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PREFACE xiii

Project MAC was organized at the Massachusetts Institute of Technology
in the spring of 1963 for the purpose of conducting a research and develop-
ment program on Machine-Aided Cognition and Multiple-Access Computer
systems. It operates under contract with the Office of Naval Research,
acting on behalf of the Advanced Research Projects Agency of the Depart-

ment of Defense,

The broad goal of Project MAC is the experimental investigation of new
ways in which on-line use of computers can aid people in their individual
intellectual work, whether research, engineering design, management,

or education. One envisions an intimate collaboration betwegen man and
computer system in the form of a real-time dialogue where both parties
contribute their best capabilities. Thus, an essential part of the research
effort is the evolutionary development of a large, multiple-access computer
system that is easily and independently accessible to a large number of
people, and truly responsive to their individual needs. The MAC computer
system is a first step in this direction and is the result of research initiated

several years ago at the MIT Computation Center.

Project MAC was organized in the form of an interdepartmental, inter-
laboratory '"project'' to encourage widespread participation from the MIT
community, Such widespread participation is essential to the broad, long-
term project goals for three main reasons: exploring the usefulness of
on-line use of computers in a variety of fields, providing a realistic com-
munity of users for evaluating the operation of the MAC computer system,
and encouraging the development of new programming.'and other computer

techniques in an effort to meet specific needs.

Faculty, research staff, and students from fourteen academic departments .
and four interdepartmental research laboratories are participating in
Project MAC. For reporting purposes, they are divided into sixteen groups,
whose names correspond in many cases to those of MIT schools, depart-
ments and research laboratories. Some of the groups deal with research

topics that fall under the heading of computer sciences; others with research

L]
1
(]
i



N

T ey

Xiv

topics which, while contributing in a substantiv: way to the goals of Project
MAC, arc primarily motivated by objectives outside the computer ficld,
)

The purposc of this Progress Report is to outline the broad spectrum of
research being carried out as part of Project MAC, Internal memoranda
of Project MAC arc listed in Appendix A, and MAC-rclated theses are
listed ir‘l Appendix B, Somic of the research is cosponsored by other
governmental and private agencies, and its results arc described in
journal articles and reports emianating from the various MIT depart-
ments and laboratories participating in Project MAC. Such publications
arc listed in Appendix C of the report. Project MAC Technical Reports

are listed in Appendix D.

Robert M. Fano

Cambridge, Massachusctts
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ARTIFICIAL INTELLIGENCE 3

A Visually-Controlled Manipulator - Marvin L. Minsky

Since the completion of a computer-controlled mechanical hand in 1961

(H. Ernst, Ph. D. Thesis, M.I.T., 1761) little has been done in the area

of design of autonomous manipulators, We have been working the develop- 0
ment of a versatile, computer-operated, visually-oriented machine for

handling objects in complicated spatial situations. A real-time, on-line,

television-camera interface has been built for the PDP-6 computer and

has been used to track the motion of simple visual objects, including the

human eye. This is of interest in studying the mechanism of human

visual preception. Also, an AMF Versatran, Model C, mechanical

remote manipulator has be=en coupled to the PDP-6,

Unrecognizable Sets of Numbers - Marvin L. Minsky and Seymour Papert

The problem here is, given a set A of non-negative integers, is there

a finite-state device that will discriminate between members and non-
members of A when the numbers are presented in binary, or some

other similar number-representation system with a different radix (such
as ternary of decimal)? A technique for showing that certain sets are

not recognizable has been written. The technique deals with the asymptotic
behavior of the function Ta (n), which is the number of integers less than

n in the set A; unless Ta (n) has a specified behavior, A is not recogniza-
ble. However, not all sets A with a satisfactory asymptotic behavior of
Ta (n) are recognizable. Another technique developed by McNaughton
handles sonie of these cases, The goal for research in this area is to
determine a necessary and sufficient condition that A be recognizable

in r-ary (r 2 2) by a finite state device. A paper will appear soon in the
Journal of the ACM.
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4 ARTIFICIAL INTELLIGENCE

The Algebraic Approach to Finite Automata - Seymour Papert and

Robert NcNaughton

The work by Schutzenberger, Rhodes and Krohn, and some of our own
results have convinced us of the fruitfulness of the algebraic approach
to finite automata, and, in particular, the concept of the secmi-group of
the machine, The two problems that have been most impressively dealt
with are the problem of decomposition of machines, and the problem of
general star height. It is our intention to continue to focus on this area.
Research, however, will lean toward application of already existing
knowledge to problems about machines, rather than advancing knowledge
in the field of algebra. We have been concerned with simplifying some
of the proofs of known theorems (applying algebra to machines) both to
make fundamental notions clear enough for future research and thinking,
and also to bring these concepts within the purview and parlance of begin-

ning students in the field,

It is felt that use of the computer will be fruitful in this arca. Some of B
the programmers in the Artificial Intelligence Group have been writing

LISP programs that will do such things as find the semigroup of a given

finite-state machine. Use of a time-shared computer in this way can be

very uscful in checking out hunches in the scarch for valid gencralities

or in providing counter-examples.



ARTIFICIAL INTELLIGENCE 5

The Design of LISP 2 - Daniel G. Bobrow

The design of a new programming language, called LISP 2, is now being
carried out jointly by Systems Development Corporation and Information
International Incorporated, with aid from members of the Project MAC
Artificial Intelligence Group. LISP 2 will be an ALGOL-style language and
will have the desirable ALGOL features of dynamic allocation of storage,
recursive functions, and dynamic arrays., LISP 2 will have list process-
ing as in the current LISP 1.5 language; however, the control language
will be in ALGOL rather than in LISP. In this list processing, uscful

list structures will be compacted to provide room for the allocation of

space for arrays and for new list-structure elements.

In addition to the LISP 1.5 function-oriented list processing, LISP 2 will
embody format-directed string processing similar to that of the COMIT
programming language. With this processing a user can specify a pattern
against which a string is matched, If it is matched succes sfully, the :
string is parsed, that is, subdivided into segments which match, the
individual patterns in the given pattern. These segments can then be

used to construct a new segment according to a given format. This
processing is useful in the manipulation of natural language strings.

Since the [ront end of the LISP 2 system will contain a finite-state machine
as an input-string grouper and a syntax-directed compiler, the user will
be able to change the language casily, specify new syntactic forms, define

new data types, and make semantic additions to the language: S

The compiler for LISP 2, first compiled with a bootstrap compiler written
in LISP 1,5, will be written almost completely in LISP 2 itself; LISP 2
will thus be relatively independent of machine types, and we expect Lo cealy JHL A L \
create versions of it on a number of machines, such as the Q-32 at SIDIC, ‘

the IBM 360, the DEC PDP-6, and the GE 645. The compiler will work

in a two-stage process. First, the external communication language will

be translated into an intermediate language, which is compatible upward

from the current LISP 1.5 notation. Then a list-structure assembly-

language program will be generated and compiled by a simiple machine-

code assembly program. A preliminary version of the LISP 2 system !

should soon be in operation on the Q-32 at SDC. - -

b



6 ARTIFICIAL INTELLIGENCE

Man-Computer Symbiosis - Warren Teitelman

A LISP programming system is being constructe(i to facilitate the develop-
ment of sophisticated problem-solving systems. Emphasis is on easing
the familiar debugging sequence: write somne code, run the program,
make some changes, write more code, run the program again, etc. As

a system becomes more complex, making changes becomes harder and

har:der.

Our goal-lis to make the computer, via a programming system, play an
active role in this modification process by providing the means whereby
changes can be effected immediately, in ways that seem natural to the
user. The flavor of the system is such that the user feels he is giving
advice, or making suggestions to the computer about the operations of
his programs; the necessary work to achieve the desired effect is per-
formed by the symbiotic systern. The system thus acts as an interface

between the user and his programs.

A "format list-processing language', FLIP, has been developed and
implemented. FLIP performs operations of the type done by COMIT,
but is considerably more sophisticated and operates from within a LISP
system. This language will be used to process the advice given by the
user and will ena®le the symbiotic system to accept suggestions in a
very relaxed format. It has already been used to construct a set of

editing functions for LISP programs.

Consistent with emphasis on the importance of change and flexibility, the
system itself may easily be modified by giving it advice about its own

operation.
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Mathematical Assistant - Williani A. Martin

I have embedded a picture-display language in the LISP language of the
PDP-6. Now complex display programs, such as the ARGUS character-
recognition scheme of W. Teitelman, are easily written. I have also
developed a LISP program that displays mathematical expressions and
cquations. At present, the displayed equations have substantially the
same form as those appearing in mathematical publications. This
mathematical display program in"PDP-6 LISP communicates with the
rest of the mathematical assistant programs in the time-shared MACGC

LISP through an input/output dataphone system.

The mathematical assistant system is a new technique for the comparison
and simplification of symbolic mathematical expressions. It uses finite-
field arithmetic for hash-coding functions of a complex variable. By con-
structing a large but finite field (p=8, 589, 949, 373) within which there are
representations of the integers and m, in an appropriate sense, one can
use exponent arithmetic to map symbolic expressions onto integers. If
lwo expressions are equivalent with respect to rational, exponential, and
some trigonometric identities, they will, with high probability, map onto
the same integer. In the recognition of common subexpressions, this
system appears to be faster and more accurate than those which use

canonical orderings.

Heuristics of Theorem Proving in Group Theory - Lewis M. Norton

We are developing a system of heuristics of theorem proving in group
theory. Itis coded in LISP and handles problems that involve the simple
consequences of definitions. We are now using it to test methods of re-
ducing irrelevant effort in proofs already produced. Ratlier than use
explicit forms of the predicate calculus, it uses forms more similar to
standard mathematical practice. Thus, the definition of abelian for a
group G is written: :
((ABELIAN G G) IMPLIES (AND (MEMBER Al G) (MEMBER A2 G)) -
(EQUAL(*PROD Al A2 G) (*PROD A2 Al G))). /
Since logical axioms are embedded in the flow of the program, the |

involved theorems can be proven more quickly than has been done by

g
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other methods. For example, the system proves:
Given: G a group, J a subgroupof G, H a normal
subgroup of G.
Prove: J € H is normal in J.
In this work, we are trying to simulate the analytical and rational

methods of human problem solving.

Computer Experiments in Finite Algebra - W. Douglas Naurcer

Any set of mathematical methods and techniques may be mechanized on
a digital computer. Even infinite mathematical structures may be
studied, provided that the expressions used to speak about them are
finite, since it is these symbols which the computer maniputates.  The
lirst mechanization is for finite algebra., This system for finite algebra
consists of an English-like language with 80 commands for the manipu-
lation of finite groups and semigroups, subsets, maps, and labeled

constants. Rings and fields are to be added later.

The system accepts an arbitrary semigroup from the console, if the
subgroup is given by its Cayley table (multiplication table). It can do

the [ollowing:

1. construct the Cayley tables of four special kinds of
group and three special kinds of semigroup:

2. take the direct product of any two Cayley tables and
produce a third:

3. generate the subsemigroup of any semigroup generated
by a single element or subset of that semigroup and then proceed to
build the Cayley table of the subsemigroup:

4. find all the subsemigroups ol a semigroup and all the
normal and maximal subgroups of a group;

5. find all the left, right, two-sided, or only the maximal
ideals of a semigroup:

6. test whether a Cayley table is associative and whether
a semigroup has an identity, is a group, and is abelian;

7. tell whether a map from one semigroup is homomorphic

to, one-to-one, or onto another semigroup;
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8. print out, erase from its storage areca, or rename any
Cayley table, subset, map, and labeled constant:

9. adda zero element and a unit element to a semnigroup:

10. produce the natural map of a group onto the set of left,
or right, cosets modulo a subgroup, or the Cayley table of the factor

group modulo a subgroup.

I have recently added a function to the system which determines whether
any two given Cayley tables are isomorphic and, if so, demonstrates the
isomorphism. This function runs in less than thirty seconds for two
groups of twelfth order. I plan to introduce a program which accepts
mathematical statements in a source language and produces object codes
to verify or disprove the statements over a restricted class of test cbjects,

such as a collection of counterexamples.

A Chess-Playing Program - Burton H. Bloom

JAn elaborate static-position evaluator has been substantially debugged
for the CHESS program. It includes material balance, development,
center-control, and space evaluations. Current plans are to also in-
clude king-safety and pawn-weakness and some other criteria. Several
plausible-move generators are being tested. These look for captures
for gain, checks, threads to capture for gain, retreating attacked units,
and safe moves that avoid immediate loss of material. Plans are under-
way to provide for handling defensive moves, interposition, development,

and center control,

Strategic heuristics are being debugged for complicating situations to
exploit possible opponent's errors, and for controlling the use of the
different generators in different situations. An claborate system of

Macro-operations is used for defining the evaluators and genecrators.

With debugging of current features, the program is expected to match
low-to-average club players. j

-
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MATHLAB: On-Line Symbolic Computation - Carl Engleman (MITRE

Corporation)

MATHLAB is a LISP program that is intended to provide the services
of an on-line, time-shared computer to a mathematical scientist, such
as a phvsicist, applied mathematician, or electronics engineer, for the

daily performance of his tedious, mechanical, mathematical tasks.

In its present state of development, the program is primarily ortented
towards symbolic, rather than numerical, computation. Employing
simple commands, such as ""solve' or ''differentiate’, the program has
facilities for sy\mbolic manipulations, such as addition, multiplication,
and differention of expressions and equations. It is also capable of the
simplification of expressions and the substitution of one expression

within another.

Finally, it can, using the INTEGRATE program of M. Manove, succeecd
in the symbolic integiration of certain expressions and the symbolic solu-

tion of certain expressions.

A detailed discussion of the MATHLAB program mmay be found in MITRE
Corporation Technical Memorandum TM-04258, from Department 73,
dated 26 May 1965.
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INTEGRATE: On-lLine Indefinite Integration - Michael Manove
(MITRE Corporation)

INTEGRATE is a LISP program designed to symbolically integrate
rational functions in one variable over the field of rational numbers.
Any rational function is admissible as input, and such functions may

be represented as the sums, differences, products, quotients, or
integral powers of constants, polynomials, and other rational functions.
The antiderivative of a rational function will be e.\'pressed”as the sum
of a rational function with rational coefficients, and the logarithm of

a rational function possibly with complex coefficients.

The program will also integrate many rational functions of trigonometric
functions, of the form {(sin x, cox %, tan x, cot x, sec x, csc x) where
Uf'' is a rational function, but this feature is limited by the fact that

answers are always expressed in terms of 'tan {1/2)x".

The coding of INTEGRATE is divided into two major sections. The

first section will find the rational part of the antiderivative and determine
rational functions whose integrals are the sumimands of the logarithmic
part. The second section will find the logarithmic parts of the anti-
derivatives of a broad range of rational functions. This, of course, is
subject to the size limitations of computer memory and other hardware

variables.

This program has been incorporated in the MATHILLAB program of

C. Engleman. A detailed discussion of INTEGRATE may be found in
MITRE Corporation Technical Memorandum TM-04204, from Depart-
ment 73, dated 22 April 1965.
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Molecular Model Building - Cyrus Levinthal 3

Many of the recent developments in molecular biology have depended on
an understanding of the three-dimensional structure of large molecules.
Such an understanding is usually reflected in the ability to construct a
three-dimensional model of a particular molecule. For really large
molecules, however, such construction is difficult and time consuming
and, if complete, would entail an impossible enumeration of the many
small interactions which contribute to the molecular stability., Thus, if
a structure is known, physical models can be built, but construction
complexity prevents the use¢ of such models in the examination of a large

number of different configurations.

During the last six mionths we have written a set of programs with which
we can construct, display, and analyse macromolecules on the MAGC
system's ESL display unit. With ‘gomputer—controlled display and real-
time control of the molecule, an observer can obtain a true three-dimen-
sional visulization of a particular molecule; and by interacting with the
program which generates the molecule, he can indicate the way in which

particular parts of the structure are to be altered.

The first program written in this project calculates the coordinates of the
dtoms in a protein. Only those angles about which rotation is possible
are entered as input variables in the program: all other rotation angles
and chemical bond lengths are entered as rigid constraints. The calcula-
tion treats each chemical bond along the linear peptide backbone as a
translation and a rotation of a coordinate system attached to individual
atoms. In this way, the step from one backbone atom to the next involves
a translation and a rotation-matrix multiplication. The updating of the
rotation matrix is determined either by the fixed rotation angles, which
are introduced as constraints in the program, or as input data which are
added by an investigator. The basic data for these constraints on bond
angles and lengths have been obtained over a number of years from the
X-ray crystallographic studies of Pauling, Perutz, Kendrew, and many

others, and they are now firmly based on experimental information.

&
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]

The three-dimensional structure of the protein is determined entirely by
the physico-chemical interactions which lead to the lowest energy con-
figuration. Since the bulk of the free enevgy is contributed by many small
interactions, which for the most part have extremely short range, we
should like to determine for each pair of atoms whether the two members
lie close together in real space and thus contribute substantially to the
interaction energy. Since even a small protein molecule may contain 1500

atoms, the total number of pairs to be tested is very large.
\

To avoid the enumeration of all possible pairs, we have written a set of
programs that first divides space into cubes and then makes a list of all
atoms in each cube. By searching through the cubes, and listing those
pairs in which one member is in a cube and a second member is in the
same cube or in one of the twenty-six surrounding ones, we are able to
enumerate all pairs of neighboring atoms. This list-processing procedure
finds the holes in a molecule by locating empty cubes surrounded by filled
ones; and, in addition, it determines the inside and outside of the molecule
by finding cubes which have filled neighbors on one side and empty neigh-
bors on the other side. The knowledge of these topological aspects of a
folded protein is necessary for the assessment of interactions of particular
amino acid residues with the water normally surrounding all protein mole-
cules. These programs used SLIP subroutines written by Professor
Weizenbaum, whose cooperation was invaluable in our work,
‘
When an investigator wishes to alter the structure of a molecule, he inserts
a pseudo-energy between a particular pair of atoms. An energy-minimizing
routine, which looks at the sum of all interactions, including the pseudo-
energy, calculates the appropriate change required for the variable angles,
If the change leads to a violation of van der Waals contacts, another routine
eliminates this violation. The latter routine, as well as those for energy
minimization, require the calculation of the partial derivatives of the dis-
tances between pairs of atoms with respect to all »f the variable angles
!
which can effect these distances. We have used two procedures in altering
{ the structure and eliminating van der Waals violation: the first uses one
of several different minimization routines in a sequence of small steps; the
second uses a linear approximation and calculates appropriate angular

change by solving linear equations, subject to the additional constraint

|
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that the sum of all angle changes should be a minimum. When we have
tested and run programs and subroutines together in a smooth system, we

can attempt to solve for the unknown structure of a real protein.

By making use of molecular models constructed in this way, we can
evaluate the importance of electrostatic interactions in the stability of
protein configurations. These interactions occur because of the existence
of a large number of small electric dipoles. Although each of the dipole
interactions is small, they have a longer range of interaction than the

van der Waal forces and are so numerous that they contribute appreciably
to overall molecular stability. The results of our calculations indicate
that dipole interactions produce a stabilizing encrgy, if the helical regions
of the proteins are antiparallel to each other, and a destabilizing encrgy,

if the helices are parallel to cach other.

The structure of the myoglobin protein molecule has been completely
determined by X-ray crystallographic methods. When we used the approxi-
mate coordinates of this molecule in our model, we found the net stabilizing
cffect of these dipole-dipole interactions to be significant. We have also
uscd our model-building program to refine coordinates of the myoglobin .-
model, by supplementing the X-ray data with data on the chemical bonds
derived from other sources. Prior to this computer réfinement, our
attempts to carry oul a calculation of this kind involved the construction
and measurement of physical models made of brass wires. This calcula -
tion was both tedious and inaccurate for a molecule as lar\gkey'inyoglobin.
We have written a program that uses P<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>