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I INTRODUCTION
A. Abstract

There is a growing national need to increase
the real productivity of our society, wherein
"productivity” is redefined to include such major
factors as the quality of life of workers and the
quality of products, consistent with the desires
and expectations of the general public, This
paper proposed the development of automation tcch-
nology designed to inercase guality, in all its
aspects, nt an acceptable cost to society.

The proposed program is divided into two phases.
The first phase is designed to catalyze the poten-
tial resources of industrial concerns by developing
two demonstrable systems that include general-
purpose programmed manipulation and automated
inspection, The second phase, with longer term
objectives, would aim at devising techniques to
breaden the utilization of programmed manipulators
and sensors, to provide supervisory control of
these systems by human speech, and to develop a
capability for automatic manipulation of two or

"

more sensor-controlled “hands' working coopera-

tively.
B. DBackpground

Stcam=driven machines, later supplanted by
electrical motors and internal-combustion engines,
provided the mechanical "muscle” to free man from
onerous physical labor. Development and implemen-
tation of methods ef control for processcs and
machines lhave led te automated fabrieation of inter—
changeable parts. These basie ehanges in fabri-
cation methods hoave culminated in the modern mass-—
production process, in which the complexity and
intelleetual requirements [or each stage have been
reduced s that primarily only manipulative skill,
controlled hy visual and tactile feedhack, is
needed to perform simple repetitive operations.
Although the cutput of finished poocds per worker
has increasad steadily and is a marvel of the
Twentieth Century, there is mounting cvidenee of
prowing dissatisfaction among workers who no longer

are trained. nor can function with pride as
s

artisans.'™ A New York Times editerial

(March 1972} states it well;

"The struck pluant at Lordstown, ©Ohio,
cnginecred to turn out 100 Vegus an hour, is
a mainstay in G.M.'s hopes of stemming the
inroads West German and Japanese smull cars
have been making in the American auto market,
But its operations have been plagued by
constant labor turmeil despitc the supposed
insulation of good wages, high general un-
employment and a loecation in the conservative
heartlond of Middle Aamerica.

"A kind of puerrilla warfare between
workers and management has developed out of
employee frustrations that differ only in
intensity from those Charlie Chaplin im=
mortalized in "Medern Times' 35 years ago.
The Lordstown workers, with an average age
under 25, make no secret of their distaste
for the empily, repetitive naturce of their
duties as nurgemaids to a line on which a
car gocs by cvery 36 scconds and all the
skilled operations are dene by sephisticated

. '
machines.

bDireet results of the above dissatisfaction
are deercased output occasioncd by work sloppages,
slowdowns and ghsenteeism, and peer quality of
product leading to increased repair costs incurred
before and after leaving the factory.

1t will be diffieult if uot impossible to
turn the clock back. The prescnt standard of
living in industrialized nations cannot be jeop-
ardized by reversion to Stonc Apge methods of pro-
viding for basic needs and satisfying expectations
of coming generations of workers. Anh.evelutionary
step forward is requircd in automation technology
to gliminate undesirable jobs and to augment man
in new man-machine relationships that reguire
more humoan skill and thought aond leaod to a2 res-
toration of his purpose and dignity.

»
lieferences are listed at the end of this paper.




The new automation will therefore have to take
into account not only traditional economic justi=-
fications, but also thc growing secondary costs
incurrcd by poor quality, low yields, and worker
dissatisfaction.

I1 MAJOR GOALS AND GUIDES TC SOLUTIONS

There appears to be general agrecment that an
increase in so-called productivity is a highly de-
siruble goal. The notion of "productivity’ can no
longer be expressed simplistically in terms of the
output per worker per unit time with due regard to
capitul investment. Serious thought must be given
to other important fuctors that may become dominant.
In the following sections, consideration is given
to some major factors that will direetly zffect the
real productivity of the near and, increasingly, the
far future. Therefore, these faetors will serve as

guides to necessary developmenis.

A Quniity of Work and Product

There should Dbe an upgrading of quality in the
character of many jobs. The emerging blue=-collar
work force has, in general more education and
higher expectations than the previous generntion.

It does not accept the prospect of being reduced to
a group of unthinking "hand-eye” automatons. This
attitude bears strongly on the quality of goods pro-
duccd, "the degree of absenteeism, and the occeptance
of new methods that would inecrease efficiency.

These factors direetly affect the quality of
acceptable products produced for given expsgﬁitures
in labor, capital investment, and warrantiés. These
improvements can be achieved by innovations in auto-
mation technology that result in assignment of dull
repetitive operations to semiautonomous machines
with trained, skilled workers regponsible for one
or more of EESE machines.
in quality (and quantity) w»ill result from the up-
grading of the average worker's job to that of

Consequent improvements

skilled artisan and, more directly, {from the per=
formonce of repetitive operantions with controlled
miachine precigion, no longer being dependent on

mood or fatigue of dissatisfied workers.

B. Consumer Expcctations and Demands

The rising expectations and demands of con-
sumers cannet he ignored.
improved performance, safety, dependability, and
These factors depend to
a large degree on the high quality of product re=
sulting from proper materials, workmanship, quality
Better workman—
ship cah be attained by implemcnting the improve-
Greatly
improved quality control and inspection appear

Major rcquirements are

reduced cost of repairs.

control, and inspection practices.
ments suggested in paragraph A above.

possible through developing and using picture pro-
vessing technigues applied throughout the fabri-
Because of the availability of
automated assembly oand inspection techniques, therc

cation process.

L]

will be a strong impetus toward new designs, with
an emphasis on guuality.

C. Responsc to the Market

A highly decsirable development would be the
capability of rapid response to the market, i.e.,
minimization of time and cost to effect changes in
products. Snch changes may be required to match
compctition, to capitalize rapidly on new tech-
nigues or new materials, and more importantly to
mcet increasing demond for customized products at
mass production prices.

Considerable changes in production mcthods
arc needed to copc with this problem. Computer-
ugsisted design techniques and numerically con-
trolled machines
effecting rapid modifications in parts fabrication.

Asscmbly methods, however, have remained almost

are already wecll devecloped for

static for many years.
grammed manipulators (industrial robots'} represent
the first relatively primitivc attcmpt to providc

Commercially available pro-

assembly tools with the capability of rapid change-
over. Major limitations arc the abscnece of sensory
coupling betwcen tool and workpiece, poor manipu-
lative capabilities, and lack of techniques for
cooperation between two or more manipulators {no
two-handedness) .

manipulative systems ig required, integrated with

A ncw generation of progrommable

visual and tactile sensors, all controlled by com=
puters, assisted and supervised by trained humans.

Such systcms will provide means for ropid and
eeonomic ''changeover” for new models or for cust-
omizing products.

. Congervation of Resources and Minimization
af Pollution

Indircet but inereasingly important Tactors
affecting productivity are the growing necd for
more efficient use of resources such as minerals
and water and the public demand for minimization of
pollutant generation. There are at least three
major ways in which advanced automation has an

important bearing on these problems:

(1) With better inspection, gunlity control,
and nssembly methods, less scrap will
be penerated.

(2) In many instonces, the recovery and
recycling of valunble waste materiols
can be made economically feasible only
by developing better sorting and moteriaols=-
handling methwls, Sensor-controlled
manipulntors, dincorporating pattern-~
recognition techniques, can provide the

means .,

{3} Many large industries have old plants
that are marginally profitable. Further-

more they may be producing pollutanis to



an unocceptable degree. The modification

or processes in these plants to mcet present
and future lepal limits on pollutonts may be
prohibitively costly. A better caose cat be
made to replace these plants entirely,; the
added costs of minimizing pollutants can be
more than compensated for by increased
effieiency of production made possillec by
new methods in automation.

The following excerpt from a statement by the
Ford dMotor Compony, reported in the New York Times
(January 7, 1972, page 34}, is illustrative:

"The executives spoke at a press showing of

a new foundry here, 20 miles southwest of
Detroit. The foundry mokes enginc blocks and
other components and cost Ford more thon 3200-
million,

"1t replaces a 30-year-old foundry in Dearborn,
and hos 14 to 20 percent more copacity yet will
enploy 500 fewer employees. Mr. Ford spid that
$24-million has been spent on pollution control
for the plant 'to moke it the cleanest and most
cfficient producer of castings that modern tech-
nology con offer.’

among the leading air polluters.”

Foundrics are commonly

Research in machine-intelligenee techniguces
and current availability of incxpensive computer
hardware, sophisticated picture=-processing software,
and programmed manipulators hkave sct the stage for
initiating developments leading to attainment of the
above goals. 1n it is propesed that new
automation bLe aimed at achieving the following, at
an acceptable overnll cost to society:

sumataxry,

(1) Upgrading the qunlity of jobs for workers.

(2) Upgrading thc guality of products.

(3) lncrensing the capabilities for providing
customized products.

(4} Making more e¢fficient use of rescurces
and stimulating construction of new pol=
lution=free manufacturing focilitics.

1T1 PROPOSED RESEARCH PLAN
Al Introduction and Background

The suggested research plan is designed to im=
plement the mojor goals stoted previously and would
aim at the developsient of new devices, techniques,
and integrated systems of hardwarc and software for
The systems

yet to
serve as prototypes for a variety of more specific
assembly, materials-—
and inspection tosks in monufacturing

advanecd automation and quality control.
arc intended Lo he as general as possible,

applications in production,
handling,
vperations. The nim will Le to develop economically

viable machine substitutes for several of the
following highly developed humon capahilities,
which are now used extensively in relatively Llow-
level Jobs:

® Rapid and skillful manipulation,
that reguired in picking,
fastening,

such as
transporting,
assembling, and tool handling.
® Sensing and interpretation. Although
vision is probabhly the most important sense,
other inputs-=-such as tactile,
olfactory,
considered.

acoustic,
and temperature--must also be

The interpretation of scnsory
inputs (a process that has oiten becn called
pattern recognition) is a high-level function
of humsn intelligence and often demonds ex-
tensive logieal, Yedu-

problem—~solving, and

cated guess' capabilities, together with a

albout the

large store of accessible "facts”
world.

.
® Rapid "learning"” and retraining. A relotively
unskilled worker can be¢ taought a new routine
by means of human speech, written instructions,
or derionstrations of operations.
basis,
fieiently ndept in the performiance of these

From this
with some practice, he becomes suf-
repetitive operations, and can alse be re-
trained to do similar but new operations

cifeetively.

The versatility of man in exercising all
these capabilities is not cexhibited by any cxisting
machine nor is it likely to e in the near future.
Kevertheless, this versatility represents an Mideal”
that defines the goal of current work inm automotion.
1t i5 BLelieved that significantly useful portions
of such eapabilities can be developed in the next
few years,
industrial systems.
knowledge,
below. Later sections propose specific reseaxrch
tasks.

leading to cconomically advantageous
available
and requircments are briefly reviewed

Existing systems,

1. Industrial Manipulators

The prescnt generation of commercially
available industrial manipulators barely bLegins
to approach the capabilities described above,
Industrinl “robots' such as the Unimate,  Versatran,!
IDBM 1972 Production Terminul,i and a number of
nthcr5,§ arc multiple=degrec-of~-freedem manipulators,
which can perform simple material-handling ond tool-
using tasks repetitively onee they have lbeen pro-
grammed by a buman for o sequence of operations.
Progrumming of the muachine for a single specianlized

Unimation lnc,, Danbury, Connecticut

+ Versatran-Thermatoel, New Rochelle, New York

2 lnternational Business Machine Corp., Oswego, New York

§ More than 50 Jupancsc and scveral British companies
arc manufacturing or intend to manufacture industrial
robots similar to the U.S. machines. ’




job is now simple, and a trained, but not necessarily
highly skilled operator can manually guide the machine
through ao sequence of desired positions, altering and
refining each step until a satis{actory seguence is
obtained. 1n this programming mode, accurate spatial
data for each degree of freedom for cach pesition are
derived from internal feedhick sensors and are re-
corded on drums or tape. In the playback mode, the
manipulator retraces the steps thal have been
recorded for cach sequence and repeats such

-scquenccs thereafter with a high degree of accuracy.
Evaluating the performance of existing industrial
robots in terms of the ideal characteristies noted
akove, it i evident that rapid learning and re-
trainability features have been incorporated to a
useful degree, but monipulative skill is rudimentary.
Also, there is no provision to integrate important
sensory information to guide and control manipu-
lative operations. Thus, moving objects (or objects
not precisely prepositioned {for subsequent manipu-
lation) cannot be handled, Furthermore, because of
the 1lack of available visual and tactile sensory
feedback and machine intelligence technigues, oper-
ations reguiring the cooperation of several fingers
or hands for manipulaticn of tools or objecels cannct
be periormed.

2, sensers
At present, “visual”
sensor applicable to industrial automation is the
"on/off" light-sensitive electronic switch (photocell
plus amplifier), Usually this device provides an
inexpensive means for determining the presence or
absenee of n moving
a specific location

the mosi widely used

object or part of an objeet at
and thus for eclectrically con-
trolling some olher assoclated process. Arrays of
such photodetectors based on medern scmiconduetor
technology have also hecn developed., fTogether with
suitable logie circuilry, thesc arrays can useiully
reecgnize two-dimensional f{igures, sueh as printed
charaeters on a document or a card
or package. require
close and constrained physical coupling between
sensor and sensed graphical data., More recently,
optical secanning systems have become available for
remotle scnsing.* In these, a collimated optical
beam scans labels or marks affixed to paekages, and
the printed coded marks are read and decoded, pro-
viding important information useiul for sueh func-
tions as costing, inventory, or routing.
new scanners (see Figures 1 and 2) thus are be-
ginning to provide, under constrained conditions,
a simple and useful version of the wide range of

coded marks on
These optienl readers usually

These

information obtainable by humans using their eyes
and infterpretive faculties. As yet no commercial
system is available thatl is capable of identiiying
an object or package in random position (or in
motion) without the use of auxiliary coded marks.
New techniques are now being developed in the

k4
A commereially available remote label arcader has
been developed by Bendix Corporation
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FIGURE 1 REMOTE LABEL READER. A set of circular
concentric encoded marks printed on a fabel in two
fluorescent colors are scanned in one plane using a
1-millimeter-diameter laser beam.  Photocells with

red and green lilters sense the returned scattered light
signals, which are then decoded for identification of
thc package to which the label is attached. Labels
can be read at distances of from several inches to feet,
in any oricnatian, {under development at SRI),

T ————

FIGURE 2

REMOTE OPTICAL SCANNER. A laser beam is swept
across a specially coded label alfixed to a maving carton.
Sensing and decoding can be accomplished regardiess of
position and orientation of the affixed label.

laboratory to bridge this gap. One approach is
based on the development of several iorms ol optieal
range finders {seec Figure 3) that will yield three-
dimensional data, which can he interpreted to de-
scribe the plhysical outlines of tlie object (or a
convVenient part of the object). Such data would be
uscful for recognition ol the object, as well as
determination of its position, its attitude in
space, or its relative motion. Range data of this
kind, fncidentally, are believed to provide the bat
and seal with suffieicnt infermation for them to
cope with the enviromment. Another appronch makes
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TRIANGULATION OPTICAL RANGE FINDER., A
collimated light beam is caused to scan mechanically

a field of view, Scattered returned light is received

by a mirror-sensor system displaced a known distance
from the light-transmitting mirror.  Relative angles of
transmission and reception are measured and distances

to the points in the field are computed by trigonometric
relations. A raster of range {or depth} points is thus
obtained. (Under development at SRI.)

FIGURE 3

use of a televisioa camera, which takes pictures of
the object. When processed by a digital computer,
the resulting data can yield descriptive information
useful fox the similax purposes as noted above,
Considerable software to implement such "pieture-
processing” techniques has been developed over the
rast ten yenra;,'1 it no gencral application to
useful industrial tasks has yet been made,

~21

The systems that use the two types of
optical scanners noted above, i,e,, label {or
printed mark) readers and range finders, appcar to
be simpler and much less expensive than TV gystems
for integration with programmable manipulator
systems and for other material-handling applica-
tions, :

lo muny instances, manipulation contrel
can be facilitated by using tactile sensors appro-
priately mounted on the industrial hand.
operatieons as prasping oxr lifting delicate
irregular-shaped objects, it may be nccessary to
control the forces cxerted on the workpiece. 1n
other applications, visual sensing can be dispensed

1n such

with entirely through using multiple tactile scnsors

that, with the aid of a computer, can “discern”
shape and orientation of workpieces for subsequent
manipulation, Mnltiple-pressure {(and force fecd-
back) sensors arve now under development®® =% that,
when integrated with manipulator and computer, can
provide the digital dexterity required to

manipulate tools or delicatc parts in assembly and
disassembly operations ({see Figures 4 and 5), An

TOUCH SENSORS ON RANCHO HAND. Upper photo
shows contact sensors bonded 1o tongue and wrist. Both
whisker and planar sensors use flexible conducting rubber

FIGURE 4

membranes, Lower photo shows finished assembly with
conductling rubber covers in position.

important gozl will be to devise soltware cnprble
of coordinzting mechanical actions of controlled
fingers and ultimately the actions of two hands
working cooperatively,

3. Visual Inspection fand Quulity Contreol

Visual inspection or quality control is

a ubiquitous and often a necessary operation in zll
stages of the production process, 1t is often an
impliecit function; i.e., staged assembly of & prod-
uct cannot proceed unless the right Darts arc ot
the ripght place at the right time and each of the
parts or subassemblies has been properly fabriecated
in prior stages. Thus the main jeb of an assembler
may be to fasten parts togcther or add to a snbas-

sembly. He must, however, ensnre—-through visual

Iitachi, Japean has several tactile scnsory systems
under active development.
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FIGURE & GRIPPING POSTURES OF THE SRI-S5U HAND
inspection-~that he is able to proceed,
other instances, explicit inspection is necessary

to avoid the generation of scrap, such as in the
output of a high-speed stamping operaticn or to
assure the quality of a Tinished packapge or preoduct.
1n these coses, thc main job of the worker is to
inspect., The majority of both implicit and explicit
visual-inspection functions are gqualitative or
semiquantitative in nature, answering questions such
as:

In many

(1) Are any parts missing from the
subassembly?

(2} 1s the part malformed or deformed?

(3) 1s the package or part soiled,
cracked, or otherwise blemished?

{4) 1s it the right part for a given
model?

{5) Are parts in the right relative
positions?

{6) 15 there evidence of excessive
dig-wear?

At present, there are no general-purpose machine
substitutes for these forms of human qualitative and
semiquantitative inspeetion capabilities.
applications, such as in the fabrication of micro-
electronic integrated circuits, inspection is so
tedious that automatic inspection is likely to he
more reliable than human inspecction,
niques of processing images derived from television
pietures, using available principles, can be applied

1n some

lowever, tech-

to a broad class of visual-inspection and quality-
control problems (see Figure 6),

There is a need

TELEVISION-COMPUTER PICTURE-PROCESSING
SYSTEM. An object in motion is illuminaled by a
triggered flash famp{s}. A single frame TV image is
stored, to be subsequently read off by the internal
electron-beam scan.  After analog-to-digital conversion,

a raster of intensity points is stored in computer core,
serving as the daa base for subsequent processing,  In

this illustration the damaged part is detected by comparison
of scleeted {eatures with those of a stored “picwre’” of

an acceptable part.  {Under developmem at SR}

to assemble compleic integrated sysiems composed of
TV camera, optics, and eleetronics all interfaced
with a dipgital compuier {o demonstrate solutions of
typicai problems, to permit economic assessment,
and to provide the basis of design for specilic
applications,

ER Cooperation of Multiple Manipulators

There are no instances today of two manip=-
ulators operating cooperatively in a completely
autonomous mode. The development of genceral-purpose,
integrated sensor-manipulator-computer systems can
lead directly to the cooperative coupling of two or
more manipulators through the common computer,
Software techniques suitable for such control have
not as yet becu devised and will be difficult to
develop. However, it is hoped that when initial
techniques for control of two manipulators are
uvniluhle; extension of control to three or more
may be facilitated, 1n that event, completely new
methods of assembly will be possible, since all
present assemlbly is based on the use of fixed jigs
and two-handed workers. Similarly, the impact on



product design may be large, since this important
part of the mass-production manuiacturing process
depends to a large degree on methods ¢f fabrication
and assembly.

This problem area is in many ways highly
challenging, but progress will be slow. Advanced
techniques in modeling, problem sclving, and system
integration now under active development by large
artificial intelligence groups will provide some
guidance but no immediate solutions., 1nitial studies
will have to be made to specliy precise needs, prei-
erably in well-deiined practical situations, with
contributions Irom product designers, tool designers,
production and mapufaeturing managers, and the
marketplace.

L Supervisory Control lmplementation

We have assumed that seminutonomous ma-
chines must be able to be supervised in an overriding
control mode. This of course can he effected by
using switchboards, joy-sticks, teletypes, or vari-
ations of these. A more general means of such con-
trol would be based on the rccognition of human
speech. Several large "speeceh understanding” pro-
grams have been initiated in the past six months*
in which it is hoped to develop the capability of
understanding {lowing human spcech utterances,
limited to a vocabulary of 1000 words in a specified
Qther programs exist<s =8
which a small number of key words and phrases can
be recognized when spoken one at a time, such as
the digits, A useful intermediate result of the
more complex programs above eould well be the eapa-~
bility of recopgnizing phrases spoken in English,
with a system sufficiently powerful te permit a
1ich choice of selected adjcctives and adverbs with
verbs and nouns, all within a preseribed vogabulary,

domain of discourse. in

such as:
"a little higher'
"to the right"
"stop at once”
“six inches, forward"
"eancel last command'

. "repeat last step,"”

1f such a eapability existed, one can en-
vision a supervisor being abkle to use eyes and
volce to assume control of the operation of a ma-
chine in a natural and unimpeded manner., His

*Thesc speech understanding programs are under way
at Bolt, Becranek and Newman Inc., Cambridge,
Massachusetts; Carnegie-Mellon University,
Pittsburgh, Pennsylvania; System Developmcnt
Corporation, Santa Monica, California; Lincoln
Laboratory, MIT, Cambridge, Massachusetts; and
Stanford Research institute, Menlo Park,
California.

control would be timely and rapid, and it would re-
quire minimal training. Certaninly, methods entailing
manipulation of switches or keyboards or both could
augment his eontrol eapabilities, where required,

B. Proposed Rescearch Tasks

1. Rationale

Present R&D expenditures in this field by
U,S. industrial concerns are small beeause of a lack
of knowledge of what can be done and a lack of con-
fidence that cost-eflfective systems can be devised
in the near future. Most U,5, companies are defi-
nitely interested in increased productivity and are
disturbed about the rapid increase of foreipgn compe-
tition and the rising disaffeetion of workers,
However, as yet they are unprepared to make the sub-
stantial commitments required in trained people,
hardware, and software to mount adequate programs.

In the aggregate, the RED establishments
of these companies have rescurces dwarfing those
available to universities, government, and nonprofit
rescearch establishments, 1t is therefore proposed

‘to include a2 component designed to catalyze these

potential rescurces by having high promise of useful
results attainable at an early date, It is thus
recommended that the research be divided inte two
phascs: an initial short term program, 'in which
available technology would be expleited to domon-
strate and evaluate several systems with general
applieability and a longer term program in which
new techniques, sensors, and systems would be de-
veloped and expeditiously introduced into industry.
Continual guidance for directions and the main
thrust of the long-term program would come from
industrial experience and aceeptance ol these new
systems. Several eomponents ol both short- and
long-term programs are described in the following
sections, They are designed to he suggestive,
rather than eomplete; a detailed treatment is yet
to be made, However, the componcnts are general
enough in scope that, i1 suceessfully implemented,
the results eculd be widely introduced inte prac=-
tice and generate the confidence required for ex-
pansion on a large scale.

2. Phase 1: Short Term Program

The objective of Phase 1 would be to de=-
velop several programmable laboratory systems in-
corporating software and hardware packages, which
eculd convincingly demonstrate advanced techniques.
Candidate systems include sensor-contrclled manip-
ulation and visual quality control.



a, Sensor-Contirelled Manipulation

The needs are to:

(1

(2)

Develop appropriate visual and
tactile sensors and incorporate
these sensory subsystems with
the manipulator into computer-
driven integrated systems.

Develop software "training”
methods that retain all or most
of the ndvantages of present
"training=hy-doing' methods of
programmning machines,

Advanced manipulative systems, such as proposed

above, would find their greatest use in mass pro-
duction and customized assembly, in tool-fceding
and in materials~hondling operations. Figure 7

shows an artist's conception of a representative

system, together with a laboratory test-bed for

development,

b, Visual Inspection and Quality Control

The needs are to:

(1)

(2)

(3)

Assemble an inlegrated system

of TV camera, optics, light
sourees, interfaecing electironies,
and digital computer together
with basic seitware controlling
all functions.

Initiate development of a 1fbrary
of computer programs that will

be able to extract essential
features from the stored image

ol a viewed object, such as

line or edge detection, hole
detection, hole size measurements,
seratch and crack deteetion,
recognition of simple shapes,
counting operations (such as

for holes or pins), and detec-
tion of specified color of
specified regions, There also
sbould be included a facility

for matching partial regions or
zones with appropriate templates
stored in computer core,

Initiante development of simple
user programming ilechniques,
such that jobs can be set up
rapidly and inexpensively. 1n
general, it will be necessary
either to store multiple images
represcnting different orientin-
tions of the suhject to be
viewed, or to provide software
for computing the rotated views,
with 1eference to o standard
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FIGURE 7 MATERIAL-HANDLING SYSTEM. The upper
illustration is an artist’s conception of a laboratory
test bed for an automated material-handling system.
A label seanner can be used 1o identify the package.
A scanning range finder interfaced with the computer
can sense contours of the packaye te determine the
package's angulac and translational position, such that
the manipulator can adjust its gregrammed actions to
pick it up in general position. The lower illustration
shows an SRI laboratery set-up with a UNIMATE
manipulator and label reader operaling on a package
transported by a conveyor.
position. A desirable mode of
operation might consist of
televising a standard object in
several prescribed positions,
and storing essential featurcs
for each position to serve as
templates for comparison with
production objects to be
inspected.

3. Phase 11: Long Term VProgram

1n our opinieon, it will be highly im-
practicable to develop o completely automated
factory, distribution system, or service facility
within the next generation, 1n facl it may be
argued that such a goal would be highly undesirable
without conemrrent major changes in human training,
educittion, work habits, and expectations., A more



acceptable approach would be to assume evolution of
semiautomated, man-machine systems, with the degree
of automation increasing with time. Thus dangerous,
dull, repetitive, and other undesirable jobs would
be gradually phazsed out; where necessary, o trained
and skillful man would exercise supervisory and
judgmental control over many machines in those fune-
tions that were too diifiicult or expensive to auto=-
mate, Thus one can visualize a battery ol semi-
automatic hand-eye-touch machines perfiorming
repetitive assembly, inspection, and other operations
under supervisien by a foreman or overseer, Yhen
any machine cannot eope with the unexpected, with
breakdowns, or with operations requiring dccisions
beyond its capabillities, the supervisor takes over
control and "helps” the machine past its diffi-
culties, As the autonomous eapahllities of the
maclhine are improved by introduction ol new tech-
niques, more machines would be controlled by each
supervisor,

Major elements of the long-term program
should include:

(1) Continued development of visual and
tactile sensors and the assoeiated
software designed to provide "in-
formational eoupling” between manip-
ulators and the external envircnment,

(2) Development of more dexterous "hands”
and tools speclally adapted Ior use
with them,

(3) Continued development of software
techniques for inspection and quality
control, with special emphasis on
economy of computational means and
simplicity in programming. Speeial
computer languages to faellitate
programming may ultimately be
required,

(4) Development of software to implement
cooperation of several computer-
controlled manipulators for fabrica-
tion, assembly, materisls-handling,
and repailr tasks,

(5) Development of the interfage between
man and the manipulator-sensor system,
so that supervisory ceontrol can be
dassumed and carried out in a timely
and effcctive manner, Developing
techniques in speech recognition may
provide an attractive method for this
purposc,

"The gencral concept of the "time-sbared” man is
not new, 1n fact evcry foreman, manager, or
captain of industry performs in prccisely this
fashion, attending to his numerous duties and
sharing his valuable talents as the cccasion
demands,

IV S0ME CONCLUSIONS AND SOCIAL CONSEQUENCES

Much of what is proposed here may be attoinable
within the next five years. With a set of "bullding
blocks” comprising well-engineered sensors and manip-
ulators, a library of software routines, and a com-
puter language to simplify speciiieation of the re-
quired actions, applications ean he engineered for
a wide range of assembly, quality eontrol, and
materials—handling tasks, A subset of these capa-
bilities would alsc be applieable to service in-
dustries, For example, a man-supervised sensor-
controlled manipulator could serve as an aide for
disassembly and reassembly of engines undergoing
repair or maintenance, Or, with special spray or
cleaning tools, a sensor-manipulator could bhe pro-
grammed to paint or clean walls or floors., The
supervising man could rapidly specify the boundaries
of the areas to be treated when he sets up the
equipment. 1n all of the applieations, tle role of
the man 1s twolold:
Judgment and skill to maximize effeetiveness and he
can cope with the unexpected, modilying the program
or taking over control of the system.

he programs the system using

lLarge~scale implementation of the proposed auto-
mation will be of considerable consequence to our
soclety., ©On the positive side, the prime emphasis
on guality and the elimination of many undesirable
and dangerous jobs certainly presents an attractive
prospect. On the other hand, technolopilcal unem-
ployment, already a signifieant factor in our
ceonomy, could be accelerated., To minimize or
eliminate the latter, fundamental changes in our
thinking regarding soceial obligations and problems
appear necessary, Since the introduetion and ae-
ceptance of the new technology will probably be
extended over many years, there will be time to
evolve a new philosophy of social relationships.
Serious consideration ought to be given to many
relevant factors and questions, a sampling of which
are:

+ Permissible economic growth of the nation.

Should we begin to plan for a leveling off
in industrial growth, as inevitably we must?
In a steady=-stote economy, how do we moin=-
tain and manage necessary change to prevent
stagnation?

* Primary and continued education,

Should we lengthen the period of compulsory
education since we will need better treining
in the new work foree? Slould retraining
uand other continued education for adults of
all ages become a right rather than a privi-
lege? How do we provide for those who are
extremely hard to educate or apparently
uncducatable? Do we deliberately 1‘efrain
{rom automatizing some jobs?



* The size of the work week, lifetime length
of service, retirement, and s0 on.

Should we shorten the work week or reduce
the age for retirement or both, thus
spreading the available work among more
workers? What effects will this have on
quality of life and product? Will large
-recreation=-based industries be created to
rrovide new products and services (and of
course new Jjobs)?

It is beyond the scope of this paper to present
anything Lut relaotively simplistic solutions to these
social problems, Concurrent with the development of
the new technology, studies in depth should be initi-
ated to provide timely guidanco when the new tech-
niques and equipment beeome available for large-
scale introduction into commerce and industry,
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