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PREFACE

This collection of reports is divided into two sections. The first
contains the research summaries for individual faculty nmenbers and research
associates in the Conmputer Science Departnent. Two professors from Electrica
Engineering are included as "Affiliated Faculty" because their interests are
closely related to those of the Department.

The second section gives an overview of the activities of research
groups in the Department. (' Goup" here is taken to inply many different things,
including people related by various degrees of intellectual interests, physica
proximty, or funding considerations. W have tried to describe any group whose
scope of interest is greater than that of one person. The list of recent pub-
lications for each is not intended to be conprehensive, but rather to give a
feeling for the range of topics considered

This collection of reports has been assenbled to provide a reasonably
conprehensive review of research activities in the Departnent. W& hope that it
will be wdely useful -- in particular, students in the Department may find it
hel pful in discovering interesting projects and possible thesis topics. W
expect also that it will be of interest to nany other people, both within and
outride the Departnent.

Qpi nions herein expressed are generally the responsibility of the individ-
ual researchers.

Randal | Davis
Margaret Wi ght

Revised January, 1976
Conputer Science Departnent Staff
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FOREST BASKETT, |11 anal ysis of operating systens
Assi stant Professor of Conputer Science measurenent and nodeling of
and Electrical Engineering conputing systens

Prof essor Baskett's interests are in the general areas of operating
systems . H's research has included work on the design of practical operat-
ing systems, as well as analysis of scheduling nethods, conputing system
components, and nmenory organizations. He has worked on several kinds of
nmodel ing, e.g. of conputing systems, program behavior, and file systens.

Hs future research will be directed toward further design and anal ysis
of conputing systems and architectures. The general aimis to determne
features that are useful and feasible in systems, and to analyze the effects
of these features on system perfornmance.- Techniques are being devel oped for
anal ysis and conparison of different architectures, configurations, and
conponents , given varying assunptions about the conputing environnent.

Mat hematical nmodels, typically stochastic, are used as the bases for analysis
and for defining and evaluating the measures to be used for conparison. The
hope is to provide soundly based nethods that will allow definition and

i npl ementation of 'optimzed conputing systens. The research in these areas
conbines theory and practice -- choosing appropriate paranmeters and neasure-
ments for nodels, and experiments to decide whether the nodels have validity
in representing realized systens.

Prof essor Baskett sees this research as valuable in the design of newy
dovel opi ng operating systens and in the inprovenent of existing conputing
systens. Scientific nmethods for achieving stated goal s under given con-
straints in the design of conputing and operating systens shoul d provide the
basis for the quantitative engineering of such systens.



THOVAS BINFORD machi ne vision
Research Associate, Al Lab perception and autonation
representations for use
in perception

Dr. Binford | eads research in conputer vision and manipulation. He
enphasi zes the underlying mathematical representations which support the
senmantics for programming | anguages for manipulation and industria
assenmbly (AL) and vision (Vision Language). The work is at two levels,

i npl ementation of programm ng systens, and theory. The applications ob-
jectives of funded research are: advanced productivity technology and
imige understanding for photointerpretation and cartography. There is also
a small programin visual control of a cart, directed toward planetary
exploration. Current research areas are:

impl enentation of a language for industrial assenbly (AL);

depth perception using stereo and notion parallax;

motion tracking of noving objects

visual control of assenbly operations

vision |anguage;

arm control using touch and force sensing

pl anni ng systems for assenmbly (automatic progranm ng; very high

| evel |anguage).

Students have made major contributions in perception and recognition
of conplex objects and in texture description. There is nuch to be done in
the problenms described above, and in high level vision systens, description
procedures for conplex objects,representations of space for efficient plan-
ning of collision-free trajectories for manipulators.



BRUCE G BUCHANAN artificial intelligence
Research Conmputer Scienti st scientific inference
theory formation
bi omedi cal applications

Dr. Buchanan is interested in artificial intelligence, particularly in
the general problens of scientific inference, theory formation, and know -
edge acquisition by conputer. H's work with the DENDRAL project has been
aimed at elucidating techniques for generating plausible explanations of
enpirical data. The model of scientific inference in the DENDRAL programis
heuristic search through a space of possible explanations of analytic data
in organic chemstry.

Theory formation is carried out in the context of the Meta-DENDRAL
program which finds regularities in large sets of data and general principles
which will account for them A heuristic search nodel is used for this
program al so, but the search space is a space of possible general principles.
Enpirical theory formation is one method of inparting know edge of a
scientific discipline to a performance program The task domain is a subset
of organic chenistry.

H's interest in biomedical applications of artificial intelligence has
led to involvement with an interdisciplinary project at the Medical School
MYCI N, whose goal is to provide conputerized therapy consultation. An
Interesting aspect of this work is its enphasis on a systemwith both the
capacity to offer conpetent therapeutic advice and the ability to incorporate
into the data base new know edge |earned through interaction with users

Dr. Buchanan has al so done sone unusual work on conputer-aided | ega
reasoning which investigated the possibilities of automated case analysis.
Rather than sinple information retrieval, the work surveyed the problem of
provi ding an anal ysis of each case according to the Iegal principles under
consi derati on.
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VINTON CERF operating systens
Assistant Professor of Electrical Engineering conputer networks

Professor Cerf's current research is in the general field of computer
networks and computer conmunication systems. He has worked previously on
nunerous aspects of conputing systems: the design and inplementation of
computer system neasurenent; a study of parallel conputer nodeling; analysis
of multiprocessor systens; network measurenent; and interactive graphics.

He is now working primarily on three problens related to conputer com
nuni cation system protocols. The first problemis to define for interconnected
packet switching networks a setof protocols and nessage formats to permt
maxi mum t hr oughput while preserving sequencing, and allow ng duplicate
detection, flow control, alternate routing, and encryption status reporting.
This research is intended to be applied to new ARPA Network protocols, and
the creation of generally accepted packet switching standards. Another prob-
lemis the devel opnent of a graph-theoretic approach to understanding the
effects of topology on throughput, delay, and congestion in networks. Finally,
some of his work deals with the economics of networks, involving primarily

.charging strategies, regulation issues, and interfacing standards.

Professor Cerf believes that conputer networks are an area of increasing
i nportance as they becone progressively nore w despread. The need for com
puter communication has grown explosively; conputer networks offer a new
means for inproved communication and sharing of results



VACL.V CHVATAL conbi natorics
Assistant Professor of Conputer Science graph theory
and Qperations Research |'i near programi ng

Prof essor Chvatal works in conbinatorics and, in particular, in graph
theory; his interest is biased towards extrenal problens ("Erdos-type
conbi natorics") and design of efficient conbinatorial algorithms rather than
enuneration. He is also interested in linear programming and its applica-
tions in combinatorics. He likes to work with students and conbinatorics
seens to be just right for that: indeed, its problens are easy to state and
in order to solve them one has to be just smart rather than well-versed in
his background. (Anyhow, there often is no background to speak of.) At
present, Professor Chvatal keeps hinsel f-busy working on a textbook in graph
theory; he sincerely hopes to conplete it in a finite tine.
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CGEORGE B. DANTZIG
Prof essor of Qperations Research and
Conputer Science (Criley Chair of Transportation)

Professor Dantzig is interested in the optimzation of large-scale

systems . In particular,

energy systenms. He is also interested in conbinatorial

mat hemat i cal

progr anm ng.

in the nodelling and optimzation of |arge-scale

mat hematics and



LESTER D. EARNEST di splay-oriented tinesharing
Research Scientist, SAL docunentation |anguages

The design and use of display termnals and tinesharing systems to en-
hance individual productivity is a central interest of Les Earnest. This
includes both the devel opment of good interactive equipnent (audio-visual
di spl ays, keyboard, etc.) and systemsoftware that permts efficient control
of nultiple processes. Display ternminals can (but usually don't) help keep
contexts straight as the individual swtches among a nunber of concurrent
t asks.

He is also interested in the devel opnent of advanced docunentation | ang-
uages. In the next decade or so, the use of conputer facilities for creating
modi fying, and dissenminating documentation is expected to increase greatly.
The problemof efficiently creating and representing high quality text, draw
ings, and photographs in a way that will permt reproduction on a wide variety
of display and printing devices is far from solved. Several "first cut"
docunent ation | anguages have been devel oped at the Artificial Intelligence
Laboratory.



EDWMARD A FEIGENBAUM heuristic programing, DENDRAL
Professor of Conputer Science informati on processing psychol ogy

The primary focus of Professor Feigenbaumis work in the past several
years has been the Heuristic Programming Project (primarily the DENDRAL
progranm whose high-level goal is an understanding of the process of
scientific theory formation. The vehicle currently used is data from chem
ical mass spectra, and the work proceeds in two parallel efforts -- first,
the devel opment of information-processing nodels of hypothesis induction
from specific, individual spectra,-and second, theory induction from |arge
col lections of spectra. The first of these is enbodied in the perfornmance
program called Heuristic DENDRAL. The devel opment of automatic theory for-
mation has seen realization in the Meta~DENDRAL program which attenpts to
construct sets of rules about nolecular fragmentation by generalization from
| arge sets of data.

Prof essor Fei genbaum describes the long-termgoals of the Heuristic
Programming Project as: the achievenent of power in Al probl emsolving
prograns using various types of know edge obtained from experts; construct-
i ng honogeneous heuristic program structures in terns of which this
know edge can function; and constructing progranms for extracting such know -
edge and enmbodying it in formalized theories.



ROBERT W FLOYD conmpl exity theory
Prof essor of Conputer Science anal ysis al gorithms

Prof essor Floyd has worked in nany areas of conputer science: program
mng |anguage design, sorting algorithms, |anguage and conpiler theory,
formal [inguistics, and mechanical theorem proving. H's present research
involves primarily the area of analysis of algorithms, in particular the
theory of mninmal algorithms. Conputing problens can often be sinply
characterized and solved by sinple algorithms; but known al gorithns may
require nore tinme (or space, or other scarce resource) than the best possible
algorithmto solve the problem H's research, after postulating nmodels of
conputation which are reasonably accurate descriptions of present and fore-
seeabl e conputing equipnent, attenpts (1) to prove absol ute | ower bounds on
the expected tinme, or the maxinumtinme, required for any algorithmto solve
a given problem and (2) to construct very efficient algorithns for given
probl ens, thereby providing upper bounds on necessary expected or maxi mum
tine. The difference between upper and | ower bounds can suggest where to
| ook for inmprovenents in one or the other, possibly suggesting revision of
the nmodel of conputation, followed by renewed attenpts on goals (1) and (2).
The final result ideally should be the design of an actual conputer program
which is probably the mniml tine program

Several problems that have been considered fromthis viewoint are
computing quantiles (elements of an ordered set at a fixed rank; e.g.
medi ans) in mnimum expected tine and m ni mum maxi numtine, sorting with two
tapes in minimax tine, transposing bool ean nmatrices, pernuting records on
disc or drum storage, and adding in mninumtime. The ultinmate aim of this
work is to provide a calculus of optimal algorithns, which would allow one
to systematically assenble the best possible algorithmfor a broad range of
practical problenms on a broad range of conputing equipnent

Prof essor Floyd is al so working on the design and inplementation of a
progranmm ng | anguage (Chiron) primarily for student use, to be suitable for
teaching structured programm ng systematically to novices, and to be nearly
universal in its capabilities. H's experience with current |anguages and
met hods for teaching introductory programm ng suggests that technical details
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tend to overwhel m questions of systematic design. cChiron represents an
attenpt to provide a programming environnment in which, to the largest extent
possi bl e, one designs a program by designing the process which the program
carries out.

-10-



JOHN T. GLL, Il conputational conplexity
Assi stant Professor of Electrical Engineering probabilistic conputation

Professor GII's work is in the area of conputational conplexity and
information theory, with enphasis on axionmatic and concrete conplexity
theory. He has recently worked on three main topics. The first is prob-
abilistic computation (the study of a "coin-tossing conputer”); the goal of
this work is to decide whether certain kinds of conputation can be carried
out faster on a "coin-tossing" machine than on other kinds of conputers.

Another topic is the study of efficient ways of making fair decisions
based on the outputs of a biased information source. An exanple is to
anal yze successive tosses of a biased coin to obtain a "fair guess.” The
criterion of efficiency neans in this exanple to determne as many fair
decisions as possible from the smallest nunber of tosses

A third research area involves variable-length source codes -- for
exanple, in transmssion of nessages, where frequently occurring strings of
synbol s can be transmitted in conpressed form Professor GIlI is interested
in the mathematical and conbinatorial properties of these codes, whose
formal structure corresponds to that of binary trees

Hs future work will be in the area of probabilistic conputation men-
tioned above, which has many interesting applications. He also plans to
consi der independence and parallelism in conputation. A formal theory is to
be developed to define what it means for two processes to be independent,
and to analyze the inplications of independence in parallel conputing.

-11-



GENE H GOLUWB matrix conputation
Professor of Conputer Science structured linear systens
| east -squares and eigenval ues

Professor Golub's work has the unifying theme of matrix conputation,
with the aimof devising and anal yzing al gorithns for solving numerica
problens that arise in a variety of applications. H's research is oriented
toward devel opnent of nethods based on mathematical theory, with an
enphasis on practical considerations of conputing

He is currently working on several different problens in nunerica
analysis. (ne of these is the fast direct solution of systems of |inear
equations arising fromelliptic partial differential equations; these tech-
niqdes are particularly useful for solving Poisson'§ equations in a rectangle,
and are very widely used. Once a "black-box" is devel oped to solve this sub-
problem simlar problems can then be solved by iteration and mathematica
mani pul ation. Another area of interest is the solution of various kinds of
| east-squares problens, many of which arise in data analysis. He feels that
a very useful technique for the nonlinear case involves the use of stable
linear techniques; a particular applicationis to the analysis of ozone in

the Los Angeles air in order to analyze the effect of pollution devices, and
seasonal paraneters. Calculation of eigenvalues is a further area being
studied. Different matrix structures are being considered; some recent uses
of this work have been in analysis of ocean tides and nucl ear reactor fue
control.  Finally, Professor Golub is working on nethods for updating stable
matri X factorizations, Whi ch are increasingly used in nmathematical optimiza-
tfon programs and control theory.

Professor Golub feels that nunerical analysis questions are at the
heart of many different problenms in the physical sciences, social sciences
and statistics. A strong numerical analysis technol ogy exists which can
satisfactorily be used, and it is hoped his future research will continue
to have w de applications.

-12-



C. CORDELL GREEN automatic programm ng
Assi stant Professor of Conputer Science production automation
bi omedi cal applications

Professor Geen's primary interest has been in automatic programm ng
H's group is studying the problems of finding new methods of specifying
prograns, codification of progranmng know edge, and inplenentation of work-
ing programwiting systenms. The main enphasis is on codification of the
consi derabl e body of |ist-processing programmng know edge. An exanple is
an analysis of all information necessary for a machine to synthesize any of
a single class of sort programs. Another interesting feature of the research
is some enphasis on 'human' methods of program specification, such as exanple
input-output pairs, generic exanples, annotated traces, and natural |anguage
descriptions. Prototype systens have been devel oped that can wite short
prograns (fewer than seven lines), including sort, nerge, reverse, list flat-
tening, etc. A recent project is the PUNS program understandi ng system
involving several students. The one-year goal of the project is the automatic
synthesis of a six-page concept formation programfroman interactive speci-
fication consisting primarily of natural |anguage.

To a letter extent, he is involved with the production automation
prcject at the Al Lab, where the effort is to design a very specific automatic
programmer that wites plans for the assenbly of small engines by the Hand- Eye
system  The current goal is the generation of a detailed plan for the
assenbly of a chainsaw, given the kind of high-level task description now used
for assembly-line workers.

Professor Green is part of a group working on a bionedical application
namely the design and inplenentation of a programto give antimcrobia
therapy consultation in a clinical setting. A prototype system has been
daveloped and tested, and work has started on the problem of automatic know -
edge acquisition from experts. A conplete set of therapy rules for a particular
class of infections may include several hundred rules. The acquisition,
mani pul ation, and interaction of these rules present interesting challenges
in a real-world problem situation.

-13-
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Hs interest in automatic programming is sparked by the feeling that
it is the "nost critical problemin Al," and is a prerequisite to the
devel opment of intelligent systems. Such systens require changing representa-
tions, changing strategies, and doing concept formation, all of which
involve reprogramming. And in order to reprogram very conplex systens, hunmans
will require machine assistance. He finds the involvenent in the anti-
m crobial therapy systeminteresting as a study in know edge acquisition
"where it can be done" -- in a real problemfroma real domain.
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JOHN G HERRIOT spline functions
Prof essor of Conputer Science partial differential equations

Professor Herriot's interests are in the field of numerical analysis,
with enphasis on inplementation of algorithms for conputation. He has
previously worked on elliptic partial differential equations, especially on
the "method of particular solutions," where a |inear combination of particu-
lar solutions is conputed which satisfies in sone sense the given boundary
conditions. These nethods are useful in fluid flow and other physica
probl ens.

In nore recent work he has studied how to conpute interpolating natura
spline functions nost efficiently and accurately. Al though the theory has
been known for sone tine, he has dealt with the specific problemof conbining
efficient coding and maxi num nunerical accuracy. He has witten procedures
to solve the general case, as well as procedures for the cubic case and the
quintic case which take advantage of sinplifications to speed up the calcul a-
tions tremendously. Various special kinds of splines are also being
considered in this same context.

He is now naking a survey of available algorithns for conputing spline
functions for use in solving interpolation problems, smoothing problenms and
other simlar problens utilizing spline functions. Conparisons wll be made
with a viewto determning the nost efficient and nost accurate al gorithns
to use

He al so plans to work in the future on applications of spline functions
to partial differential equations, such as the finite elenent nethod.

Prof essor Herriot feels that this work is inportant because there is
often a gap between the mathenatical theory of a problemand the actua
conputation of a nunerical solution. [Inplenentation of an algorithmfor the
conputer involves a conbination of mathematical and programm ng know edge
Since the ultimate goal is to provide a conputed solution, the numerica
anal yst must be concerned with programs as well as theory.

-15-



DONALD E. KNUTH anal ysis of algorithns
Prof essor of Computer Science conbinatorics and discrete mathematics

The broad area of Professor Knuth's work is analysis of algorithns,
i.e., making quantitative statements about how good algorithnms are. This
research has two "flavors." The first is analyzing various aspects of
particular algorithms -- for exanple, determning how fast they are and how
much space they require, and conparing several algorithms for solving the
sane problem to decide which is best in terns of given criteria. The second
ie devel oping the tools of discrete and conbinatorial mathematics required
to answer such questions about conmputer nethods. A nore general problemis
to prove that a nethod is optinumin the class of all possible ways to solve
a problem This approach leads to questions about definition and study of
the basic conplexity of algorithms.

The enphasis is on the conputer nethods that are the nost fundamenta
and application-independent. The notivation for this research is to obtain
mor e under standi ng of known methods, and to learn the fine points of their
behavi or under varying conditions. Such detailed study is at the foundation
and center of conputer science, not on the periphery; it is like "fertiliz-
ing the soil and establishing |aw and order rather than pushing back the
frontiers."

Professor Knuth feels that there is an unlimted set of problems to be
solved in this field, with no end in the foreseeable future. Hs continuing
work on his series of books, which summarize and bring together related
results, is aimed to provide a thorough foundation in the essentials of conputer
sci ence
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JOSHUA LEDERBERG artificial intelligence
Professor of Cenetics machi ne-ai ded inference in
Professor of Conputer Science (by courtesy) experimental science

Prof essor Lederberg's research interests are rooted in his experinenta
work in mol ecular biology but for many years he has been investigating ways
in which conputer science could be used to support the work of the |aboratory
investigator in the cognitive domain. H's concrete efforts in this direction
relate to the DENDRAL research project and to the SUVEX conputer facility.

At the present time his main focus of investigative interest in conputer
science is howto represent formal and informal know edge in the field of
mol ecul ar genetics, so as to facilitate machine induction of new hypothetica
principles to be tested in the laboratory. Specifically, the repertoire of
procedures available in the laboratory will be abstracted so as to be included
inthe library of |egal nmoves or transformations of input structures. The
probl em space of nolecular genetics will be abstracted so as to be represented
by a set of hypothetical structures. The general principles of heuristic
tree pruning and systematic generation that have been exenplified in the
DENLRAL work on organic mol ecul ar structure will be applied in this new domain
inafashion to suggest the nost efficient experimental procedures to test a
given structural hypothesis. The next stage of the programis the trans-
lation of real problens as they arise fromday to day in the |aboratory into
structural representations, and then eventually to translate the statenents
inaformsimlar to which they appear in the existing scientific literature
into a machinable format. It is not proposed to do this final translation
br purely machine nethods at the present tine but to afford a maxi num
facility for a man-machine interface towards this end

Connected problems that have arisen in the framework of this study relate
to sone topological problenms in systematic graph theory.

The SUMEX project is an effort to facilitate human to human interaction
inthe field of conputer science by proving a network for common access to
a unified conmputer (software and hardware) facility to a national comunity
of cooperating investigators.

-17~



DAVID C. LUCKHAM t heorem proving
Research Associate, Al Lab program verification

automati ¢ program construction

Dr. Luckham has been working for the past few years on theorem proving,
program verification, and automatic program construction; three corresponding
systens, intended for on-line interactive use, have been devel oped.

The theoremprover has been used in many successful experinments testing
its usefulness in proving theorems in different areas of mathematics, mainly
al gebra and geonetry. Sone steps have been taken to develop its application
to information retrieval; question-answering facilities have been programred
and tested on small data bases, but nothing further has been done yet. The
prover is also being used as part of a system for verifying the correctness
of programs witten in PASCAL.

The PASCAL verifier is based on a verification condition generator and
i ncor porates special procedures for algebraic sinplification and problem
reduction in addition to the theorem prover. A nunber of progranms, including
standard algorithms for sorting linear arrays, have been verified. Progranms
that manipulate pointers and records, including a standard garbage collection
-al gorithm have very recently been verified using this system Logarithmc
time bounds on some sorting and searching algorithns have also been verified.
Work in this area is very much "in progress.” Methods for applying the
verifier to debugging are being developed. Currently the system is being
extended to deal with prograns containing parallel processes and data types
such as history sequences.

The automatic programming systemis an interactive system that wites
prograns to satisfy given input-output specifications. The system requires
as input a programnming environnment consisting, roughly speaking, of prinitive
functions and procedures, rules of conposition and |ogical facts. It will
take account of certain kinds of advice fromthe user in solving a problem
If successful, the systemw || output the solution in the form of a program
in a language somewhat sinmilar to a subset of A gol containing assignnments
function calls, conditional branches, while loops, and non-recursive
procedure calls. This system has been used to generate programs for robot
control and automation problems, for every-day planning, and for conputing
arithmetical functions.

-18-



JOHN MCCARTHY artificial intelligence
Prof essor of Conputer Science mat hemati cal theory of conputation
timesharing

Prof essor MCarthy has devoted nost of his recent research efforts to
representation theory and the nathematical theory of computation. H's work
In representation theory -- how facts about a particular situation are
represented in the conputer -- is oriented toward formalisns from mathe-
macical logic, in particular predicate calculus and set theory. Research in
this area includes the devel opment of an interactive proof-checking and
theoremproving system (FOL, First Order Logic) by Richard Weyrauch. The
mat hemati cal theory of conputation is concerned with proving correctness and
assertions about prograns, and operates-by taking a statement in a form
| angauge about a programs purpose as a theoremto be proved.

Current timesharing projects include the devel opment of services for
home termnals (the news service based on the Associated Press editor is a
start) and a system for a uniform access to data bases stored in many
different conputers.

The conmon probl em of the non-exportability of prograns has led himto
consi der the need for a standardized programm ng | anguage with standardized
facilities for interaction with people, files, conmputer networks, etc. Wile
this work has not yet reached the status of a full-fledged research project,
it would involve discovering a framework for and then inplementing the
primtive operations performed by prograns so that they were possible on any
maj or operating system

Prof essor McCarthy sees the problemof artificial intelligence as the
"grand-daddy of all science problems," in the sense that if a good solution
can be found, the possibility exists for prograns capabl e of bootstrapping
thenselves to high levels of intelligence. The work is still in an explora-
tory stage

He has also supervised Ph.D. theses in chess prograns, speech recognition,
proving conpilers correct, and other areas of artificial intelligence
mat hemati cal theory of conputation, and timesharing
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Current research projects include: (1) verification of parts of an
actual working operating system (2) developing a HUNCH | anguage for express-
ing intuitions about how proofs of conjectures (i.e., expected theorens)
are likely to be found (a very primtive HUNCH | anguage already exists); (3)
programm ng new deduction rules and special strategies for particular prob-
| em areas such as the verification of prograns containing parallel processes;
and (4) devel opnent of an automatic programm ng systemas part of a PASCAL
coupiler.

-19-
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continue to becone bigger, and hence require nore safeguards; and with
el ectronic conponents becom ng cheaper, the user can afford and ask for
increasingly sophisticated reliability equipnent and mechani sns.
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EDWARD J. MCCLUSKEY digftal systems
Prof essor of Conputer Science reliability
and Electrical Engineering

Prof essor MO uskey's current work is in the general area of conputer
reliability, or fault-tolerant conmputing, which involves the study of methods
to detect, analyze, and correct the errors that may occur in a conputing
system The field of reliability includes a broad spectrum of topics and
applications, ranging from specific and practical to general and theoretical.
Prof essor McCO uskey is working with several different projects, all investi-
gating varying aspects of conputer reliability. One particular effort is a
study with NASA of a conputer systeminstalled in an airplane. This kind of
i npl ement ation provides a chance to try out theoretical results in a practica
envi ronnent .

A maj or enphasis of research in reliability is the design of genera
techni ques for inproving reliability, as well as nmethods for eval uating and
conparing the resulting techniques. For exanple, an early nodel for reliabil-
ity was von Neumann's proposal of triplicated systems, where the non-nmatching
value of the three is considered to be at fault. This nodel has been

"generalized to that of triplicated systems with spares, and to more conpl ex

configurations; several new techniques for inproving reliability are being
studied in these nmore general settings. Another project along these |ines
invol ves the actual design of a self-diagnosing mni-conmputer wth the
capability of detecting internal errors and reporting their presence and
location to the outside world. The general problem of fault testing and
diagnosis in arbitrary logic networks is also being studied;, nethods of net-
work testing include manipul ation of gate-equival ent al gebraic expressions
and probabilistic test generation

Prof essor McC uskey believes that reliability is an inportant research
area because nost topics have aspects that involve reliability in one form
or another, so that nmany different problens can be studied with respect to a
unified approach. Furthermore, reliability in conputing i s becom ng nore and
nore significant for several reasons: conputer systens are being used in an
increasing nunber of places where their reliability is vital; computer systens
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JOSEPH QLI GER ordinary differential equations
Assi stant Professor of Conputer Science partial differential equations

Professor diger's main interest is conputational nethods for tine
dependent probl ems whose sol utions are governed by ordinary and partia
differential equations. H's present work deals primarily with problens in
continuum nechanics wth applications in geophysical fluid dynamcs
(numerical weather prediction, oceanographic calculations and geophysica
prospecting) and aerodynamcs. Sone of this work deals with initial boundary-
val ue problens associated with [imted area forecasts and the study of snal
scal e phenonena in bounded regions. The solutions of these problens are
governed by hyperbolic and parabolic partial differential equations. There
are still several critical mathematical questions which need to be answered
for these problens before conputational methods can be placed on a firm
footing so this work is a conbination of applied mathematics and nunerica
analysis. This work also deals with the efficiency of such methods. This
requires t he devel opnent of useful parametrizations of these probl ens.

Professor QOiger believes that efficient, useful methods for computa-
-tional problems in mathenatical physics requires interdisciplinary effort
from the applications area, applied mathematics, numerical analysis and other
areas of conputer science such as data structures and |anguages. It is
often necessary that the problembe refornulated on several levels in order
that the final product be successful
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ROBERT E. TARJAN analysis of algorithns
Assistant Professor of Conputer Science graph theory

The aim of Professor Tarjan's research has been to devel op the nost
efficient algorithnms for a variety of problens, to devel op general tech-
ni ques and data structures to use in building algorithns, and to study the
inherent conplexity of problenms for sinple but realistic conputation nodels.
Ongoi ng research includes a study of the axionmatic basis of |inear
al gebra techniques, the application of such techniques in non-nuneric prob-
| ems such as arise in operations research and gl obal program optimization,
and the efficient application of the techniques. Cther projects include a
study of mininum spanning tree algorithns, of optinum al phabetic search tree
algorithnms, and of graphical search techniques.
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TERRY W NOGRAD natural |anguage
Assi stant Professor of Conputer Science representation of know edge
and Linguistics

Prof essor Wnograd's recent work has been in conputer understanding of
natural |anguage, which he sees as a key to understanding the nuch broader
probl em of human cognition. "lI'minterested in how people think, and natura
| anguage is a good way to get at that." He sees representation of know edge
as a critical subproblem and is investigating the correspondence between a
set of pieces of know edge and its incarnation in a programfor natura
| anguage. One approach to this adopts an automatic programmng-Iike view of
the human know edge assimlation process, in suggesting the presence of an
internal parser and conpiler which transform bits of know edge into internal
subroutines available for use. H's approach includes the belief that such
automati c programm ng should be based on a strong foundation of know edge
about programming rather than on transformations suggested by input/output
pairs. He also feels that [earning by exanple is useful for know edge
acqui sition, and that nuch nmay be gained by investigating the structures nec-
essary for its inplementation.

Hs interest in Al is aroused by its inplications about the character
of human intelligence, and he believes that the conputational netaphor wll
make an inportant difference in many fields. It is, he feels, a new and
exciting way of looking at many classic problems in varied fields
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RESEARCH N COVBI NATORICS AND ANALYSIS OF ALGORI THVS

Prof essors Knuth, Chvatal, and Tarjan, together with graduate students
and mathematicians who are invited to visit Stanford for extended periods,
are actively pursuing research in conbinatorial mathematics. This subject,
which links mathematics with operations research, artificial intelligence,
electrical engineering, and conputer science, is presently flourishing in
many parts of the world, and the group at Stanford has been hol ding pro-
ductive semnars. Problems relevant to the analysis of algorithns are given
speci al consi deration.

Recent publications include:

Knuth, DO E and R W Floyd, "Notes on Avoiding 'G To' Statenents,” Inf.
Proc. Letters 1 (1971), 23-31. (Al so STAN CS-70-148)

Knuth, D. E, "Optinum Binary Search Trees," ACTA Information 1, (1971), l4-
25. (Al so STAN CS-70-149)

Knuth, D. E, "Exanples of Formal Semantics," STAN CS-70-169.

Floyd, R W and D. E Knuth, "The Bose-Nelson Sorting Problem" STAN-CS-70-
1717.

Knuth, D. E, "An Enpirical Study of Fortran Prograns,"” Software, vol. 1,
(1971), 105-133, (Also STAN-CS-70-186)

Hopcroft, J., "An N Log N Algorithm For Mnimzing States in a Finite Auto-
mation," STAN CS-70-190.

Hopcroft, J., "An N Log N Algorithm For Isonorphism of Planar Triply Connected
Gaphs," STANCS-70-192.

Knuth, D. E., "The Art of Conputer Programmng - Errata et Addenda," STAN-CS-
70-194.

Hopcroft, J. and R Tarjan, "Planarity Testing in V Log V Steps: Extended
Abstracts, " STAN-CS 71-201.

Rauth, D. E, "Mathematical Analysis of Algorithns," Proc. Int. Math. Congress,
Nice, (1970); Proc. IFIP Congress, (1971). (Al so STAN CS-71-206.

Gaham R L., D. E Rnuth, and T. S. Mdtzkin, "Conplenents and Transitive
Cosures," Discrete Mathematics, 1972. (Al so STANCS-71-214)

Debruijn, N G, D. E Ruwth and S. 0. Rce, "The Average Height of Plane
Trees," Gaph Theory and Conput., 1972. (Also STAN CS-71-218)

Tarjan, R, "An Efficient Planarity A gorithm" STAN CS-71-244.

Fredman, M and D. E. Rnuth, "Recurrence Relations Based on Minimiation,"
STAN- CS- 71- 248.
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Forsythe, G E, "Von Neumann's Conparison Method for Random Sanmpling from
the Normal and CQther Distributions," STAN CS-72-254.

Chvatal, V., "Ednonds Pol yhedra and Wakly Ham |tonian G aphs," Math. Pro-
gramming 5, (1973), 29-40.

Wrth, N, "On Pascal, Code Generation, and the CDC 6000 Conputer," STAN-CS-
72-257.

Brown, H, "Sone Basic Machine Algorithns for Integral Oder Conputations,"
STAN- CS- 72- 258.

Crane, C, "Linear Lists and Priority Queues as Bal anced Binary Trees," STAN-
cs- 72-259.

Pratt, V., "Shellsort and Sorting Networks," STAN CS-72-260.

Klarner, D. and R Rivest, "A Procedure for Inproving the Upper Bound for
the Nunmber of N-Ominoes," STAN- CS-72-263.

Chvatal, V., "Degrees and Matchings," STAN CS-72-268.

Klarner, D. and R Rado, "Arithnetic Properties of Certain Recursively Defined
Sets," STAN- CS-72- 269.

Chvdtal, V. and J. Sichler, "Chromatic Autonorphisms of Gaphs," J. Conb.
Theory 14, (1973), 209-215.

Klarner, D. and R Rado, "Linear Conbinations of Sets of Consecutive Integers,"
STAN- CS- 72- 274,

Klarner, D., "Sets Generated by Iteration of a Linear Qperation," STAN CS-72-275.

Chandra, A. K, "On the Solution of Mser's Problemin 4 Dinensions, and Rel ated
| ssues, " STAN- CS-72-286.

Chvatal, V., D. A K arnerand D. E. Knuth, "Selected Conbinatorial Research
Probl ens, " STAN-CS-72-292.

Fredman, M J., "Gowh Properties of a Oass of Recursively Defined Functions,"”
STAN- CS- 72- 296.

Klarner, D. A and R Rivest, "Asynptotic Bounds for the Number of Convex N-
Ominoes," STAN CS-72-327.

Klarner, D. A, "A Finite Basis Theorem Revisited," STAN- CS-73-338.

Levine, D. R, "Conputer Based Analytic Gading for Cerman Ganmar Instruction,"”
STAN- cs- 73- 343.

Klarner, D. A, "The Nunber of SDR's in Certain Regular Systens," STAN CS-73-354.

-27-



-

Anble, D. and D. E. Knuth, "Ordered Hash Tables," The Conputer Journal, 1974,
135-142. (Al so STAN CS-73-367)

Knuth, D. E, "A Review of '"Structured Programming'," STAN CS-73-371.

Knuth, D. E "Sorting and Searching - Errata and Addenda,’ STAN CS-73-392.
Hoare, C. A. R, 'Parallel Progranmng: An Axiomatic Approach,” STAN CS-73-394.
Hoare, C. A R, 'Recursive Data Structures,' STAN CS-74-400.

Hoare, C. AL R, 'Hnts on Programmng Language Design," STAN CS-74-403.

Knuth, D., and F. Stevenson, 'Optinum Measurenent Points for Program Fre-
quency Counts," BIT, 13 (1973), 313-322.

Knuth, D., "The Asynptotic Nunber of GCeonetries,” Journal of Conbinatorial
Theory, 1974.

Knuth, D., "Wweels Wthin Weels,' D screte Mithematics, 1974.

Knuth, D., "Pernutations wth Nonnegative Partial Sums," Discrete Mathematics.
5 367-371, 1973.

Knuth, D., "The Triel: A New Solution," Journal of Recreational Mathematics,
6, |-7, 1973.

_Knuth, D., " Structured Progranming with 'Go To' Statenents,' Conputing Sur-

veys, 6, 1974. (Also STAN CS-74-416)

Mrris, J. H, V. R Pratt and D. E Knuth, "Fast Pattern Matching in Strings,"
STAN- cs- 74- 440.

Knuth, D., 'Estimating the Efficiency of Backtrack Prograns," Math. of Conpu-
tation, vol. 29, 1975, 121-136. (A so STAN CS-74-442)

Knuth, D., "Random Matroids," Discrete Mithematics, vol. 12, 1975, 341-358.
(Al'so STAN cs- 74-455)

Porter, T. and I. Sinon, 'Random Insertion into a Priority Queue Structure,’
STAN- CS- 74- 460)

Krogdahl, S., '"A Conbinatorial Base for Some Optimal Matriod Intersection
Al gorithms," STAN-CS- 74- 468.

Trabb-Pardo, L., "Stable Sorting and Merging with Optimal Space and Tinme Bounds,"
STAN- CS- 74- 470.

Chvatal, V. and D. Sankoff, 'lLongest Common Subsequences of Two Random Sequences,'
STAN-CS-75-477.

Knuth, D., "Notes on GCeneralized Dedekind Sums," STAN- CS-75-480.

-28-~



Erdaos, P., "On Packing Squares," STAN CS-75-483.

Gaham R L. and E Szeneredi, "On Subgraph Nunber I|ndependence in Trees,"
STAN- cs- 75- 484,

Erdos, P. and E Szeneredi, "On Miltiplicative Representations of Integers,"”
STAN- G 75- 485.

Bol I obas, B., P. Erdos, and E. Szeneredi, 'On Conplete Subgraphs of R-
Chromati ¢ Gaphs," STAN CS-75-488.

Szeneredi, E., "Regular Partitions of Gaphs," STAN CS-75-489.
Cosper, R W, "Nunerical Experinents with the Spectral Test," STAN CS-75-490.
Sedgewi ck, R, "Quicksort," STAN CS-75-492.

Kurki-Suonio, R, "Describing Automata in Terms of Languages Associated with
Their Peripheral Devices," STAN CS-75-493.

Krogdahl, S., "The Dependence Gaph for Bases in Mitroids,' STAN CS-75-495.
Gaham R L. and L. Lovasz, 'Distance Matrices of Trees," STAN CS-75-497.

Knrki-Suonio, R, "Towards Better Definitions of Progranmng Languages,"
STAN CS- 75- 500.

Szeneredi, E., "On Sparse Gaphs with Dense Long Paths," STAN CS-75-504.
Chvital, V., "Some Linear Programmng Aspects of Conbinatorics,' STAN CS-75-505.
Eve, J., "On Conputing the Transitive Cosure of a Relation," STAN CS-75-508.

Overton, M and A Proskurowski, 'Finding the Mximl Incidence Matrix of a
Large Gaph," STAN CS-75-5009.

Yao, A. and D. E Knuth, "Analysis of the Subtractive Algorithm for G eatest
Common Divisors," STAN CS-75-510.

Dubost, P. and J. M Trousse, "Software |nplenmentation of a New Method of
Conbi natorial Hashing," STAN CS 75-511.

Tarjan, R, "Applications of Path Conpression on Balanced Trees," STAN CS- 75-512.

Chvatal, V. and C. Thomassen, 'Distances in Orientation of Gaphs," STAN CS-75-
517.

Chvatal, V. and P. L. Hanmer, "Aggregation of Inequalities in Integer Program
mng, STAN CS-75-518.

Tarjan, R, "Gaph Theory and Gaussian Elimnation," STAN (X-75-526.
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DI G TAL SYSTEMS LABORATCRY

The Digital Systens Laboratory (DSL) is a collection of faculty and
graduate students from Conputer Science and El ectrical Engineering who are
interested in digital systems and conputer organization; it is part of the
Stanford Electronics Laboratories. Faculty menbers include Professors
Edward J. MO uskey (Director), Mchael J. Flynn, Vinton Cerf, and John
Wakerly. Among the areas of active research at DSL are reliability, conputer
net wor ks, m croprogrammi ng and emul ation, conputer architecture, and conputer
performance. There are several special-interest groups which neet regularly
at seainars devoted to these particul ar areas.

Recent publications include:

Cerf, V. G et. al., Trivalent Generalized More Networks on Sixteen Nodes,
‘Utilitas Mathematica, vol. 6, 1974, 259-283.

Cerf, V. G et. al., "A Lower Bound on Average Path Length in Regul ar Graphs,"
Networks, vol. 4, no. 4, 1974, 335-342.

Cerf, Vo G et. al., "Topol ogical Design Considerations in Computer-Communica-
tion Networks," Conputer Communication Networks, (R L. Grimsdale and
F. F. Kuo, eds.), Acadenic Book Services, HolTand, Netherlands, 1974.

Cerf, V. G and R Kahn, "A Protocol for Packet Network Intercommunicatiom,™
| EEE Trans. on Communications, vol. COM22, no. 5 My 1974, 637-648.

Flynn, M J., "Interpretation, Mcroprogramming and the Control of a Conputer,"
Introduction to Conputer Architecture, (H S. Stone, ed.), Science
Research Associates, Inc., 1975, 432-472.

Flynn, M J., "Microprogramming: Another Look at Conputer Control," Proc.
| EEE, accepted for publication.

Flynn, M J., "Mcroprogranm ng Concepts," Software Systems Principles: A
Survey, (P. Freeman, ed.), Science Research Associates, Inc., 1974, 70-101.

Gschwind, H W and E J. Mduskey, Design of Digital Conputers, 2nd edition,
Springer-Verlag Publishers, Inc.3 New York, 1975.

MC uskey, E. J., "Mcros, Mnis, and Networks," Calcolo, (ltaly), accepted
for publication.

Parker, K. P. and E. J. Mduskey, "Probabilisitc Treatnent of General Conbin-
ational Networks," |EEE Trans. on Conputers, vol. G 24, no. 6, June 1975,
668-670.

Parker, K. P. and E. J. MCuskey, "Analysis of Logic Crcuits with Faults
Using Input Signal Probabilities," IEEE Trans. on Conputers, vol. GC 24,
no. 3, May 1975, 573957%
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Wakerly, J. F., "Comrents on 'Asynchronous Sequential Machines Designed for
Fault Detection'," 1EEE Trans. on Conputers, vol. C24, no. 7, July
1975, 759-760.

Wakerly, J. F., "Transient Failures in Triple Mdular Redundancy Systems with
Sequential Modules," IEEE Trans. on Conputers, vol. C 24, no. 5 My
1975, 570-572.

Wakerly, J. F., "Partial, Self-Checking Crcuits and Their Use in Perform
ing Logical Operations,” IEEE Trans. on Conputers, vol. G23, no. 7,
July 1974, 658-666.
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HEURI STI C PROGRAMWM NG PRQIECT

Principal Investigators: Edward Peigenbaum Joshua Lederberg,

Carl Djerassi
Associate Investigator: Bruce Buchanan
Research Associ at es: Dennis Smth, Ray Carhart, Harold Brown
Visiting Researcher: Carroll Johnson
Post - Doctoral Fel | ow. Tomas Var kony (Chem stry)

The Heuristic Programmng Project is an interdisciplinary group working
on information processing models of scientific reasoning. A perfornance
program, ternmed Heuristic DENDRAL, reasons from enpirical data to explanatory
hypot heses. Its task domain is mass spectrometry, one discipline within
analytic chemstry, in which the enpirical data are analytic data from a
mass spectroneter, and the explanatory hypotheses are the graph structures
of organic nolecules. The programis witten as a heuristic search program
through the space of nolecular graphs. TKnowledge of chemstry in general,
and mass spectronetry in particular, is used to constrain the search.

Recent advances in the project include the enhancement' of the capabili -
ties of the performance program to anal yze estrogens and estrogen m xtures,
as well as the devel opnent of an algorithmfor generating cyclic graph
structures. Work is also currently going on in the application of the program
to bionedical problens. In particular, it is hoped that the mass spectra
analysis can be coupled to information available from gas chromatography, and
~this powerful combination used in such problens as anal ysis of the chem cal
conponents of urine in premature infants.

A theory-formation program termed Meta-DENDRAL, reasons from col |l ections
of enpirical observations to general rules (a theory), also in the donmain of
mass spectronetry. Theory formation of this sort is seen as one inportant
way for |arge know edge-based systems to acquire the expertise that they need
for high performance. In this case, the rules that are inferred are used by
the analysis program described above.

Robert Engelnmore, in collaboration with chemsts at UCSD, is investigat-
ing new ways to elucidate the three-dinensional structure of protein molecules,
relying primarily on inferential reasoning rather than extensive enpirical
data. Wrking with 3-Dintensity data produced by X-ray diffraction, they
hypot hesi ze partial structures and use Patterson functions for verification.
The approach is still being tested in nolecul es of known structure, but will
soon be tried on those whose structure is as yet unknown.

Col  aboration with the MYCIN Project in the Medical School has resulted
i n a-know edge- based consultant for infectious disease diagnosis and therapy.
The programis a goal -directed search programusing a know edge base in the
form of production rules. It can reason under uncertainty, use gl obal
strategy rules, explain its reasoning processes, and acquire new rules.
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Recent publications include:

Brown, H, L. Msinter, and L. Helneland, "Constructive Gaph Labeling
Using Double Cosets, to appear in Discrete Mthematics.

Buchanan, B. G, "Applications of Artificial Intelligence to Scientific
Reasoning." Proceedings of Second USA-Japan Conputer Conference,
August, 1975.

Buchanan, B. G, "Scientific Theory Formation by Conputer." Proceedi ngs of
NATO Advanced Study Institute on Conputer Oiented Learning Processes,
1974, Bonas, France.

Buchanan, B. G and E. A Feigenbaum and N. S. Sridharan, "Heuristic Theory
Formation: Data Interpretation and Rule Formation," in Machine Intelli-
gence 7, Edinburgh University Press (1972). !

Buchanan, B. G and N S. Sridharan, "Rule Formation on Non-Homogeneous
Casses of (bjects,” in Proceedings of the Third International Joint
Conference on Artificial Intelligence, Stanford, California, August (1973).

Carhart, R E., D. H Smith, H Brown, and C. Derassi, "Applications of
Artificial Intelligence for Chemcal Inference. XVII. An Approach to
Conput er - Assi sted El ucidation of Milecular Structure.” Journal of the
Anerican Chemcal Society, submtted for publication.

Carhart, R E., D H Smth, H Brown, and N. S Sridharan, "Applications of
Artificial Intelligence for Chemical Inference. XVI. Conputer Generation
of Vertex Gaphs and Ring Systens." Journal of Chemcal Information and
Conput er _Sci ence (formerly Journal of Chem cal Docunentation), 15 (1975),
124,

Davis, R, B. G Buchanan, and E. H Shortliffe, "Production Rules as a Rep-
resentation for a Know edge-Based Consultation System," Available as
Technical Report AIM266, Stanford Artificial Intelligence Laboratory,
Stanford, California. A so submtted for publication in Artificial
Intelligence, Cctober 1975.

Davis, R and J. King, "Overview of Production Systems," _Machine Representation

of Knowl edge, Proceedings of the NATO ASI Conference, July, 1975.

Droney, R G, B. G Buchanan, J. Lederberg, and C. Djerassi, "Applications
of Artificial Intelligence for Chem cal Inference. XIV. A General Method
for Predicting Mlecular lons in Mass Spectra.” Journal of Organic
Chemi stry, 40 (1975), 770.

Fei genbaum E. A, "Conputer Applications: Introductory Remarks," in Pro-
ceedi ngs of Federation of American Societies for Experinental Biology,
vol. 33, no. 12 (Dec. 1974) 2331-2332.

Mchie, D. and B. G Buchanan, Current Status of the Heuristic DENDRAL Pro-
gram for Applying Artificial Intelligence to the Interpretation of Mss
Spectra, August 1973. ‘
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Shortliffe, E H, S. G Axline, B. G Buchanan, R Davis, and S. N Cohen,
"A Conputer-Based Approach to the Pronotion of Rational Cinical Use
of Antimicrobials (invited paper). Proceedings of the International
Synposium on Cinical Pharmacy and Clinical Pharmacology, Bost on,
Massachusetts, 18 Septenber 1975. )

Shortliffe, E H and B. G Buchanan, "A Mdel of Inexact Reasoning in
Medi cine," Math. Biosci. 23, 351-379 (1975).

Shortliffe, EE H, R Davis, S. G Axline, B. G Buchanan, C. C Geen, and
S. N Cohen, "Conputer-Based Consultations in Cinical Therapeutics:
Expl anation and Rule-Acquisition Capabilities of the MYCIN System
Comput. Bi onmed. Res. 8, 303-320 (1975)

Shortliffe, EE H, F. S. Rhame, S. G Axline, S. N Cohen, B. G Buchanan,
R Davis, A C Scott, R Chavez-Pardo, and W J. van Melle, "MYCIN:
A Conputer Program Providing Antimcrobial Therapy Recomnmendations
 (abstract only). Presented at the 28th Annual Meeting, Western Society
for dinical Research, Carmel, California, 6 February 1975. d.in. Res.
23, 107a (1975). Reproduced in Qinical Mdicine p. 34, August 1975.

Smth, D. H, B. G Buchanan, R S. Engelnore, H Aldercreutz, and C. Djerassi,
"Applications of Artificial Intelligence for Chemcal,Inference IX
Analysis of Mxtures Wthout Prior Separation as |llustrated for Estro-
gens," to appear in Journal of the American Chenical Society.

Smth, DD H, B. G Buchanan, W C. Wite, E. A Feigenbaum C Derassi,
and J. Lederberg, "Applications of Artificial Intelligence for Chem cal
Inference X Intsum. A Data Interpretation Programas Applied to the
Col | ected Mass Spectra of Estrogenic Steroids, to appear in Tetrahedron.
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NUMERI CAL  ANALYSI S GROUP

The nunerical analysis group at Stanford includes Professors Gene H
Col ub, John G Herriot and J. Oliger as the permanent faculty menbers, and
about ten graduate students; their interests are supplenented by those of
visiting scholars who are at Stanford for various parts of each year. There
is great activity with respect to visitors during the summer term The
research in nunerical analysis involves two closely related aspects: devel -
opnent of mathematically based theory to solve particular problenms; and im
pl enentation of appropriate conmputer algorithms, with enphasis on progranmm ng
considerations such as coding efficiency, nunerical accuracy, generality of
application, data structures, and machine independence.

A fairly broad library of prograns to solve nunerical problens is
informal Iy maintained by the nunerical analysis group, in cooperation with
the Stanford Center for Information Processing. Connections are also main-
tained with the program library efforts of the NATS project at Argonne,
[I'linois, and the Nottingham Al gorithms Goup in England.

Recent publications include:

Bjorck, A. and G H Golub, "Eigenproblems for Matrices Associated wth
Periodic Boundary Conditions," Stanford Conputer Science Report €S-75-
486 (1975).

Concus, P. and G H Colub, "Use of Fast Direct Methods for the Efficient
Nunerical Solution of Nonseparable Elliptic Equations,”" SIAM J. Num
Anal . 10, no. 6, 1103-1120, (1973).

Cottle, R W, G H Colub and R Sacher, "On the Solution of Large,
Structured Linear Conplenentarity Problems: [II," Stanford Computer
Science Report CS-74-439 (1974).

Gll, P, G H Glub, W Mirrray and M Saunders, "Methods for Modifying
Matrix Factorizations," Math. Conp. 28, no. 126, 505-535 (1974).

Golub, G H., L. Jenning and W Yang, "Waves in Periodically Structured
Media," J. Conp. Phy. 17, no. 4, 349-357 (1975).

Golub, G H and V. Pereyra, "The Differentiation of Pseudo-Inverses and
Nonl i near Least Squares Wwose Variables Separate,” SIAM J. Num Anal.
10, no. 2, 413-432 (1973).

Golub, G H and E Seneta, "Conputation of the Stationary Distribution of
an Infinite Stochastic Mtrix of Special Form™ Bull. Austral. Math.
Soc. 10, 255-261 (1974).

Golub, G H and J. H WIkinson, "lll-conditioned Eigensystems and the
Conputation of the Jordan Canonical Form" Stanford Conputer Science
Report CS-75-478 (1975).
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Herriot, J. G and C. Reinsch, A gorithm 472, Procedures for Natural Spline
Interpolation, Comm ACM 16, no. 12,763-768 (1973).

Herriot, J. G and C. Reinsch, Algol60, Procedures for the Cal cul ation of
Interpolating Natural Quintic Spline Functions, Stanford Conputer Science
Report CS 402, January 1974. (Submtted to ACM Trans. on Mthenati cal

Software.)

Kauf man, L., "The LZ Algorithm to Solve the Ceneralized Eigenvalue Problem"
Stanford Conputer Science Report CS 363 (1973).

Aiger, J., "Fourth Oder Dfference Methods for the Initial-Boundary Value
Probl em for Hyperbolic Equations,” Mith. Conp. 28, 15-25 (1974).

Qiger, J., "Hybrid Difference Methods for the Intitial-Boundary Value

Problem for Hyperbolic Equations," Stanford Computer Science Report €S-
75-481.
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ARTI FI QI AL | NTELLI GENCE AND SAIL

Director: John MCarthy
Associate Director: Les Earnest

Artificial intelligence is the name given to the study of intellectua
processes and how conputers can be nmade to carry them out. Mst workers in
the field believe that it will be possible to program conputers to carry out
any intellectual process now done by humans. However, alnost all agree that
we are not very close to this goal and that sonme fundanental discoveries must
be made first. Therefore, work in Al includes trying to analyze intelligent
behavior into nore basic data structures and processes, experinents to
determne if processes proposed to solve sone class of problens really work
and attenpts to apply what we have found so far to practical problens.

The idea of intelligent machines is-very old in fiction, but present work
dates from the time stored program el ectronic conputers becane available
starting in 1949. Any behavior that can be carried out by any mechanica
device can be done by a conputer, and getting a particular behavior is just a
matter of witing a programunless the behavior requires special input and out-
put equipment. It is perhaps reasonable to date Al from AM Turing's 1950
paper [1]. Newell, Shaw and Sinon started their group in 1954 and the MI.T.
Artificial Intelligence Laboratory was started by MCarthy and Mnsky in 1958

Board Ganes

Early work in Al included prograns to play games |ike chess and checkers
and kalah and go. The success of these prograns was related to the extent that
human play of these ganes makes use of mechani sns we didn't understand well
enough to program |f the game requires only well understood mechanisns, com
puters play better than humans. Kalah is such a gane. The best rating obtained
in tournament play by a chess program so far is around 1700 which is a good
amateur level. The chess programmers hope to do better

Formal Reasoni ng

Anot her early probl em do-main was theoremproving in logic. This is inport-
ant for two reasons. First, it provides another area in which our acconplish-
ments in artificial intelligence can be conpared with human intelligence. Again
the results obtained depend on what intellectual mechanisms the theorem proving
requires, but in general the results have not been as good as with ganme playing
This is partly because the mathematical |ogical systems available were designed
for proving netatheorems about rather than for proving theorens in.

The second reason why theorem proving is inportant is that |ogical |ang-
uages can be used to express what we wish to tell the conputer about the world,
and we can try to make it reason fromthis what it should do to solve the prob-
lems we give it. It turns out to be quite difficult to express what humans
know about the world in the present |ogical |anguages or in any other way. Sone
of what we know is readily expressed in natural |anguage, but much basic
information about causality and what nmay happen when an action is taken is not

-37~



ever explicitly stated in human speech. This gives rise to the representa-
tion problemof determ ning what is known in general about the world and how
to express it in a formthat can be used by the conputer to solve problens.

As this is witten - summer 1973 - the representation problem seens to be the
key problemin artificial intelligence

Publ i cati ons

The results of current research in artificial intelligence is published
in the journal Artificial Intelligence, and in nore general conputer science
publications such as those of the ACM and the British Conputer Society. The
ACM has a special interest group on artificial intelligence called Sl GART
which publishes a newsletter. Every two years there is an international con-
ference on artificial intelligence which publishes a proceedings. The fourth
and nost recent was held in the US S R at Thilisi in Septenmber 1975, and
the proceedings are available [2].

Sone current books and papers are listed the the end of this witeup
[3, 4, 5, 6)}. The Stanford Artificial Intelligence Laboratory has a series
of research reports (A 1. Menos) which are included in the reports put out by
the Conmputer Science Department. One can get on the list to receive announce-
ments of reports by witing to them[7]. A ten-year summary of SAIL research,
including abstracts of all reports, is available [8], as is a sunmary of nore
recent work [9]. W also have some 16mm filnms for |oan [10].

Stanford Artificial Intelligence Laboratory

SAIL was started in 1963 and nmoved to its present |location at 1600 Aras-
tradero Road, Palo Alto, in 1966. Since the beginning, our work has been nostly
supported by the Advanced Research Projects Agency of the Defense Departnent,
but we have al so received support fromthe National Science Foundation, the

National Aeronautics and Space Agency, the National Institutes of Health, and
private foundations.

Qur research goals include all areas of artificial intelligence, mathe-
matical theory of conputation (the problem of specifying properties of conputer
progranms and proving that the prograns neet their specifications), studies in
natural |anguage, and studies in tine-sharing and other aspects of conputer

systems . However, the main work of the laboratory since its inception has
included the follow ng:

1. Conputer vision. Images are obtained from a television canera and are
processed to describe the scene in ways appropriate to the purpose of the pro-
gram  These purposes include manipulation, driving a vehicle, and sinply check-
ing our understanding of perceptual nmechanismns.

2. Manipulation. Prograns are devel oped to assenble objects out of parts

For exanple, one systemthat we devel oped assenbles the water punp froma
Mdel T Ford.
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3. Driving a vehicle. Experiments are continuing on a conputer-
controlled electric cart equipped with a television camera that attenpts to
navi gate both outdoors and with the building on the basis of visual information

4. Theorem proving. Prograns using J. Alan Robinson's resolution method
of proving theorens in first order logic are used to prove theorens in
mat hematics, to prove properties of conputer programs, and to generate computer
prograns having prescribed properties.

5. Mathenmatical theory of conputation. Methods for proving properties
of prograns are developed. Prograns for checking proofs in first order logic
and in a special logic of conputable functions have been devel oped.

6. Game playing. Sonme work in checkers, chess and go has been done
but we are not active in this field at present.

7. Speech recognition. A'so inactive currently

8. Design automation. Progranms have been witten to allow a conputer
designer to put logic diagrams in the conmputer and diagrans for printed circuit
boards. An integrated system checks consistency of the various diagrans,
permts changes to be made easily, and produces output for the automatic manu-
facture of printed circuit boards and for automatic wire wapping machines.

9. Natural |anguage understanding. Prograns are being devel oped to
"understand" and act upon information presented in the formof text in English
and other natural |anguages.

10. Time-sharing systems. There is also devel opnment of tine-sharing
techni ques especially for display-oriented systens.

11. Affiliated projects. There have been two independent projects
affiliated with SAIL in the areas of psychiatric applications of conputers
(recently noved to UCLA) and conputer nusic. The latter group has devel oped
conputer sinulations of acoustic spaces in which sound sources can be placed
at various locations, using quadraphonic techniques.

Computer Facilities

The conputer facilities‘of the |aboratory currently conprise PDP-10 and
PDP-6 processors, 256K words of core, a swapping disk, a disk systemfor file
storage (capacity of 6.5 x 10% hits), 60 raster-type display terninals, and 6
vestor-type displays. The systemincludes standard peripherals, including a
plotter, a Xerox Gaphics Printer, A-D and D-A converters, a connection the
ARPA network, and a few external phone Iines.

There is also a PDP-11/45 system for controlling real-time devices, wth
200K words of MOS and core nmenories and an SPS-41 processor. Connected to the
system are television caneras, nechanical arns, and (via radio |inks) a conputer-
controlled cart with a TV canera
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The personnel of the laboratory include faculty and students of the
Conputer Science Department and a few other departments at Stanford University,
the professional staff, and some research associates. Potential graduate
students wishing to specialize in artificial intelligence and do research in
the laboratory should usually apply for admssion to the Conputer Science
Departnment at Stanford University. Potential research associates should apply
directly to the laboratory.
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