 percent. Mreover, the recent
conposition of investment (in 1978) has been skewed toward equi pment
and relatively short-termprojects and away from structures and
relatively long-lived investnents. Thus our industrial plant has
tended to age..."

The deline of the U S. manufacturing base can clearly be seen by | ooking
at the age of U S. machine tools in place (Table 1)

Two-thirds of all US. nachine tools are over ten years old and one-third are
nore than twenty years ol d.

The technol ogical penalty is even nore severe as sophisticated nurerical
control equi pment has nmade only slight inroads into the manufacturing process.

By contrast, capital investnent as a percentage of GNP in France and West Cernany
was nore than 20% greater than that in the U.S. , while in Japan the percentage was
al nost double ours.

Corporate managers, shocked by faltering productivity and |oss of markets to
international conpetition, have begun to perceive a connection between their
deteriorating conpetitive positions and the neglect of the part of their businesses
that actually produces goods. However, wuntil recently, productivity was an economist’s

term rarely used by businessnen. It is now dawning on sonme managenents that
responsibility for their conpetitive listlessness cannot be blaned sinply on the
decline of work effort, unreasonable government regulation or a shortfall in capital
i nvest ment . Rat her, they are beginning to see it as synptonatic of something w ong

with the way manufacturing operations are set up and organi zed.

As previously indicated, technological advancenent, including inproved managenent
techniques and integration of the manufacturing process, is the mpst inportant factor
in the classical equation for productivity. Hence, two related technol ogies, conputers
and robots, offer prine opportunities for inprovement. U S. industry today is just
beginning to reap the harvest of conputerized innovations that could revol utionize
production processes during the 1980s.

Until recently, the rationale for robots was that they were useful in heavy, hot,
hazar dous and even boring environnents. In addition to this ability to renove people
from an unhealthyand/ or even dangerous environment, robots are a key engine of change
in the manufacturing process. Robots, particularly with the addition of conputer type
circuitry, are the initial entry into flexible automation.

Anerican corporations have been behind the Japanese in recognizing the potential of
conmput ers and robots for reducing production costs and increasing the flexibility and
versatility of factory operations. \Wile the pentration of robots and conmputers into
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the manufacturing world will

enhanced quality,

recent Machi ne Tool

J be concentrated initially into those areas which will
result in reduced manufacturing costs primarily through direct |abor savings and

the ultimate evolution wll

probably be toward enconpassing that
technol ogy as part of a flexible manufacturing systems approach to production.
Task Force study highlighted the characteristics of manufacturing

A

(Figure 1) and advocated the devel opment of flexible manufacturing systens to handl e

production at more econom cal

costs and at an increased rate of productivity.

Vot : Figure 1
Characteristics of manufacturing g
Type of
production:
Piece Batch Mass
loo
S B:;?.“m
3i = Low
3; | esumate
;E B Ao
k] ]
£ ox
00 T e AN
®. 7
123
352
2% 3
3 compiex 1-10 10-300 Over 200
3 part
® smail
§s.mpn. 1-300 30015.000 over 10,000
Dm .
Aircraft, Mai ne engines Autos.
Typical large large decrc fasteners.
products turbines, motors, sl |
centrifuges tractors appli ances
. Manual NC with auto Transfer.
Typlc.al stand-done part-handling, dedicatad
machines NC machining  cell, spe cial
flex mfg syst machine
Sour ce: Machi ne Tool Task Force on Machine Tool
Table 2: Time Losses in Mnufacturing
Low Vol une M d- Vol une Hi gh Vol une
Productive Cutting 6% Bl 22%
ttln}q Condi ti ons 2 4
Set up Loadi ng/ Gaugi ng 12 ! 14
Tool Change - 7 7
Idle Time 2 -
I nconpl ete Second
and Third Shifts 44 40
Hol i days and Vacations
or Plant _Shutdown 34 28 27
Equi pent  Fai l ure - 6 7
Inade uate Storage 7
andard Al Towance
and M scel | aneous 16
source: Machine Tool Task Force on Machine Tool Technol ogy

Technol ogy
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The decade of the 1980s will see the need to nodernize the U S. nanufacturing base at a tine
when the change in denmographics will result in a sharp decline in the nunber of workers avail -
able for blue collar jobs as well as an overall drop in the nunber of people entering the work
force as a whole. U.S. industry will have to quicken its pace of automation if it is to remain
conpetitive, and only through the w despread use of conputers and robots in the manufacturing
sector will the automated factory eventually becone a reality.

AN ANALYSI S

OF ROBOT _USE
What Exactly
I's a Robot?

Di sagreenent exists anmong both foreign and Anmerican manufacturers over the appropriate defi-
nition of an industrial robot:

The mpst widely quoted definition has been published by the Robot Institute of
Arerica (RIA) , a trade association of trade nanufacturers and users. The RIA
defines a robot as “...a reprogrammabl e, nultifunctional manipulator designed
to nove material, parts, tools or specialized devices through variable notions
for the performance of a variety of tasks."

The Japanese |ndustrial Robot Associates (JIRA) specified four levels of robots:
1. Manual manipul ators that perform fixed or preset sequences.

2. Teaching playback robots that repeat fixed instructions after being
taught a work procedure.

3. N.C. robots executing operations on the basis of nunerically coded
i nformation.

4. Intelligence robots that perform various functions through its sensing
and recogni zing capabilities.

Wiile nmany other definitions abound, the key difference is that by commonly accepted American
standards, a robot should be both programmable and versatile. Hence, the RIA woul d not
mani pul ators, so that Japanese and U.S. robot population statistics are not precisely
conpar abl e. Definitional differences aside, Japan leads all other countries in its acceptance,
use and governnent support of robots. Their industry lead is substantial, particularly
viewed in relationship to the relative size of their G\P.

manual

Table 3:  Geographic Distribution of Robots

Using RIA
AsReported Definition A of Total

Japan 47,000 10,000 E¥AY

Us. 3,255 19

Europe
West Germany 5,850 850 5
Sweden 600 3
Italy 500 3
Poland 720 360 2
Norway 200 1
England 185 1
Finland 130 1
Belgium 20 =

Other 1,400
Total 17,500 100

Source  R-1A, JIRA, Business Week.
sreakdown Of U, s, Mar ket

Unit
Programmable Non-Servo Controlled —General Purpose 115
Servo Controlled --Point to Point 1800 !
‘-Continuous Path 355 2.155
3,255
source:  JIRA, RIA.

i ncl ude

when
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There are basically two classes of robots:

Non-servo controlled robots in which the tool center point can stop only at the
end points of each axis. Many different notions can be programmed in sequence,
but only to these end points. There is no provision for acceleration or deceleration.

Servo controlled robots are far nore sophisticated and can generally be programed
to stop at any point within its range of novenent. Motion is controlled by oil
flowi ng through servovalves or by D.C. notors, allowing acceleration or decel-
eration to be achieved.

Robot control usually takes two forns --point to point and continuous path. A
point to point robot can be programred to stop at predeterm ned points, but nove-
ment is not controlled between these points. A continuous path robot can follow
an irregular path exactly.

Low technol ogy robots can often conplete a task as well as the nore sophisticated nodels.
The Japanese appear nore acutely aware of this and tend to concentrate on inplenenting existing
t echnol ogy. Above all, the industrial robot nust be a practical device to successfully pene-
trate the manufacturing world. Qur discussions with many industrial manufacturers indicates
three key characteristics required by users:

1. Flexibility of applications, either in the area of (material) handling or as
a processor (painting, welding, etc.).

2. Hgh level of reliability with a mnimm of downtine.

3. Ease of teaching, either with on or off line programmability, usually wth
teach boxes.

Wio Would Use
Robot s: How and Wy

In 1979 the RIA estimated that six industry segnents accounted for the bulk of wunit robot
shipments in the U S

Table 4. 1979 Estimated Unit Shipnents

Units % of Total

Aut onoti ve 249 18
Casti ng/ Foundry 298 21
Heavy Manufacturing 138 10
Li ght Manufacturing 513 37
El ectrical /El ectronic 156 11
Aer ospace 13 1
O her 33 2

Tot al 1,400 100

Source: RIA

As the majority of robots installed in the us today are low or medium technol ogy devices,
the analysis of user purchases of robots by value would probably yield a different hierarchy
Of  inausty segments, Wi th the automotive industry clearly in front. Qur end use market by
industry sector appears to be devel oping along the lines of the Japanese industry (Table 6).
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Table 5. Japanese Market
Production Share of Industrial Robots, by Type

% Units %Val ue
Mani pul ators and Sequential Robots 89% 70%
Teaching Playback Robots 5 17
Nc. Robot s 1 4
Intelligent Robots 5 9

Source:  J.I.RA

Table 6: Value of 1979 Robot Shipnents to Users in Japan

Aut onobi | e | ndustry 38. 4%
El ectrical Machinery 17.5
Plastic Ml ding 10. 8
Metal Products 8.1

Preci sion Machining

& Metal Wrking 6.0
Iron & Steel 4.2
Q her 15.0

Tot al 100.0

Sour ce: J.1.RA

Wiet her or not the auto industry was the dom nant purchaser of robots in the US. in the
1970sis a nmoot point; it clearly will be the driving force for the industry in the 1980s.
It’s no longer a secret that General Mtors has projected an installed base of robots inits
facilities as high as 14,000 by 1990.

Table 7: Possi bl e GV Robot Base (Cunul ative)

1978 1979 1980 1984 1986 1988 1990

Cunul ati ve 160 230 302 3,500 6, 500 10, 000 14, 000
Sour ce: GM

As the robotics market is expected to be dominated by the autonotive and other heavy manu-
facturing segnments, at least during the first half of the 1980s, the principal applications
are unlikely to vary significantly from the current uses over the near-term

Spot  welding, which we estimate to account for
35-40% of total robot industry sales.

Material handling, including nmachine |oading and unloading.
Die casting, investnent casting, stanmping, forging and press |oading.
Pai nt spraying and finishing.
Pal I eti zi ng.
Assenbl y.
Toward the middle of the 1980s, arc welding systens should begin to grow rapidly and becone

the nmost inportant welding sector as demand for spot welders plateaus. During the latter part
of the decade, it is likely for arc welders, nachine |oading and unloading and assenbly robots

to be the primary areas of growth, with assenbly alone perhaps representing 35-40% of the total

and perhaps nearly half of the annual grow h.

The traditional rationale as to why industry purchased robots was that they offer a neans to
increase productivity and free workers from boring and unsafe tasks. A recent Del phi Survey
by the Society of Mnufacturing Engineers (SME) indicates that there are two key factors as
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the inportant crieteria for robot purchases :

1. Reduce nmanufacturing costs
2. Provide direct |abor savings.

Qher factors also cited include enhanced product quality, an inmproved working environment
and tying into other forms of conputerized automation though the relative inportance of these
are clearly below the first two mentioned. The nedian average expected payback period runs
between 2-3 years and is not expected to change nmaterially during the first half of the 1980s.

Table 8: Median Average Expected Payback Peri od

Now 1985
Aut onoti ve 2.7 Years 2.0 Years
Cast i ng/ Foundry 3.0 2.5
Heavy Manufacturing 3.0 3.0
Li ght Manufacturing 2.0 2.0
El ectrical/El ectronic 2.0 2.0
Aer ospace 2.0 2.5
Source: RIA

Wiile foreign built robots are not a significant factor currently, it is expected that in-
creased exports from Japan by 1983 as well as foreign owned U S. manufacturing facilities
will lead to foreign manufacturers maintaining a significant presence in the narket. The SME
survey suggested that 20% of the dollar value of robots is likely to be supplied by foreign
manuf acturers, with cost advantage and overall quality (manufacturing and design) being the
key factors that led to a foreign built purchase.

Robot Demand Expected
To Be Sensitive To
Econom ¢ Cycles”

It appears quite likely that demand for robots as well as other factory automation equipnment
will be a cyclical as well as a growth market. Usi ng expected cost reduction and direct |abor
savings as well as productivity inprovement as part of a return on investnment analysis suggests
that manufacturers will be sensitive to a reduction in business expectations and cash flow
which can result from an econom c downturn. This has been the case in Japan where industrial
robot sales in terms of both unit production and value showed noderate sensitivity to economc
conditions in 1971 and 1975 despite the snall size of the industry.

It is conceivable for the U S. robot sector to evolve into a strong cyclical growh market
somewhat akin to the miniconputer or semniconductor sector, i.e. strong unit and sales growth
with each trough in demand significantly higher (perhaps 30-40% than the previous trough.

Table 9. Production of Japanese |ndustrial Robots

Units Value ( Billl)
(000 Uni t's)
1968 0.2 0.4
1969 0.4 1.5
1970 1.7 4.9
1971 1.3 4.3
1972 1.7 6.1
1973 2.5 9.3
1974 4.2 11.4
1975 4.4 1.1
1976 7.2 14.1
1977 8.6 21.6
1978 10.1 27.3
1979 14.5 42.4

Sour ce: JI RA.
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AN ANALYSIS OF
ROBOT _ MANUFACTURI NG

Miul tisector Industry
To Evolve in the 1980s

In 1980, sales of robots by U S based conpanies approached $100 mnillion, up sharply from the
estimated $60-65 million in sales in 1979. Wiile a growh of 50% is inpressive during a reces-
sionary environment, the robot industry size was still less than 2% of the $4.69 billion machine
tool industry with which it often was mstakenly included and an insignificant part (4/1000 of
1% of U.S. G\P. \Wile robots are comonly assumed to be an extension of the machine tool in-
dustry because of its strong ties with manufacturing, we believe that the industry will evolve
into its own subset of the flexible automation equi pnent sector with a multitude of segnents
much akin to the early devel opnent of the niniconputer industry in the 1960s and early 1970s.
However, in contrast to the niniconputer industry, it is conceivable for the major participants
in robotics to significantly change character by the next decade. We believe it is likely for
a significant portion of robot manufacturers to becone part of mmjor conpanies organized to ,
supply systens and subsystens for the factory of the future. A pure robot conmpany mght only
service a small, specialized segnment of the factory automation market.

It is our opinion that the structure of the robotic sector will evolve in a manner simlar
to the early stage devel opment of the mniconputer industry. Through the mid-1960s, the nini-
conmputer industry was dom nated by two major conputer manufacturers. Beginning in the second
half of the 1960s and into the 1970s, this sector developed a nore elaborate structure.

Table 10: Structure of the Mniconputer Industry in 1970

Buys Makes Sells to
Minicemputer Peripherals Mainframes OEM's
Naanufacturers Software Peripherals Independent systems houses
Software End-user
systems
Peripheral Equipment Minicomputers Peripherals NMintcomputer manufactures
Manufacturers Software (includes terminals OCh
and secondary Indenindent Sy;tems
memories) NManufazturer
Minicomputers Eng-user
Original E quipment Minicomputers Peripherals
Manufacti rers Peripherals Software End-user
Software Systems
Engineering Minicomputers
Programming Software OEM
End-user
Indepuendint Minicomputers Systens el 38
Systems Peripherals Software End-user

The interfaces depicted by this structure can essentially be split into four subsegments:
1. The end users who coul d.
2. purchase a system from the original equipnment supplier directly, or. . ,

3. sonmetinmes go to a group O independent consultants who help the purchaser
put together systems and subsystens, or.

4, sonetimes turn to a conpany that has devel oped a turnkey product using OEM
suppl i er equipnent as the heart of the system
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As users becane nore sophisticated, they assumed greater responsibility for the integration of
the system A service segment began to evolve about a decade later as the indicated base of

t he product grew.

The robot industry appears to be developing along the same lines. Currently, two manufacturers,
Uni mation (subsidiary of Condec) and Cincinnati Mlacron, dominate the industry with an estimated

70% of the market. These conpanies are four to five times larger than the nearest conpetitor
(Table 11).
Table 11: Estinmated 1980 U.S. Robot Sales by Manufacturer
Sal es
_ _ M 111 ons
Uni mation  (condec) $ 40.0
Cincinnati Ml acron 30.0

DeViI'biss (champion Spark Pl ug) 9.0
ASEA (U.S. Qperation) 7.5
PRAB 6.0
Aut oPl ace (Copperwel d) 4.5
Nor dson 0.7
Mbbot 0.7
Aut omat i x 0.4
Q her 1.2

Tot al 100.0
Source: P

Purchasers during the early marketing stages worked with the robot supplier in order to inte-
grate robots into the manufacturing process and occasionally outside consultants were used be-
cause of the lack of support available for the process.

Over the past several years, U S mnufacturers have shown increasing interest in the concept
of fanilies of parts for greater manufacturing efficiency. This has heightened the interest
of Us. conpanies in flexible manufacturing systens and manufacturing cells with the prinmary
goal of generating a high level of production of a wide range of famly conponents with the
flexihility to change, a capability previously available only with a sharp reduction of output.
This change in the manufacturing concept has refocused the efforts of robot nmanufacturers
toward the growing areas of applications and systens. Mbreover, new “conpanies such as Automatix,
Inc. and Robogate Systems Inc. , were founded on the concept of turnkey installations integrating
robots into flexible manufacturing systens.

The likely evolution of these devel opments can probably be illustrated by the responses of
U S. nmanufacturers to the 1981 SME Del phi Forecast for Robotics (Table 12). In essence, the
purchasers of robots will continue to make use of independent consultants, but also will turn

more and nore to turnkey system suppliers during the 1980s.

Table 12: Users WIIl Seek Mre Help
for Robot Integration (Median Estimte)

1980 1985 1990
% of Robots Purchased by Users 10°./ 15% 15%
with Assistance of Qutside |ndependent
Consul tants Doing Systems Engineering
% of Robots Procured as a Turnkey 20 25 30
Pacéa({e with One-Source Layout,
Robot supply and Installation
Purchaser Procures on Individual Basis; 80 70 70

Purchaser Assumes Responsibility for
Layout and Integration with Installation
Done by Equi prent Manuf act urer

Source: 1981 SME Del phi Forecast --Median Results.

10
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Longer-Term Trends:
Aut onati on Conpani es
WIIl Likely be Large

Wiile robots are often used in an initial isolated application (prinmarily to gain experience)
the evidence is clear that the robot is viewed as a piece of equipnment to be integrated into
the production process. Moreover, the U S. production base is in dire need of nodernization

and, nost inportant, the nid-1980s denographic shift will lead to a drop in the entry |evel
work force at a time when the average skilled machinist in this country is currently estimated
to be about 56 years old. These fundanental s suggest that U S. nmanufacturers will have to ad-

just their methods and philosophy of production, enphasizing the substitution of capital for
|abor or, in one word --autonation.

The evolution of factory automation outside the U'S. has an interesting characteristic. Mst
of the conpanies in the forefront of the technology are part of the organization that makes
much of the equipment used. \What enmerges is that the know edge of the factory environment is

the key factor to the successful inplenentation of automation. I'n Japan, for exanple, Toyota
was originally a subsidiary of a machine tool conpany (Toyoda) and its machine tool technol ogy
cannot be sold externally without the car conpany’ s approval. Ni ssan has a machine tool com

pany as does Hitachi and Komatsu, the sixth largest producer of transfer lines in Japan.

A sinilar phenonenon is developing around the world with respect to the inplenentation of
Robots, i.e. many of the conpanies introducing robots into the nanufacturing process produce
a version for internal consunption. Besi des many Japanese concerns, #e list would also in-
clude conmpani es such as Vol kswagen, Renault and Fiat.

Alternatively, U 'S manufacturing conmpanies rarely produce equipnment for their own use. How
ever, as automation techniques begin to take hold, the phenomenon has begun to change. In
robots, for exanple, conpanies like General Electric, Texas Instrunents and IBM all produce
robots for internal use and General Mdtors recently announced its own paint spraying robot.
Further, strategic planning within nmany corporations has led to the identification of the
field of automation as bath a strategic internal operation requirement and a future business
opportunity. This has led to significant acquisitions and internal studies as to how to best
service this cyclical growth phenonena (Table 13).

Table 13: Strategic Purchases by Large Companies
in _the Field of Automation

Bought
Energy Related Companies

Exxon Reliance Electric
Schlumberger Fairchild
Manufacturing Jata Systems Inc

General Electric Calma

Intersil
Licrese DEA Allegro Robot

Transportation Relatsd Companies

Eaton Cutler Hammer
Kenway
Bendix Warner & Swasey

Other Companies with
Automation Related Divisions

TRW
Gould
Square D

Litton

Automation Approach Under Study

e

Texas Instruments
Digital Equipment
Westinghouse
Emerson Electric

Source: PWMH. 11
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The logical evolution of the factory of the future conpany is one which can put together the
sophi sticated systems largely involving conputer technol ogies, electronics and software, cgn-
trollers and, ofcourse, robots. The requirenent for the various technical disciplines, the
hi gh devel opment costs and financial and marketing skills suggest that these conpanies wll tend
to be quite large in nature, with suppliers of industrial pieces of equipnment occupying a small
niche in the broad spectrum market for the automated factory.

Robot Producti on:
Generalists Wth A
Ni che for Specialists

The potential w despread use of robots suggests that the industry will continue to segment
in various ways:

Wrk envelope and |oad capacity applications have often been the determ nant
of market segmentation by lift capacity:

1. Extrenely heavyweight applications (lift capability in excess of 350 |bs.)

2. Heavy applications, including spot welding resulting in lift capacity between
50 and 350 I bs.

3. Medium to |ow weight applications requiring lift capacity of less than 50 |bs.

Smal | parts, pick and place and assenbly-requirements led to the devel opment of the
market for robots with lift capacity of less than five pounds. The driving force

for market devel opment was the realization that upwards of 90% of the parts of the
average automobile weighed |ess than three pounds.

Segmentation by process applications, including painting, spraying and coating and
arc wel ding.

An anal ysis of these market segments suggested that a fanmily of general purpose robots with
a choice of drive mechanism Iift capacity and wrist configuration could be produced, with the
intelligence of the robot (electronics and software) used to tailor the general purpose robot
for a specific application. \hile the major robot producers have adopted this approach, a
smal | market nich has also devel oped for a dedicated system particularly in paint spraying,
primarily because of the intricacies of coating technology. W believe it is likely for this
general i st approach to pervade in the industry, with sonme specialized niches devel opi ng because
of unique process technol ogies.

R&D: A Cruci al
| nvest nent

For robots to be useful across a wider breadth of markets in the future, they nmust be able to
adj ust automatically to alternative production set-ups and have the capability of recognizing
reorienting and manipul ating disordered parts. For many assenbly and installation procedures,
this adaptive ability would be essential.

The key to the wide market expansion, we believe, lies in the breakthrough in at least two
areas of technol ogy:

Sensory capabilities, including:
1. Force with application in fitting operations.

2. Tactile with application in both positioning and orienting.
3. Vision with application in positioning, inspection and nonitoring.

12
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The ability of the robot to interface with large, conputer controlled manufacturing
syst ens. This includes the ability to create a task description wthout the neces-

sity of using a robot’'s actual notion. The devel opnent of off-line program ng would
al so ease the actual program ng task.

Further, the key to better robots lies in vastly inproved electronics and software, enhance-
ment of existing software and incorporation of advances in other areas, such as:

Material : Robots in the future are likely to be built out of various
conposites and/or plastics rather than netal.

Spread processes such as coating techniques.
Mechani sns and material handling.
This suggests that robots have all the characteristics of a high technology industry:

1. Hgh levels of R& spending are a must, with 7-10% of sales, or nore, likely.
(Not e: Simlar to the sem conductor industry.)

2.  The vast nunber of technologies involved suggest that joint ventures are likely
to occur for advancing the state of the art in robots:

Uni mation’s PUVA robot was developed in a joint venture between
GM and Uni nati on. Devel opnent of the product ended the relationship.

Cybotech has been formed as a joint venture corporation by Renault
and Ransburg, hopefully to develop a robot by bringing the expertise
of two conpani es together.

3. Significant R& will be done by academa with support help from conpanies.
This is particularly true in sensors and sone vision work is currently being
done by RPI, Purdue, UCLA, Florida State (Gainesville), Stanford, University
of Rhode Island, etc.

R&D ability is fast beconming a barrier to entry in the robot field. Further, it is likely
for proprietary technology to be much nore inportant than patent protection, Simlar to the

maj or technol ogical fields domnated by software and el ectronics.

Learning Curve
Pricing Key to
I ndustry Growth

The heavy enphasis on conputers, electronics and software as the key nethod of adapting
general purpose robots for specific application suggests that the pricing of robots wll fol-
low the characteristics of high technology industries. Currently, we estimate that around 30%
of the cost of a robot is the electronics and software, with even a higher percentage for the
nore sophisticated nodels. Hence, we believe that the | earning (experience) curve is very
inportant to robotics, and prices should fall as volume increases. For exanple, one of the
mej or manufacturers introduced its robot line four years ago. Despite the widely inflationary
times of the past few years, selling prices have remained essentially unchanged, inplying an
estimated 30% price reduction in real terms --directly related to the sharp volume increases.

Wiile the base price of robots is likely to decline, the average price per unit is likely to
increase over the next five years. This reflects that robots will probably be equipped with
nore extensive accessories such as sensors and vision. Assum ng technol ogi cal advancement and
learning curve pricing, we believe that the robot industry during the 1980s could achieve a
revenue growth upwards of 35% (cyclically), with industry revenues estimated at $500-600 mil-
Lion by 1985 and approaching-$2 billion by 1990.

13
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Table 14: Rapi d Robot Industry G owh Projected

Sal es Units
MTT1ons
1981 $ 150 2,100
1985 500- 600 7, 000- 8,000
1990 2,000 30, 000- 40, 000

Source: PWWH.

As in nost high technology industries, the cost of being wong in product and/or narket de-
cisions is high and could easily be catastrophic for snaller entrepreneurial concerns.

ne potential future market developrment is the growh of the robot |easing business. As in
the conputer business, small conpanies may never have adequate capability to inplenent robots
efficiently. Leasing robots, along with full support from suppliers, could make sense for
smal l er conpanies with linted capital and no robot-w se enployees, naking the latest tech-
nol ogy readily avail able.

ROBOT | NTRCDUCTI ON A
SI GNI FI CANT | MPACT ON
MANUFACTURI NG OPERATI ONS

There is no doubt that robots wll revolutionize the workplace. Even if no further techno-
| ogi cal advancenents were nade in fields such as sensory perception, robots would still have
a place in the manufacturing process. However, it is inpossible to ignore the awkward period
of realignment that nust precede the robotics revolution. It is clear that technology is far

nore sophisticated conpared to the understanding of the social system of the factory.

Robots are threatening to the existing work force. Recent estimates have suggested that up-
wards of twenty million industrial jobs around the world could be replaced by robots. This in-
cludes four nmillion assenbly workers, two nillion nmachinists, one mllion painters, two mllion
wel ders and flame cutters and six mllion machine operators. Retraining is believed to be the
maj or social problem created by rapid robotization, not unenploynent.

In both the U S. and Sweden, for exanple, many unions have cone to accept robots as a nethod
of easing the nost burdensonme manufacturing tasks and increasing productivity, both viewed as
a route to a higher standard of |iving. Swedi sh unions have actually classified certain dan-
gerous or nonotonous jobs as unfit for humans and denanded that they be carried out by robots.
The UAW has. been quoted in publications as stating that higher wages and productivity go hand
in hand and technol ogy, autonation and new net hodol ogy are a major way to increase productivity.

The method of robot introduction into a manufacturing organization tends to follow the pattern
of selling an initial unit to a conpany. The sale by the manufacturer has to include:

Extensive customer support, including back-up support and technical
services, sinple repairs and parts replacenent.

Conprehensive training prograns and customer education, as potential
users often do not have the technical background orexpertise to nake
a robot work on the plant floor.

The first installations tend to be nost inportant, for they are the ones watched nost care-

fully by both managenent and labor. As conpanies becone nore confortable in using robots,
multiple orders follow, but the need for continuing nmanufacturers’ support remains. In the
future, robot producers will have to face the problem of support networks that extend through-

out the world and offer a variety of services, including education.

14
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Wthin the manufacturing corporation, the jobs created by wi despread use of robots and un-
manned manufacturing --programers, technicians, engineers --for the nmost part require a high
degree of technical training. The jobs which robots elimnate, e.g. assenbly workers, painters

and machine operators, are frequently of a lower skill or, if even skilled, require little
techni cal know edge. Massive training programs will be needed to prevent the creation of an
oversupply ofworkers whose skills have beconme obsolete and a sinultaneous shortage of engineers
and technicians. It appears that the manufacturing industry has recognized the problens by the

responses to the SME Robotics Del phi Poll (Table 15)

Table 15: Sources of Future Robotic Technical Personnel

Updated | n-House Manufacturing Engineering Personnel 50%
Hiring of Experienced Personnel from Mnufacturer 20
Hiring of Experienced Personnel from Robot Vendor 10
G aduating Col |l ege Student 15

Sour ce: 1981 SME Del phi Pol I .

To date, however, only the barest beginnings of such programs are in place. W also have
recently seen the devel opment of an academic robotics curriculumto help neet the denmand for
robot technicians. Maconb County Community College in Warren, Mchigan has just introduced
such a program and the State of South Carolina is subsidizing academ c training prograns at
| ocations near the new Cincinnati Mlacron robot plant.

Wiile we believe the critical issues of manufacturing techniques and |abor displacenment can
be handled in the short-term we are becoming nore concerned that the nmagnitude of the problem
could be serious during the second half of the 1980s. Technol ogi cal advances enhance the capa-
bility, economc viability and availability of assenmbly and inspection robot systens:

The design of products that are conpatible with robot handling wll
increase in inportance. One inplication is that the robot specialist
will have to be involved in the product design phase.

It is estimated that assenmbly workers constitute upwards of 15% of the
U S. manufacturing work force, and inspection workers probably 5-10%
These are two areas where advanced robotics could be applied with

ast oni shing inpact.

CAPI TAL: KEY TO
SUCCESS OF BOTH
PRODUCERS AND USERS

The need to finance a business in an industry capable of grow ng 35% annually and requiring
significant levels of R&D and an extensive support network suggests that profitability and
availability of capital is vital. Fortunately, ‘it appears that the menbers of the robot in-
dustry have been able to tap the capital market as needed. There is no doubt that all the
favorable publicity the robot sector has received, including being on the covers of both
Time and Business Week in 1980, has helped contribute to the exceptionally favorable opinion
held by the investment comunity as to the prospects for robotics.

It is our view that the government would probably not have to get intimately involved in
the financial requirements of the robotics industry. A free market approach should allow this
sector to attract the necessary capital required because of the well-above average growth pros-
pects. This does not preclude the necessity of general policy incentives required by American
businesses. W believe that tax relief, especially higher depreciation wite-offs, are the
ki nds of progranms which would benefit robot producers as well as nanufacturers.
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CGovernnment progranms which could be useful in the future would be in the area such as aiding
R&D expenditures through either tax credits or government funds being nade available for basic
research.

We believe governnent aid to the users would be nore beneficial to robot manufacturers. This
could take the form of:

Hel pi ng conpanies afford the introduction of robotics into their production
process. We believe this aid could become crucial for smaller conpanies.

Est abli shing sone sort of showcase, perhaps a national denonstration program
to provide inspirational |eadership and develop a cogent policy for nanufac-
turing techniques.

W believe that manufacturers’ ability to afford robots and other aspects of factory autona-
tion is ultimately related to their cash flow A stable period of econonic growth, reasonable
levels of interest rates and controlled inflation as well as government tax policies providing
investment incentives would typify the ideal environnent for conpanies in general to increase
their investment in automated equi pnent.

However, it’'s inportant to note that the introduction of robots into the manufacturing pro-
cess essentially breaks the shackles as to how things are done. This inplies an inportant
degree of risk for conpanies to inplenent robotic prograns, a risk taken currently by the
|arger conpanies in this country.

It appears that government incentives could be exceptionally useful in helping smaller com
pani es absorb the technol ogical risk of introducing automated equipnent. The Japanese govern-
ment, through the Mnistry of Trade and Industry (MTIl), has adopted prograns addressing this
issue in line with the decision that robot production is a nejor strategic industry for Japan's
future:

M Tl has pernmitted manufacturers who install robots to depreciate an
addi tional 121/2% of the purchase price in the first year.

M Tl has arranged for direct government, low interest loans to small
and medium scal e nanufacturers to encourage various type of robot
installations.

M Tl has hel ped encourage the founding of a robot |easing conmpany --Japan
Robot Lease. The objective is to support robot installations by small
and medi um scal e manufacturers.

We believe it would be advantageous for U'S. policy to consider following the lead of the
Japanese. W also believe that the U S. government could consider programs to help foster the
spread of automated techniques throughout industry. Heretofore, the Japanese have led the way
with the Japanese Automated Factory Project sponsored by the Agency of Industrial Science and
Technol ogy of MTI. The project, initiated in 1977, aims to help take existing technol ogical
advances into the marketplace, with the acknow edged |ong-term goal of unmanned nanufacturing.
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LONG TERM A REPLAY OF
THE AGRI CULTURAL SECTOR

Today, 3. 8% of the U S. work force is in agriculture, a major change from yesteryear, when
it was the doninant enploynment sector. This 3.8% produces enough food to feed this country
and makes the U.S. the leading exporter of food. The decline of population in the agricultural
sector occurred with the substitution of capital for labor. There are many people who believe
that, through automation, the percentage of the work force in manufacturing will decline sig-
nificantly from the current 28.6% \Vile we do not necessarily believe the extreme number of
1-3% in the next century, there is no doubt that the U S. work force enployed in manufacturing
as we know it today will markedly decline over the next 25 years. Through technol ogy such as
electronics, software, and systems architecture including robots, eventually the automated

factory will begin to be a reality.

auy 31, 1981 Eli S. Lustgarten (312) 580-8213

R R AL AT I AT

The information contained herein has been obtained from SOuCes we believe 10 be reliabie. but its accuracy 1$.n0t guaranteed Paine Webber Mitchail HUICNINS (AC e nd/orPa,fia Webber.

Curtis and/or Blyth Eastman Paine Webber Incorporated, athliated companies andior their otficers, direciors empioyees ar 310CXNOIdErs may o ttimeshave a
position includine @ natbtifagoofq!ion POSILIONIN the secunties desc/ibed herein and may seil or buy them o of Irom customers The-companlosma,from timetotime acte sa
consuitant (o a cr 1pany being reported upon Copyright . 1981 by Paine Webber Mitchell Hulchins Inc . 81l rights reserved

17



136 ® Exploratory Workshop on the Social Impacts of Robotics

Bl BLI OGRAPHY

1. Lustgarten, Eli s.: Factory Automation, Paine Webber Mtchell Hutchins

Basi c Analysis, My 27, 1981.

2. Luber, Robert: Rediscovering the Factory, Fortune, July 13, 1981, pp. 52-64.

3. Malkiel, Burton ¢.: Productivity - The Problem Behind the Headlines,

Busi ness Review, Muy/June 1979, p. 81.

4.  Hayes, Robert H and Abernathy, Wlliam J. : Managi ng Qur Wy to Econonic

Decline, Harvard Business Review, July/August 1980.

5. Robotics Today, Robotics Institute of Anerica (RIA) News, Spring 1980, p. 7.

6. Fisk, John D. : Industrial Robots in the U S , 'lssues and Perspectives,

of Technol ogy Assessnent, Report No. 81-78E, 3/30/81.

7. Conigliaro, Laura: Robotics, Bache Halsey Stuart Shields Inc. 4/27/80.

8. Fruehlich, Leopold, Robots to the Rescue, Datamation, January 1981,

9. Robots Join the Labor Force, Business Wek, June 9, 1980, pp. 62-73.

10.

Anerican Machinist, October 1980, Special Report 726, pp. 105-128.

11. 1981 Del phi Forecast -Robotics, Society of Mnufacturing Engineers (SME).

12. Kitao, V.: Mechatronics, Nonura Securities Co., Ltd., 10/20/80.

LS. GOVEENMENT PRINTING OFFICT @ 1382 0 - 90-240



	Front Matter
	Preface
	Workshop Participants
	Project Staff

	Table of Contents
	Chapters
	1:Introduction
	2:Robot Technology
	3:Social Issues

	References
	Appendixes
	A:Workshop Issues List of Social Impacts
	B:Commisioned Background Papers
	1:Paul Aron Report No. 25
	2:Industrial Robot Technology and Productivity Improvement
	3:Robotics, Programmable Automation and Improving Competitiveness
	4:Robotics and Its Relationship to the Automated Factory



