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1
Brief Statement of Intent

We propose to extend the duration and expand the scope of the
Stanford Artificial Intelligence Project, and we are asking for
increased support to do it. Much of the increased support is required
for work in the area of computer control of external devices.
We propose to obtain:

A computer-controlled eye that a computer can use to get
a picture into computer memory for processing.
1.

A computer controlled hand that can be programmed to assemble
an object out of parts.
2.

A computer suitable for controlling these things and also
suitable for providing symbolic computation for the other artificial
intelligence projects we are undertaking,.

3.

In addition to the new area we need support for modest increases
in our activity in artificial intelligence, mathematical theory of
computation, computing with symbolic expressions, and design of list
processing languages (see following section). This research requires
that the computer mentioned above have much larger memory than the
IBM 7090 presently available.
Proposed Expansion of Basic Research in the Artificial Intelligence
Problem

The artificial intelligence research to be undertaken in the
project extension follows closely the lines laid down in the original
contract proposal, but includes now some addition foci representing some
new projects conceived by McCarthy during the initial period of the
contract, some of Feigenbaum' s interests and specialities, and some
necessary programs in connection with the eye and hand projects.
Relevant excerpts from the initial proposal concerning our artificial
intelligence research are given in Appendix D. The expanded directions
are as follows :

1. Simulation of human problem-solving, inductive, and learning
processes. We plan to exploit techniques in the simulation of human
thought processes for two reasons: first, to give us some basic insights
into processes underlying Intelligent activity, so that we can begin
to program similar mechanisms for computers; second, to construct
precise, testable, and adequate models of the human problem solver
as an "information transducer" in complex tasks (it is particularly
important to have such models for the design of big and complicated
man-machine information processing and decision-making systems).

I

I

I

2. Advice-Taker-like projects. The research will be much
intensified, and will incorporate some approaches being worked on by
Feigenbaum. In particular, it is likely that there will be a joint
effort with Professor Lederberg of the Molecular Biology Laboratories
to program an "intelligent assistant" for an organic chemist, an
assistant that will be capable of learning from advice given by the
chemist at the terminal, thereby bootstrapping itself into higher and
higher levels of proficiency in the inductive step from Instrument
readings to hypotheses about molecular structure.

3- Structure of Associative Memory. A continuation of Feigenbaum s
EPAM research into the area of models of human long-term associative
storage. This effort is likely to have implications for the effort
described under (2).

4. Pattern Recognition in Picture Processing. The advent of
the aritificial "eye" will serve as an impetus toward more intense
research on picture processing methods, along the lines sketched out
in section 4 of this report. This research will have implications for,
and will proceed jointly with, the picture processing research of tho
high-energy physicists, to be guided by Professor William Miller.
(See section 7)-

I
I

I
I
I

I
I

5. Extended LISP. A continuation of McCarthy's research on listprocessing languages and symbolic computation. It is likely that an
experimental new LISP system will be programmed, incorporating features
not present In LISP 1.5 or LISP 2.
6. Man-machine interaction, A continuation of research on more
Intelligent "software interfaces" between the intelligent human at
a terminal and an interaction program in the computer.
The First Year and a Half of the Artificial Intelligence Project
at Stanford
Work in artificial intelligence in the Computer Science Division

(now Department) at Stanford started with the arrival of McCarthy in

1. The LISP programming language has been improved and made
ready for SHARE distribution.
We helped with LISP for the Q-32

Computer.

2

I

.

the fall of 1962. The official start of the project was in June 1963
Until Professor Feigenbaum arrived in January 1965 the project consisted of Professor McCarthy, one or two programmers and a number of
new graduate students. Despite the fact that a new center of research
is bound to develop slowly, much has been accomplished.
This is
summarized in the titles and abstracts of the group memoranda given in
Appendix A. Certain other work has not yet been described in memoranda
or papers.

I

2,
A Stanford physicist, Anthony
Hearn, was helped in the
development of a LISP program for computing cross sections of elementary
particle reactions from Feynman diagrams. This is one of the most
successful applications of symbolic computations to date.

3»

I

The M.I.T chess program has been improved.

4, A program, SIMPLE SIMON, has been written to find an object
x, characterized by a collection of sentences in predicate calculus
This will be a key component of the Advice Taker.

5.

I
I

We have solved the mathematical problem of giving a formula for
an x satisfying P(x), given a collection of sentences A from which
3xP(x) can be deduced.

6. Additional results in the mathematical theory of computation
have been obtained.

7. A preliminary apparatus that enables the PDP-1 computer to
examine Polaroid slides has been built. We are starting on our first
picture recognition programs.
8,

Independent of ARPA support a time -sharing system has been
It is being extended to the IBM

developed for the PDP-1 computer.

7090,

I

I
I
I
I

I

I

Most important, a strong body of graduate students in artificial
intelligence and related topics has been built up.

It is essential to the success of" this research that the project
be housed in an academic environment of excellence in the computer
sciences, an environment that offers graduate education and training
in artificial intelligence and that actively and enthusiastically
supports such research. Stanford University is such a center of
excellence. Recent changes are indicative of this. First, the
faculty has been expanded to include Professors Feigenbaum and
Miller, the former concentrating his effort in the
intelligence area. Second, the former Computer Science Division of the
Mathematics Department has been given full departmental status as
the new Computer Science Department. Third, authorization has been
given for the new Department to award the Ph.D degree In Computer
Science. There exists today few academic programs of the scope and
excellence of the Stanford computer science program.
The long-range interests of the research project we are carrying
out, and are proposing to expand, are in no small way tied to the
quality of the graduate program we offer at Stanford.
Real interest
among our students in the various research problems, and the numerous
graduate student projects done each year, will contribute substantially
3

to the project's progress. Furthermore, by training students in the
research areas of artificial intelligence, control of external devices,
and other advanced applications of non-numeric information processing,
we will be broadening the pool of skilled researchers from which the
computer field (and, In particular, the Defense Department) can draw
to carry out future applications of an advanced nature. In the light
of these considerations, we expect that some time of the proposed
computer and other devices will be used for course-related and non-course
related graduate student projects, which in our judgment are appropriate
and germane to the goals of this project and which we judge can be best
performed with the project's equipment rather than with the Stanford
Computation Center's equipment.
Computer

Control of an

Eye

and a Hand

An Approach to the Computer Eye Problem
Making full use of visual data seems to be the most difficult part
of the computer control of external devices. For example, suppose we
want a computer controlled hand to pick up the coffee cups from the
table and wash them. The computer must be able to do the following
things :
1,

Determine whether there are any coffee cups in the picture and

if so locate them.

Determine the attitude of each cup and plan the motion of the
hand so as not to encounter obstacles.

2.

3, During the motion of the hand, determine its distance from
the handle of the cup, its attitude in relation to the handle of the
cup and its position relative to obstacles in case the precision of the
system is inadequate to control the task without servoing
4, After the first wash determine whether there is any dirt left
on the cup and if so determine where to scrape and servo the scraping.

We envisage the simplest eye as having only the ability to determine
the brightness at a point in the visual field chosen by the program. All
patterns will be determined by computer controlled electronic scanning.
Binocular vision may be obtained by moving the eye or selecting a
different viewpoint with a mirror.
Later eyes may incorporate edge detectors, the ability to multiply
by a kernel and average over a region, color detectors, and even local
operations. We plan to start with a simple system possibly including
color (by selectable filers) and add other devices only when simulations
by programs have demonstrated their utility.

I

4

I

I
I
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Most previous research with visual data has dealt with the problem
of discrimination, i.e. determining which category a picture falls into
out of a fixed set of categories. This line of research includes letter
recognition, the Perceptron work of Rosenblatt, and Widrow's work on
Adalines.
Controlling a hand or a vehicle with a computer eye poses different
problems. Namely, the computer must find the position and orientation
of the coffee cups in the picture, together with all the obstacles to
motion,
This requires the generation of a description of the scene as
a three dimension entity.

The contrast between discrimination and description can be exhibited
even in the area of letter recognition in which the other work has been
concentrated. To these workers there are 26 categories into which
pictures are to be sorted; they attempt to build into their device the
ability to learn from experience what the categories are. In some cases,
this is done by a random net of reinforcable connections and in other
cases by Boolean combinations of prescribed properties. In the former
case the letter E, for example, can only be described in terms of the
response of the net since its Internal workings are not supposed to be
comprehensible to man. In the latter case, and E is characterized by
terms of a set of prescribed properties it possesses. For example,
E may be characterized by (no curves) A (no diagonals)/\(vertical-llneintersects-flgure-3-times). As it happends, these properties are
sufficient to characterize the capital Latin letter E within the set of
capital Latin letters. On the other hand, they do not describe the
letter E in a way that allows it to be drawn from the description. A
description of the letter E might be the following:
E =

({x_,

segment

1

xO

d

,

x_

o

,

x,]
4

segment

(x. ) A segment (x_) A segment (x, )A
1

d

(x, )A horizontal (x )A horizontal (x )

0

/\ horizontal

(x )A vertical (x, A left (x ) = top (x, ) A left (x )
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=
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d
4
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14
1
3

(x,)/\

I

This is a description in that it tells how to draw an E provided one
knows how to . draw segments of given attitudes, locations, and lengths.
An E in a picture must further have its location, size, and attitude
described.

A visual system must have the ability to generate descriptions if
it is to be capable of dealing with new phenomena. The set of obstacles
to motion must be described in order to manipulate even familiar objects
in a cluttered environment.

5
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I
I
I

For most applications the descriptions must be of three dimensional
objects. Of course some tasks require greater completeness of description
than others.

At present we do not have a complete approach to the description
Our first attack will most likely include the following elements

problem.

1. Identification of corresponding points in stereo views by
correspondence of details.
2,
Tracing boundaries of solid objects as lines of discontinuity
in the linear projective mappings of the planes of two views.

3»

Tracing other lines in the picture.

4. Representing

the surfaces of three dimensional objects as
polyhedra where the faces are described by giving a point and the
direction of the shape.

5. When a hypothesis of the shape of a three dimensional object
is formed, it is checked by computing the stereo views that would result
Computer Controlled Eye

I

I
I

We understood that ARPA was planning to support elsewhere the
development of a computer controlled eye capable of getting an Immediate
picture of the three-dimensional environment into the computer.
If so,
we would like one and if not we would like to undertake to design and
supervise the manufacture of one. As with the hand we would sub-contract
the actual construction. We estimate that a second eye might cost
■$75,000 and if we have to supervise the construction ourselves we would
have to let a $200,000 contract.
Computer Controlled Hand

The development of a computer controlled hand is now somewhat
The first attempt was made at M.I.T. by Henry Ernst and is
described in his 1961 thesis. In the project "rnst connected the
TX-0 computer to a mechanical hand of the type that is used for the
remote handling of radioactive materials. He used pressure-sensors
attached to the hand as input to the computer, and programmed the
system to pick up and stack small blocks. After Ernst finished his
thesis, work in this area was dropped. It has just been resumed by
the M.I.T. Artificial Intelligence Group which has obtained a new
radio-active materials handling hand which they are connecting to
overdue.

the

PDP-6 computer.

6

I

In our opinion it is worthwhile to construct a new hand specifically

designed to be controlled by a computer for the following reasons:

1. The major virtue of a computer is that it processes information
fast, and therefore a computer controlled hand may be able to act
fast, for example, to assemble an object out of components at a rate of

several components per second. The radio-active materials -handling hands
are heavy and bulky and are limited to less-than-human speeds by inertia.

A computer controlled hand need not be an Imitation of a human
hand. For example, the arrangement of joints and fingers need not be
the same; it may have sensors built in, it may admit a variety of
attachments; and it may even have sub-hands.
2,

I

Computer controlled hands have the following potential applications :

1. Assembly of objects from parts. The cost of assembly from parts
has been a major motivation of attempts to print active components, manufacture circuits with electron beams, etc. These attempts are worthwhile
but so is an attempt to reduce the cost of assembly itself. When a very
large number of an object are to be manufactured, and high setup costs
and times can be tolerated, present automatic production techniques are
quite effective. However, the long lead times for getting a new design
into production lead to products that are obsolete before they are in
production. A flexible computer controlled assembly procedure can shorten
development cycles and allow economical production of small quantities of
products meeting specialized needs.

2,
The use of an automated biological laboratory for exploring
Mars is discussed at length in appendix

I

We propose to develop a computer controllable hand and to experiment
with it in the area of automatic assembly. Our idea is to write a request
for-proposals for the mechanical design of the hand. This RFP will contain our best thoughts concerning what a computer controllable hand will
be like.
Then we would like to sub-contract the actual construction.
We estimate that a $200,000 subcontract might be necessary.
Combination of Hand and Eye and Cart

It will probably be worthwhile to mount the hand or hands and the
eye on a mobile cart also moved and steered by the computer. This will
permit more complex tasks to be programmed after the basic problems have
been solved.

Proposed Computer

In order to carry out the proposed work in computer control and
to enhance our efforts in the other areas described we shall need a
new computer. At present, the Stanford Computation Center has an

7

,

IBM 7090, a Burroughs 85500 and a D.E.C. PDP-1 computer.
The 7090 and
the 85500 are heavily committed to a job shop operation and the PDP-1
Is heavily committed to a time-sharing system. We are able to use the
PDP-1 for some work in speech recognition and visual pattern recognition,
but it is not fast enough, hasn't a large enough memory, and has too
many other duties for the new work.

I
I

The quality of the computer installation has a strong effect on
the rate at which computer-based research advances. It Is possible to
spend large amounts of clerical labor getting around operating limitations
of a computer system, and slow turn-around or inconvenient scheduling
reduces the rate of progress drastically. The effect of CTSS on the
rate of progress of computer-based research at M.I.T. has been astounding.
In order to serve as an effective research tool In artificial
intelligence and the computer control of external devices a computer should
have the following characteristics.
1.

Speed.

No slower than an IBM

7090.

Faster if possible.

2. Time sharing. It must admit a multi-console time-sharing
system in order that program development can proceed rapidly.

3. At least two processors. A real-time control of hands and
vehicles and the recognition of objects in motion requires the full
time of a processor. If a time sharing system is to be kept in operation
there must be two processors.

4. A large memory. For five years work in artificial intelligence
has had to adapt itself to the 32K memory limitation of the IBM 7090.
Many important projects have been curtailed by this limitation and on
many others more than half of the programming time has been spent in
trying to adapt to it. For example, a proper on-line mathematical
assistant program would require Slagle's Integration program as a
subroutine, but this program was barely shoe-horned into a 32K 7090 with
much labor and at the cost of leaving out many desirable
The recent algebraic simplification and Feynman diagram reduction programs at Stanford have stopped growing for memory reasons and all
logical deduction programs run into memory trouble. Moreover, the
provision of known desirable new facilities in time-sharing systems and
languages like LISP have been prevented by lack of memory,
At present the price of a 32K core memory from an IBM 7090 will
buy at least 128K and perhaps even 256K of two-microsecond core. We
need it.

I

We have considered a number of computers in deciding what we should
PDP-6,
propose for this project and are inclined to purchase the

8

I

However, we will handle the computer purchase decision by drawing
up a Request For Proposals based on the project's needs as we envision
them; examining the proposals from manufacturers that result therefrom;
and making our final decision thereafter. Actually, even the PDP-6 has
serious drawbacks and if ARPA would support it we would seriously consider having a computer built-to-order, (Given encouragement we would
explore the possibility,) The other computers, and the reasons for
preferring the PDP-6 to them, are given in the following table
Project Space Arrangements

The projects space needs will grow as the project matures. Initially,
the need for 2000 square feet will be met by space available in the new
quarters of the Instrumentation Research Laboratory under Professor
Lederberg's direction at the Stanford Medical
Later In the project
two or three times as much space will be needed,
These space needs can be met in a number of ways. There is some
possibility that buildings in the immediate vicinity of the Computation
Center will be vacated; that they will be assigned to this laboratory
and that with renovation they will be suitable for our use.
In such an
event we might be called upon to discuss the financing of the renovation
with ARPA. A second possibility is to apply to the National. Science
Foundation or some other private foundations for funds to renovate or
construct a small building near the Computer
The NASA Proposal and Coordination with NASA
NASA is interested in supporting research in the computer control
of external devices because of the automated biological laboratory
described in appendix B, Together with the Instrumentation Research
Laboratory at Stanford headed by Professor Joshua Lederberg we have
submitted a proposal to them that covers similar ground to this one.
It Includes control of biological and chemical experiments in
Professor Lederberg's laboratory. We view the ARPA project work, and the
proposed NASA work as almost completely complementary. This is as
true of the basic artificial intelligence research efforts (the
"software" research for the projects) as it is for the work on computer
control of external devices. We suggest that
and ARPA pool the
ventures and share the costs, of course, we do not yet know NASA's
reaction to our proposal.

9

IOMPUTER
'EATURE

IBM

360/50
CDC

GE

MEMORY
ADDRESSING

TIME -SHARING

2,000,000

Yes, but some

64

bit words

6400 256K 60

635

DP -6

bit

words

256K 36

bit
bit words

256K 36

bit words

FEASIBLE

TIME -SHARING
SYSTEM
PROVIDED

SPEED

(relative
to

7090)

Not announced
hardware needs but rumored
are desirable

1.1

Yes, but in
an exotic
manner

NO

3-5

YES

2.5

YES

1.2

Very well

Yes

CONSOLE

No good
ones

TWO
PROCESSOR
NO

EASE OF
ATTACHMENT
OF DEVICES

STANDARD
COMPATIBLE
CIRCUITRY

Tradition-

NO

Poor
unle ss
favored

YES

Good

NO

Fair

Yes

YES

Good

NO

Fair

Yes

YES

Very good

YES

1

ally poor

i
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COOPERATION

Excellent

REMARKS

COST OF SUITABLE
COMPUTER

If IBM were sufficiently interested they could overcome their disadvantages
It is rumored that they are. The main advantage is ability to address a
large memory and a large cheap core.

The 6400 is a very fast computer. It will be awkward to control external
devices through the peripheral processors.
The price of getting started is very high.

$1.5 to $2.5M
depending on

memory costs.

M.I.T. is getting one.

Low price to get started, but we would like to start with a system for
which time sharing system is provided by the manufacturer.
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Intersection with AEC-SLAC Interests
Professor William Miller, formerly head of the Applied Mathematics
Division at Argonne National Laboratory has joined our faculty with a
joint appointment between the Computer Science Department and the
Stanford Linear Accelerator Center. (SLAC), He is interested in research
in computer control of experiments and in the processing of pictures from
spark and bubble chambers. These interests have a large intersection with
ours and considerable benefits may accrue from sharing a computer with
us, particularly as it concerns training of students and the provision
of programming systems.
Epilogue:

Computer

Controlled Cars and Planes

After the basic visual recognition problems have been solved, we
believe that it will be feasible to visually control a car or light
plane with a computer. We would like to try to develop a system that
can move the vehicle from one street address or airport, as the case
may be, to another using maps in the memory of the computer, safely
handling traffic problems as they arise. We believe that standards
of safety higher than those existing with human control can be obtained.
We believe that computer control of cars and light planes is the
key to their safe and convenient use.
Consider cars first.

Suppose a user can summon his own or a

public car and dial a destination. He can also send the car someplace.
without going with it. The following advantages accrue.

1.

The car can take him to his destination and park somewhere else

or go home to serve his wife.

2. Computer controlled cars can safely go at higher speeds closer
together than human driven cars. This will obviate the need for
duplicating freeways. Already there is talk of building another freeway
parallel to Bayshore on the San Francisco peninsula.

3. A variety of sizes of public cars can meet transportation needs
with a smaller total number of cars.

4.

airport.

Cars can be sent off to be repaired or to meet someone at the

Next consider Planes. As a mechanical device, the light plane has
reached a high state of development and can put a large area in range
of its owner.

Its usefulness is limited by the following facts:

12

1. Rented planes have a low utilization because the layover is
long compared to the trip.

No one pays good-enough continuous attention for maximally safe
Every
flying.
day, experts make minor slips that lead to fatal accidents.
The average flyer is in even greater danger.
2,

3. Few non-professional pilots can maintain the skill for safe almost
all-weather flying.

4.

Landing fields could be much shorter, so that there could be
more of them, if planes could be landed more precisely than pilots of
average skill manage.

All these problems can be solved by computer control.
The control of cars and planes must wait until some definite results
have been obtained in visual pattern recognition. When that happens we
expect to make a proposal.

13

BUDGET CALCULATIONS
I

Original Contract. Budget:

Present Status in Brief

Funds-to-date

12/31/64
balance to 12/31/64

$420,000.00

■Expenses to
Unspent

'

184,365.54

$235,634 46
1 5 years

Time left to run
II

Contract Expansion and Extension Budget
Expansion

Central Processor, Type
Fast Memory, Type 162

166

■n

Core Memory, Type 16l

"D

Core Memory, Type

32K

163

1-0 Processor, Type

167

Drum Control Unit Type
Magnetic Drum, Type

237

Paper Tape Reader, Type
Paper Tape Punch, Type
Micro Tape Drives, Type

Qty.

Amount

Qty.

Amount

1

100
146,100
146,

2

292,200

1

30,000

2

wds

170,000

32K wds

252,000

1

Memory Interfaces

236
760
761
555

Line Printer (6001pm), Type

32

86,400

1

13,000

1

1

75,000

2

13,000
150,000

1

9,000

1

9,000

1

5,500

1

5,500

1

7,400
14,000

-

646

14,202

Data Control, Type 136

1

Display Monitor and Control,

1

000
40,000
40,

Communication
Stanford PDP-1
4,092 additional memory words
Communications link

10,000
20,000

8

12,000

w/

Teletype Machines
Total Computer Configuration
Budget

22,000

1

10,800

Data Communications System Type 8
630
lines

346

260K 2,016,000

22,000

Disc File

Type

60,000

4

1 pr.

Micro Tape Control, Type 155

6/ 14/66

Maximum
Configuration

Minimum
Configuration
Computer
PDP- v6

-

6/ 15/65

10,000

$861, 002
$861,002
14

1
1
■

,

7,400
14,000

1

37,500

1

150,000

16

21,642

2

21,642
40,000

lines

1

10,000
20,000

16

24,000

$2,988,684

Extension

6/15/66

-

6/14/67

Expansion

6/ 15/ 65

Minimum
Configuration
Amount

Qty.

Artificial "Eye" Device

Amount

30,000

30,000

$1,166,002

$3,418,634

M44)

beg. Oct., 1965,
(5/o of configuration)

Travel

Other Operating Expenses, beg. Oct.
Salaries
McCarthy, John; Prin. Invstgr.
l/ 2time A.Y. ; full-time Summer

Feigenbaum, Edward, Assoc. Invstgr.
l/2time A.Y. ; full-time Summer

Watson, Richard, Asst. Prof.
time A.Y. ; full-time Summer

l/ 2

, Executive Officer
full time beg. July,

Qty.

200, 000

Computer Time and Remote Communications

PDP-6 Maintenance,

Configuration

200, 000

ANNUAL BUDGET

To Other Centers (SDC, MAC,

Maximum

200, 000

Associated Hardware for
Engineering Capability

At Stanford (7090 and PDP-1 )

6/ 14/ 66

75,000

Artificial "Hand"

subtotal, capital budget

-

1965

Russell, Stephen; Systems Prog. 100$,
Levitt, Michael; Sen. Res. Asst. 100$
Wooldridge, Dean; Res. Asst. 75$
Ratchford, H. ; Reddy, D. ; Safier, F. ;
Stein, J.; Waterman, D. ; Student
Res. Asst.; l/ 2A.Y. j 100$ Summer
Two Professional Engineers

Six Professional Programmers,
to start Sept. 1965
Two Laboratory Technicians,
to start Sept, 1965
Five additional Student
Research Assistants

15

Extension

6/15/66

-

6/14/67

Expansion

6/15/65

Minimum

Configuration
Qty.

I

Academic Visitors, short term
Three Post Doctoral Res. Assocs

Amount

-

6/ 14/66

Maximum
Configuration
Qty.

Extension

6/15/66 - 6/14/67

Amount

20,000
30,000

20,000
30,000
5,100

Thomson, Frances; Secretary
Secretarial and administrative
support

12,400

$184,500

$292,233

Staff benefits (8.5$ of salaries)

15,683

24,840

Indirect costs (42$ of salaries)

77,490

122,738

subtotal, salaries

Total for Expansion
June 15, 1965

I

10,000

Total for Extension
June 15, 1966
Total

Cbudget

-

June

June

14, 1966

$1,529,213

14, 1967

request for Expansion and one year Extension

$592,361
$2,121,574

1
A.

Prices given are list prices. It is possible that small discounts on these
prices can be negotiated with Digital Equipment Corporation.

B.

By negotiation, bargaining, and careful shopping, it is likely that lower

C.

Budget does not include money for project space rental or renovation

We
costs for memory units can be obtained, (even as much as 50$ lower).
cost
memories
intend to consider postponing most of the memory until lower
are available.

I

I

I
I
I
1

I

BIOGRAPHIES OF SELECTED PROJECT PERSONNEL
Principal Investigator:
Received
John McCarthy, Professor of Computer Science, Born 1927
BS and PhD degrees in mathematics from California Institute of Technology
and Princeton University respectively in 1948 and 1951« Since then he has
been on the faculties of Princeton, Stanford, Dartmouth, and M.I.T. In
conjunction with Professor Marvin Mlnsky he organized and directed the
Artificial Intelligence Project at M.I.T, He developed the LISP programming system for computing with symbolic expressions and participated
in the development of the ALGOL '58 and ALGOL 60 languages. His present
scientific work is in the fields of Artificial Intelligence, Computing
with Symbolic Expressions, Mathematical Theory of Computation and Timesharing computer systems. He is the Director of the Artificial Intelligence
Project and the Time-Sharing Project at Stanford University. A list of
his publications is attached.
Associate Investigator::
Edward A. Feigenbaum, Associate Professor of Computer Science. V
Born 1936. Received his
in Electrical Engineering and Ph.D in
Industrial Administration from Carnegie Institute of Technology, 1956
and 1959 respectively. Dissertation research on computer simulation of
human verbal learning processes, a topic that has continued to be a major
focus of effort for him. Fulbrlght Research Scholar in Great Britain,
1959-1960. Formerly Assistant and Associate Professor of Business
Administration at the University of California, Berkeley ( 1960-1964), \J
where he was codirector of a project in Simulation of Human Cognition,
and co-principal investigator of the ARPA project in Information
processing research and time-sharing developement. He was one of the
developers of list-processing language IPL V, and an editor of the
book Computers and Thought. He has published numerous papers on the
simulation of human learning and memory processes. His recent interests
have been in the area of empirical induction by machine and the formation
and use of internal "models". Recently, also, he completed a monthlong tour of the Soviet Union at the invitation of the USSR Academy of
Sciences to deliver lectures in heuristic programming and simulation of
human cognition.
Research Associate:

I
I
I

Richard Watson is a Postdoctoral Research Associate on the Artificial
Intelligence Project, Born 1937- Received his
In Electrical Engineering >
Princeton University in 1959 and his M.S. and Ph.D in Electrical Engineering
from the University of California at Berkeley in 1962 and 1965 respectively.
His dissertation concerned the application of residue number systems to the
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design of computers. For the past year he has been working with Edward
Feigenbaum on the problem of empirical induction by machine. At Berkeley
he held a teaching assistantship in the Electrical Engineering Department
and research assistantships in the Space Sciences Laboratory and the
Electronics Research Laboratory.
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LIST OF PUBLICATIONS

John McCarthy

1.

Projection Operators and Partial Differential Equations
Doctor's Thesis, Princeton University, 1951-

2.

A Method for the Calculation of Limit Cycles by Successive

3.

An Everywhere Continuous Nowhere Differentiable Function
American Mathematical Monthly, December, 1953

Approximation
Included In Contributions to the Theory of Nonlinear Oscillations
11, Annals of Mathematics Study No. 29, Princeton University,
1952,

"

4. A Nuclear Reactor for Rockets
Jet Propulsion, January,

5.

The Stability of Invariant Manifolds
Applied Mathematics Laboratory Technical Report,
Stanford University, February, 1955

6.

The Inversion of Functions Defined by Turing Machines
Included in Automata Studies, Annals of Mathematical Study
No. 34, 1956

7.

Aggregation in the Open Leontief Model
Included in Progress Report of Dartmouth Mathematics Project

8.

Measures of the Value of Information
Proceedings of the National Academy of Scienes,
September, 1956

9.

To be published:

1956

A Difficult Class of Problems

Co-editor with Dr. Claude E, Shannon of Automata
Studies, Annals of Mathematics Study No. 34, 1956

10.

Editorial:

1.1.

Recursive Functions of Symbolic Expressions and their Computation
Machine
Communications of the ACM, April, i960

1.2,

Programs with Common Sense; Proceedings of the Teddington Conference
on the Mechanization of Thought Processes
H, M. Stationery

I
I
I

1954.

13.

Office,

i960

ALGOL 60 (with 12 others), Numerische Mathematik
March i960 and Communications of the ACM, May i960
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List of Publications

(cont'd)

J. McCarthy

14

A Basis for a Mathematical Theory of Computation
Proceedings of the Western Joint Computer Conference,
May 196.1 (Available from ACM)

15

Proof-checking by Computer
Proceedings of Symposium on Recursive Function Theory,
April 6-7, 1961, American Mathematical Society

16

Time-sharing Computers in M.1.T., Centennial Lecture Series on

Management and the Computer of the Future
Technology Press

17

Towards a Mathematical. Science of Computation
Proceedings IFIP Congress, 1962, North -Holland, Amsterdam

1.8

A Time-Sharing Debugging System for a Small Computer
(by J, McCarthy, S. Boilen, E. Fredkin and J.C.R. Licklider)
Proc. AFIPS, Vol. 23, 1963 , Spring Joint Computer
Conference

19

The Linking Segment Subprogram Language and Linking Loader
Programming Languages, (Communications of the ACM), Vol. 6,
No. 7, Jnly 1963 by John McCarthy, Fernando J. Corbato
and Marjorie M„ Daggett.
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Artificial Intelligence Project Memos

1.

2.

3.

J. McCarthy, Situations, Actions, and Causal Laws, July 1963.
Abstract: A formal theory is given concerning situations, causality and
the possibility and effects of actions is given. The theory is intended to
be used by the Advice Taker, a computer program that is to decide what to
do by reasoning. Some simple examples are given of descriptions of situations
and deductions that certain goals can be achieved.
Fred Safier, "The Mikado" as an Advice Taker Probexm, July 1963Abstract: The situation of the Second Act of "The Mikado" is analyzed
This indicates defects
from the point of view of Advice Taker formalism.
still present in the language.

4.

H. Enea, Clock Function for LISP 1.5, August 1963.
Abstract: This paper describes a clock function for LISP

5.

H. Enea and D. Wooldridge, Algebraic Simplification, August 1963.
Abstract: Herein described are proposed and effected changes and
additions to Steve Russell's Mark IV Simplify.

1.5.

Wooldridge, Non -Printing Compiler, August 1963.
Abstract: A short program which redefines parts of the LISP 1.5 compiler and
suppresses compiler printout (at user's option) is described.

6. D.
7.

8.

1

J. McCarthy, Predicate' Calculus with "undefined" as a Truth-Value, March
in the mathematical theory
1963. Abstract: The use of predicate calculus
of computation and the problems involved in interpreting their values.

J. McCarthy, Programs with Common Sense, September 1963.
Abstract: Interesting work is being done in programming computers to solve
problems which require a high degree of intelligence in humans. However,
certain elementary verbal reasoning processes so simple that they can be
carried out by any non -feeble -minded human have yet to be simulated by machine
programs.
This paper will discuss programs to manipulate in a suitable formal language
(most likely a part of the predicate calculus) common instrumental statements.
.The basic program will draw immediate conclusions from a list of premises.
These conclusions will be either declarative or imperative sentences. When
an imperative sentence is deduced the program takes a corresponding action.
These actions may include printing sentences, moving sentences on lists, and
reinitiating the basic deduction process on these lists.
Facilities will be provided for communication with humans in the system
via manual intervention and display devices connected to the computer.

,

J. McCarthy, Storage Conventions in LISP 2. September 1963.
Abstract: Storage conventions and a basic set of functions for LISP
2 are proposed. Since the memo was written, a way of supplementing
the features of this system with the unique storage of list structure using
a hash rule for computing the address in a separate free storage area for
lists has been found.

I

I

9-

C. M. Williams, Computing Estimates for the Number of Bisections of an
N x N Checkerboard for N Even, December 1963.
Abstract: This memo gives empirical justification for the assumption that
the number of bisections of an N x N (N even) checkerboard is approximately
given by the binomial coefficient A

I

A

2 where 2A is the length of the average

bisecting cut.

S. R. Russell, Improvements in LISP Debugging, December 1963.
Abstract: Experience with writing large LISP programs and helping students
learning LISP suggests that spectacular improvements can be made in this
area. These improvements are partly an elimination of sloppy coding in LISP
1.5, but mostly an elaboration of DEFINE, the push down list backtrace, and
the current tracing facility. Experience suggests that these improvements
would reduce the number of computer runs to debug a program a third to a

10.

I

half.

11.

I

I
I
I

D. Wooldridge Jr., An Algebraic Simplify Program in LISP. December 1963.
Abstract: A program which performs obvious ( non-controver s ial ) simplifying
transformations on algebraic expressions (written in LISP prefix notation)
is described. Cancellation of inverses and consolidation of sums and products
are the basic accomplishments of the program; however, if the user desired to
do so, he may request the program to perform special tasks, such as collect
common factors from products in sums or expand products. Polynomials are
handled by routines which take advantage of the special form of polynomials;
in particular, division (not cancellation) is always done in terms of
polynomials. The program (run on the IBM 7090) is slightly faster than a
human; however the computer : does not need to check its work by repeating
the simplification.
Although the program is usable
it is by no
no bugs are known to exist
system
anticipated;
is
project.
rewriting
means a finished
A
of the simplify
existing
redundancy
this will eliminate much of the
and other inefficiency, as
well, as implement an identity-recognizing scheme.

-

12.

G. Feldman, Documentation of the Macmahon Squares Problem January 1964.
Abstract: An exposition of the MacMahon Squares problem together with
some "theoretical" results on the nature of its solutions and a short discussion
of an ALGOL program which finds all solutions are contained herein.

13. D. Wooldridge, The New LISP System (LISP 1.55). February

.

I
I
I

14.

-

1964.

Abstract: The new LISP system is described. Although differing only slightly
it is thought to be an improvement on the old system.

J. McCarthy, Computer Control of a Machine for Exploring Mars, January 1964.
Abstract: Landing a 5000 pound package on Mars that would spend a year looking
for life and making other measurements has been proposed. We believe that
this machine should be a stored program computer with sense and motor organs
and that the machine should be mobile. We discuss the following points.
1. Advantages of a computer controlled system. 2. What the computer should
be like. 3, What we can feasibly program the machine to do given the present
state of work on artificial intelligence. 4. A plan for carrying out research
in computer controlled experiments that will make the Mars machine as effective
as possible.

Appendix A

15. M. Finkelstein and F. Safier, Axiomatization and Implementation, June

1964

Abstract: An example of a typical Advice -Taker axiomatization of a
situation is given, and the situation is programmed in LISP as an indication
of how the Advice-Taker could be expected to react. The situation chosen
is the play of a hand of bridge.

16.

17.

18.

19.

I

20.

J. McCarthy, A Tough Nut for Proof Procedures, July 1964.
a
Abstract: It is well known to be impossible to tile with
readily
fact
is
checkerboard with two opposite corners deleted. This
stated in the first order predicate calculus, but the usual proof which
involves a parity and counting argument does not readily translate into
predicate calculus. We conjecture that this problem will be very difficult
for programmed proof procedures.

dominoes^

J. McCarthy, Formal Description of the Game of Pang-Ke, July 1964.
Abstract: The game of Pang-Ke is formulated in a first-order-logic in order
to provide grist for the Advice-Taker Mill. The memo does not explain all the
terms used.
J. Hext, An Expression input Routine for LISP, July 1964.
Abstract: The expression input routine is a LISP function, Mathread [ J
F(X,Y,Z)).
with associated definitions, /which reads in expressions such as (A+3
expressions
allowable
"syntax
of
$-expression.
The
equivalent
Its result is an
is given, but (unlike ALGOL' s) it does not define the precedence of the
operators; nor does the program carry out an explicit syntax analysis. Instead,
the program parses the expression according to a set of numerical precedence
values, and reports if it finds any symbol out of context.

-

J. Hext, Programming Languages and Translation, August 1964.
Abstract: A notation is suggested for defining the syntax of a language
in abstract . form, specifying only its semantic constituents. A simple language
is presented in this form and: its semanitc definition given in terms of these
constituents. Methods are then developed for translating this language, first
into a LISP format and from there to machine code, and for proving that the
translation is correct.

R. Reddy, Source Language Optimization of For-Loops, August 17, 1964.
Abstract: Program execution time can be reduced, by a considerable amount, by
optimizing the 'For-loops' of Algol Programs. .By judicious use of index-registers
-and by evaluating all the sub-expressions whose values are not altered within
le 'For-loop' , such optimization can be achieved.
.In this project we develop an algorithm to optimize Algol Programs in Liststructure form and generate a new source language program, which contains the
"desired contents in the index registers" as a part of the For-clause of the
the same expressions
For-statement -and -additional statements for
outside the 'For-loop'. This optimization is performed only for the innermost
'For-loops'.
The program is written entirely in LISP. Arrays may have any number of subscripts
Further array declarations may have variable dimensions, (dynamic allocation
of storage. )
The program does not try to optimize arithmetic expressions (This has already
been extensively investigated. )

I
Appendix A

21.

R. W. Mitchell, LISP 2 Specifications Proposal, August

1964.

Specifications for a LISP 2 system are proposed.
The source language is basically ALGOL 60 extended to include list processing, input/output
The system
and language extension facilities.
language
source
implemented
with a
would be
translator and optimizer, the output of which
could be processed by either an interpreter
or a compiler. The implementation is specified
for a single address computer with particular
reference to an IBM 7090 where necessary.
Expected efficiency of the system for list
processing is significantly greater than the
LISP 1.5 interpreter and also somewhat better
than the LISP 1.5 compiler. For execution of
numeric algorithms the system should be comparable
to many current "algebraic" compilers.
Some familiarity with LISP 1.5, ALGOL and the
IBM 7090 is assumed.

-

22.

The Game and the Program, September 1964
R. Russell, Kalah
Abstract: A description of Kalah and the Kalah program, including
subroutine descriptions and operating instructions.

23.

R. Russell, Improvements to the Kalah Program, September 1964.
Abstract: Recent improvements to the Kalah program are listed, and a
proposal for speeding up the program by a factor of three is
discussed.

24.

J. McCarthy, A Formal Description of a Subset of Algol, September 1964.
Abstract: We describe Microalgol, a trivial subset of Algol, by means of
an interpreter. The notions of abstract syntax and of "state
of the computation" permit a compact description of both syntax
and semantics. We advocate an extension of this technique as
a general way of describing programming language.

A Formal System of Computation, September 1964.
We discuss a tentative axiomatization for a formal system of
computation and within this system we prove certain propositions
about the convergence of recursive definitions proposed by J.

25. R. Mansfied.
Abstract:

McCarthy

I
I
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R.
26. R.

by a Digital
Digital
Reddy, Experiments
Experiments on Automatic
Speech Recognition
Automatic bpeech
Reddy,
Recognition by
Computer, October 1964.
Abstract:

Speech sounds have in the past been investigated
with the aid of spectrographs, vo-coders and other
analog devices. With the availability of digital
computers with improved i-o devices such as Cathode
Ray tubes and analog to digital converters it has
recently become practicable to employ this powerful
tool in the analysis of speech sounds.
Some papers have appeared in the recent literature
reporting the use of computers in the determination
of the fundamental frequency and for vowel recognition.
This paper discusses the details and results of
a preliminary investigation conducted at Stanford.
It includes various aspects of speech sounds such
as waveforms of vowels and constants; determination
of a fundamental of the wave; Fourier (Spectral)
analysis of the sound waves formant determination,
simple vowel recognition algorithm and synthesis
of sounds. All were obtained by the use of a
digital computer.

Appendix A
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APPENDIX B

A PROPOSAL FOR THE STUDY OF
COMPUTER CONTROL OF EXTERNAL DEVICES

AND AN AUTOMATED BIOLOGICAL LABORATORY

John McCarthy, Professor of Computer Science
Principal Investigator

Joshua Lederberg, Professor of Genetics
Co-Principal Investigator

INTRODUCTION
This proposal is presented jointly by the Instrumentation Research
Laboratory in the Genetics Department and the Artificial Intelligence
Group of the Computer Science Department at Stanford University.
We intend to collaborate in research in several connected areas,
name ly:

1.

The design of an automated biological laboratory

2.

Computer control of experiments in chemistry, biology,

3.

Computer control of external devices in general

4.

Artificial intelligence.

physiology and medicine.

For this purpose we need a laboratory the core of which will be
a large general purpose computer suitable for very sophisticated control
processes, but which will also contain other apparatus such as an
artificial eye consisting of a TV camera and storage tube that will permit
the computer to look at the outside world; a mechanical hand operated
by the computer;
and connections to laboratory apparatus such as a
mass spectrometer.
The remaining sections of this proposal are the following

a)

Purpose of the Project

b)

Immediate Projects

c)

Long-range Goals

d)

Minimal Equipment Plans

c)

Extended Equipment Plan and Possible Other Support

f) Budget
g)

Other Support for the Computer

h) Personnel
i)

Appendices

At least until such time as these arrangements might superseded by
an even more comprehensive control facility, the computer will be installed
and maintained in the Instrumentation Research Laboratory at the Medical
In this way, full use will be made of equipment and operating
support of existing programs.

Purpose of the Project
This joint project of the Artificial Intelligence Group and the
Instrumentation Research Laboratory arises as a result of our participation in the Space Science Board's summer study on the biological
exploration of Mars. This participation led to our conviction that
the unmanned exploration of the planets and Mars in particular requires
an automated laboratory. This laboratory must be controlled' by a
computer which in turn is controlled from the earth. The reasons for this
belief are fully expressed in the paper "The Automated Biological
Laboratory" which we are incorporating as appendix A of this proposal
and which must be read to fully understand our point of view about how
how to combine remote control from the earth and on-board computer
programs in the most effective way.
Besides their use in space research, automated biological laboratories

will have an important role on earth.
In particular, automated laboratory
techniques are essential to cope with the full complexity of chromosomes
and proteins of terrestrial organisms.
See the paper "Program in
Molecular Neurobiology" by Lederberg which we incorporate as appendix B,
The Artificial. Intelligence Group at Stanford finds the automated
biological laboratory an excellent focus for work in computer control
of external devices, pattern recognition, and heuristic programming.
Appendix C discusses some of the work of the artificial intelligence
n
group

.

We believe that both the specific projects we expect to undertake

right away and longer range research in artificial intelligence, computer
control, and instrumentation will contribute to NASA's goal of planetary
exploration.

Immediate Projects
Three projects will be undertaken immediately:
1. Computer programmed eye-hand coordination. This has many
applications to the automated biological laboratory, and its effectiveness will affect strongly what the laboratory can be programmed to do.
It is also a key problem from the point of view of artificial intelligence
The work on this will mainly be carried on by the Artificial Intelligence
Group.

2. Computer control of a mass spectrometer. Monitoring the operations
of a high-resolution and a fast-scanning instrument, maintaining files
of past data, and logical interpretation of the spectra.

2

I
3. Computer controlled wet chemistry:
operations typical of molecular biology

conventional laboratory

The Artificial Intelligence Group will take the responsibility for
the programming support of the computer.

I

In the near future the Computer Science Department expects to
establish a new laboratory dedicated to the control of external devices.
Among the subjects studied in this laboratory will be:
1. Visual pattern recognition,
Looking for objects in pictures of
given types, e.g. the pedestrians in a picture of a road, or airports
in a picture taken from a plane.

2.

Control of vehicles such as cars and planes using visual infor-

3-

The proposed automatic biological laboratory to Mars.

4.

Recognition of tracks in bubble and spark chambers.

5.

Speech recognition aimed at a phonetic typewriter

6.

Computer control of assembly processes

mation.

1
I

7. Artificial intelligence. Logically this could be separate but
It is involved in the other projects and requires the same computer facilities
The reasons for undertaking this work in the Computer Science
Department are :

1. Computer Science should include the use of a computer to provide
the intelligence of a system as well as the use of a computer to provide
answers on paper. Therefore, our educational work will be unbalanced unless
this is included in our program.

I

2. We believe that the next major technological advances in our
society will require computer controlled systems. For example, we are
willing to argue at length that computer control of cars will solve the
traffic problem; that automatic delivery systems will raise our effective
standard of living; and that computer control of airplanes is necessary
to make non-airline flying useful to large number of people.
Long Range Plans

The Instrumentation Research Laboratory seeks to establish a working
example of full computer-controlled operation of a laboratory in molecular

biology.

3
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As the first step in this direction, we propose to optimize the use
of a mass spectrometer for ultra-micro biochemical analysis by online use
of a computer to monitor the sample-handling, mass-scan, and dataacquisition from the instrument, and the reduction and logical interpretation of the mass spectra. The latter functions will be developed
primarily on an offline basis for applications in terrestrial biochemistry
However, as prototypes for an exobiological search and detection scheme
for analysis of organic materials in soil and in the atmosphere, these
functions should also be done on line.
Instrumental hardware is being developed under other auspices for
the use of mass spectrometry in scanning mode, i.e. to study the distribution of nucleotides, lipids, proteins, etc., in micro-sections of
biological specimens, e.g. nerve cells and chromosomes. The raw data
output from such a system is enormous and can only be interpreted with
the help of extensive computation. A computer large enough to have a
flexible programming capability will greatly simplify the design of the
control hardware as well as the data interpretation.
Appendices D and E, on algorithms for compositional interpretation
and topological mapping of organic molecular structures, illustrate the
first step in programming "chemical intelligence". We propose now
to apply the heuristic procedures developed by the Artificial Intelligence
Group to develop more economical approaches to hypothesis-formation in
matching actual spectra.
Few realistic problems in experimental science are so apt to the
extension of computer logic.
On a more opportunistic basis, we also propose to tie the computer
into such analytical operations as ultracentrifugation and its photodensitrometric readout, particle-, cell- and colony-counting, paper-,
column- and gas -chromatography, scintillation counting, spectrophotometry,
spectrofluorimetry, spectropolarimetry, as these are used on a day-to-day
basis in our department's research on genetic chemistry (for an example,
see Appendix B), immunochemistry, and the protein chemistry of the brain.
Another program that would focus the interests of both groups, as
well as attract substantial practical interest from other medical
researchers (e.g. Professor L. Luzzatti of the Pediatrics Dept. ) is
the automatic analysis of chromosome sets. At its extreme, this is
a sophisticated problem in pattern-recognition. Possibly long before
this is achieved the computer would unburden the cytologist of the most
tedious labor of searching the slides, measuring the chromosomes and
sorting the lists of lengths, freeing him for more creative judgments.

At the instigation of Professor G. Khorana of the University of
Wisconsin, we are also studying the possibility of computer -controlled
automation of the chemical synthesis of complex polynucleotiedes.

4

However, we cannot make a definite commitment on this project until
we have had more experience on simpler ones, and can recruit specially
qualified assistance.
We have already had considerable experience with the small LINC
computer along these lines and find it extremely useful, but subject to
real limitation in precision (word size) and fast memory capacity,
mainly associated with the programming systems. Full software development for the LINC might be as costly as the purchase of a larger computer
and would also be subject to real limitations even for relatively
simple problems.
Both groups participating in the project are convinced of the
importance of the proposed automated biological laboratory for exploring
Mars. If NASA proceeds in this direction we are eager to help especially
in the areas of planning computer programming, and experiment selection
and design.
Minimal Equipment Plan
The computer equipment planned here is based frankly on the amount
of support we were told we can hope for. It is a minimal, plan In the
following respects:
1,
It will not provide enough memory for work in artificial intelli
gence for several years. This will force the Artificial Intelligence
Group to divide its programming systems efforts between the IBM 7090 at
the Computation Center and the PDP-6 in our new laboratory. This will
also limit the sophistication of the control programs that can be written

2. Not enough memory or secondary storage is provided for a timesharing system. Therefore, the machine can easily be jammed when several
people have large programs to debug.

3. The system places extensive reliance on the already heavily
committed time-sharing system of the Computation Center. Delays and
breakdowns there will cause the project to lose time.
On the other hand, our plans do provide for a fast computer with
good real-time interaction capability and which is expandable to meet
the deficiencies mentioned above.

The plan for computer equipment is based on the Digital Equipment
Corporation's PDP-6 computer. We plan also to negotiate with at least
IBM and Control Data in addition, but they would have to make substantial discounts in order to compete in price.
Here is the equipment, together with the prices of the components,
that we wish to obtain.
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I.

"

Minimum Program Cost through Fiscal Year
of PDP-6).

A.

1967 (with

immediate purchase

PDP-6 and Related Equipment.
Arithmetic processor type 166.

This
is a 36 bit word length single address
binary computer with a 2 microsecond
memory

163. 16,384

Core memory type
Paper tape punch

words

146

100

126 000

5 500
9 000

Paper tape reader
Data control type
external devices

136.

For attaching

10 000

40

Display monitor and control
State sales tax at 4$
Shipping and installation (est. cost)

000

13 464
6 000

Total PDP-6 Cost

356 064

Time sharing connection

10 000

2 Teletypes at

6
4o

TV system

3

000

Electromechanical hand

000
000

10 000

Total Cost Related Equipment

66

000

TOTAL HARDWARE COSTS

B.

422 064

Personnel,

Fiscal year
Fiscal year

1965
1966 (and

15 000
yearly thereafter)

2 Systems programmers
2 Applications programmers
1 Electrical engineer
1 Secretary

4 Grad. research assistants (mcl.
summers )

Staff Benefits

at

8.5$ of salaries

TOTAL PERSONNEL COSTS
C.

Indirect Costs at 42$ of Salaries only
TOTAL COSTS THROUGH FISCAL YEAR 1966

6
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20 000
20 000

10 000

5 000

20 000

75 000
7 650

97 650
37 800

557 514

E

Fiscal Year

1967

Personnel (as above)

75 000
6 375
31 500

Benefits
Indirect costs

1967

TOTAL PROGRAM (MINIMUM LEVEL) THROUGH JUNE

(FY 1967)

1.12 875
670 3^9

The budget for this program could be met by the grant of $100,000 (personnel
and some equipment) for the fiscal year ending July 1965, and $457,514 for
the following year. The cost for the continuation of this program through
July 1967 (FY 1967) would be $112,875, for a grand total necessary through

FY

1967

of

$670,389.

The Digital Equipment Corporation equipment can be rented at l/30th of the
purchase price per month, with 75$ of the rental paid in the first year
applicable to the purchase of the equipment. On this basis, the annual
budgets would be as follows:
I.

Minimum Program Cost through Fiscal. Year
of PDP-6).

A.

Fiscal Years

1965

and

PDP-6 Rental (12/30th)

1967 (with

1966-

142 426

Time sharing connection
2 Teletypes at 3 000
TV System
Electromechanical hand
Total Hardware FY

10 000

6 000
40 000
10 000

1.965

and

1966

208 426

75 000
5 375
31 5 00

Personnel
Benefits
Indirect costs
Total Other
TOTAL FISCAL YEARS

B.

Fiscal Year

112

1965

and

1966

1967

Balance due on PDP-6
Personnel
Benefits
Indirect costs
TOTAL FISCAL YEAR

I
I
I

initial rental

1967

TOTAL PROGRAM (MINIMUM LEVEL) THROUGH JUNE
(FY 1967) WITH INITIAL RENTAL OF PDP-6

875
321 3 01

249 244

75 000
6 375
31 500

1967

562 119
783 420

The budget for this program could be met by a grant of $100,000 for
the
year ending July 1,965, $221,300
for year ending July 1966 and $362,119 for
year ending July 1967.
If we have the basis of providing the Digital Equipment Company with
a
fairly firm letter of intent in February, we can expect delivery of their
equipment by August of that year.
Extended Equipment Plan and Possible Other

Support

We are hoping that NASA will be able to provide more than first indicated
.«
and we also hope for support from other government agencies.
If additional
support were available we would probably spend it in the following ways:
Capital Equipment
1.

$20,000 more on the

2.

$21,400 for

3- $20,000

eye -hand for a more workmanlike job.

a microtape system for local, storage of programs
and data.

for a data communication system and

4. $126,000 for 16384 more words
5- $30,000 for fast memory
6. $110,000 for a

system.

4 more teletypes

of core.

to speed up the computer

magnetic drum system that would permit a time-sharing

7- $252,000 for 32,768 more words of core. This would permit a trans
fer of the artificial intelligence work from the IBM
7090.
8. $180,000 for a second processor that would permit simultaneous
real-time and time-shared operation.
9- $30,000 for

a line printer

1.0. $100,00 estimated for a disk file

At this point we would be independent of the Computation
11. Still more core.
If we could plan a large system soon we would
have a better bargaining
position with respect to the manufacturer
A system that would permit an
effective simulation of all functions of the proposed automated
biological
laboratory might cost $3,500,000 for the computer including two processors,
256,000 words memory of core, a time-sharing system, a multi-console display
system, and facilities for controlling a number of experiments.
Other
apparatus might come to $1,000,000 and personnel costs might run
$500,000
to $1,000,000 per year. We believe that the prompty support
of such a
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laboratory would increase the probability of a successful biological landing
on Mars and would make a substantial contribution to the art of controlling
experiments by computer.

Recently, core memory costs have been coming down. In particular
Digital Equipment has told us that if we buy a large memory
all at once
we can get it much cheaper.
Budget
Income
Fiscal
Fiscal

1965
1966

$100,000
350,000

Total

$450,000

Expenditures

Personnel (fiscal 1965 )
Personnel (fiscal 1966)

4

15 000

75 000

Personnel, overhead

Equipment costs

000

Total
Discrepancy
J

-co
nnn
62,000

*

overhea'
This discrepancy is to be made up by leasing part of the equipment.
t

Other Support
Besides NASA, other government agencies have expressed interest
in
supporting research in the areas mentioned in this proposal.
Specifically
the Advanced Research Projects Agency has supported the
Artificial Intelligence Group and we are asking them to increase
their level of support in the
following directions.

_

1. To help with the PDP-6 computer. To the extent that they
do, we
will expand the configuration as indicated in the
section on equipment.

_

2.

Computer-controlled hand.

They are interested in supporting the

design of a hand, intended from the
start to be computer controlled.

3. Computer eye.
and give us one.

4.

Additional

They may support work elsewhere on a computer eve

personnel

for work in
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intelligence.

The AEC is interested in supporting the work of Professor William
Miller who has just come to Stanford from Argonne National Laboratory
and has a joint appointment between the Computer Science Department and
the Stanford Linear Accelerator Center. Professor Miller works in the
area of computer recognition of pictures from spark and bubble chambers, and
in computer control of experiments. We hope he will be able to join us,
since if he uses the same machine our problems with programming systems
and training students will be eased.
Two of the larger computer manufacturers have expressed interest in
supporting work in this area. The computers they would like us to use are
more expensive than the PDP-6 and very large discounts or other support would
be required in order to justify switching.
None of the other potential support is definite yet so please don't

wait for them to act.

Personnel
Computer Science Department

Dr. John McCarthy, Professor of Computer Science, Director, Artificial.
Intelligence Group.
Dr. Edward Feigenbaum, Associate Professor of Computer Science, Associate
Director, Artificial Intelligence Group.
Harry Ratchford
Raj Reddy
Gary Feldman

Stephen Russell
Harold Gilman

Department of Genetics, School of Medicine

Dr. Joshua Lederberg, Director, Kennedy Laboratories for Molecular Medicine
Dr. Elliott Levinthal, Program Director, Instrumentation Research Laboratory,
and its staff, including Dr. Bert Halpern, Dr. Sidney Liebes, Lee Hundley,

Harrison Horn, Nicholas Veiades.

The entire staff of the Department of Genetics, including Professors
Eric Shooter, Walter Bodmer and Leonard Herzenberg, and associated
fellows and students, will be involved in the automation of laboratory
procedures. In addition, Professors Carl. Djerassi (Chemistry) and
Lubert Stryer (Biochemistry) will collaborate in these applications
with special reference to mass spectrometry and analytical photochemistry respectively.
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THE AUTOMATED BIOLOGICAL LABORATORY*
by..

Donald Glaser,

of Physics and Molecular Biology,
University of California

John McCarthy, Computer Science Division,
Stanford University
Marvin Minsky, Department of Electrical Engineering,
Massachusetts Institute of Technology

Abstract:

This is
*laboratory.

Our conclusion is that the first major attempt
at the biological exploration of Mars should
be made by a computer controlled automatic
laboratory whose programs are alterable from
the earth. We discuss the organization of such
a laboratory and several techniques that may
be used including some that require going
beyond the present state of the art in computer
identification of objects in pictures. We hope
that these techniques can be developed in time
for the 1971 opportunity, but our main conclusion about computer control holds even if
they can't.

the report of the subgroup on the automated biological
The subgroup is part of the summer study in exobiology
sponsored by the Space Science Board of the National Academy of
Sciences.

THE AUTOMATED BIOLOGICAL LABORATORY (ABL)
"

1,

Introduction:

The state of evolution of the earth is very complex to describe,
let alone to discover. Mars may be in a much simpler state, but we
cannot count on it. Even if Mars is in a much simpler evolutionary
state than the earth, there is much work to be done before Mars is
anywhere near as well understood as our own planet.
Now we are considering what can be done with a single unmanned
lander weighing several thousand pounds. Our present ability to make
small scientific equipment already permits us to include a wide
variety of techniques within our weight limit. The problem we shall
face in this chapter is to suggest how the various devices can be coordinated into an automated biological laboratory that will give us
a good chance of determining whether there is life on Mars, and in any
case, of giving an estimate of the state of its chemical evolution,,

In our opinion, the key to making the automated laboratory effective
is to make it a computer with sensors and effectors rather than a
collection of isolated experiments. It should be possible to use a
piece of apparatus such as a TV camera or a mass spectrometer in a
number of different ways in experiments aimed at answering different
questions. Moreover, we want tc maintain as much control from the
earth of the experimental program as the 5 to 30 minute round-trip
time for signals between the earth and Mars will allow. Only maintaining this control will give us much, chance of getting a reasonable
picture of Martian evolution from a single mission or even from a
small number of missions.

Few biologists have thought much about the computer control of
experiments, and there is a temptation to put the idea aside as too
complicated for an early mission and settle for adapting to predicted
Martian conditions a few experiments that would be simple if performed
on earth. This puts a heavy burden on our ability to predict Martian
conditions, and we must face the fact that many of the experiments
planned would turn out to be inappropriate, A much greater chance of
success is offered by a co-ordinated laboratory that can be ordered to
change the experiments from the earth after the first results are

returned.

Computer Programs for Controlling Experiments
A computer program is a sequence of instructions in the memory of
the computer. The ABL computer should have room in its main memory for
1,

I
(say) 50,000 instructions plus substantial secondary storage such as
magnetic tape. It executes instructions one after another. Some of
these instructions do arithmetic operations involved in computing the
next value of the magnetic field for the mass spectrometer, some
compute where to point the TV camera, or when to end a titration.
Other instructions select the instructions to be executed, next according to whether an experimental operation is complete or whether an
iterated computation has been carried out the right number of times.,
or whether a signal has come from earth indicating that a new program
is being transmitted. Other Instructions turn on or off experimental
apparatus such as the motor that rotates the camera in azimuth or the
motor that extends the sample collection arm. Other instructions cause
information to be transmitted to the earth after it has been edited
into a compressed form that will make best use of limited transmission
bandwidth.
2. Time Scales
It is important to understand the time scales involved. The computer executes an instruction every few microseconds, A simple mechanical operation involving the experimental apparatus takes between ,1 and
10 seconds, The rouna trip time for a signal from earth is between
300 and 1500 seconds. Thus the computer can execute about 105 instructions in the time required for a mechanical operation, and we can
perform say 2000 mechanical operations in the time required to look
at the result of some complex of operations and decide what to do next.
When the ABL is on the opposite side of Mars from the earth it will be
on its own for 12 hours and could be shut off if we can't program a
useful strategy. These times are the key to understanding the possibilities and problems of computer control of the automated biological
laboratory.

First of all, 105 computations in a mechanical, operation time means
that the computer can control say 100 mechanical, devices at a time and
still execute an average of 1000. operations in deciding what each device
is to do next. This means that the procedure for deciding what each
device is to do next may be quite elaborate if this is desirable.
Secondly, if we want to use our device with full effectiveness we must
delegate to the computer program control of up to 2000 elementary
actions of each device while we decide on the next compound action.
Thus, we should program complex actions such as: a complete sequence
of separation actions such as solvent extractions, titrations, and scans
of the mass spectrum including the decisions about when endpoint.s have
been reached or when the mass spectrometer has been at a given e/m
long enough. More elaborately, if we can, we should program the
computer to collect objects of a kind we are interested in,
Kinds of Experiments
Let us try to classify the experiments that might be performed
in the following way;
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a) Observations. Most important will be pictures on scales
ranging from telescopic panoramas to microphotographs. Also there may
be temperature, pressure, atmospheric chemical content, sound, and
radiation measurements.
b) Analysis of

samples. For example, we : >ay use a computer
samples, grind them, dissolve them in chemicals,
pick
controlled shovel to
use solvent extraction, and chromatographic methods to concentrate .
fractions of high optical activity, finished off by mass spectrometer
analysis of the final concentrate.. The remaining concentrate may
have to be stored while scientists on earth decide what further tests
shall be performed.

Physical as well as chemical analyses will be made

c) Growth experiments. A candidate for life may be put
in a variety of environments and symptoms of growth or other signs of
life looked for periodically.

4. Limitations of- Programming
The limits of what can be programmed for the ABL are not easily set.
A large class of useful operations are well within the state of the art.
For example, it is not difficult to program a fractionation process to
select for further analysis the fraction that shows optical activity or
shows fragments at given mass numbers on the mass spectrometer. It
would also be easy to program the machine to transmit only the parts of
pictures that differ from previously stored pictures of the same scene.
It is still fairly easy to program a computer to make a hardness

map of a mineral specimen by poking it with a needle and transmitting
this together with a picture of the specimen.

It is difficult but probably possible to take pictures of a desert
scene and after looking at them program the computer to transmit pictures
of cacti that differ from the already classified types of cacti, as these
are encountered in the ABL's travels. If the biologists are to be able
to ask for this they will need the support of extensive earth based computer
facilities and programming groups.
It is not now within the state of the computer art to program a
computer to control the dissection of a mammal, much less to perform an
operation on a mammal such as might be involved in a physiological
experiment. By 1971 this situation may change if a determined effort
is made, but it would be unwise to count on it. It would also be unwise
to make decisions that preclude it.
When we cannot program a kind of decision the experiment is slowed
up because we must send a picture of a tray of samples, or mass spectrograms of fractions to earth for decision as to what objects should be
ground up or what fractions should be further treated and how. Fortunately,
the automated biological laboratory can provide us with complete
3

flexibility in this respect. If a particular decision that has to be
made on earth is slowing our progress, we can check out on earth
programs for making the decision, and when we think we have them right
transmit the programs to Mars,

5. Danger of Thinking too Small
We must confess to the following fear: At present, the art of
programming computers to select objects of a given kind by looking at
a picture of a collection of objects against a background, is in a rather
primitive state.
On this basis, it might be decided that although the
ABL is to be provided with the ability to take pictures and transmit them
to earth, the Mars computer will not be able to look at the pictures.
(The computer looks at a picture by having an instruction that allows
It to read the optical density at a point on the picture with given
co-ordinates; programs can be written using this operation that track
the light-dark boundaries and recognize objects). We believe that it
is extremely important to make the ABL completely flexible. This
requires that all apparatus be subject to computer control, and that
all information collected by the sensors be readable by the computer.
It Is also important that the necessary computer programming and checkout facilities be available on earth to allow the quick changing of
computer programs to meet changed experimental conditions.
If our view of what we will be able to program and the benefits
of flexibility proves over-optimistic, little will be lost. The
computer Is still the best way to control even relatively .simple
processes, as industrial experience is showing. On the other hand, if
through lack of imagination, a decision is made for a preprogrammed
system, or even if the computer and its programming are set up in a
way that makes changes difficult or risky, or if not all sense information is' available to the programs, a tremendous opportunity will,
;
be lost,

6,

In the succeeding sections of this chapter we shall treat the
following topics: the state of the art in computer control; description
of a simple automated laboratory; control of the laboratory from the
earth; television systems, transmission of pictures, and the problems and
uses of computer picture pattern recognition; sample collection and the
computer controlled hand; the advantages and the problem of making the
ABL mobile; some recommendations for research and development projects
that may be undertaken now to provide support for the ABL.
The automated biological laboratory provides a marvelous focus
for research and development in computer control systems. The
potential technical benefits for the control of scientific experiments
and other processes on earth seems as great as that for any other
aspect, of the space program.
By itself it may repay the cost of "
the entire Mars exploration.

4
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The State of the Art of

Computer

Control

The art of computer control of external devices is advancing
rapidly. If this were 1955 what we propose in this report would be
almost impossible, and if it were 1975, what we have to say would be
regarded obvious by every scientist, We are now at the point where the
tools are comfortably available, but we shall have to work fast to make
good use of them.
1. Computers in airplanes and spacecraft.
Modern fighter planes contain computers for navigation and fire
control. They are usually magnetic drum computers, and their programs
are rarely changed. They are reliable enough for their present use and
compact enough even for the Mars mission. However, they are not fast
enough, they are not easily programmed, they do not have sufficiently
large memories, and they are probably not sufficiently reliable for
use in the ABL. The M.I.T. Instrumentation Laboratory has designed,
and IBM is building a computer to be carried on the Apollo spacecraft,
This computer is probably fast and reliable and small, enough for the
ABL, but it uses a read-only memory for programs and doesn't have
enough memory. The proposed supersonic transports are to be controlled
by digital computers.
Several American companies have designed
computers for inclusion in spacecraft, but we believe that the ABL
computer can and should be more powerful than these.
Computer control of industrial, processes.
Chemical plants, bakeries, atomic power plants, and nuclear particle
accelerators have been controlled by computers. Most of these programs
have been rather simple, certainly simpler than we shall want for the
ABL.
2,

3.

Time -sharing.
The ABL computer must be able to manage many pieces of apparatus at
the same time. This is possible because the computer is nearly 100,000
times faster than the apparatus it controls. The art of making a computer
carry out a large number of separate tasks at the same time without confusion is called time-sharing. Systems that allow a computer to interact
with tens of people and external devices simultaneously are In use today.
They have the property that an error in one user's program cannot result in
interference with the programs of any other user. This property is essential
for the ABL if we are to dare to allow scientists to change programs after
the machine is on Mars,

4,

Picture recognition
Some work has been done on programming computers to classify pictures
into a number of categories. These programs even learn the categories
from examples. The number of categories and their complexity is quite
limited so far. Other work has concentrated on the more relevant problem
of picking out objects of given categories from a background and measuirng
their positions and dimensions. The work in recognizing nuclear events
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in bubble chamber and spark chamber pictures is relatively advanced.
The apparatus for this recognition work is just becoming available, and
rapid advances may be expected because the problem is being pursued
energetically.

.

5.

Artificial intelligence
This is the problem of making computers perform tasks which, when
performed by people, are considered to require intelligence. Modest
successes have been achieved, but progress is likely to be slow,
This work has led to an ability to identify those tasks which are
readily assigned to a computer and those which still require human
intervention,

6, Computer per formance ,
In our opinion the ABL can use profitably a large scale computer by
present, standards.
Great advances are being made in minaturizing
computers. However, we do not yet know whether a large scale computer
(with say 2 1-6 words of one microsecond memory) can be reduced to 200 lbs.
in time, or whether we will have to compromise in this area. The result
of a compromise would be to reduce the complexity and number of processes
that can be controlled simultaneously and to Increase the time required
to change the course of the experiments-.
A

Simple

Automated Laborator;

In order to clarify the problem of automating a biological laboratory »
we shall consider a simple one. We mention specific apparatus not to
express an opinion about what should be included - much more can be included than Is listed, here
out merely to make the control problem concrete.

-

Let us assume the following equipment:
A television camera and a storage tube. The camera has a variety
of lenses for magnifications from telescopic to microscopic. An arm permits the camera many positions: on a tower for looking at the landscape;
attached to a microscope for looking at slides; overlooking the immediate
foreground for controlling an arm used for picking up samples or for
controlling the motion of the ABL over the ground; and a posit .on that
allows the camera to look inside the ABL in order to see the positions of
movable parts. Several cameras may be taken if the workload or reliability
requires It, The computer can transfer information from the storage tube
into its memory either en masse or point by point. Computer programs
1,

compress picture information for digital transmission and also use the
information to make decisions.

2, One or more mechanical arms like those used for handling radioactive materials are under the control of the computer. They can be
positioned, to computed positions when the computer knows the precise
sequence of motions desired, or can be controlled via the picture information by the computer when a servo-mechanism type of operation is
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required. The arms can use tools such as shovels, coring drills, and
a variety of clamps for holding objects of various shapes.

A wet chemical laboratory. Reagents may be added to samples,
and operations such as titration, centrifugmg, filtration may be
performed.

3.

4,

4.

Optical spectrometry.

5,

Mass spectrometry.

Control from the Earth

The ABL will be carrying out simultaneously a wide variety of
experiments in a number of different fields. Many of these experiments
are of kinds that on earth involve continuous supervision by the experimenter
The round trip signal, time precludes continuous supervision and so we have
emphasized computer control. Nevertheless, we want to make human supervision as effective as possible and this requires very sophisticated earthcontrol.
We envisage the following kind of system:
There are a number of groups of scientists, each pursuing its own
line of investigations.
1,

Each group has consoles for the display of information coming from
Mars and transmitting instructions to that part of the computer program
on Mars carrying out the group's investigations. They have computer
facilities on earth for analyzing data and for debugging new programs to
be sent to Mars,
2,

The consoles are attached to a computer on earth which coordinates
their communication with the experiment on Mars.

3,

The allocation of resources among the groups is decided by directorate
and administered by programs in the earth computer and to a lesser degree in
the Mars computer. These decisions include:
a.

The rate at which each group can get pictures and other

b.

Allocation of expendable supplies

c.

Decisions about when and where the lander will move

data back from Mars,

Allocation of the services of the arm, the chemical analyzer,
and the cameras.
d,
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One might argue that usually it would be better to do one experiment
at a time, and this might be true if we could program all decisions for
the Mars computer. However, if a particular experiment has to be
carried out in a mode where a short operations is carried out and the
result sent to earth for decisions, there will be much time wasted if
only one experiment is done at a time.
4, Each group will strive to program the decisions needed to carry
cut its experiments. For example, suppose an experiment requires the
selection of objects from a shovelful for subsequent chemical analysis.
At first, it may be necessary to have a TV picture of the shovel returned
to earth in order to select the objects, However, the experiment will go
faster once the selection criterion can be programmed for the Mars computer.
The programs to do this will be checked out on earth-bound copies
Mars
computer operating earth-bound copies of the ABL.
of the

5, Because of the limited time the lander will operate, the results
obtained up to a given time should be available in raw form to the whole
scientific community. This will enable suggestions to be made and even
new groups to start new research programs using the ABL if their proposals seem to warrant it.
The Chemical Laborator

It is too soon to say what the chemical analysis facilities should
However, some general remarks can be made. A chemical
analysis procedure is a strategy involving the following kinds of operations

be

in detail,

1.

Physical preparation of the sample.

2.

Mixing reagents with the sample.

3,

Controlling the physical environment:

4,

Separation,

illumination.

chromatography..

Grinding, etc.

temperature, pressure,

Filtration, centrifuging, solvent extraction,

5, Physical measurements. Presence (e.g. did anything precipitate),
weight, color, reflection spectrum, form, (flocculent precipitate; if we
want the criterion we need a computer program to recognize it); spectrum;
mass spectrometry; optical activity; density; viscosity.

6.

Storage.

Some fractions may be put aside for later use.

In general, the results of the physical measurements determine what
mixing and separation operations will be performed next and what fractions
will be put aside or discarded, Besides reliability the following considerations should determine the methods made available:
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1. Generality, As few assumptions as possible about the chemical
environment of Mars should be made, Some long shot guesses can be
accomodated by including special reagents.
2, Economy.
The consumption of expendable supplies per experiment
should be very low.

3. Speed. Automated mechanical movements can be very fast; five
operations per second are readily achieved, This means 3xlo° elementary
chemical operations may be performed in the life of the ABL. If one
milligram of supplies is consumed per operation we will need 300 kg of
supplies. The above figures represent our guess as to the order of
magnitude of the quantities involved, and perhaps they suggest that
expendable supplies will be the limiting factor on how much chemistry
can be done. Much present chemistry depends on having large excesses of
certain reagents, especially water. Perhaps, in order to get by with
milligram amounts of reagents one should use microgram amounts of sample.
It should be pointed out that the mechanical movements can be sped up to
100 per second if small enough masses have to be moved.
8

One may ask. whether there would be any use for 3 X IO chemical events.
Wouldn't some smaller number, say 3xlcA, do?
We believe that the larger
number is really likely to be wanted because the reactions will be conbmed into procedures, and each procedure may involve hundrecs of chemical
events,

I

I
I
I

I
I

I

I

The reactions themselves should usually proceed on the l/iO second
although one second reaction times can be tolerated Lx one

time scale

vessel can be put aside to react while others are manipulated.

The problem of cleanliness Is a large one. Perhaps disposable liners
for the reaction vessels will solve the problem. Difficult-to-clean vessels
like stills and perhaps continuous processes generally may turn out to be
Impractical,

6.

Pictures and Visual Control of

Experiments.

In discussions of research techniques one takes vision for granted.
However, the beginner in biology is often bewildered by the expert's sure
identification of the important object in what appears to be a very complicated or indistinct picture. We are all beginners as far as Mars is
concerned, but we would like to become experts.
In this section we deal with

two topics

1. Getting pictures back to earth to develop our understanding
of what things on Mars look like.
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2. Programming the identification of objects by the ABL computer
so that it can avoid obstacles, select samples of desired kinds for
analysis, send back pictures of previously unseen objects, etc.
What is there to look at?
Much more of Mars will be visible from the ABL than can be inspected
with any other sense. A camera boom on the ABL and the ability to move
the ABL to scenic lookouts will increase what can be seen. What can be
seen may be divided into topography and objects.
Some general information about topography will already be available
from the environmental flights required to assure the safe landing of
the ABL. The additional topographical information obtained by the ABL
will be useful if correlated with the objects.
The possible varieties of objects are too numerous to catalog.
They include craters, vegetation, mineral outcroppings and many objects
that may be difficult to classify when first seen.

In order to extract the maximum information from distant objects
the ABL needs telescopes of various magnifications with emphasis on the
maximum usable magnification. Color information may provide useful clues
about the composition of the surfaces seen. This suggests that we include
the ability to photograph a scene through an arbitrary spectral window
and that we develop the ability to infer composition from such reflection
spectra.

The near scene also requires photography at various magnifications.
Next we come to photography of objects that we can manipulate.
are some examples:

1.

Lichen on a rock

2,

Objects under an over-turned rock and the bottom of the rock

3.

The stratification of a hole we have made

4,

Fragments of a smashed or smashable object.

5.

Sections of a sectionable object.

6. A precipitate or

polymer resulting from a chemical process.

The picture handling system should include the following:

-

1.

Optical instruments

2.

ATV camera with a storage tube.

telescopes, microscopes.
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3,

A picture storage system, e.g. video tape in the ABL

4.

The ability for the computer to look at points in pictures on

the storage tubes,

Computer programs for digitizing and compressing picture
information

5.

6.

Computer programs for recognizing objects of various kinds

Transmission facilities for sending the pictures to earth.
Pictures are likely to require more bandwidth than any other information

7

transmitted,.

Programming Computers to Recognize

and Handle Objects

First we shall list the relevant research.

I

H, A, Ernst programmed the TX-0 computer to control a mechanical
pick
up blocks and stack them. (1961 M.I.T. Sc.D Thesis in
hand to
Engineering),
Electrical

1.

L. Hodes and T. Evans at M.1.T., while working under Minsky, pro
grammed the IBM 7090 to iind geometrical objects when partially overlaid
with other objects
2,

computers to find
The group at
their
to
count the number
system
Argonne National Laboratories has used
r
picture.
of cnromosum.es of each o several types occurring in a
ot physics groups have programmed
events of given sorts in pictures of spark chambers

5.

I
I
I
I
I
I

A number

film reader that reads radar traces and graphs
from film and writes magnetic tapes with the information in digital form
is marketed by Information International.
4,

A

programmable

A large amount of work has gone into the classification of
whole pictures. This is no very relevant for the present purpose that
requires the identification »f objects in a picture in a manner that will
allow the manipulation of the objects

5.

1

system called FIDAC has been developed by R. S. Ledley
9, 396^) that scans pictures arid reads about 10 bits
of information into the memory of an IBM 7090 computer for analysis.
They have also developed a programming system for picture analysis which
is being used to classify chromosome pictures

6 A
(Science,

Much of the work on picture recognition uses the following technique
The computer controls the positicn of a spot on the face of a cathode
ray tube (CRT) i.e. there is a computer instruction that says position
point of light at image coordinates (x,y). An optical system projects
the light point through a photographic transparency and onto a
11
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photomultipi ier cathode. An analog-to-digital converter makes the
photomultiplier cathode current, which is proportional to the transparency of the photograph, available to the computer. Thus the basic
computer instruction is to determine the optical density at a point on
the film with given co-ordinates,

A number of variants of this hardware have been used or proposed
to increase the speed of various recognition schemes. The PEPR apparatus
for measuirng bubble chamber pictures displays a bar whose length and
orientation as well as postion are controlled by the computer. This is
useful for detecting tracks of particles. The Argonne apparatus scans
a rectangle chosen by the computer and returns the co-ordinates of all
points where a change in density from one level to another occurs.
(They have 64 levels),
Given this basic facility the computer can be programmed to find
objects of various Kinds, for example by tracing their outlines. The
apparatus is only beginning to be available and all the present facilities
are dedicated to very specific applications,
Resides the abo re-mentioned work, much attention has been given to
apparatus and programs that classify pictures as a whole, e.g, this is
a picture of an A, It is difficult to see how these methods can help
with the present problem, but the advocates of perceptions, and adelines
etc. will speak for themselves when the time comes.

All the above-mentioned work except Ernst's, which used photocells and mechanical sensors, has been concerned with photographs.
Direct recognition of objects requires a TV system in which the computer car. ask for tie intensity at a given point on an electrical image
of the scene. Systems of this kind have been designed but are not yet
built. A number of additional techniques have been proposed, such as
using the magnitude of the high frequency component of the intensity in a
scan as a measure of whether the camera is in focus and using focus to
measure distance.

I

We believe that a useful capability for recognizing and manipulating
objects can be aval able in time for the ABL if a prompt and serious
effort is made.
Mechanical

anipulatic n

We believe it is reasonable to consider basing much of the ABL's
mechanical activities upon a set of general purpose computer- controlled

I

manipulators.

Each manipulator would consist of a fast, firm positioner, with several
degrees of freedom, and an attachment interface that can hold a variety of
specia.. tools, graspers, or sensors. Interchangeability would mean much
more flexibility and capability than could be obtained by the same number
of actuators installed in particular experiments for fixed purposes.
12
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The most straightforward design would have motions of the positioner
based on a fixed coordinate system relative to some points on the ABL
vehicle. We should also study the possibility of making the manipulator
along the general lines of the human arm and hand, With computer control
and visual monitoring (by computer) this may be practical.
Computer-controlled manipulation exists today chiefly in the form
of automatic machine-tool control systems.. Visual control of manipulators
has not been developed, but we believe the state of the art is just ready
for such a development. The computer-controlled, human-like arm,
developed by H„ A. Ernst, used only simple tacticle sensors, but it could
find a number of scattered blocks, stack them up in a tower, and then
put them in a box that it had to find.
The advantages of general-purpose manipulators include

Reduction in weight as compared to many special activators.
Great flexibility in programming sample-collection and material transfers.
Adjustment of physical layouts of experiments.
Assembly of parts into many configurations.
Adjusting parameters of experiments.
Some possibilities of repairs on site, or at least replacement of parts.
In particular, a manipulator could serve to control TV cameras, outside
.nd within the space-craft. It might be feasible to use it to lay out and
phase a large efficient outside antenna, It could operate micro tools, through
a reduction irterface.

It is possible that basing operations on a few reliable manipulators
couid yield a substantial gain in overall reliability since it would be
possible then to simplify most experiments,
It may be preferable to adjust
the mechanic.-al parameters of an experiment by moving a simple stud or tab,
instead of Inst tiling and depending on a special motor or actuator for that
task. It is not possible to say now which system would be most reliable
and compact

I

fast.

7,

.

rfe shal 1 want arms of several sizes,

Very small arms can move very

Mobility

We believe that the effectiveness of the ABL can be greatly enhanced

by making it mobile. There is a substantial chance that it will land in
an unsuitable place such as a small crater, and there may be very little
to observe, A. negative conclusion about the existence of life would be
quite suspect if based on a single site or even a few sites.

The problem of providing mobility has two aspects:

I
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1,
The power available will be quite small. For example, the
Beagle study es+imates that a total 300 watts will be available for
all activities of a 5000 lb, package. Other studies estimate up to
2 kilowatts.

2.

The terrain is

3.

Step-by-step control from the earth is hampered by the signal

unknown,

round-trip time-

The answer to the power problem is to go slowly, A velocity of one
meter per second, the maximum that could be hoped for would permit
covering 60,000 km in two years. This amounts to two circumnavigations
of Mars. Even one cm/sec would permit 600 km of travel. If the ABL could
find vantage points along its route permitting 10 km of side visibility,
this allows tne exploration of 12,000 square kilometers in the sense that
a number of visually interesting objects could be approached and examined
in detail,

A one meter/second velocity means that the ABL would -cover about one
kilometer in a round trip signal time. This- precludes detailed earth
control and requires a computer program that can use TV information to
steer a course, On the other hand the one cm/second rate permits only
10 meters to be c-vered so that instructions to the vehicle can be
based on a human Look at the terrain to be covered,
The decision on what mobility system is best is a complicated one.
In this chapter we shall only mention two complementary systems that
suit the low power available.
The first system is to have a long arm that can extend a drill that
can make a hole ana that can attach an anchor. A winch is then used to
haul the ABL with whatever power can be spared. Three cable -anchor
combinations are needed. This system can deal with almost any solid
terrain, including cliffs.

I

More suitable for flat ground with unavoidable obstacles not more than
one meter high is a system of eight legs, four at each corner. One set
of legs is lifted, advanced and set down, the second is lifted, advanced
and set down, 9.nd finally the body of the ABL moves
The legs
can extend to different lengths and are as light as possible, We minimize up-and-down motion of the ABL in order to reduce the power used.

8.

Research and Development

Projects

The purpose of this section is to identify some research and
development projects that should be started soon if the ABL is to
be maximally effective.
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1. Identification of substances by reflection spectra
ABL will be able to see much more than it can touch.

The

2.

Computer recognition and manipulation of objects,

3.

Computer controlled wet chemistry on as small a scale as

possible.

Computer control of a vehicle. One should work towards systems
that have at least the human ability to tolerate variations in terrain.

4.
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APPENDIX D
Excepts from Original Project Proposed Concerning Artificial Intelligence
Tasks to be Undertaken by the Project
Theoretical Research
Heuristics
Many problem solving activities can be regarded as searches in a
large space of possibilities for an element that satisfies a certain
condition. The spaces are usually too large for direct enumeration to
be successful and the criterion that an element has to satisfy to be
regarded as a solution may itself be very complicated to test.
Techniques for reducing the size of such searches may be called
heuristics. They include pattern recognition used to identify problems
for which certain methods are appropriate, analysis into a collection of
simpler subproblems, learning from experience, planning whereby an
abstracted problem is solved first and serves as a guide to the more
complicated problem.
We are attempting to isolate these techniques and fit them into
a general framework. Minsky has discussed these techniques generally
In "Step Towards Artificial Intelligence."
Formalization of Problems in an Extended Predicate Calculus
This is our main approach to the aritflcial intelligence problem.
In order that a computer program should be capable of learning from its
experience, it must be able to represent any facts or procedures it
expects to learn. Arbitrary theories can be formalized in the predicate
calculus and, therefore, we are planning a program that will be able to
make deductions from collections of sentences expressed in an extended
predicate calculus. A preliminary approach to this problem is described in
"Programs with Common Sense", but more theoretical work will be required
before we are ready to write programs.
Mathematical Theory of Computation

In order for a program to be able to Improve its procedures, they
should be represented in a form in which their properties are readily
established. This provides the motivation from the point of view of
artificial intelligence for the work on the mathematical theory of
computation, some results of which are reported in "A Basis for a
Mathematical Theory of Computation" and "Towards a Mathematical. Science
of Computation," Further studies will be carried out.

Game Playing Programs
Game playing is one of the most observable and analyzable activities
In order to learn to play chess well a person
must use his abilities to recognize patterns, to make and apply
generalizations, to avoid irrelevant lines of thought, to evaluate the
various alternatives open to him, to form subgoals subordinate to his
main goal of winning the game, and to perform other activities which we
have not yet succeeded in identifying. We concentrate much of our
attention on programs for playing games for the same reason that the
geneticist studies neurospera; phenomena of general, interest are most
readily observed in these special situations.
of human intelligence.

At present only a few of the capabilities that we know humans use
play
games have been incorporated in programs.
to
For some games, this
very
doesn't matter
much, and the speed of the computer enables it to
defeat human players. Our program for playing the African board game of
Kalah is a case in point. While the first versions could not defeat
good human players, the incorporation of the Q!|3 - heuristic gave a program'
that defeats the best players we could find. This was not the case with
Although the cup - heuristic and certain others give a chess
program that is probably better than any other chess program so far
produced, it requires the odds of a queen in order to have a reasonable
chance of defeating an expert. This is because playing chess makes more
use of human intellectual, abilities than does playing Kalah. The
deficiencies of our program provide powerful clues to the identification
and precise description of these abilities.
chess.

The. results on chess and Kalah to date will be described in a

forthcoming paper.

Proof Procedures in the Predicate Calculus and a Proof Checker
As a preliminary to developing a general program for solving
problems expressed in a generalized predicate calculus we are studying
decision methods for solvable parts of the predicate calculus.
We are also working on a program for checking proofs by machine.
This may have large practical applications and provides a way of
combining the capabilities of man and machine. See the paper "Checking
Mathematical Proofs by Computer".
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