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Froposal for Research on Hicro=Automation

Marvin Minsky, H.1.T.

0.0 Introduction

Uuring the next decade it will bhecome practical to use more and
more sophisticated technigues of automation == we shall call
this "robotics" =- both in established Tndustries and In new
areas, The rate at which these technigques become available
wWwill depend very much on the way in which research programs are

organized to pursue them.

The issues involved are rather large and touch not only on
technical matters but also on aspects of national economic

policy and attitudes toward world trade positions,

The project hereln proposed s concerned with the development of

two particular aspects of Hobotics, namelwy:

1, UDevelopment of a miniature hand=eve svstem,

2. UDevelopment of remote, ARPA=HETWURE stvyle operation of

robotic systems, In which simple jobs are handled lTocally

while more complex computations are done on larger, more
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centralized, machines,

The following sections explain why we feel that these areas
deserve particular attention at this time. Ve will discuss some

general issues Flrst, and then concentrate on the particular

subjects noted above,

1.0 Automation and Mass Production

The great development of mass production, in the early twentieth
century, centered around the reallization that machine tools
could be made so precise == without prohibitive expense =- that
one could build stocks of interchangeable parts for later

assemnbly by unskilled labor,

Thiz led to a huge variety of automatic production machinery
specialized to fabricate parts and components, A similar
development took place in the manufacturing of materials to meet
new standards of uniformity imposed by the needs of the
automatic fahrication equipment, The modern assembly 1ine took
shape., But the Automation of Assembly itself did not develop so

rapidly, and today it is the major consumer of unskillaed lahor

in the factory.



The direction of progress in this general development was always
toward precision and inflexibility, The integrity of the
production line increasingly came to depend on unlformity of
materials, precision of positioning and repeatability of the
machine processing operations. The major Investment in setting
up such assembly lines restricted thelr use toe high-volume

operations,

In the late 1950's some new elements hegan to appear in the
automatlion area. "MHumerical=control" production equipment came
to maturlity. A numerical=-contrel machine is, more or less, a
conventional machine tool such as a lathe or a milling machine,
with motorized controls that are operated by a preprogrammecd
recording (usually on a punched tape), Such machines can produce
vary complex machined parts economically because the extra costs
of such machines pay off in reliability and speed over manually
vperated machines {(where a single mistake can ruin hours of
work). The skill of the human operator, In naking Judgments
about quality of cut and compensation for tool wear, is replaced
by careful planning, control of materials, and scheduled
replacements of tools. In sophisticated systems, such parameters

as tool wear compensation are programmed In advance.

Along with this came some advances in automatic Inspection.

Devices have appeared which can verify, afterward, whether the



preprogrammed operation acheived its goual. For example, one can
buy machines that can be programmed to probe the walls of an
engine block to see that the cylinders were properly hored, that
the interior surface is intact, and that the dimensions are

correct to within reguired tolerances,

It would be mistake, however, to get the impression of a
continuous, rapld, and steady progress In automation., The
modern Tactory is not very different from that of twenty vears
ago, and there is little hacklog of technical ideas for further
advances, because research Iin advanced automation has come to a
near standstill in recent years. Except for the projects
sponsored by the Advanced Research Projects Agency, and work in
Japan, we know of no sophisticated Tndustrial research projects
in this field, Certainly, we know of no such projects in any

industrial research laboratory!

In particular, fabrleation and inspection have not been very
well mated, on the whole, There is very l1ittle "cybernetic
activity In modern factories; few material-handling processes
use advanced kinds of feedback interaction. Because of this, we
find 1Tittle automation of ecomplicated assenmbly, and no

significant work on automated service, maintenance, or repair,



The outsider gets a different impression. "Industrial robots"
have appeared on the publie scene, In the form of the pre-
programmed positioner=grasper machines of the lUnimate or
Versatran class. bBut except in a very few cases, these are used
in much the same manner as special=-purpose positioners, without
significant sensory feedback. Because this lack of "intelligent
feedback™ makes it impossible to use the potentlial versatility
demonstrated in the ARPA robotics experiments, these "robots"

have not yvet had any really substantial impact on production,

To summarize: we have the inpression that despite a
superficially healthy appearance, the past two decades have seen
a pernicious deeline In acquisition of basic new production
techniques. What is worse, there is little Indication that the
communi ty of economic adwvisors has sensed this technical aspect

of the productivity problem,

2.0 Hew Application Areas

A vigorous research and development program, over the next
decade, could lead to substantial progress In such areas as
Tisted below. These are ounly examnples of applications; it is

hard tou see how any field could remain unaffected,



2.1 General Production
The vutstanding applications of Advanced Automation to
production, In the near future, will be in assembly, testing,
finishing, etc., rather than in the fabrication of large numhors
of simple parts (which s already substantially automated) or
even cormplicated parts, like engine hlocks (whieh also are
economically produced by special purpose systems). But advanced
automation will ponetheless profoundly change the factory
because of these possibilities:
Assenbly lines
The traditional special=-purpose automation devices
were hased on having just a few operations at each
"station"., This dictated the linear arrangement of
work statlons, with the work moving from one point to
another, and different parts brought to different
stations. The general-purpose assembler would work
more centrally, with many operations performed a2t the
same station, and the parts all brought te that polint,
If the assembly machines can SEE, the parts need not
be so0 carefully positioned and could come In mixed
arrangements, on demand, or on prepared trays.

"Un Demand" production



The arrangement just described might seem at flrst
sight a step backwards! lould not the centralization
of assembly (instead of distribution along a linel
cause traffie problems? This potentlal problen could
usually be resolved by mixing parts on a very few
supply lines, And the pavoff would be large for these
Indirect reasons: To begin with, the versatility of
the system reduces the lTength of the production "runs"
regquired for economy. Todav, every run requires the
committment of substantial space and effort to set up
the line and construct the special purpose machines at
each station, This is too expensive unless the run
produces a large stock of ltems. Accerdingly, one can
only attempt to balance the anticipated demand agalnst
the expenses of carrving large stocks and tying up
capital Tnvestment. In any case, one has to pay the
price of long advance order times. Uith the advanced
system one will be able to switch from one product to
another without stockpiling many finished items, One
still needs to have components available, to the
extent that they are not also subject to "on demand"
fabrication.

PFreparedness without stockpiling
The attractive possibility, then, s to be able to get

rapid production of complicated units guiekly when



they are needed, without pre-production of all the
items one might need guickly under all significant
contingencies, This also means that in anticipating
a future demand, one need not make, In advance,
uncertain specifications! Instead, one may be able to
write conditional branches into fabricatlen and
assembly programs, so that one can make the final
specifications just before dellivery time.
"Individualized™ mass production,
Paerhaps the most exciting aspect of Advanced
Automation, from a soeial and humanistic standpoint,
is the way in which It ecan reverse the "mechanization"
that was a natural consequence of the first Industrial
revolution! The inevitable result of early nass
production was uniformization of preducts, Clothing,
for example, had to come In a standard variety of
sizes. Shoes were characterized by two parameters,
"width" and "length". Uhile the production economy
meant that there could be more shoes, they had to he
worse Fits! So the quality of 1ife had to glve way to

the quantity, This price no longer needs to he paidl

The new machines could be much more responsive.
Clothes could he cut and made to fit a dimension file

for even picture!l) for each person. Plumbing modules



could be fabricated for each particular installation,
given a file deseribing the current state of a house-
plan. He leave this whole area to the reader's
imagination, simply noting that while one can not
pxpect much change In the costs of materials, over the

next few vears, one can be certain that the cost of

computation will continue to drop.

.2 MedicTne and Health

Anvone who has been hospitalized will remember enocugh
complaints to make enumeration of examples here unnecessary,

ile recognize that there has been rapid progress in semi-
Intelligent data processing for medically relevant analvtic
and diagnostic procedures, (Even more has heen done to
automate, for better or for worse, the fiscal operations of
the hospital.,) But, except for some procadures in the

hospital laboratory, there has been no Improvement in the

guality of personal patient treatment and care,

There are too many factors contributing to the inadequate,
degrading, expensive, and downright dangerous aspects of life

in the hospital for us to review here. But it is clear that



many of the most serious problems stem from the economic
impossibility of providing continuous, sensitive, and
unobtrusive attention to the patient's state =-- medical
paraneters, physical position, mobility, and comfort, and kis
needs and wants == to say nothing of adapting his treatment
schedule to his actual {rather than his anticipated}

condition.

He can best show how advanced automation is relevant to this
area by specific examples, An inmediate application of
physical robotic techniques is needed in Radiation Therapy,
an area of medical treatment that is currently in such short
supply, and so poorly administered, as to constitute a public

scandal and a continuity of private tragedy.

In attempting to destroy a region of tissue, by appropriate
forms of radiation, one wants to deliver carefully calculated
doses of radiatlion to the site., Decause other structures
between the area in guestion and the beam source must get
smaller doses, elaborate computer prograrms for treatment
planning have been written and debugged that integrate many
small doses from carefully positioned beams in many

directions.,



The problem Is not simply geometric; one may want to
concentrate the dose on tissues close to the spinal cord, or
to the aorta, whiech may be exceptionally sensitive to smaller
amounts of stray exposure. The calculated treatment plan may
appear to he adegquate, mathenatically, hut delivering the
dose Is another matter. Patients move., FBReams are shaped hy
a combination of aperture shaping at the heam source and
stacks of lead objects near the patient. 3Setting these up
takes time, and they may slip, etc. Ideally, one wants to
move the source through a smooth trajJectory, with
corresponding motion of the shielding bloecks, but this Is
impractical today, so0 we approximate by a few fixed
positions. In any case, it is extremely hard to he sure
that the patient position stavs within the regired few
millimeters, In a very few centers in the world, expensive
machines and a substantial, highly trained staff, can give an
accurate treatment in thirty minutes or so. (A course of
treatment is a great many such sessions.) Even so the dosage
is uncertain and accidents of positioning and exposure are
much more common than anyone will dare admit., But 99% of the
people needing such treatment do not get to these centers,
and do not even pet the benefit of the mathematical

precaleulation of the proposed dosage.



The solution is evident: the heam position, aperture, and
shielding set=up should be automated, as should the
manjpulation of the patient's pross position. Visual
monitoring of reflecting markers on the patient's surface
should be fed back to the machine's physical adjustments, and
to its beam modulation devices. Fluoroscopic feedback from
the patient's internal structures could also be processed hy
the vision computer, using natural structural shadows ar
implanted radio-opaque markers, Files of the progress of the
treatment plan could be maintenance in the system, and the
exposure bullt up accurately, The effective duty cycle of
the machlinery and staff would thereby be raised to a

reasonable lTevel.

Uther medical applications

The applications of miniature robotic hands In surgery
are slmply fantastic, even if used wlthout any
comnputer at all, sinply with remote nmaster=slave
control. Une could do extensive internal examination
through a very small laparotomny withaut nuch trauma,
and many kinds of repair., One could do mechanical
engineering in the niddle ear, the heart, the ove,

dentistry, etc., etc. The domain of microsurgery



could esasily be greatly extended. e consider it hest
te Teave such visions to the imagination, because
spelling them out could only arcuse skepticism.

People who have to read this proposal through bifocals
wWwill agree that our great technology ought to be able
to offer them wore help, Imagine an adjustable
eveplass lens activated by a sensor that is operated
by the eyvebrows, or bhetter, by a tiny sensor buried in
the muscle within the eye that is unsuccessfully

trying to Tocus the ocular lens,

2.5 Mining and Undersea Resources

e one should have to be exposed to dangerous mining conditions,
The elaboration of versatile inexpensive naster-slave devices,
again even without advanced automatic control systems, should
totally change this situation. 0Oeeper, narrouer, More pxtensive
subterranean exploration ought to open all sorts of new
resources to economic development, The same obviously holds for
undersea activity, and undersea mining. There 15 no reason why
mining should not hecome an elegant white-collar activity,

carried on from perfectly comfortable control sites, even one's

home !



| ndeed, the fact that all sorts of skilled mapual labor could he
done from arbitrary locations should have a deep, and generally
positive, effect on many aspects of our crowded city 11fel It
is fun to Imagine the full consequences of having versatile,

gconomical, remote master=slave devices,

2.4 Housing

Housing 1s also subject te improvements both in fabriction and
assenbly. The current concept of “prefabrication™ is a very
weak form of the idea, for houses ought to he adapted for the
needs of their inhabitants. The design phase, with substantial
programmed help, should produce programs both for fabrication of
the parts and for assembly at the site, taking the special
features of the site inte account. The machines used today for
slte preparation and construction are already, in fact, more
advanced as manipulators, than the equipment used in factories:
and we can expeclt them to move further in that direction. It is
difficult to predict very much of what will happen in this area,
of course, because It is so subject to radical ehanges in
materials and methods,

2.5 Transportation



Automation of the transportation of people has been extremely
slow to develop, presumably because of the extreme constralnts
on safety, Imaginative proposals of all sarts, from simple

traffic control devices to advanced moving helts and capsules,
have always been rejected hecause there was no technology for
reliably sensing where the people are and what they are doing.
The possibility of eyes that can really see, and hands that

could swiftly but gently correct a dangerous situation, could

make a great difference in this area.

2.6 Space

Advanced automation could have a dramatic effect on the
character of space exploration and application, hy drastically
changing the balance of costs and reliakility. There are three

baslec factors here.

1. The use of a central manipulator=-sensor system
to operate all onboard systems can greatly
increase the effective payload of a missian, by
Freducing the gross weight of the experiments and

cquipmnent.



2, The use of the manipulator system makes

possible Lthe remote malntenance and repair of
gpacecraft svstems, removing redundancy, and
using the same structural parts for different

applications.

3. Power, size, weight, structural strength,
endurance, process speeds, rellability,
malntenance and hazard control all become less
riplidly constralned without the astronauwt, yet
mission objectives can still be sophisticated and

adaptable.

The basic idea is simple., The rellability of the mission should
be Invested primarily in the central computer and the hand-eye

system, Then It becomes possible to Jdlagnose faults and correct
them by changing modules or making minor physical repairs with

EVA and zero G manipulation heing mainly programming problems.

Even faults in the motors moving the eve can be bypassed by

using the hand to make such adjustments.

The versatility of the general-purpose hand-eye system can he
expleited In the construction of very large, delicate, antenna

systems in space, avolding the requirements of complex self-



erecting structures and, poussibly, reusing rmaterials no Tonger
needed in earlier phases of the mission, [ncreased antenna size
reduces the communication power requirments and hence the
overall welght of the payload, The same is true for activity at
a remote landing site, such as laying out a phased array antenna

on the ground,

Another important point concerns Internal measurements.
Ordinarily, to measure the temperature of, say, a Tuel tank, one
would implant a sensor and run a wire to a central telemetering
station,. If one imagines a camera eve in the spacecraft cabin,
one can simply weld a bimetal appendage to the surface in
guestion, and view Its deflection visually with the eve. At
virtually no cost in eguipment or reliability, one could mount
thousands of simple sensors to any number of surfaces within the
spacecraft, measuring temperature, pressure, strain, current,
etc., etc., without any central connections, reading them all

Wwilh the eve,

Similarly, the scientific and navigation instruments could he
lovsely coupled to the system. Even celestial observations could
be made by the eyve, through convenient lenses and reticles,
without complicated special instrumentation, Dials on
communlcation equipnent could be read, and simple adiustrments

made by hand, trimming antennas, deflecting vernier thrust



units, ete, sbc.

It is our impression that the philosophy of spacecraft
mission design has evolved continuously in the direction of
"fail-soft" rellability englneering, making subsystems more
and more autonomous so that some will functlon when others
fail. This, we feel, is a typical evolutionary trap that one
cannoct break out of by small steps! le conjecture that the
time has come to consider the possibility that the chances of
mission success are greater if we do the cpposite == put all
our eggs in one basket! -- namely, in the central=-computer
hand-eye system == and use its versatility to provide the
fall-soft guality of the mission in a centralized wav. If the
computer fails, the mission Is lost, but we have come to
accept that this is true for the booster, and should zee 1t

in the same 1ight,

Typical of the resulting payoff: in space, o few simple beams
and adjustable clamps, a modest varlety of optical and
electrical components, etc,, make it possible to construct an
inexhaustible variety of optiecal instruments, spectrographs,
analytic devices, image transformers and filters, lon sources
{even fFor propulsion), and 50 on, & small mission of this
character could very possibly accomplish more than an

enormously more expensive and complex manned space station,



ovaer a period of a couple of years,

With the remote maintenance possibilities, one could expect

very long functional lifetimes for such a craft,

2.7 Huclear Power Industry

Although the very idea of master=slave manipulation
originates in the environment of kandling radiocactive
materials, and the present technology for hands is inherited
mainly froem the AEC-developed prototypes, this development
has bLeen handicapped by chronic funding limitations within
the AEC Ttself. The first workable force-reflecting
servonechanisms for master slave control seem to have come
from this source, but even today thelr avallable manipulators
ore very clumsy and poorly articulated, The design of
nuclear reactor components s still severely 1imited by the
constraint of having to be serviced (If at all) hy such
devices, and it seemns to be generally felt that the
possibilities of intervention, in case of reactor

wmalfunction, are dangerously restricted.



s for servicing small devices remotely, neither the AEC,
HASA, BIH or ONR (who should be mentioned because of thelr
pradinent role In contracting for advanced remote
manipulators in connection with undersea applications) have
made any significant steps toward development of the smaller
manipulators to which this proposal s directed, In

particular, we wonder what plans exist For servicing small

reactor conponents.

2.8 Aprieul ture

This is an area that might seen quite unrelated to the others,
but it may he very Important. |f we look far ahead to an era in
wihich small but capable programmed hand=-eye devices are mnass=
produced Tnexpensively, we see applications that are very
important, Ve mention this area with trepidation because [t

may seem too fantastic now to take seriously,

To make the points plausible, we must Interject a note
on costs., Today, a research project invelving a

comnputer, mechanical hand and eve, and adequate staff,
is a major Investment, and one rust get over the habit

of thinking of such devices as rnultimillion dollar



facilities. The cost of g small hut powerful
computer, in a decade, will approxinate 1,000 dollars,
and will be still decreasing. The cost of a high=
resolution notorized eye will be less than 1000
dollars, The interfaece equipment will be the same
order; the cost of a versatile mechanieal hand with
sensors Is hard to estimate. But if they do find wide
application in wther industries, it is reasonable to
expect the cost of a pood hand also to come below
1,000 dollars, eventually. Therefore, it is
reasonable to conslider applications of hand=-eye
svstens, before the 1990 period, at costs running well
undear 5,000 dollars, with complete moblility, This 1s
less than a typical farm machine todavy, and much less

than aone with operator costs added in.

such machines open the possibility of individualized, automated,
attention to all phases of planting, so0il preparation,
inspection, weeding, fire fighting, de-insecting, harvesting,
and new technigques for separation of plant parts, In some cases
one could econsider new methods of fertilization, unusual
trimming of seedlings, new mass gprafting methods, and
application of small amounts of insecticides to specifically
vulnerable anatomical sites on each plant. Larpge pests, such as

caterpillars, could be removed individually without the use of



any insecticides at all., We leave other facets of the concept
of individual plant attention to imaginative agricultural

specialists,

Ancther fantastic possibility may exist in the rehabilitation of
acreage to new uses, by careful implanting of simplified
artificial ecoloegies. In the near fTuture, we can expect the
emergence of enough mature agricultural science to design mini=
ecologies for soil modification, in which a spaced mixture of a
variety of different plant, insect, and bacterial ingredients
can be expected to lead to a viable and useful territory. But
Lhe sconomic application of such ideas would regulre something

like an inexpensive and versatile mobile hand=-eve machine,



3.0 Foreign Tompetition

A nation can not expect to permanently malntain a competitive
position, In the face of declining per caplta productivity, hy
any combination of purely financial meneuvers, such as
supporting industries whose balance Is weak, or adjusting prices
from above, or by manipulating tariffs and foreign exchange

rates,

Uur productivity has declined for several reasons, Our
economists recognize soclal causes Involving the needs and
aspirations of Anerican workers, But they do not seem aware of
the long-term effects of allowing basie industrial research to

decline.

A chemical firm can benefit directly be investing in the
development of a new product, technlque, or even theorv. A
photographic firm ecan pull ahead by winning a new result from
photographic research. But basiec research Tn general production
methodolopgy only benefils evervone, not particularly the firm
that pays the bill for learning how to do it, This means that no
manager of a large corporation can rationally decide to make a
large investwent in basic industrial research! And no such

manager has, in fact, done this.



[ some other countries, there s a conscious awareness of this,
and signs of svstematlie programs to do something about Tt, |If
other countries can advance, not merely in making particular
products but in proctical general kpnowledge about production
ltself, the coffects on us could he very serious, since there is
ne reason to expect that the average American worker 1s golng to
become more dedicated to Improving his own personal

productivity!



o0 | ssues That Heed Study

Here are some of Lthe problems that rmust be solved te make this
fiaeld develop more rapidly,
1. Whileh methods of machine vislon will he the most

effective?

2. What should be done to improve the nechanical

desterity of the manipulators?

3¢ Mhat can be done to make the control programs nore

intelligent?

. How can we Improve education in Robotics at several

universities?

L. Should there be an Institute for Pesearch on

hdvanced fSutomation?

G, How can we develoep Taboratory equipment and systems
to stimulate experimental work and training in this

fleld?



7. Hhat should he dope about Micro-Automation?

This proposal 1s concerned primarily with the last two

guestions,



5.0 Current State of the Fleld of Robotics

Work on robotics is today at a natural turning point, Hearly
enough is now known about computer-controlled manipulation to
make Tt applicable in practical situations, but it will take a
long time for this to happen unless the nethods and the hardware

are simplified, systematized, and made more widely avalilable.

To describe the state of this art, it is convenient Lo summarize
the situation in our own laboratory, which is probably the most
advanced in at least some respects. A complete "hand-eye
coordination" computer systern has been constructed that can
visually analyse a real-world scene composed of many simple
arbitrarily=-placed objects, and then physically rearrange that
scene, For example, It can be told to make a copy of an existing
physical structure using the same, or other parts., Because such
a system must contain a great many sub=programs, each of which
may be undependable and In any case depends in comnplicated wavs
on what the system "thinks" it perceives at each stage, we were
not able to use conventional programming methods to cbtaln the
reguired behavior, The new system is largely based on using the
"pattern-directed" control methods of the new PLANNER language.
It still has the status of a demonstration and research tool,
wilth severe practical limitations, but nevertheless may he 3

turning point in learning how to put together subsystems that



use very different kinds of Information structures.

The practical l1imitations of this system are really very severe,.
The visual objects must be polyvhedra -- objects with flat
surfaces == and optically very clean, because the visual
analysis system does not know about textures or surface
decorations, The manipulation abllities are equally
rudimentary; the machine knows to grasp objects only hetween
parallel plane surfaces, so cannot pick up most non-rectangular
objects. These limltations apply also to the other roboties

projects.

The language-understanding system of Terry Uinograd is able to
coordinate a substantial amount of knowledpge about grammatical
English with schematic knowledge about real-world phwvsical
structures, to produce the effect of understanding intentional
and explanatory statements, Because the "meanings" of words and
syntactlie structures are described In terms of processes that
interact both with the language-analysls and physical problem-
solving aspects of the situatlon, the system can construct
meaningful Interpretations of statements, questions, and
commands that might be ambiguous,; Incomplete, or ungrammatical
by traditional linguistic criteria. This system, (or theory, as

it more properly should be viewed) obtains a dramatic increase
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combinatorial search involved to test whether a given
proposition 1% valid or not. It is intended to be a general
formalism in which knowledge in a domain can be combined and
integrated. Reallstic problem solving programs will need
vast amounts of knowledge. We consider all methods of
solving problems to be legitimate, If a program should
happen to already know the answer to the problem that It is
asked to solve, then it Is perfectly reasonable for the
problem to be solved by table look-up, We should use the
eriterion that the problem solving power of a program should
increase much faster than in direct proportion to the number
of things that It is told., The Important factors In judging
a program are |ts power, elegance, generality, and

efficlency.



in expressive power because of Its use of "procedural
definitions" in addition to traditional syntactlic rules, By
introducing a collection of "semantic specialist" progran
operators (whose activity Is triggered hy such events as
occurrence of particular words during the "parsing" phasel we
can handle a variety of problems connected with the semantics of
a particular task environment, These processes convert the
English text into new programs (in the PLAHNER lanpuage) which
vhey commands orf cause the execution of approprliate problem=
solving or guestion=answering procedures, This makes 1t possible
to solve linguistic problems that could not be handled hy
earlier syntactic theories. NHuch remalns to be done in extending

the semantic and reasoning resources of the system.

In our laboratory, the hand=eve and the lingulstiec control
syslbems have not been mated together, nainly because we have
been more concerned with extending each of them than with facling
the problem of coordinating and standardizing two obviously
inadeguate subsystems. In the work at Stanford, such a
coordination { of two much simpler syvstems) has bheen carried
through on a demonstration basis, in fagt, with the rudimentary
English language semantic system preceded by a rudimentary
spepch-analysis system so that the robot can carry out certain

kinds of very sTviple verbal commands.



The following laboratories have sophisticated robotics projects

at the present time:

MIT Artifigial Intelligence Laboratory [(ARPA)
Stanford Artificial Intelligence Laboratory (ARPA)
Stanford Research Institute (ARPA)

Edinburgh Machine Intelligence Dept. (Scotland)

ElectroTechnical Lab., Tokyo Japan

There are also many small projects in universities and
industrial laboratories, but these are all below "critical mass"
and usually do not produce much. They start and stop. Some of

the chstacles to rapid progress are;

Manpower === Yery few Lhighly gualified people are working
on advanced systems in this area. There are only a few
places where one can learn about what is known, with
access to appropriate equipment. The existing centers
do not have enough staff to take on many more

students.

Hardware ===The avallable optical and mechanical equlpment
is clumsy, unreliable, expensive, and requlres special

interfaces., To start a robotics project, today, means



to begin an engineering project.

Sof tware === The programs and subhroutines developed in the
major projects are available only with dlifficulty, are
undocumented, and run only on their parent computers,
Higher level programs, mainly in LISP and related
systems, are easier to transfer, but the lower level
vision and real-time motor control systems depend on
unique hardware and are non=transferrable. The most
advanced new systems at PMIT are In the new PLANHER
languapge, which is hecoming available slowly, hut
depends on large mepory configurations that will not

he penerally available for a few vears,

To get arcvund Lthese problems, we think the best strategy I1s to
construct a self-contained research equipment package to make it
easy to begin robotics work at other centers. It should include
simple but adequate robot hardware, enough of a program library
and local computation power for some research and applications,
and provision for access to larger computation facilities via
the ARPA network, The system we propose to construct will be
inexpensive, relative to the present projects, and it will he
small enough to fit in a large office, s0 that starting such a

project will not be a major committment for an average



university or industrial laboratory. Ov working through the

network, we hope to avoid the problem ef transferring high-level
systems from one machine to another. e do not think the latter
practical, The systems are changing too rapidly, depend on

features of the local machine and time=sharing system, and the

transfer could bhe made only by diverting the resecarch staff

invalved,



G.0 What To Do Hext?

We believe that the following two Tdeas are a basis for a good

wiay to move ahead,.

Thesis 1. Nemote Operation is Feasible

We econsider 1t practical to study advanced autoemation using a
small computer that controls directly the robot hardware, does
some local computation, and serves as o terminal for larger
conputations carried on elsewhere. Although real-time bandwidth
problems 1imit some applications, many Important applications
are still feaslble. ligh-speed real=time operation is not so
important In this research as it might at first seem. For
exarple, there s still a great deal of vision research that can
be done using stored picture datam even in the case of noving

abjects,

Thesis 2, Small Scale Robotles has Important Advantages

ile believe that the most practical physlical size range, hoth for
research and application, 1s the 0.001 inch resolution range.
This scale s conveniently well=developed hoth in mechanical and
pcptical respects. This decision will lead, we think, to neat

and dependable equipment, and to highly motivated work pointed



toward opening up new applications in the micro-scale areas.
Some people have reservations about this, suggesting that in
making the squipment small one rnay pet involved with too mnany
new problems at once. This is discussed in the next section.
Certainly, a proposal to attempt robotics at a microscopic level
viould be open to this eriticism, but we are talking about moving
into a well established range of the low-precision machine tool
industry, and not a hvper=modern microminiaturization area, The
0.001" size range has already so0 much established technologwy
that it will make most mechanical and optical problems easier.

The key points are that:

Precision machine tools: 0,001" is considered "low precision",

Uptical microscopy: 0.001" is &0 times optical resolution,

This means that in both areas we remain far away from serious

pracltical limitations,



7.0 What Size Range for the Hini-Robot?

A1l current robotics projects are scaled to a working area of
the order of one meter, with mechanical resanlutions (open=cyele)
of a few millimeters, This is also the peneral range of the
large, standard, industrial manipulators of the Yersatran and
Unimate class, UOf course, It is also the scale that humans

like, when working without the use of instruments.

We will not discuss larger size ranges, such as might be useful
in construction, warehousing, etc, Lut let us review the

problems of various smaller scales.

One millimater resolution

It would be very difficult to make the present projects'
equipment work in this or any smaller range. The mechanical
desipgn of the cormercially available mechanical arms cannot be
refined to this degree,because of problems with structural
deformation and stablility of the positloning serves, Optically,

there would he no problem.

Une-tenth millimeter resoclution



The mechanical problems with present equipment would be even
WOFSEe., I f the equipment were to he redesigned, this size range
would still be I1logiecal, hecause there would ke no problem in

reaching the next size range discussed helow,

Une=thousandth Inch resolution (.025 mil1limeter)

0.,001" is considered "low precision" in the machine tool area.
The entire spectrum of equipment from the machine toal industry
is avallable, from milling machines to measuring devices:
effectors and sensors., It is easy te make new devices with this
tolerance using ordinary machine toels. (It is not much more
difficult to reach tolerances of 0.0002 or so, with higher
precision tools, to provide the margin one needs for making
complicated 0,001 devices; it quickly becemes much harder to
reach higher precision than that,) One possible product of this
whole program, of course, would he microminiature machine tonls

of still higher precision.

Uptically, things are also extremely favorahle for this size
range. While 1t is theoretically possible to resolve spatial
intervals smaller than 0,000040" (0,001 mm) in wvisible 11ght,
one wants to say away from fundamental physical 1imits by a
sizable faetoer. To reach limits of optical resclution one needs

special equipment, oil immersion, careful control of lighting,



and extremely inconvenient restrictions on depth of field and
clearance, The 0,001" resolution is 50 wavelengths, and can he
reached by simple, inexpensive, magnifying devices with larpe

fields of view and arbitrary working distances

The n,.0001" range.

Here we would be in serious problems, hoth optically and
mechanical ly. 0.0001 is only four wavelengths of vellow lipght,
and wiould be a very high nachine-tool precision, Sensors would
be rather hard to obtain. This range is not out of the
question, because the technology of biological micromanipulators
operates there, and we could extend those devices. However, it
Is hard to see any technical advantages to doing that in this

early stage.

n. 00001 and below,

by wsing such special devices as the scanning electron
microscope, and pantographic mechanical devices, one could reach
further, Uut che technical problems would be enormous, todaw.
These will be practical domains, however, after a few yvears of

gxperience with the 0.001 field.



Conclusion

The most effective configuration of equipnent, both for
developing automation and for reaching toward micro=technology,
is to attack the 0.001" size range using as much as possible
from today's methods Tn industry, machine=-tool, mlcroscopy, and

sensors from biology and mediclne,

The nost straightforward configuration is to base the mechanical
system on a six-axis motorized arrangement of machine-tool
slides and rotary components, On this, a small mechanical hand
ust be mounted, The latter has to be developed, In any case;
i should pnot be difficult to bring such a svstem up to the
performance of the parallel-jaw grasping systems currently in
use in the Al projects. Study contracts should be started for
deciding on the next step., Study of micro=sensors should also

begin soon.

It will take some time to consoclidate robotics knowledge and
practice for any application whatever, and the concurrent
development in the 0.001" size range need not bhecome a

diversion, since the problems are substantially independent,

The next step, of pushing Iinto the ranges of 0.0001 and below,

Will reguire careful planning, and probably would be done most



profitably with a particular application in mind, This is
because more of the techniques will be new and specialized, and
one would need a clearly defined particular application to
motivate decisions about how to proceed. 0Our flrst candidate
for such a goal is the assembly of computer hardware fromn
semlconductors, with the nicro=hand-eye system doing all the

mounting, positioning, wirlng, and physical assemblvy.



E.O iodules for the System

To free resocarch workers from the ITnadequaecies of one=of=z=-kind

svstems, we want to develop and make available certain modules,

The modules should be easy to assemnble from available

components, with very little special engineering,

The modules should be small encugh that a signiflicant
robotles project can exist in an ordinary room, In

fact, our goal s to make the whole system desk=sized.

A cumplete system should pot be extremely expensive.
We would like a copy to cost less than 100K,
Incidentally, Chis goal is parallel to another A,l.
Laboratory goal (under HSF support) to make a
prototype multi=-console system for schools, which also
controls a substantial amount of motorized real-time
activity In local devices, In fact, the "controller"
discussed bhelow Is being developed Jolntly with that

project,

The system should he fully capable of operating, with

roeduced bandwldth, from remote computation services



over systems like the ARPA network.

The modest physical size and simplicity of the system should
help to reduce the peneral overhead of work In this area, and
make it possible for small university and industrial

laboratories to particlipate,

#.1 Hlodule 1. The COHTROLLER Device.

The Controller is a versatile Interface device designed for
controlling peripheral devices via direct or dataphone lines to
a computer, Basically, It Is a character=string device. Certain
characters have control mode effects on the controller whlie the
remaining characters ore treated as data. The controller has a
number of input and output "ports" and, depending on the mode

the controller is in, data is serially multiplexed betveen an

arbitrary subset of currently active ports.

Each port can be equipped with any or all of these features:



Uigital data output with strobe pulse.

Any number of ports can use the same strobe pulse, {f one

"rultiple precision” dota.

wants
Snalog input and output. Ye plam a cholce between ASCH =
based low precislon and minl=computer word based hiph

precision data,

Direct control of digital stepping motors. The controller

has a microcode for fast positioning of external devices.

The controller is fast enough to multiplex Jdata at any avallable
lTine bandwidth., Its microcode is efficient In that a single
character can interrupt the rwltiplexing mode and transmit a
data stream to any selected port et full line speed, untll
interrupted and returned to multiplexing node by another special

character.

For input one can select a cvecle of input ports to be szcanned at
a regular rate, Alternatively, one can use a simple priority
systemn so that an external device that wants attention can seize

a port and transmit a data stream at Tull rate wuntil it Is

through or a higher priority device seizes another port.



A oprototype of the output part of the controller already exists,
Ve used 10 in July 1871 to give a dermonstration in Rerkeley,
California, in which our PODP=10 Limesharing computer in
Cambridge was prograrmmed to operate simultaneously a kevboard-
printer, Lwo stepping motors and four other output channels. The
demonstration fnvolved a mechanical "turtle" moving and dancing
to some programmed music, to show educators some of Lhe
possibilities of usiong unconventional output devices for
programs written by voung children, Ve had no Jdifflculty
operating these devices simultaneously, at very Impressive
specds, over an ordinary phone line. Although the character rate
was just 30 characters/second, the mlerocode operates the

stepplng motors at elght times this rate.

e propose to complete and package the design of the Controller,
The whole device will be quite Tnexpensive, probably under 5K
final cost, Tncluding the telephone interfaces and the stepping
o tor power and controls, Among other features, the controller
has a set of relay=-switched ports and Tndicators, which can

control other devices, including A.C. power.

The Controller 1s designed to operate either as the =0
interface for a minicomputer, or by Ttself using only a
telephone connection to a Cime=sharing svstem, For the mini-

robot laboratory, the controller should have no dlfficulty



handling the hand=eye complex, the console, and a Tew other
devices. The current versjion of the controaller handles only 7=
bBit ASCI] words; we will have to make a 16-hit verslion of the

controller for this project,

8.2 Hodule 2. The Mini-tianipulator Svstem,

Even on the macro-scale, manipulator hardware is In poor shape
today. There is a real need for development of a much hetter
arm=hand system wlth good force and pressure feedback actuators

and a relatively unobstructed worlking field,

For this project, we plan to produce a simply articulated kand-
arm, with good force-position actuators and sensors., The design
will depend partly on the results of a semi-public deslgn
competition. Following this, we will initiate planning studies
of a much more dextrous hand design, In cooperation with the

other robotics projects.

We plan also to work toward an easily applied laboratory "kIt™
of motion control devices, for making mechanical experiments
easy on the non=miniature scale, The A.l, Lab plans to develop

such a "kit", eventually, in connection with lts elementary-



school hardware accessory project., These will perhaps serve as
first-step prototypes; although they will not meet Tndustrial
specifications, the requlrement of helng child=proof is pretty

sLrong.

ihile the design of the manipulator is not vet decided, the most
stralghtforward system would seem to he one in which a simple
hand Is supported by a six degree=of=freedom base, This could he
a commereial three-axls rectangular drive, of which there are
many avallable, plus three smaller rotator modules, which are
not 50 easy to obtaln., WYe plan to drive these open-loop,
without force feedback. UGut this base provides a hand mount
that can he positioned and oriented freely, so at the mounting
base we would provide a2 sensitive six-axls strain-sensar with

Which force control can be realized.

The hand itself would attach to a thin rod, and bhave a simple
hemispherical=-mobility wrist, actuated by tendons from the
mounting base. Thus Chere would be noe complicated actuators
Within the miniature part of the system, Finally the hand would

have a simple grasping action, tendon actuated also.

We will alsoe consider other desligns In whichk the nanipulative
mobility Is nore divided., Une might split the robility, with

sone degrees of freedom operating a work stage, while others



move Lthe hand. There may be advantages Tn splitting the system
inte two three-axis devices instead of one six-axis device.
This would improve rigidity and simplify mechanical and
information transmission problems, 1t might alse make it
practical to place wore hands and eyes in the same field,
assligning only three motion degrees to each. Disadvantapges
include the effects of motion en the operating "world" and the

non=independence of the several devices,

Sensors on hands

There are nany possible approaches to instrumenting small

mechanical hands. Some of the possibilities are:

1. Standard devices, such as minfature strain puares. In the
medical area, there exist wvery small probe sensors for use in
cardiac catheters, etc., to monltor pressure and temperature,

The basic semiconductor sensors are already guite small,

2. Fibre-optic methods, A single 1ight fibre, or a pair, can
be used to transmit information from any sort of mechanical
detector by occluding the back=-reflection or transmission
into ancther fibre, This is quite attractive becausel it is

very easy to do the instrumentation at the computer end of



the fibre(s), where there is plenty of room, even if the

diameter of the fibre is very small,

5. As we noted in discussing spaceship applications of
robotics, there are new possibilities for using sensors that
are passive In the sense that they need not transmit data
back along any direct channel, Instead, thelr state could he
vbserved by the computer eye., While this idea Is probably
Inappropriate for ocur moderate size-scale hand system, it is
something to explore for future microminiature applications,
The space position of a simple retroreflective plass head ean
be measured to 1 micron by now available interference

mathods,

BE.3 Module 3. The Computer Eve,

Sultable "computer eves'" are still not availahle at
reasonable costs., A series of industrial eves would run over
a wide range of capabilities, The simplest applications could
use small arrays of separate detectors, with a multiplexing
device. A deluxe eve needs high precision and resclution, hut
this could be a joint ocutcome of optics and mechanical

devices, Developments In solid state photosensitive arravs,



or new image tubes, may turn out to be the best thing, and we

cannot decide vet,

The aye we plan to use In this project is simpler than those
ve have used in the past, and a few remarks about this are
appropriate. The orientation of work on computer wvision, In
the ARPA projects, was never intended to he directly
applicable to industrial problems, Manv of the serious
problems encountered In those gxperimental research systems
can be sidestepped by using 1Tumination and scanning schemes
that vield three=dimensional infarmation directlv. In this
wav, hlgh performance can he obtained by programs that we
expect will be much easier to develop and debug. In the
Artificial Intelligence projects, it should be understood,
the goal of the vision experiments was to Face certaln very
perplexing problems, such as === "how can one use his
knowledge about the wworld to reconstruct a three=dimensional
scene from a single two-dimensional picture." The resulting
computer programs were indeed able, in some cases, to deduce
the spatial positicn of objects, using elaborate chains of
reasoning about which cbjeects appear to support which others,
where an object probably rests on the tahle, and even using
information about what object could have caused such-and-such
a shadow. Ve could have avolded this difficult kind of

question by using direct three=dimenslional range=finding



method, such as the one used by Horn and described in our
190 progress report. In the industrial situation one wants
tu get the best information one can as directly as possible,

e might consider:

SLeran
Focus measuremoents,
Interference rnethods

Controlled scanning beam

The latter was used hy Shirai, of the ETL in Tokwvo, who Is a
visiting scientist at our lahoratory for 1971-1972, Such
schemes are practical, yield great precision, simplify the
photodetector problems In most cases. Of course, they tend

to be limited to close range applications, hut that is what

Wi want now,

At thils time, the most plausible design for a computer eve For
automation applications would seem to be one In whieh the 1ight
source projects a slit of 1ight In a program selected vertical
plane, while the receptor neasures where the light appears n
each horizontal plane. |f the source is mounted ablique to the
receptor, the horizontal position of the intersection vields a

di rect weasurement of the spatial location of the il1luminated



point, by simple triangulation. It is hard to say what is the
best engineering realization of this, but one scheme that seams
practical would be a CRT or laser Tight source and a widicon
photodetector, We have not selected the sT1it deflection system

T

The photodetector would be equipped with a special Interface in
which a peak detector finds the Tocation of the intensity
maximum along each horlzontal sweep and records the position and
intensity in a special memory. Thus, each sweep gives a vertical
cross=-section of the spatial situation. A small number of such
scans would be adequate for many positioning and inspection
applications, and would take oniy a few TV scans. This system
alone should handle many problems,. We hope to add to it a

conventional image acyguisition option, using the same sensor,

In any case, the decision will depend also on the outcome of the

sensor study being carried out now at Stanford,



9.0 Frogramming

Standardizing enough basic vizion and manipulation capabilities
is a major research problem, Adapting "general" methods to
particular jobs involves problems more like those in the
"children's story" and "common-sense" areas of Artificial
intelligence research than like those in the automatic machine-
tool or prograrming language conpi ler areas, Physical situations
have to be described to the machine In terms of goals and
purposes, as well as in terms of shapes and shadows. [|f the
propgramming Job for each application is pot to be inpossibly
lengthy and esxpensive, such programming systems will bave to
have very smoothly debugpged collections of real=1ife knowledge,
50 that they do not have to be told huge amounts of trivial
advice. Soft surfaces should be handled with soft effectors;
Lhings slide down highly tilted surfaces (and bhalls roll off
slightly tilted surfaces): one should not close a bhox until it
has been filled, ete, This Is all obviously a matter of degree,
and in a particular situation few such problems may arise, Oul

in every real situation, one finds some such problems,

This proposal does not cover doing ruch of this. Some will be
done In the main Al project, bhut our real goal s to nmake It

easier for other groups to participate In this open-ended area,



The system minicomputer will certainly need to have good motor-
coordination programs capable of prasping objects and using
available sensors. The visual pregrams nust be capable of
cglementary three=dimensional analysis of suitable scenes, These
programs must have interfaces that make them accessible to
higher=level programs in the remote computation centers, using

descriptions concise enough to avoid fatal bandwith lTimitations.



10 Costs

VIS UH

For practical applications it is important for the visual svstem
to be capable of reasonably direct rangefinding, and we expect
to use the programmable s1it scheme described above, Further
study 15 needed to decide on the best system, and it Is hard to
estimate the cost, bhut the programmahle s1it light source, a
good CCTV eye, and the video-processing interface should cost

50k to develop and less to duplicate,

OPTICE

Motorized optics should cost about 6GF, It may be useful to

build a flexible remote-controlled head, perhaps using fibre

oplics, for vision in tight spaces, but that can walt,

MECHANITCAL

The basie six=-axls mechanlical base should cost about 30K to make

i by,



e plan toe study available nicromanipulators, as candidates for

holding the hand === 5k acquisition cost.

e will test a number of special surpical Instruments as parts

of end organs -== 1K,

The simplest hand that makes sense would have a parallel jaw
gripper and a spherical-mobility wrist close to the pripper. It
might nake sense to investigate a continuously=deformable
structure for the wrist, casy to fabricate and potentially
extensible to the micro-dimensional reglon, Engineers at Draper

are interested in this design problem,

The axis to the wrist should be Instrumented with the six=-axis

force=Sensor.

The first prototype hand will cost about 25K to develop,
including votorized weist and gripper, Ye will bhegin with an
earlier, larger prototype. Later, we would want to have the hand
redesigned by an outside firm, and built for relliability In as
cmall a size as is feasible withoul running into serious

problems, We are considering engaging the talent of Ralph



Mosher, who built many of the rost advanced manipulators of the
past, when he was at General Electric, Me has also expressed

Interest in this job,

We Tnclude in the proposed budget 25K for the wvarious design
competitions, to allow possible subcontractors to submit well

worked=-out proposals,

When the hand system 1s avallable, it will find many
applications as a simnple master=-slave device, without the
computer, We will want to have a master Input harness for the
human operator In any case, and this may cost perhaps 5K to
build, or to buy, if an avallable master control from a
different arm Is suitable. At a later stage, if the mini=hand
turns out to be generally useful, a hilateral force-reflecting
servosystem should bhe developed for it, bhut not as part of this
cuntract, The desipn amnd human engineering of this controller
is difficult, Again, a design competition would he appropriate,
and Tunding sought from the appropriate application agency,
HASA, AEC, or HIH. The prablem of sensory Instrumentation of
the hand is not well understood, e hope that a six-axis force
sensor at the wrist will provide enough feedback for manvy
applications -= 208 to develop or purchase, |1t would he
interasting to exploare the flibre-optic "sensory nerve" ldea, hut

this might be more appropriately subcontracted to another



laboratory; L. Howland at Lincoln i5 interested,

CONTRULLER

The controller developnent should cost about 25K to ecarry It

from its present state to a version with adequate motor control

and input rmultiplexing ability,

COMPUTER

The minicomputer for the system, to make low=level vislon
programs, etc., available to a Network type of operation, will
cost about 50K, mainly for memory,., This does not include cost of
providing a suitable local display, which we astimate at another

15=-20K.

PROGRAMMIHG

The programming costs would be large in an industrial situation,

but nuch of It can be done here by students, supervised hy the

laboratory staff.



The project needs something 1ike 3 engineer/designers, a systems
programmer, a manager, several students and assistants. Some of
then will be shared with the Al project, but the ecost should be
about 90=100 man months, Ve are estimating 1.5K cost per man=
moenth direct salary plus benefits and overhead., This low value
Is Justifled by the fact that the A.l. labk has heen able to
attract highly capalble students to do advanced work, and we are
counting on the attractiveness of this project to make this

budgoet work.

GENERAL COHPUTER SUPPORT

The additiconal load on our central computer facilities will
reguire some support in consoles, and primary and/or secondary
BIEIOFY . It §s difficult to pinpoint this because it will
depend on where the eitra traffic has the worst effect. Ve are
at present extremely weak in the graphic consale area, and in
primary nemory, The project will be the main job of our
existing shop Tacility, The shop faellity will also bhe shared
with the I5F contract that we expect to renev, for developing
Lthe mini=computer system for the LOGD education preject, and the
usual maintenance of the other Al lab projects, These general

costs approsimate 100K,



In the estimates below, the first colunn s estinated cost of
hardware and materials,. The sccond column is Man=Honths of
engineering work, and the third colunn is NMan=tlonths of
programming for the systen. The proposal does not cover the cost
of converting the low-level vision pregrams and the required new
programs for the mini=-computer systerm: these will presumably
happen as the system Is conpleted, hy students assaciated with

Lhe Vision group.
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