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The first ten years of research in artificial intelligence and related fields at Stanford University
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I. INTRODUCTION

Artificial Intelligence is the experimental and
theoretical  study of  perceptual and
intellectual processes using computers. lts
ultimate goal is to understand these processes
well enough to make a computer perceive,
understand and act in ways now only
possible for humans.

In 1he late 1950s John McCarthy and
Marvin Minsky organized the Artificial
Intelligence Project at M LT. That activity
and another at Carnegie Tech (now
Carnegie-Mellon University) did much of the
pioneering research in artificial intelligence.

in 1962, McCarthy came to Stanford
University and initiated another A. 1. Project
here. He obtained financial support for a
small activity (6 persons) from the Advanced
Research Projects Agency (ARPA) beginning
June 15, 1963.

A Computer Science Department was formed
at Stanford in January 1965 By that time
there were |5 people on the Project,
including Edward Feigenbaum ho had just
arrived. Shortly, a decision was made to
expand the activities of the Project,
especially in the area of hand-eye research.
Additional support was obtained from
ARPA and a PDP-6 computer system was
ordered. Lester Earnest arrived in late 1965
to handle administrative responsibilities of
the expanding Project.

By ‘the summer of 1966, the Project had
outgrown available campus space and moved
to the D. C. Power Laboratory in the
foothills above Stanford. The new computer
system was delivered there. Arthur Samuel
and Jerome Feldman arrived at about this
time and D. Raj Reddy joined the faculty,
having completed his doctorate on speech
recognition as a member of the Project.
Several faculty members from other

departments affiliated themselves with the
Project, but without direct financial support:
Joshua  Lederbery  (Genetics),  John
Chowning and Leland Smith (Music), and
Anthony Hearn (Physics).

By early 1968, there were just over 100
people on the Project, about half supported
by ARPA. Kenneth Colby and his group
joined the Project that year, with separate
funding from the National Institute of
Mental Health. Other activities subsequently
received some support from the National
Science Foundation and the National
Aeronautics and Space Administration.
Zohar Manna joined the Faculty and the
Project, continuing his work in mathematical
theory of computation.

In June 1973, the Artificial Intelligence
Laboratory (as it is now called) had 128
members, with about two-thirds at least
partially ARPA-supported. Other Computer
Science Faculty members who have received
such support include Robert Floyd, Cordell
Green, and Donald Knuth.

The Heuristic Dendral Project (later changed
to Heuristic Programming) was formed in
1965 under the leadership of Edward
Feigenbaum and Joshua Lederberg. It was
initially an element of the A. I. Project and
consisted of five or so people for several
years.

The Heuristic Dendral Project became a
separate organizational entity with its own
ARPA budget in January 1970 and also
obtained some support from the Department
of Health, Education, and Welfare. It has
had 15 to 20 members in recent months.

The  following sections summarize
accomplishments of the first 10 years (1963-
1973). Appendices list external publications,
theses, film reports, and abstracts of research
reports produced by our staff.




2. ARTIFICIAL INTELLIGENCE
PROJECT

;The work of the Stanford Artuhaal

Intelligence Project has been basic and
applied research in artificial intelligence and
closely related fields, inc'uding computer
vision, speech recognition, mathematical
theory of computation, and control of an
artificial arm.

Expenditures from ARPA funds over the ten
years beginning June 15, 1963 have
amouited to $9.2 million. About 437% of this
was for personnel (salaries, wages, benefits),
2¢.. or computer and peripheral equipment
(purchase, replacement parts, and rental), 8%
for other operating expenses, and 23% for
indirect costs.

Here 1s a short list of what we consider to
have been our main accomplishments. More
complete discussions and bibliographies
follow.

Robotics

Development of vision programs for finding,
identifying and describing various kinds of
ob jects in thrze dimensional scenes. The
scenes include ob jects with flat races and also
curved ob jects.

The  development of programs for
manipulation and assembly of ob jects from
parts. The latest result is the complete
assembly of an autornobile water puinp.

Speech Recognition

Development of a system for recognition of
continuous speech, later transferred to
Carnegie-Mellon University and now being
expanded upon elsewhere.

Heii<tic Programining

Our support of Hearn’s work on symbolic
computation led to the development of
REDUCE, now being extended a’ the
University of Utah and widely used
elsewhere.

Work in heuristic programming resulting in
Luckham’s resolution theorem prover. This
is currently about the best theorem prover in
existence, and it puts us in a position to test
the limitations of cuirent ideas about
heuristics so we can go beyond them,

Representation Theory

Work in the theory of how to represent
information in a computer is fundamental
for heuristic programming, for language
understanding by computers and for
programs that can learn from experience.
Stanford has been the leader in this field.

Mathematical Theory of Computation

Our work in mathematical theory of
computation is aimed at replacing debugging
by computer checking of proofs that
programs  meet their specifications.
McCarthy, Milner, Manna, Floyd, Igarashi,
and Luckham have been among the leaders
i1 developing the relevant mathematical
theory, and the laboratory has developed the
frst actual proof-checking prograns that can
check proofs that actual programs meet their
specifications. In particular, Robin Milner's
LCF is a practical proof checker for a
revised version of Dana Scott's logic of
computable functions.

Research Facilities

We have developed a laboratory with very
good computer and program facilities and
special instrumentation for the above areas,
including a timesharing system with 64
online display terminals.

)\\



i

-

S S v R - . . .

[ QT R e S RS ——

ARTIFICIAL INTELLIGENCE PRCQJECT

We developed a mechanical arm well suiied
to manipulation research. It is being copied
and used by other laboratories.

We designed an efficient display keyboard
that has been adopted at several ARPAnet
facilities. We invented a video switch for
display systems that is being widely copied.

In the course of developing our facilities, we
have improved LISP, developed an extended
Algol compiler called SAIL, and created a
document compiler called PUB (used to
produce this report).

Our early Teletype-oriented text editor called
SOS has becrme an industry standard and
our new dispiay editer "E” is much better.

V/e have written utility programs for the
FDP-10 and made numerous improvements
to time-sharing systems. Many of our
programs, particularly LISP, SAIL, and SOS,
are used in dozens of other computer centers.

We designed an advanced central processor
that is about 10 times as fast as our PDP-10.
In support of this work, we develcped
interactive design programs for digital logic
that have since been adopted by other
research and industrial organizations.

Training

In the 1963-1973 period, 27 members of our
staff published Ph.D. theses as Artificial
Intelligence Memos and a number of other
graduate students rece.ved direct or indirect
support from the A. I. Pro ject.

The following subsections review principal
activities, with referencc; to published
articles and reports.

2.1 Robotics

The project has produced several substantial
accomplishments: an automatic manipulation
system capable of assembling a water pump,
a laser ranging apparatus, and programs
which form symbolic descriptions of complex
objects. We have now focused a ma jor effort
on robotics in industrial automation.

2.1.1 Manipnlation

In 1966, we acquired and interfaced a
prosthetic arm from Rancho Los Amigos
Hospital. Although it had major mechanical
shortcomings, the software experience -was
valuable. A program was written for point
to point control of arm movements.
Computer servoing was used from the
beginning and has proven much more
versatile than conventional analog s:rvoing.
A simple system that visually located blocks
scattered on a table and sorted them into
stacks according to size was operational by
the spring of 1967 [Pingle 1968).

In order to move through crowded
workspaces, a program was written to avoid
obstacles while carrying out arm muvements
Pieper 1968) That program was fairly
general but rather slow, since it used a loc:|
and not very smart search technique to itich
its way around obstacles.

A hydraulic arm was designed and built
according to stringent criteria of speed and
strength. Kahn developed a minimum-time
servo scheme, which is close to a bang-bang
servo [Kahn 1971). The effect was impressive
(even frightening) but hard on the
equipment.

The next arm was designed with software in
mind [Scheinman 1969). It was completed in
December 1970, and has proved a good
research manipulator; several other groups
have made copies.




Arm control software for the new arm was
spiit into a small arm-control servo program,
which ran in real time mode on our PDP-6
computer, and a tra jectory planning program
(Paul 197i), written in a higher level
language and running on a timeshared
PDP-10.

The arm servo software contained several
new features: a) feedforward from a
Newtonian dynamic model of the arm,
including gravity and inertial forces; b)
feedback as a critically damped harmonic
oscillator including velocity information from
tachometers; c) trajectory modification facility
in  the servo program, which allows
considerable  change  from planned
trajectories to accomodate contingency
conditions. Compare this control mechanism
with the usual analog servo; the kinematic
model and computer servo allow changes of
several orders of magnitude in the equivalent
servo constants, to account for variations in
gravity loads and inertial effects.

The arm was designed so that solution for
joint angles from position and orientation is
simple and rapid. The techniaues apply to a
wide range of arms; thus our work has
significance for industrial and other robotics
applications.

The MOVE_INSTANCE capability [Paul
1971) shows a simple form of automating
some manipulation procedures. The routine
chooses a best grasping and departure for a
class of known objects. Models of these
ob jects are stored in order to choose all
possible grasping positions -- parallel faces, a
face and a parallel edge, etc. The full range
of possible departure and approach angles is
investigated and a solution chosen, if
possible, which allows manipulation in a
single motior.. Otherwise, a solution is chosen
which uses an intermediate position to
regrasp the object. Thus, this facility
provides a method for grasping gencrai
polyhedra in  arbitrary position and

ARTIFICIAL INTELLIGENCE PROJECT

orientation, provided we have a model of the
ob ject.

Arm planning is based on making complete
motions, eg. picking up an object and
putting it down. If we pick up an ob ject
arbitrarily, without thought for putting it
down later, we may not be able to put it
down as desired and may need to grasp it
again. Complete trajectories are pieced
together from various segments, eg. grasp,
departure, mid-segment, approach, release.
Trajectories are specified by the user in an
interpretive hand language (HAL) in terms
of macros at the level of inserting a screw.
Endpoint positions and orientations are often
specified by positioning the arm itself in the
proper position and recording joint angles, a
form of “learning by doing”. The language
provides acilities for control using touch and
force sensing.

Pump Assembly

Our first major task was assembly of an
automobile water pump. A film which shows
the process in detail is available for
distribution [Pingle and Paul, "Automated
Pump Assembly”). We describe the task in
some detail to show the level of
programming.

The pump parts include pump base, cover,
gasket and screws. We chose a plausible
industrial environment with tools in fixed
places, screws in a feeder, and pump body
and cover on a pallet. It is located by vision,
then moved by the arm to a standard
position, up against some stops. Pins are
inserted into screw holes in the pump body
to guide alignment of gasket and cover. If
necessary the hand searches to seat the pins.

The gasket is placed over the guide pins and
visually inspected for correct placement. The
cover is expected to be within about a
quarter of an inch of its fixed place on the
pallet. After locating the cover by touch, the
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hand places the cover over the guide pins.
The hand then picks up a hex head power
screwdriver, picks up a screw from the feeder
and inserts the screw and, if necessary,
searches to seat the screw. A second screw is
inserted. The hand then iemoves the two
pins and inserts four more screws, completing
the assembly. Finally, it tests that the pump
impeller turns freely.

Three tc'ms of feedback are used, visual,
tactile, and force. The visual feedback is
provided by strictly special purpose programs
which have no general interest. We plan to
generalize visual feedback capabilities and
include them in a system like that used to
program the rest of the task.

The manipulation parts of the assembly were
programmed in the hand language, HAL.
The actual program follows:

BEGIN PUNP

AL IGN jalign pump base at stops
PIN Pl H} 1put pin Pl at hole Hl
PIN P2 H2 ,bul pin P2 at hole H2
GREKET

TOP

SCPEUL 1put In first 2 scrsus

UNPIN H1 Pl HIR (remove pin Pl from hols Hl
UNPIN H2 P2 H2R jrsmove pin P2 from hole H2
SCREW2 jinsert last 4 scrsus

TEST

END

Each of the commands is a macro. The task
was performed in a general purpose hand
language with a control program which could
be readily adapted to other manipulators.
Thus the system is more than a special
purpose demonstration.

2.1.2 Vision

During the past two years our vision effort
has shifted from scenes of blocks to outdoor
scenes and scenes of complex objects. In
both cases, interpretation has made use of
world models.

A crucial part of our work with complex
objects is our development of suitable
representation of shape. This is an area
closely connected with industrial applications
of research, since representation of shape is
important in programming of rotots, design,
display, visual feedback, assembly, and
symbolic description for recognition.

Wichman assembled the first robotics visual
feedback system [Wichman 1967). It was
deficient in several ways: only the outer edges
of the blocks were observed, the hand had to
be removed from view when visual checking
was done, and the technique was limited in
its domain of ob jects.

Gill then improved these aspects by
recognizing hand marks and internal edges
of blocks [Gill 1972). The system was model
driven in that specifying the projected
appearance of a corner in a small window
programmed the system for a new task. But
the system was limited to tasks with
polyhedra, eg. stacking blocks and inserting
blocks into holes.

A class of representations of shape has been
applied to symbolic description of shapes of
toys and tools [Agin 1972, Nevatia 1973).
The representation depends on a part/whole
description of ob tects in terms of parts which
may themselves be composed of parts. The
success of any part/whole representation
depends on the utility of the prirnitive parts;
within  the  representaiicn, dominant
primitives  are  “generalized  cones”,

originating from a formalization called
"generalized translational invariance”. T hese
primitives are locally defined by an arbitrary

P
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cross section and a space curve called the
axis, along which the cross sections are
translated normal to the axis.

We have developed laser depth ranging
hardware which has been operative since
January 1971, The device is very simple
and can be replicated now for less than
$1000. assuming that a suitably sensitive
cameru tube such as a silicon vidicon or solid
state  sensor is available  From that
experimental data, we have obtained
complete descriptions of a doll, a toy horse, a
glove, etc, in terms of part/whole descriptions
in the representation just described. The
same techniques could be used . monocular
.mages, with considerable benefit, in spite of
the added difficulty of using only monocular
information. We are now writing programs
which rmatch these graph descriptions for
recognition.

The work on visual feedback depends on
display techniques which have been
developed here and elsewhere.  An
interactive program GEOMED [Baumgart
1972a) was devcloped to allow description of
ob jects by building them up from a set of
geometric primitives. The usually tedious
task of input or Jescriptions of complex
ob jects is much simplitied. For our purposes,
a symbolic line drawing output is necessary; a
fast hidden line elimin-uon program with
symbolic line output structure has been
written.

Working with outdoor scenes introduces new
difficulties: surfaces are textured, line finders
etc, have been specialized to scenes of
polyhedra. We have made substantial
progress by incorporating new visual
modules such as color region finders with a
world model. The first of these efforts
[(Bajesy 1972] included a color region finder
and Fourier descriptors of texture. Textures
were described by directionality, contrast,
element  size and  spacing.  These
interpre:ations from the Fourier transform

ARTIFICIAL INTELLIGENCE PROJECT

are useful but not always valid, and a
discussion of the limitations of Fourier
descriptors was included. Depth cues were
obtained from the gradient of texture. The
results of color and texture region growing
were shown, and a simulation made of
combining these various modes with a world
model. An interesting conclusion was that
three dimensional interpretations and cues
were the most semantic help in scene
interpretation.

A second project has dealt with outdoor
scenes (Yakimovsky 1973]  Yakimovsky
made a region-based system  which
sequentially merges regions based on
semantics of familiar scenes, using two
dimensional image properties. The system
has an initial stage which is very much like
other region approaches, merging regions
based on similarity of color and other crude
descriptors, except that it eliminates weakest
boundaries first. The second stage introduces
a world model and a means of estimating the
best interpretation of the scene in terms of
that model. The semantic evaluation
provides much better regions than the same
system without the semantics. It has been
demonstrated on road scenes, for which
rather good segmentations and labellings
have been achieved. An applicativn was also
made to heart angiograms.

In human and animal peception, stereo and
motion perception of depth are important.
Several of these mechanisms have been
programmed. Nevatia [1973] evaluated
motion parallax of a moving otserver for
scenes of rocks. That program tracked by
correlation subsequent images in a series of
images with small angle between images.
The technique allows large baselines for
triangulation. Another approach to stereo
has been carried out on outdoor scenes
(Hannah unpublished).

An edge operator [Hueckel 1971] gives a
good indication, based on local brightness, of

o
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whether or not there is an edge near the
center of a neighborhood. If there is an edge,
s position and location are relatively well
determined.

Differencing techniques have been used to
find changes in scenes {Quam 1972]). Color
region growing techniques have been used.
Accomodation of camera parameters to
optimize 1mage quality for each task has
been extensively used.

A focussing module allows automatic
focussing. Color identification modules have
been written, the latest incorporates the
Retinex model of Land to achieve a certain
color constancy, independent of the variation
of illuminance spectrum from scene t scene
(sunlight, incandescent, xenon arc,
flourescent) or within a scene (reflections from
colored objects). Calibration modules allow
maintaining a system in a well-calibrated
state to maintain reliability, and increase
reliability by self-calibration.

Programs have been written to understand
scenes of blocks given line drawings. An
early version recognized only outlines of
isolated objects A later program, [Falk
1972), arrived at segmentations into ob jects
by techniques which were extensions of
Guzman's, but using lines rather than
regions. This dealt more effectively with
missing and extraneous edges. The system
used very limited prototypes of ob jects, using
size in an important and restrictive way to
identify objects and their spatial relations.
Missing edges were hypothesized for a line
verifier program to confirm or re ject.

Still another model-based program {Grape
1973) used models of a parallelipiped and 2
wedge to perform the segmentation into
ob jects corresponding to models. It is able to
handle a variety of missing and extraneous
edges.

The thrust of all these efforts is the use of
mcdels for perception.
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2.2 Theoretical Stﬁdies

Members of our project have pioneered in
mathematical theory of computation,
representation theory, and grammatical
inference. This work is not a proper
subcategorv of artificial intelligence in that it
deals with problems that are basic to all of
computer science

In addition to ARPA sponsorship of this
work, the  mathematical theory of
computation activities received some support
from the National Aeronautics and Space
Administration  and  the grammatical
inference group has received a grant from
the National Science Foundation.

2.2.1 Mathematical Theory of
Computation

The idea that computer scientists should

study computations themselves rather then

Just the notion of computability (i.e. recursion

theorv) wax suggested in 1963 by McCarthy

{1, 2). 'These early papers suggested that

mathematical methods could be used to

prove (or disprove) the following properties
of programs:

1. a program is correct,

2. a program terminates,
two programs are equivalent,

4. a translation procedure between two
languages is correct, (i.e. it preserves the
meaning of a program),

5. optimized programs are equivalent to the
original,

6. one program uses less resources than
another and is therefore more efficient.

These are simply technical descriptions of a
programer's day to day problems. The
notion of correctness of a program is just --
"How do we know that a particular program
solves the problem that it was intended to?"
The usual way of putting it is: "Does my
program have bugs in it". A correct
mathematical description of what this means

ARTIFICIAL INTELLIGENCE PROJECT

is a central problem i MTC and is a
genuine first step in any attempt to
mechanize the debugging of programs. The
equivalence of programs is similar in that
until there are clear ways of describing what
a program does, saying that they “do" the
same thing is impossible. These technical
problems are now well enough understood so
that serious attempts to apply the results to
“real” programs are beginning.

Attempts to formalize these questions have
proceeded along several lines simultaneously.
In (4, 6] McCarthy and Mansfield discussed
new languages for expressing these notions
were considered. [4) ronsidered a first order
logic which contained an “undefined” truth.
value. This was one way of explaining what
was meant by computations which didn't
terminate. [%]) used a traditional first order
logic to describe a subset of ALGOL.

In [3) McCarthy proposed that computers
themselves inight be used to check the
correctness of proofs in formal systems, and
was the first to actually construct a program
to carry this out. This suggests that one
could check ar possibly look for solutions to
the above problems (in the form of proofs in
some formal system). As a result a series of
proof checkers has been built. The first is
reported in [7).

In 1966 Floyd (8) published his now well
known method of assigning assertions to the
paths in a flowchart, in order to find
verifi;ation conditions the truth of which
guarantee the “correctness” of the original

program.

McCarthy, Painter and Kaplan [9, 10, 11, 12,

13, 14) used the ideas in [4, 8] to prove:

1) the correctness of a compiler for arithmetic
expressions,

2) the correctness of several compilers for
algol-like programs,

8) the equivalence of some algorithms.
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Kaplarn also gave some completeness results
for a formal system which talks about
assignment statements [10), and discussed the
equivalence of programs [13, 14]. During this
time another proof checker was written by
W. Weiher [15).

In a serjes of articles Z. Manna extended and
expanded Floyd's original ideas. With A.
Pneuili (16, 17) he discussed the relationship
between the termination, correctness and
equivalince of recursively defined functions
and the satisfiability (or unsatisfiability) of
certain first order formulas. In [17] they
work out an example using the 91 function.
In [18) Manna extended his ideas to non-
deterministic programs. E. Ashcroft and he
did a similar thing for parallel programs in
(211

P. Hayes [18] again attacked the problem of
a three-valued predicate logic, this time with
a machine implementation in mind. This
coincided with a paper of Manna and
McCarthy [19), which used this logic.

About this time (1969) several important
developments occurred which allowed the
above questions to be reexamined from
different points of view.

1. In [22] Z. Manna showed how to
formulate the notion of partial correctness
in second logic.

2. C. A. R. Hoare [24] published a paper
describing a new formaiism for
expressing the meanings of programs in
terms of input/output relations.

3. S. Igarashi [23) gave an axiomatic
description of an ALGOL.-like language.

4. D. Scott suggested using the typed lambda
calculus for studying MTC and first
described iN 1970 a mathematical model
of Church's lambda calculus.

These together with McCarthy's axiomatic
approach now represent the most important
directions in MTC research. They express
different points of view towards the
meanings (or semantics) of programs.

Manna (following Floyd) describes the effects
of a program by showing what kinds of
relations must hold among the values of the
program variables at different points in the
execution of the program. In particular
between the input and the output. In [31]
Floyd suggests an interactive system for
designing correct programs. These ideas are
systematized and expanded by Manna in
(34) He and Ashcroft show how to remove
GOTO statements from programs and
replace them by WHILE statements in [33).

Hoare shows how properties (including the
meaning) of a program can be expressed as
rules of inference in his formal system and
how these rules can be used to generate the
relations described by Floyd and Manna.
This puts their approach in a formal setting
suitable for treatment on a computer. Work
on this formal system is at present being
aggressively pursued. lgarashi, London, and
Luckham [39] have increased the scope of
the original rules and have programed a
system called VCG (for verification condition
generator) which takes PASCAL programs
together with assertions assigned to loops in
the program and uses the Hoare rules to
automatically generate verification conditions
the proof of which guarantee the correctness
of the original program. These sentences are
then given to a resolution theorem prover
(26] which tries to prove them.

There is also a project started by Suzuki
under the direction of Luckham to develop
programs to take account. of particular
properties of arithmetic and arrays when
trying to prove the verification conditions.
London also produced an informal proof of
two Lisp compilers [35).

Igarashi's formal system [23]) differs from
Hoare's in that the rules of inference act
directly on the programs themselves rather
than properties of such programs.

Scott’s work assumes that the most suitable
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meaning for a program is the function which

it computes and essentially ignores how that

computation proceeds. The other approaches
are more intentional in that:

1) they may not necessarily mention that
function explicitly although it might
appear implicitly.

2) they can (and do) consider notions of
meaning that are stronger than Scott's.

For example programs might have to have
"similar”  computation sequences before
considering them equivalent [25].

A computer program LCF (for "logic for
computable functions™) has been
implemented by Milner [26). This logic uses
the typed lambda calculus to defines the
semantics of programs. Exactly how to do
this was worked out by Weyhrauch and
Milner [28, 29, 30) In conjunction Newey
worked on the axiomatization of arithmetic,
finite sets, and lists in the LCF environment.
This work is still continuing. 1n addition
Milner and Weyhrauch worked with Scott on
an axiomatization of the type free lambda
calculus. Much <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>