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Artlflclnl Intel Ilgence 1s the experlmental and theoretical study of
perceptual and Intel (ectuai processes using computers, Its ultimate
goa I Is to understand these processes well enough to make a computer
perceive, understand and act In ways now OnlY possible for humans,
This understanding Is at present In a very prellmlnary state.
Nevertheless, progress In ldentlfylng and dupltcatlng Intellectual
mechanisms 1s being made and the range of problems that computers can
be n;ade  to solve ls Increaslng, The understandlng so far achieved has
Important potential practical awllcatlons, The development of these
appllcatlons is worth undertaklng,

The Stanford Artlflclal Intelligence  Project Is concerned wlth both
the central problems of artlflclal lntelllsence and some related
subflelds of computer science, The proposed structure of the Project
Is given In Figure 1, The scopes of some oontlnulng  actlvltles have
been mod(f and two new research areas have been added: Analysis
of Algorithms  and Machine Translation,

Flwre 1, Structure of the Stanford Artlflclal
Intelligence Project
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VqAnal~SIs  of Atgorlthms" Is headed by Professor Donald Knuth and
dlrected to an understanding Of t h e  quantltatlve  behavior o f
particular algorithms, The properties of many algorithms that are of
central Importance to computer science are known Only In a
qualltatlve  or crudely quantltatlve Way, Knuth and his group are
employing analytIcal techniques to de_epen our knowledge of thls area,

The problem of machine translation will be approached anew from two
dlrectlons: artlflclal Intel (Igence and llnsulstlcs,  This s m a l l
project wll( Involve representatives of both dlsclpllnes  who propose
to test their ideas lnltlally on a restrlcted formal language,

Interaction  wlth the Physical World" Includes contlnulng projects On
computer VlSlOn and control, as well as speech recognltlon  research.
Ourlng Prof, Feldman's sabbatloal I eave# (academic year 1970-71)
responslbll  Ity for Hand-Eye research has passed to Drs, Thomas
Binford and Alan Kay, Work on speech recognltlon was curtailed with
the departure of Professor Reddy but IS c o n t i n u i n g  In the a r e a  O f
syntax-dlrected recognition,

Work on Heuristl?% continues In the areas of machine learning and
autonatlc deductlon, Board games such as Checkers and Go are the
primary test vehicles for Ideas In machine IearnIng, Theorem-
provlng Is the current obJectlve of our research On automatic
deductIon,

,John McCarthy's Representation Theory work Will continue o n
esplstemologlcal problems (I (em choosing a sultable representation
for situations and the rules that describe  how sltuatlons change),

Research In Mathematical Theory of Computatfon Is expanding somewhat,
partly through other sources of SuPPort, A practical goal of this
work I S to replace certain time-consuming and uncertain program
debugging processes with formal proofs of the correctness of programs,

Thp work on Models of Cognltlve Processes shown In Figure 1 Is an
afflllated proJect not Included In this proposal. It wIII be
supported by the Natlonnl Instltutss Of Mental Health under Grant
MH06645-10,

Subsequent sections cover the proposed research in SOmeWhat more
detallr



1J ANALYSIS OF ALGORITHMS (Dona(d Knuth)

*~Analysls of algorlthmsn is a field of study directed to an
understanding of the behavior of particular algorithms, Two kinds of
problems are usua(ly Investigated:

A, Quantltatfve analysis of an ajgorlthm, In this case the
g0a I Is usually to determlne the running time and/or memory space
requirements  of a given algorithm, The determination of running time
can be done In an essentially machlne-independent manner by
exoresslng  the algorithm In some machIne- Independent language (not
necessarl lY a formal language) and counting the number of times each
step Is executed, Usually these cwJqts lnolude a "worst c a s e
analySis" (the maxlmum number of times that the step can be
performed, taken over some specified set of inputs to the algorlthm)l
a "best  c a s e  ana(ysW (the minlmum number of times), and a VyPical
c a s e  analysW (the average number of tlmes for a given distribution
of Inputs), It Is ln fact desirable to have complete information
about the dlstrlbutjon of the number of times, for a known
dlstrlbutlon of the I nput, whenever this can be worked Out, A
typlcal example of such an analysis is presented ln detal l In Cl, pp.
95~$92,

B, Determlnatlon ot Vptlmalf*  algorithms, In this case the
goal is usually to find the "best posslbW algorlthm In a given
olass of algorithms, We set up some deflnltlan  of ;';st possible"
which reflects, as realIstIcallY as possible, pertinent
characteristics of the hardware which IS to be associated with the
algorithm, A typIcal example of this sort of analuslst applied to
the problem of computing x*n with the fewest mu)tlpllcat[ons when n
‘IS fixed, Is discussed ln detal I In C2, PP, 401-4183,

Analyses of type A are usually employed when comparlng two different
algorithms that do the same job, to see which Is more sultable on a
particular oomputer for some particular type of input data, Since
there Is usually more than one way to solve a problem, analyses of
'this type can be very helpful in decldlng which of several algorithms
should be chosen. Occaslom( (Y type A analyses are also lncoroorated
into the algorithms themselves! for e x a m p l e ,  the “spectral test”
aigorlthm C2, pp, 93-96) carries out one type of Iteration until it
fin-as that the data has been transformed enough to let another type
of :Iterat/on complete the Job In a reasonable amount of tjme,

It rr;ay seem that type B analyses are far superlor to type A analyses;
we will have found the VmsV algorithm once and for al 1, Instead of
performing type A analyses of all algorithms in the class, But this
Is only true to a llmlted extent, since slight changes In the
deflnltlon of "best poss.1 h 1s” aan slgnlflcantly affect which
algorithm Is beat, For example, X931 cannot be calculated (startIne
with the value of x) in fewer than 9 multlplicatlons,  but lt oan be
evaluated wlth only 6 arithmetic operations  If dlvlslon 1s allowed,
KJyuYev  and Kokovkln4chsrbak w. proved that the Gaussian
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el lrr,lnatlon method for matrix InversIon uses the mlnlmum number of
arithmetic operations , provided that whole rows are always operated
on at a time; but Strassen C41 h a s recently discovered that
substantlal(y fewer operations  are needed If the row restrlctlon  Is
dropped,

Another problem with type B ana‘iyses 1s that, even When a simple
deflnltlon of "best possible" Is postulated, the determlnatlon of an
aptlwal algorlthn Is exceadlngly djfflcu(t, FQr example, the
foIlowIng  basla problems are among those not yet comp(ets(y  resolved:

(a) The mlnjmum number of multlpllcatlons to compute xqn
glven x with n flxed,

(b) The mlnlmum number of arlthmetlc operatlons to compute  a
general polynomial a(n)Vn + (,) + a(l) + a(0)t given xn fop fixed
values of the coeffjclents,

(cl The mlnlmum number of steps needed to multiply two 0 I ven
binary nmblt numbers,

(d) The minimum number of steps needed to recognize whether a
giver string belongs to a given contextnfree language,

(a) The mlnlmum number of steps needed to multlply two glven
n'x n matrIces, when n Is known,

(f) T h e mlnlmum number Of comparjson  steps needed to sort n
elements,

Asy!rptotlc solutlorls  are known for proolems (aI and u?, and the
solution to (b) Is known wlthln 1 or 2 operations, for “almost all”
polynomla)s; but In cases (~1, (d)r and (e) the known upper and lower
bounds for the desired quantltles are far apart, No a8ymptotlc
solution to problem (f) Is known when slmultaneous comparisons are
al low& The evidence In case (aI suggest strongly that the exact
a&her as a function of n has no simple form wh I ch wl I I ever be
dIscovered without exhaustive trial-and-error  search, Furthermore,
the slmpllfled  deflnltlons  of "best posslbleq~ often fai 1 to represent
auff lclently real lstlc sltuatlonsl for example, Items need not be
sorte:d by means of comparisons  at al I, they can be sorted by using
bjt InspectIon or by using ldentltles IIke

mln(arb) = (a + b - lb-a()/2

If only the number of comparfsons Is considered, other tmPortant
charactetlstlcs of the aortlng problem (e,g,, the logical complex)ty
of the program and- of the data s.tructures) are Ignored, Therefore
although type B analyses are extremely lnterestlng,  type A analyses
more often pay off In practlae,



It I s  obvious t h a t  algorlthmlc analysis Is desirable, but is lt
really a unlfled dlsclpllne? If each algorithm presented a problem
clulte different from each other ajgorfthm, Analysis of Algorithms
would be no more than a hodgepodge of Isolated twhnlques, not
deserVh0 any dlstlnctlon as a special branch  of  Computer  Science,
Fortunately, experience has shown that a good deal of untty Is
p r e s e n t  I n this areap with the same tschnlques  applied repeated/y,
Some of the most I m p o r t a n t  unlfylng prlnclples are '*Klrohhoff's"
conservation law for flowcharts; the use of generatlng  functions;
discrete calculus; and some aspects of InformatIon theory a n d  o f
autoffata theory, (For numerous Illustrations of these techniques,
see the llstlngs under "Analysfs of algorithms*'  In the Index to 113
and to C23L Furthermore, It Is not uncommon to find that the
analYSls of one algorithm apDl les perfectly to the analysis of
another superflclally unrelated algorithm, (For examp(e,  Vadix-
exchange sorting*' Is governed by essentially the same laws as a
certain form of vqtrle mewory~~, ) The analysis of an algorithm to find
the raxlmum of a set Involves the same formula as does the analysis
of the number of cyc(es  In a random permutatlonr and the running time
of this algorithm Is strongly related to the storage space required
by the ~tre8erv-(31r sampling" algorithm, Algorlthmlc analysis Is
oomlng to be a coherent dlsclpllne,

By any dsflnltjon  of Computer Science, the field of algorlthmlc
analYslS probably Iles In the central core of the subjectl lt Is
.somekhat suyprlslng that so Iltte concentrated study has been devoted
to IL It may be argued that we shouldn't spend too much tlme
analyzing  our algorithms, lest we never get anythlng else done, This
Is quite true up to a point, since It Is certainly unnecessary for a
person to analyze carefully every program that he wrltest but there .
are many alrlorlthms which have special Importance because they are
applied  to sa many different problems, These algorithms must be well
understoood If Computer Solence Is to advance slgnlflcantly,

a
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1,2 Mechanlcal Translation (J, McCarthy, R, Schankr YI Wks)

We plan to undertake a small effort In mechanical translation, The
flrst effort will be to create programs to translate from a
restrluted formal language RFL Into both Engllsh and French, The idea
IS that RFL wl ll be used to express the semantic content of the
sentenoes Independent of grammar- and wlthout the Syntactic and
semantic amblgultles, There are two views of semantic content of
natural language held In the proJect and elsewhere, and both will be
explored, probably to the extent of mahlng two translators,

The first view (the llngulsts  In the proJect are batting on this one)
IS that semantic content (at least to the extent necessary for
translation) can adequately be expressed by some form of non-loglcal
representation, such as a network structure,

The second view (held by AI people I Ike McCarthy and Sandewall) Is
that-the semantjcs of natural language WI I I have to be developed
along lines similar to those taken In mathematical logic, l,e, the
notlon of'denotatlon for phrases and sentences of natura I I anWage
WIII have to bs formalized, From thls polnt of vIewI the first cut
at RFL should be based on the predicate calculus, and a major effort
should go Into devlslng predicates  that will enable the content of a
wide class of sentences of natural languages to be expressed,

.Fron: the llngulstlc end, Yorlck WI lks and Roger Schank will lead the
work alded 114 time by Drc A,F, Parker-Rhodes and with Dr. Margaret
Masterman as a consultant, From the AI dlrectlon, McCarthy and
perhaps Patr lck Hayes wl I I take part, Several research assIStants
wlll also be Involved,

One PaJoT reason for reopening the mechanlcal translation  oroblem Is
that consldetable advances have been made towards the satisfaotory
semantic representation of natural language material, Another 1s that
there has been an lnorease In the general level of sophlstlcat(on
about the del lcaoy 4th which real natural I anguage forms must be
'treated,

MT went through a certain number of clearly definable phases, There
was. the word-fopword translation StaW, at the lnceptlon o f  MT,
When that falled, llngulsts  were called on to remedy the situation,

% The:lr emphasis on syntactic struoture caused a shift towards more
formal methods In MT, most of them based on the work of ChomSkY,
When *hat o;‘;‘;;;ach fal led, It became IncreaslnglY clear that
someth Ing semantics ought to be added, but no one was quite
sure what that was, Horkers In MT began to fall Into three groups:
those who thought that a great deal more (exlcography was neededi ,
those who felt that the lack of an adequate theory of human l a n g u a g e
underStandIng and generatlon must be dealt with before more effort on
Mf could be expended; and those Who were SO heaNY Into their own
appr0aOheS that they falled to see troubles beaause of their bslfef
that the goal was Just over the next mountain,



The ALPAC Report caused most government flnanclng to be withdrawn
from MT, largely because It was felt that MT was too expensive  as
human translators could do the job more cheaply, since the ALPAC
Report C19463, researchers have made conslderable strtdes In the
development of a theory of natura I I anguage understanding (for
dlscussion of thlsr see J, MeY C197U), The impetus for these has
been provided by the growth of W-me-shared computer systems that
oermlt on-line dialogues between man and machlne, The desire to use
natural language as the medium f communicati
necessitated the development o P a sufflclent 9

n in these proJeots has

that can represent the conceptual content of
ia;kch forma! structure

natural language
sentence typed Into the machine, Most importantly, these formal
structures have been built to handle (lnguistlc Input at a higher
level than that of. sentences, and In conJunctIon wlth memory of
ear Her Input, and the long-term memory of the computer model, One
aim of these InterlIngual formal models has been that Inferences,
(oglcai operations  and impllcatlons may work In conJunctjon  with the
analyzed content of an utterance SO as to ostabllsh the Intent of the
utterance and Its affect on the memory, It was found by a number of
researchers that formal Int~rllngual structures could be made to
direct language <nalysls so as to allmlnate previous reliance on
syntactic analysis, and replace It with a more heurlstlo approach to
sentence structure,

We propose using some of the approaches that have recently been
developed for dealing with computat/onal llngulstlc and formal
Ilngulstlc and forma) loglcal problems In order to enrloh the
emerging theory of human language understandlng and generatlon, and
to aoply these theoretIcal and practical advances to the problem of
translating languages by computer, For example, we would combine the
approaches of the fol (owlng: (1) John McCarthy's suggestlons for
the construction of a logic-based IntermedIate language between
source language (9 and target language (TIr (2) Schank's system of
representlng semantic structure based on an InterlIngual  vocabulary
and a system of dependency relatlonst (3) the English-French MT work
of Shlllan and Rutherford based on a theory of phrase-for-phrase
iyanslat(on, (4) Wllks' system of semantic Stru&ure representation
using a mixture of dependency and phrase-structure rules ranging over
semantic objects, A number of parallels and contrasts between these
approaohes  could be exoloredr but what Is most Important 1s that they
all share certain assumptions, namely that conventlonal grammatical
anaI:YSis I s not fundamental, whereas some Intermediate and
tnter(lngua(  representation  between S and T ISI SO t h e n it Is
proposed to 'make a new attack on the MT problem, Using an
Interlingua to detect and transform semantlo content, thus the
approach will be, from the start, In prlnclple interllngual  though
the lnitlal system set up will b e oetween two languages only-
English and French-,

InterlingUaS  for MT can be of two klndst



(A) Axiomatized formal sys terns wltn separate rules to fit the
fortrulas generated by the system to Some given natural language, The
ear IY Masterman-Parker Rhodes semantic product-lattice system was of
this Intermediate "ProgressIon Calculus" to connect sub-(attlces of
the deep semantic system to segments of surface structure,

It c a n n o t be decided a prlori that to solve the natural fit problem
rsallstlcally  with such calculi Is lmposslble, Nonetheless, after
15 years of trial and error, the Cambrldge Language Research Unlt
decided to Implement, In a contract for the Canadlan gavernmsnt~ a
system with an lnterllngua of type (d) below lnltlally, In order to
gain more knowledge of how to operater In actual practIceI a n
InterlIngua of type (A),

(B) bnera I machlne algorithms for def tnlng, structuring and
lnterconnectlng  segments of semantIcally coded text In any I angua90,
At least two Variants of suoh systems have been tried4 the first
takes the whole sentence, dominated by the verb, a s the unit of
semantic content, If thls approach could be sufflclently slmpllfied
it waulo  probably be the shortest and best way to MT, Schank and hls
students have be-en making slgnlflcant  strides In this dlrectlon, khen
maklng such oodlngs for Rlchens' system the CLRU rate was about one
coding per session, HIS system had a hierarchy of subsarlpts,
whereas the Schank system has a much easier C o read hierarchy  of
arrows,

t
t

t
i
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The second variant of thls type relleS on an lnltlal segmentation of
Input gentenoes Into phraslngs of 'the order of length of a single
clause or phrase, and Intended to correspond to a breath group of a
human speaker, The dlctlonary  maklns reoulred for such an approach
can be slmpter and more raPId since the paradlgm Is much shorter.
Thls aaproach Is used In the work of Shlllan and Rutherford (3 above)
and that of WI lks (4 above) whloh Is still, according to Stmmons'
survey, the only semantic work warkIng beyond the boundary o.f the
sentenoe,

t 'Wllks' work has tried to tackle another questlon that comes up In
c. connection with an lnterllngua: namely, how large are the content

patterns that can be transferred from one language to another, Thls
I work has been on the semantic discourse structure of Paragraphs and
i has imposed semantic patterns, or templates, onto the segmented and

coded text, Its most general assumptjon has been that It IS the
i bigger patterns in language, applying over the longest avaIlable  text

i length, that are genuinely lnterllngualr and, moreover I that
)nterllngua(ltY  a t that level can to some extant compensate for the

‘i
obvious failures of Interllnguallty  at the bottom or coding level,
where the actual ljngulstlc oodlngs used are Inevitably biased

c towardS elthrr the S or T I.anguage,

It should be possible to combine the approaches deve(oped at the
Cambr ldge Language Research Unlt with those developed at Stanford So
4s to Integrate a system that utlllzes semantic networks to represent



the interlingual content of a pleoe of discourse, The possiblllty
of utlllzlng networks by conJunction with certain a s s o c i a t i v e
crlterla and prouertles of a general memory structure to establish
the seanlng of the speaker as opposed to the meaning of the sentence
is currently bel ng lnvestlgated by Schank, Presumably the entire
procedure can be combined with certain high level logical operatlons
ln order to create a flnai representation that could serve as the
starting pojnt of a generatlon routine for natural language, A major
goal of thls proje& therefore, for those mathematlcai- lnterllngua
oriented, but who have become practically wary, is to develop
lnterllngual Systems that are formally and algorithmloall~
fnterestlng, yet which can have natural language dictlonarles made
for them In a simple and straightforward manner, The stress should
not be on contrast an-d comparison  between the oonstltuent approaches
to thls proposed proJeCt, but on the degree to which the dlfferent
approaches complement one another, and SUPPIY elements missing In the
others,
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1.3 XNTLRACTION WITH THE PHYSICAL WORLD

Computer vlslon in the three-dlmenslonal  world and manipulation wlth
mechanical arms continues to be a central interest of the pro,ject,
Speech recognltlon reseach continues at a modest level,

1,3,1 Hand-Eye Research (Thomas Blnford, Jerome Feldman, Alan
KaYL

In our research we aim to develop the abll lty to see and manipulate
ln slmpie industrial situations, These simple problems are beyond
our abllltles now, but we expect modest gains In the next two years
which wlii stimulate use of newly avallable hardware, Mechanical
arms now have a place In Industry; touch senslng and computer control
have potentla) advantages In extending versatlllty, W e anticipate
the tlme when it wl( I be simpler and cheaper to use a general purpose
device than to make special purpose machlnes, just as computers have
replaced many specIaI purpose control devices,

Visual PerceptIon solutions have aopllcatlons In advancing the
capabi I it/es of Gomputer systems, by making easier communication wlth
oomput8r3c and as visuallzatlon tools ln problem solving and natural
I anguage,

Arm and eye modules are sufflclently standard that a handful of
‘peep I8 use them routinely, The Hand/Eye submon/tor Cl] ooordlnates
about 7 cooperating  Jobs (there WI11 be 3 or 4 more soon) which
communicate by message procedures and a global model ln the common
upper segment, An ALGOL style language SAIL, Implemented by Robert
Sproull and Dan Swlnehart C2,33 Is In general use by the Hand/Eye
group and others at the project,

A user package for the arm has made it widely avaIlable, and
generalized manlpulatlon procedures and Improved solutlons have
stimulated extensive use of the arm, A new arm has been constructed
and operated C43, a dynamic trajectory servo t51 USlng a Newton/an
'mechanics model has operated the new arm, Non-(lnear callbratlonr a
user package for the new arm, and obstacle avoidance will be done ln
the first half of 1971,

The- visual system Is dlstlngulshed by automatic sensor accommodation
as :an Integral part of the recognltlon process f53, An edge follower
has been wrltten whjch uses automatlo accommodation to enhanoe its
dynamic range and selectlvlty  C7?, Camera calibration C83 converts
pan and tilt of the oamera to space angles and positlons  o n the
support Diane, Color ldentlflcatlon  routines have been wrltten by
lenenbaum C63 and Blnford, The SlMPLE body recognlzer C93 ldentlfles
Isolated obj.ects from th.elr outlines, The COMPLEX body reuognizer
E93 is designed for Incomplete edge lnformatlon and Incorporates
predlctlon and verlflcatlon teohnloues  for missing edges, G, Grape
Cl03 Is developing an improved program for organlzatlon of I Ins
drawings from raw edge data, Wing edge predlctlon and verfflcatlon,

e
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In order to develop and test the System and to standardize  the
independent modules, the task of “Instant
involving

InsanIty”, a PUtzle
colored cubes, was successfully carrlsd out, The strategy

Job was the work of Bob Sprouil, Jerry Feldman and Alan Kay,

We propose to work toward understandlng of more complex objects ln
more complex scenes, such as tools bn a workbench or outdoor scenes,
Many scenes will b e too complex, Over the course of two yaars we
WI I i use new visual functions, Organ128 the scene in new (8Ve(S, and
use a repesentalon  of complex objects; we WI I I incorporate these
modules In a goal-orlented system which coordinates them,

We wl I I make a region finder which uses color, The new function
color permits a new level of organizatlonl regions of homogeneous
brightness I n three colors WI I I be grOUPed Into Super-reglOn3 of
uniform color, PJ e WI I I
prMtive color

bene~~fi&frOm the use Of color even With a
PerceptIon, Is needed Is a fundamental

understanding of color perception, color constancy, We have none in
sight,

We WI I i organii% color Super-regions Into higher super-regions by
proxlmltY ln space and CoJor, Co I or super-regions are defined by
connectivity: the set of points with a nearest neighbor having the
same property, In very simple scenes of objects with unlform facesI
region-orlented  or edge-orlented processors are adequate, Rut when we
iook out a window, we see skyI trees and grass, In none of these
areas WI I I regions based on contlngulty enable us t0 d8Scrlb8  that
area as a unit, We see patches of fresh green among brown clay Or
old grass, Patches of sky show through the trees, Patches Of blue
tn th8 sky are separated by clouds, If we group together the ooior
super-regions Into higher super-regions based on ProxlmltY  I n
posltlon and color, Le,, we group regions which are nearby but not
connected, We describe that outdoor scene In terms of a f8W main
parts! c I ouds, sky, grass, earth, trees, some of which overlap, We
have added another level of organization that ln some cages can make
Sense of what appeared a jumble,

We will critlclze the super-regions according  to how they slml Ify
the SCBI”I8, We wl I I find relations wlthln the super-regions and
relations among the super-regions, w8 require many jevals of
orga~nization,
on oifferences,

Grouping based on Some SImilarItyi sub-grouping based
Group into suP8r-rWi0nS based on proxlmjty ln space

and some attribute (or vector of attributes),

We will form super-regions based on proximity in space and shape,
SiZ8 and dlrectlona(lty,  W e Suggest that we can organize slmp)e
textures, The natural I anguage description of texture seems a
reasonab I8 repressntat Ion: the sat of texture elements and the
g80metm rejatlons among them, As texture elements we can work with
I lnes and blobs (whose shape we can describe, perhaps In a pr]mitJve
way now), We seek to Isolate repeated elements, R8latfons among
repea ted elements wlil b e examined, This Will be a multf’“l8V8i

12



brocess ln which the flndlng of some relations w!II help ln
establlshlna others, Deal Ins wlth proflles of linear textures, a
fdtdtlv9 program with that structure was able to descr Ibe the
textures CWolfe and Blnfordl, There are three basic operatlans
lnvolvedi flndlng spatlal features, two-dlmenslonal shape
descr)Ptlon, and organlzatlon of features, We can do each operation
well enough on simple cases to mak8 progress by comblninq them,

If ke were to organize by proximity  Using usual Vqciust8rlng”  methods,
the cost woujd be prohlbltlve, These methods rely on comput I na
d i stance8 from an element to al I other elements, Even If we were to
fac tor  the  problem Into a two-dlmenslonal problem Plus a soarch
(search for a match among regions nearby In Spaoer or search among
I Ike colors for regions nearby In space), the cost would be
prohlbltlve, A technIca ald to organization Is the us8 of proxlmlty
in n-space, This can be Implemented at reasonable cost ln computation
and storage by the technique of multi- entry coding CBlnfordl, I n
the e x a m p l e  o f color super-realons,  w e lmplled proxlmlty In a
four~dlrrenslonal space (two co(or dlmenslons and two spatlai
dlmenslons), In uslng other attrlbutes we work with 9lml [at
high-dlmenslona(--.  spaces, This Is a reasonable extension of the
region-orlented structure In that the cost Is slight when the scene
1s adequately described by region-growing or edge-flndlng techniques,
for then there are few regions and Ilttle effort Is Involved In
proxlmlty among the regions, The cases where higher I ev8 I
.organlzatlon costs somethlng are those cases which cou 1 d not be
handled before,

We warn against the Ijluslon that the visual problem will be solved
by one technique, For eacn new faclllty we will have Qountar-
examb 18s”~ problems It cannot overcome, But we greatly Increase the
set of problems whtch are routine for the system which includes that
fact1 Ity,

We WI I I form representations of complex objects, McCarthy Cl23 has
emohaslzed  representatlon theory as primary In problem-solving, W e
l resul re a good representation as a comoact heurlstlc base, a source
for heurlstlcs wh I ch prevents random acoumulatlon and mutua I
antagonism, We choose representations which are three-dlmenslonal  and
obtalned by the operations  of cutttna and jolnlng prjmltlve
thr-ee-dlmenslonal forms,

.
We wl I l US8 stereo correlatlon to obtaln motion paral lax and
foreground/  background separation  In stereo fma8es, As emphasked by
McCarthy, thls Is a method of overall characterlzatlon of the scene,
separating  the soene Into potentlally  slanlflcant  areas, There are
some simple cases:

(a) with camera motlon or small angle stereo, all dlsparltles
are smal 1;

(b) the distant parts of the soene have small dlsparltyi
(c) dlsparlty  o f ground or floor can be approximately

predlcted, traced by contlnulty,
.
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Color and other propertIes (for example ,  the Pmergyt,  a m:sasure of
contrast) narrow the range of search, A aood starting place for many
objects Is the assumption that they rest on the ground,

We will use death InformatIon In the shape representation, Stereo
corrqation provides a depth  mappIng, We can use the shape repre-
,entatlon to but Id up a model of-the object, We will also use the
representatjon to organize  data from a direct-ranging exparlment  b y
trlangulatlon,

We wll I use visual feedback In a variety of ways to control the arm.
ImmealateJy, we will control stacking D(ocks and puttlna a square pln
through a square hole,

As our visual facllltfes become stronger, we will us8 visual feedback
In tracking the hand, screwing a bolt Into a nut, and plcklng up
blob- type objects,
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1,3,2 Speech Recognltlan (Arthur Samuel)

Work on speech recognition  In the Stanford AJ, Project was slowed by
the departure of Prof, Reddy and bv the gradual completion of
projects being carrjed on by his students, StUdles by Or, George
White (2) and by Gr, Mart Astrahan (1) have, however, poInted to a
sl bPWy new dlrectlon that our-speech work can take, Xmpetus has
been given to this work by recent extensions  of c)r, Astpahan's work
by Ken Sleberz and by some new Ideas wnlch thls work has prompted,

Gary Goodman Is contlnulng  his thesis research on a syntax-control (ed
speech recognltlon  system, It ls antlclpated that several first year
graaUate students will undertake studies related to speech
recosnltfon,

REFERENCLS

Gil Astrahan, MJ.8 "Speech Analysys b y Clustering, o r the
Hyperphoneme Method, AI~-124, Stanford A.1, Project, May 1970,

G21 icihlte, G,, 'VMachlne Learning Through SlgnatUre  Trees? ApPilcatlon
to Human Speech", AIM-136, Stanford A,Ir Project, October 1970,



L
A,4 HEURISTICS

f
L

L
I

L

I
L.

I
IL

1,4,1 Machlne Learnlng (Arthur Samuel)

Work Is oontlnulng  on the checker program with oontl nued help from
K,D, Hanson, A major reprogrammlng  effort has just been completed to
reduce the core and disk storage raqulrements  of the program whioh
had gotten completely out of hand t the playing program has been
speeded up and It now uses 35K of core as compared wlth rarller
requirements  of 55K, The disk requirements  have beon reduced by
rather more than a factor of 2, At the same time the book game
storage techniques have been altered to permit the storage of end
game sltuatlons which could not previously be saved, My, Hanson has
nearly camp leted the lnsertlon and edltlng of 3 books of end game
play to be used by the IearnIng program, Several rather drastic
modlficatlons of the program are now under conslderatlon, Since each
of these would require a major programmlng effort, a n attempt Is
be Ins made to evaluate the potent/al usefulness of the different
schemes before actual ly starting the programmlng,

The Co program IWW plays a better game than the beginnlng human
Player9 Work Is contlnulng  on develoPment of an evaluation  function

L capable of handling all stages of the game, lllfflcultles  arts0 from
the Inherent complexity of Go and from the vast dlfferencas In
obJectives  at different times during the game, A strafghtforward

L .battern-recognltlon  IearnIng scheme Is expected to be working soon to
help the program ln exact placement of stones, ConsIderable success
has been observed from substituting a local lookahead technique for

L

the more usual generatlon  and search of a (global) move tree, The
local lookahead Is Initiated  at polnts on the board which seem to be
CritIcal to the posltlon  a s  a whole, so this techn I que can be
consldered  a special-purpose prunlns heurlstlo for trees with very

f
large branohlns factor,

1,4,2 Automatic Deductlon (David C, Luokham)

L

I
i

t
t

L

t
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Recently, the InteractIve resolution theorem-prov/ng program has been
extended and Improved, The program and Its appllcatlons to basic
axi.ormatlc mathematics  Is dlscussed In Cl, 2, 33, Improvementst for
example, In the algorithm for the replacement rule for equality
(Ptiramodulatlon C4l) ha;;tA;into  further successful expeplmentb In
which dependenoles axioms In Marshall Hal l ’ s third
axiomatlzatjon of Group Theory C% pc 6d have been found, The
program Is being used to search for proofs of theorems of Ourrent
researoh Interest In several dlfferent axlomatlo theor leg, Other
Improvements include ;I) the extension  of the Input language to
many-sorted l~glc, and (II). the faclllty for uslng natural modola (by
this we mean the sort of relational structures that occur In everyday
user e,g. a multlpltcatlon tab I e for a flnlte group, o r  a n
arrangement Of objects In a room) In the model rslattvo deduotlon
strategy, In addltlon to experiments In theorem~provlng,  the program
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is currently being incorporated Into some computer-aided lnstructlon
programs at the Stanford Instjtute for Mathematical Studies '1 n the
Social Sciences, The obJectlve here la to increase the flexlbliity
of the InstructIonal programs for hlgh school mathemat lcs by
extending the logical inference system to which the student must
conform, . .

One of the obvlou s weaknesses of the theorem-proving program IS the
lack of editlns strat;;[;; Cl3 to ellmlnate the large number of
trivial deductlons cannot be excluded on Purely lofalcai
grounds, Such deductfans  are trlv ial In the context of the problem
at hand1 but not ln every context, It is therefore necessary to
develop strategies of a "semantlc*V nature for specialized problem
domains, to do this sort of editing, We have experlmented with
methods for using natural models for tnls purpose, HoWeVer, It turns
out that the use of anythlng but the most trivlal structures lnVolves
a heavy cost In computation time, generally because the avaluatlon  of
satisfiabii/ty relative to a structure Is a lengthy process (even for
many-sorted models), It now appears that such editlng applications
can be achieved by workjng with operators on (partial) descrlptlons
of trod,e  I s, CFOr the purpose of this discussion, a partial
description of a model is a specification of some of those statements
that are true of the model and some of the statements that are
false), Preliminary experfments  show that problems to do with the
Advlce Taker ProJect t61 or correctness of computer progams are
fruitful areas in which to apply these strategies,

In addition t o the development of the semantic edltlng strateg(es#
other lines of research currently belng pursued Include- the
following,

(I) Addltion of a procedure for questlon answerjng, It has
recently been shown that the procedure C71 constructs
interpo/atlon  formulas In the sense of C8j,

(11) Construction of a system for checking proofs of proparm
ties of computer programs, where the proofs are given
in a form slmllar to that. described In C93,m

(Ill) Experiments with the reduction of second order Proof
provabl i Ity wlthin two-sorted first-order theotlssC10?,
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I.,5 Mathematical Theory of Computation (Robert Floyd, Donald
Knuth, Zohar Manna, John McCarthy)

1.54 Recent Research

Substantjal work has been done In deveiopjng teohnlques, using the
methods of Floyd and Manna, fof*ptovlng  properties of aigorlthms,
Conslderlng the Increased Interest In the class of paral lel

algorithms, Ashcroft and Manna (1970) have extended these techniques
for simple parallel Programs, Although$;e$rograms cons)dared are
syntactlcally simple, they do Interactton between
asynchronous parallel processes, The formallzatlon can be extended
to more complicated twograms, The method is based on a
transformat/on of Parallel progams Into non-determlnistlc programs,
the propertles of which have been fornialItedm~;hMa;;;g~;970a), The
non-determlnjstlc Programs are In general t h a n  t h e
parallel Programs they correspond to, A slmpllflcatlo~l~~~~odt~~
therefore presented which, for a given parallel program,
constructton o f  a simple equivalent Paral lel Program, whose
oorresoondlng non-determlnistlc program I3 of reasonable size,
Further rasearah -1s proceedlngr emphasltlng practical  app(lcatjons In
such areas as time-sharing and multlaproce331ng,

Manna (1970b) demonstrate3 conoluslvely that all propertlag  regularly
observed In programs (determfnlstlc  Or non-determInIstlo) can b e
formulated In terms of a formallzatlon at ‘partial oorrectne9s',
Ashcroft (1970) ‘explains’  this by formulatjnb the notion of an
jntultlvely 'adequate' deflnltlon  (In predloate calculus) of t h e
semantics of a language or a program, He shows the relat!onshlp
between a formallzatlon or partial correctness of a program and an
badequate' logIcal ‘definition of its semantics, These two works give
a general theory unltylng the various loglcal approaches Inoludi’ng
those of Burstall, Cooper, Floyd, and Manna,

Manna and McCarthy (1970) formalize propertles  of Lls~~llke programs
usln;h;artlal function logic, where the ParthI funotlons occurr Ins
i-n formulas are exactly those computed by the Programs, They
dlstlngulsh  between two types of computation rules -- sequent/a) and
Data1 IeL McCarthy Is trylng to further develop axlomatfc  theories
to handle 'undeflnedness' In a natural way, Among other thtngs, I t
may Fvold paradoxical statements,

Igarashl (1970) has developed axlomatlc  methods for the semantfcs of
Algal-llke languages, mainly based on his earlier studlrs, but
allowlng the methods of Floyd to be carried out within the formalism,
A metatheorem Is Included which can be Interpreted a3 a proof of
correctness of a conceptual aompller for the programs treated by the
formalism,

Manna and Waldlnger (1970) outllned a theorem-proving Drogram
a p p r o a c h  t o automatic program synthesis, In order to aonstruct a
program satlsfylng certain speclflcatlons, a theorem Induced by those

s
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gpeclflcatlons Is proved, and the desired program is extracted from
the proof e The use of the Induction PrlnclPl@  to construct programs
wlth recursIon la explored in some detat I*

Other theoretlcal research In progress Is mainly orlmtatad towards
practlaal appllcatlons, For example, Ashcroft, Manna and Pnuell have
extended the class of schema3 for wh I ch var IOU3 PropertIes are
dealdable, (These results give the deoldablilty of the equivalence
problem for Ianov schemas as a tr IvIal case), Other work, b y
graduate students, Is dlrected toward3 flndlng more powerful methods
of proving equlvalenae of programs (Ness), detecting parallsllsm In
3equentlal programs (CadlOU), and provlng correctness of translator3
(Morrl3L

Currently our maln emphasls Is on prellmlnary studies for the
oonstruatlon of an Interaatlve verlflcatlon 3ystem, W e wl3h to
develop a practical system for provlng program3 correct that wIII be
powerful enough to handle real program39

1,5,2 Proposed Research

In the followlng we outllne several reaearah topics that wg wbh to
undertake In the near future, Note that most of these topjcs are
already belng actively pursued,

A, To develop further the theory of equivalence, termination and
correctness of computer programs.

2, To develop further the theory of semantic deflnltlon o f
programmlng languages, the formal descrIptlon of tranalatfon
algorithms,’ and the correctness of cOmpiler3,

3, To try to develop a theory of paral lel processes adequate to
prove the I r correatness and espeelally the’! r mutua I
non-interference,

‘4. To develop a formal system of logh In which proof3 of
termination, equlvajencer correctne3s, and noneinterference can be
conveniently express?

5,. To pursue whatever new theoretical avenues awea r IikOlY to
ContrIbute t o the goal of maklng checkout by proving ccrrectness
practical,

6. As soon as possible, Stanford graduate students l n computer
3dence will be asked to prove some of their programs correot as
part of their course work so as to check out the teahnlques
developed, .

i
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1.6 Repres8ntatlon Theory (John McCarthy)

McCarthy WI I I contlnus his Investlgatlons of ways of formally
describing sltuatlonsr !aHS !Jbing the effects Of a&Ions, and laws
of rr.otlon, New axlomatlzatlons of knowledge and tt c a no are h the
works,

Recent d8V8lOpm8ntS  Include work p8rfOrm8d during a vlsIt to Stanford
by Erik Sandewall o f Uppsala Unlverslty o n 8Xpr@S8!ng natural
I anguaQ8 Information ln predicate calculus Cl2 and work by McCarthy
on languages In Nhlch not all Sentences have truth valU88,

Recent kork In mathematical theory of computation by McCarthy,
Ashcroft, and Manna on parallel and ind8t8rmhat8 oOmputatiOn8 and
the correctness of non-halting programs haS a direct appllcatlon to
representation theory b80aUS8 It psrmlts proofs of oorreOtne8s of
Strat8918S while processes other than the activity of the machfnr are
gain-g on, Th8 proof checker deV8!Opm8nt under the Math8matlOa!
Theory of Computation project Will a!so Promote th!s,

In the next perlad, work fn representation theory will be oarrbd out
by McCarthy, Patrlck Hayes, Posslb!y  David Luckham, and by graduate
students t

REFLREFJCE

cl3 Et Sand8wa\I, “Represent jng Natural-Language Intormatlon  In
Pr8dlcat8 Calculus”, AIM-l2& Stanfor Al I, ProJect, July 1970,
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I,7 COMPUTER SIMULATION OF BELJEF SYSTEMS [Kenneth Colby, Frank
HI If, Malcolm Newey, Roger Schankr Dave Smlthr Larry
Tes(ert and Syhla Weberl

Kenneth Mark Colby, MA, who Is a Senior Research ASSoctat8  in the
CompUt8r SCi8nC8 Department, term’lnated hls private practlC8 Of
psychiatry to devote full time to lnvestlgatlons  In this area of
computer slmulatlon, The Natlonal tnstitute o f  Mental Health
sponsOr8d two projects Under Dr, Colby’s dIrectIon, Ona of these is
a Research Career Award and the other IS a research ProJ8ct which
continues the investlgatlons  in which his group has been engaged for
the past seven years,

Introduction  and Specific Alms

The c.ilnlcai problems of psychopathology and psychoth8rapy ?8qUi r8
further Investigation since SO little Is known about their sssentlai
processes, Some of this Ignorance stems from a lack at a basic
science level -of dependable know I edge regarding higher mental
processes such as cognltlon and affect, The research of the project
att8rptS t0 approach both the cllnlcal and basic sc!ence p?Ob!8ms
from the VieWpOint of information-processing models a n d computer
slmulatlon techniques, Thls VIewpoInt is 8%8mp)lfi8d  by current work
In the fields of cognltlve theory, attitude change, be! ief SySt8mS,
computer  simulatfon  and artlficlai lntelllg8nc8,

The ratIonal of our approach to these clinloa! problems  IleS in a
conceptual iration of them as Informatlon~proc8sSlng prOb/ems
involving higher m8ntai functions, COmout8r cOnc8pts and t8chnlqu8s
are a p p r o p r i a t e  to this ieve! Of cOnc8PtlJa!lzation, Their suco8SS in
other sciences would lead one to expect they might b8 of aid in the
areas of psychopathology and psyohotheraoy,

The specific aims of this project relate to a long-term goal of
d8V8!oPing more satlsfaotory 8XP( lcit theOrj8S and models of
psychopathologlcai p r o c e s s e s , The models can then be 8Xp8rlm8nt8d
wlth In ways wh i ch cannot be carried out on actual patients,
Knowledge galned In this manner can then be lopPIled t o cl lnloal
sltuatlons,.

Method3 of Procedure

We have now gained conslderab(8  experience  with methods for wrlttng
programs of two types, The f I rst tYP8 of program represent3 a
computer model of -an lndlvldual .oersorVs belief system, W3 have 3
constructed two versions of a mode/ of an actua I patlvt I n
psychotherapy and we are currently wrltlng Programs wh i ch SjmUlat8
the b81 l8f’ SYstems of two normal Indlvlduals, We have also
constructed a model Of a pathologfcal be! lef system In the form of an
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artlflclal paranoia, A second type of program represents an
IntervieWIng  program which attempts to conduct an on-line djalopue
Intended to cot lect data regarding an Indlvldual's Interpersonal
relations, We have wrltten two such lntevlewlng programs a n d  a t
present we are oollaboratlng wlth psychiatrists In wrltlng a program
which can conduct a dlagnostlc  psychlatrlc IntervIew,. .

A computer model of a belief system consists of a large data-base and
procedures for PrOceSSfng  t h e  InfOrmattOn  It contains,  The data-base
consists of concepts and bel lefs organized In a structure which
represents an lndlvldual’s c0nceptuallzatlon of hlmss)f and other
persons of Importance to hlm In his life space, This data IS
col lected from each lndlvldual Informant by lntervlews, Verlfjcat)on
of the model Is also carried out In lntervlews In which the Informant
Is asked to confirm Or dlsconflrm the outcome of experiments  on the
particular model which represents his belief system, Because of the
well-known effects of human InterVIeWer bias, t h e  p r o c e s s  o f
data-coliectlon and ver/flcat/ons shou!d ideally be carr led out by
on-l Ine man-machine dlalogues and this 1s a major r e a s o n  for our
atte@pt to wr/te lntervlewlng programs, However, the difficulties
in rrachlne UtlTlZat~on Of natural language remain great and untll
this problem Is reduced we must use human IntervIewers,

l4e have wrltten one type of therapeutic  lnteractlve program which Is
deslgned t o ald I anguage development I n  nonspeaking  autlstlc
bhi ldren, We have used It for the p a s t two years on eighteen
children with considerable success (80% llngulstlc Improvements), We
intend to continue using this program and to Instruct profasslonals
in psychiatry and speech therapy In how to write, operate and Improve
such therapy programs for speclflc condltlons,

Sfgnlflcance of this Researuh
L

Thls research has signlflcance  for the psychlatrlc, behavloral and

L pomputer  sciences,

Psychiatry l a c k s  satlsfactorv classlflcatlons  a n d  explanatjons  of

L i;;;:opathology, we feel these problems should be concrptuallzed in
of pathologlcal bel lef systems, Data collectlon I n

psychiatry Is performed by humans whose InteractIve effects are
bel ieved to account

L
for a large percentage of the unrslPablllty in

p s y c h i a t r i c  dlagnosjs, Olagnostlc  lntervlewlng should Ideal IY be
conducted by computer programs, Flnal IY, the process and mechanisms
of psyohotherapy are not well understood, Since experlmentatton On

L computer m o d e l s  1s more feasible and COntrO((able than
experlmentatlon on patients, thls approach may contrlbufe CO our
understandlng.  of psychotherapy as an InformatIon-prooesslng problem,

It Is estimated that 90% Of the data cot looted In the behavIoral
sciences Is co1 (ected through IntervIews, AgaIn a great deal of the
variance should be reduced by having oonsistsnt programs conduot
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IntervIews, Also, this research has slgnlflcance for cognltlve
theory, attltude change and social psychology,

Computer science IS concerned with problems of man-machine dialogue
tn natural IanWage, with optlmal memory organlzatlon and with the
search problem In large data-StrUctures, This research bears on
these problems RS well as On a" crucial problem In artiflclal
intelligence, Le., Inductive Inference by Intelligent machlnes,

Collaboration

We are collaborating wlth two psychlatrlc centers for dlsturbed
children and a local VA hospital, We are also collaborating with
residents
In

ln th;,y;;;;trnent of Psychiatry and with graduate students
con?puter 8 psychology, education and electrlcal

engln-eerlng,
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1 . 8  Facilities

By the time work on this ProPOsai  i s  to be inltlated (1 J u l y  1971)
the computer facility WI II include the foiiowlng,

Central Processors:

Primary Store:

Swapping Storet

File Store:

Peripherals:

Terminais: . .

Special Equipment:

Digftal Esulptnent Corporation POP-10 and POP-6. .

65K Words of DEC Core (2~s)
65K Words of Ampex Core (1~s)
131K Words of new core (2~s)

Librascope disk (5 mliiion words, 22 million
bits/second transfer rate)

IBM 2314 disc file (leased)

4 DEC tape drives, 2 mag tape drives, ilne
printer, Calcom plotter

15 Teletypes, 6 III displays, 1 ARDS displayr
30 Data Disc dlsplaysr 3 IMLAC remote displays

Audio Input and output systems, hand-eye
equipment (2 TV camerasI 3 arms), remote-
controlled cart

1.8.1 Processors

The system operates about 23,5 hours per day every day and is heavily
I oaded about’ 70% of this time. Lengthy oompute-bound jobs such as
computer vlslon, theorem-proving, and machine iearnlng programs often
boa down during high-load condltlons to the point where lt Is
difficult to complete segments of usefu( size ln as much as an hour,
With this problem In mind, we have explored alternative ways of
increasing performance and concluded that the most product ive
approach wlli be to design and construct a special prooessor that Is
optimized for the ciass of problem we are dealing with,

Before the lnitiation ot the PraPosa I period, we expect to have
camp  I eted the design of the new processorr submltted It to ARPA tor
revlew, received approval,  and lnltlated fabrfcatlon, Funds already
avai lable under the exlstlng contract should be sufficient to
oompiets thlls  project,

In the event that the design does not materlaltze in a tfmrly way or
that this project ls dIsapprovedI some other solution C O t h e
processing bottleneck wiil.be needed, All known alternatIves  are more
expenqlve and wou I d exceed a v a i l a b l e funds, The budget of this
proposal assumes that the new processor wlil be GomPleted
successtuliy,

.
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We understand that one at the condltlons  for final approval of the
new orocessor project will be that 50% of its capacity be made
avai lablo to other partlclpants in the ARPA net, This will be
acceptab  ier however if the external usage makes substantial demands
on other system elements (e,g, primary or secondary storage) It may
be neoessary to supplement these facllitleS, We have budgeted no
funds for this,

. .

1,8*2 Primary Store

We expect to have procured and Installed core memory by the beginning
of the proposal period, using funds made available under a supplement
to this contract for Mathematical Theory of Computatlon( It may be
desirable to augment this memory or replace some of the leas rellabie
portions subsequent to the advent of the new processor,

1,8,3 Swapplng  Store

The L-ibrascope disc fi ie crashed some tlme ago, destroying half its
capaclk Slnoe the system is totally dependent on this unlt for
efficient operatlon, lt is vulnerable to another crash, On behalf of
the U.S. Government, Stanford is pressing a claim against Llbrascope
(a divislon of Singer) regarding shortcomings in this eoulpment, It
is hoped that there wlil be sufficient recovery under this suit to
repiace the diso with a more reliable swapping store,

1,8,4 File Store

Cost/performance considerations and the need to store somewhat more
vlcture Intormation for our computer vision research cal I for
r e p l a c e m e n t  of. the 8-disc IBM 23114 file (leased) wlth a 4-disc
version of the IBM 3330 (also leased),

l&5 Peripherals

Exlstlng peripherals appear to be adequate with few exceptlons, W e
have a need for a high speed prlntlng device with generai graphics
capabilW We, the capabilitles of a plotter and the speed of a
line printer), Existing devices In thls class all seem to use specfal
paper., which makes their operating costs too high, Devices that work
with. ordinary paper are under development by more t h a n  o n e
manufacturer and we wlil (Ikely want to procure one with aval labie
tunas when they become avallabie,

L8.6 Terminals

Ex'istlng  terminals appear adequate for the foreseeable future,
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1,8,7 S p e c i a l  huipment

Ongolng hand-eye research and other work in computer vision will
require additiona( cameras with color vision capabIlity,
manbulators, and other instrumentation, Funds have been budgeted
for these items, . .

t
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TARLE OF CONTENTS

Introduction
Change of Project Name

. .

Proposed Work for New Contract Perlodr  Its Reiatlon to Long Term Goals
I e Theory Formation In Science
2. Reptesen ta t lon
3, Cenerallty and Problem Solving
4, The Nature of Programs and the Orsanlzatlan of Heurlstlc  Programs
5. New Artiflclal Intelilgence  Appllcatlon

HIstorIcal Synopsis
Views of Others Others Conoernlng  Thls Research
Review of Work of the Current Period
heurlstlc DENDRAL as an appl lcatlon to Chemistry: Posslbje NIH Support
Computer Facllltles
Budgetary Note Concerning Computer Time
Budgetary Note Concerning Personnel
Blbllography

2.1 INTRODUCTION

Under previous ARPA contract support, the work of the Heur lstlc
D ENDRAL proJect h a s been focused on understandlng the processes of
sclentlflc Inference ln probiems Involving the lnductlon o f
hypotheses from emalrlcal data, and on the
heurlstlc program for solving such Problems

Imp~~;~ntatlon  o f  a
In a sclentlflc

setting, Th'e Heuristl c DENDRAL program now does a creditable, often
extremely goodr job of soivlng a variety of mass spectrai analYsls
problems In organic chemistry,

It has necessary to Invest the effort to construct this 6OmPlex
performance program as a foundation  of understandlng and a mechanism

l from which to build toward more lnterestlng and Important programs to
do solentlflc theory formatlon, We have begun this bulidlng,

What we Intend to do ln the next two years is the subJect of this
proposa I, The p h a s e of ARPA support of the performance program
wr:itIng and tunlng (the Heurlstio DENDRAL phase) wll i end with the
explratlon  of the present contract period, though funds are being
sought from NIH to continue that part of the work,

2,2 CHANGE OF PROJECT NAML

The focus of.our work under ARPA support Is expandlngr and its nature
Is changlng, Our desire ts oonvey this expllcltlu  leads U S  to want
to change the proJect name to Heurlstlc Programming Project, fhls
desire was relnforced by our observation that wHeurlstlc DENDRAL" has
become, among computer sclentlstsr a technlaal term raferrlng to a
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specific prografb rather than a coverlng term for a WWJP  of
worklng on programs which model sclentlflc thought processes,

P@OPb

2.3 PROPOSED WORK FOR NEW CONTRACT PERIOD: *.

ITS RELATION TO LONG TERM GOALS

It Is a paradox that the success of the Heurlstlc DENDRAL program in
Its chemical task area has tended to obscure our primary longaterm
motlvatlons, Our sclentlflc reports are by nature discrete antltlesr
but the shape of the envelope fun&Ion should not be lost sight of.
Most of our plans for the coming period have arlsen natural Iy from
dlscusslons In our research meetlngs over the last few years. Our
problems, Ilke most others, tend to have a natural time of r lpenessr
to p I uck them ea.r( ler ls to waste energy and resources and to hcUt
frustration, It Is toward an understandlng of the overall shape of
our work that we offer the following comments concerning goals,

Sc1enc.e  and the work of sclentlsts Is our object of study, We seek
our understandlng not abstractly, as loglclans and philosophers
might, but concretely as sclentlsts might (and sometlmea do) about
real science, W-e use the lnformatlon procasslng  vlewpolnt because
this is the conceptuallzatlon that leads most directly from our
observations about the processes of solence and the behavlor of
sclentlsts to computer programs that do sclentlflc reasoning,

We seek to understand the formatlon of sclentlflc theory as a means
of organlzlng  sets of observatlonsi experiment  as a technique for
efflclent(Y extracting new Informatlon about a universe of concern:
how a sclentlfic  paradigm Is used most effectively as framework for
the conduct of routine sclentlflc problem solving; how the framework
may be al tsred when necessary; and what processes undetly a
scisntlflc InnovatIon,

Our speclflo plans for work
outllned In Item I, below,

on sclentlflc theory formatlon are

W6 use the tools and concepts of artlflclal lntelllsenoe research,
and a s we write our programs and experiment with them, gaining some
Inslghts and understandlng, we seek to pay back our debt by reflnlng
and adding to the fund of tools and concepts, AS outllned In Items
2, 3i and 4, below, our current research trajectory leads US t o
expedt that we can ContrIbute to an understandlng of: the problem of
representation of knowledge; the sources of generality  and speclallst
expertise ln problem solving programst the nature of Programming and
the organlzatlon of heurlstlo Program&

I

1. Theory formatton In Science

Five Years 'ago we began our work by seeklng a speclflo task
envlronrrent In which t o work, one of a 00mplexlty beyond the
toy-(Ike, Yet simple enough so that we oould formulate an approach
wlth the conceptual tools we had at our command, We deolded that t h e

I
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problem area needed to have as Its essence the lnductlve analysis of
emplrlcal data for the formatlon of axb/anatory hypotheses, This I s
the type o f Inference task that calls for the use of a sclentlflc
theory by a performance program, but not the formatjon  o f that
theory, We did not have the InsIght, UnderstandIng,  and daring at
that the to tackle ab lnltlo the problem of theory formatlon (and
Indeed It would have been foolhardy to do so then),

Uow \*e feel the time Is floe for US to turn Our attention In a maJor
wa*y t0 the problem of theory format/on, Out understandjng and o u r
technical tools have matured along wlth the Heurlstlc DENORAL  program
to the po Int where we now see clear ways to proceed, The effort,
which began In a small way a few months ago, Is called Meta-DENDRAL,

As always, proper choice of task environment Is crucial, but for us
the choice was absolutely clear, The theory formatlon task most
accessible to us Is the task of formlng mass spectral theory, Hence,
the notion of building a level of programs "me ta” to the DENDRAL
performance program,

DENDRAL a I ready‘conta  I ns an excel lent mass spectra I theory, We,
therefore, have a clear I dea of what a “correct answervt Is llke,
DEI\IGRAL's theory Is represented in at least two different forms a t
present, so that we have a pretty good Idea of the lss~es Involved In
representing mass Spectral theory for a Program, The PredIctor
program Is an interesting klnd of artlflclal experlmentai environment
In which to Perform certain klnds of In terna l *~experlments*~
systematlcal iy, thereby generatIng  a kind of systematic data that may
not b e available In the natural world, A theory language of
notations, data structures, and primltlve concepts (with which we are
intlmateiy famillar because we developed ItI Is avaIlable, People
who a r e expert ln the dlscovery  of mass spectral theory are members
of our research team, Many programs for manlpulatlng mass spectral
data have already been developed by us and are ready to be exploited
as theta DENDRAL too(s,

The goal of the Meta-DENDRAL  program Is to infer the theory that the
performance program (Heuristic DLNDRAL) needs to so I ve problems of
mass spectral analysis,

The foilowlng table attempts to sketch some differences between the
programs at the oerformance  level and the meta-level,

Heuristic  DENORAL Meta-DENDRAL

Input The mass spectrum of a A large number of reoorded
rfolecule whose structure mass spectra and the assocjated
is not known (except, (known) molecular struotures,
of course, in our test
cases)
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Output A molecular structure
Inferred from the data

A set of cleavage and rearrangement
rules constltutlng
a subset of the theory of mass
spectrometry

Example Uses alpha-carbon Rlscovers  (and vaIldates
fragmentation theory alpha-carbon fragmentation
rules In piannlng and rules In a space of possible
In vaildatlon patterns of cleavage, uses

set of prlmltlve concepts but
does not Invent new prlmltlves,

In our vlewr the contlnulty evident In this t a b l e  reflects a
contlnulty In t he processes of lnductlve explanation In Science,
Moves toward meta-levels of sclentlflc Inference are moves toward
encorrpasslng broader data spaces and constructing more general rules
for descrlblng regularities in the data,

The number of DoSslbie ways of searching for regulat~tles  In a data
space like that of Meta-DENURAL's (and correspondlnglyr  the number Of
generallzatlons That may be val Id) Is enormous, Consequently
heurlstlc searuh strategies and path evaluations are necessary to
constrain the search to subspaces that appear to be most fruitful by
some (heurIstIcI crlterla. We can not be too speclflc now about what
shape these strategies and heurlstlcs wli} eventually take, since
this is the object of the research,

Two global organlzatlons are be Ins studied now. The flrstr In a
rudimentary state, 1s very "human-(Ike"  and results from an attempt
to get lnslghts Into the process by mlmlcklng  the lnductlve processes
used by one of 6ur chemist collaborators, ‘fhls Is a n 'Vlncrementaln
type of strategy In which a rule (or part of a rule) Is formulated on
the basis of a very small number of examples, and Is modlf!ed as
additional cases are considered for which the rule falls partly or
wholi~.

Vie second Is more "Machine-ilke" In the size of the data subset It
fs able to deal with at one time and In Its systematic approaoh to
rule flndlng, Each structure-spectrum pair Is subJected to a
bond-by-bond examination for evidence of cleavage, Bond-pair
cleavages and then bond-triplet cleavages are searched for, Evidence
for gYroup mlgratlons  ln ConJunctIon  with the var lous cleavage8 I s
sought (the generator treats hydrogen mlgratlons first, more cOmplex
groups later), Validated events and the molecular context In whtch
they occured are coded (descrIbedI In a language of prlmltlve
processes for the next stage of processing, This crltlcal step 1s a
search for regularity In the set of processes and contexts, It oan
be carried out In very many ways, A detaIled understandlng of the
nature of such searches, and the effect of dlfferent search
strategies, is an Important part of our study, RegularItIesa;;
expressed as tentative theory-rules In our situation-actlon
representation (developed for Heurlstlc UENDRAL's Prad~otor),



Success of these tentative general lzatlons at predicting events for
new d a t a validates the rules, No runnlng pragram  Yet exists  which
Implements this scheme, though pieces of program are beglnnlng  to be
written, The whole scheme Is likely to undergo considerable
evolution as we get more deeply Into the effort,

3 Representation
. .

- a

We have seen In our previous work that the form In which knowledge
about the (DENDRAL) world is represented Is crucial to effeatlve
problem solvlng and to augmenting the knowledge structure for
Improved performance, Because of this, because the problem of
representation Is Important to artlflclal Intelligence research and
because we felt that the problem was more accessible to us than to
most other groups (since We have a rUnn/ng Problem solvIne program
that uses and m a n i p u l a t e s  a complex body of knowledge), we have
devoted considerable effort to representation,

We propose to continue these studles; Indeed this Is unavoldable ln
connection  wlth the Meta-DENDRAL research, A substantial piece of
workr begun In-the current perlodr will be Pushed, The work alms at

L
the automatlo re-representation of the knowledge of mass spectometry
held by
more

the Predictor in Its *'natural"  process-orlented i;;; to 4::
reoent (and more satisfactory) productlon-rule

experiment Involves trying to do this malnlY by lnductlve  te&nlques

t
'rather than by loglcal derivations, The Structure Generator will be

u s e d  t0 produce a p p r o p r l a t e and systematic input to the "oldV9
P r e d l c t o r  to produce an artiflclal data space from which lnductlons

L to t h e  Vew@@ representatlon will be made? Thls effort abVlOUS(Y  has
conslderable  (Inkage to the Meta-OENDRAL work prsvlously discussed,

3. Gensrallty and Problem SolVlng

1 Transformation of representation Is c(osely associated 4th the
concept of speclallzlng knowledge for Its most efflclent US@ In

1 solvlng speolflc c 1 asses of problems, Our Planning Rule Generator

L l already does this for a particular supra-tarn1  Iy o f mass
spectral/chemical problems, the saturated acycl Ic monofunctlonal

I

compounds, That Is, Vpec I a 1 I StS” for particular chemical famllles
are automatlcally Inferred from alpha-carbon fragmentation theory,

L
L

AA Memo 131 (23) discusses exoertlse and Problem-solving
speclallsts In contrast to general problem solvlng mechanisms at the
performance level that select appropriate speclallsts, This Is a path
In the search for generality of problem solvets that has not
previously been explored In detail (though Moses' SIN program lleS on
the path), ye plan to do a more detalled exploration, for which A.1,
Memo 131 wasour openjng Statement,

L
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4, The Nature of Programs and the Organization of Heurl8ttc Programs

One of the most Important sources of transfer from our present work
to our future work and to the work of others Is likely to result from
a aetal led examlnatlon of the DENORAL  p r o g r a m s as an organized
sequence of manlpulatlons on a symbolic world Internal to the LISP
“math  I ne" , In our research dlsousslonsl we return repeatedly to
problems Involved In trying t o understand systematlcally t h a t
Universe of entltles known as computer programs, and In particular
the subclass of heurlstla programs, Why?

First, as bulldsrs of perhaps the largest heurlstlc program that
exist% we are forever frustrated that our next Steps are not more
read1 1Y accomplished than our last s t e p s , that there remains
undiscovered something systematic and understandable that will permlt
next steps to be made more sclentlflcall~ and less artisan-I Ike than
previous steps,

Second, the programmlng task Itself presents a problem domain worthy
of Intense appllcatlon-oriented  research by the AJ, community, I t
Is ,almost certainly true that two or three decades hence most
computer programs (as we know them today) wll) be wrltten by computer
program, The necessary lnltlal explorations should begin now (as
Indeed they have begun at a few places),

Third, our work Is Prlmarlly conoerned with heurlstlc programs and
these present particular  problems and challenges, At so~me  level In
the organlztlon of our programs we are wrltlng heurlstlc procedures
and not merely routine symbo I manbulatlons (for exampIer search
cut-off decisions as opposed to some Ilst-structure  reorganlzatlon),
But there Is so' little heuristic proarammlng science to draw upon In
engIneerIn speclfia heuristic procedures! To the e x t e n t that
heurlstla programmfng Is a science at all, It Is an experlmental
science (Invent, organize, ImPlement, try, observe, i;ntarPret;
reorganize, Invent morel try again, observe and Interpret; and so
onI* The processes of the automatic heurlstlc  program writer (or at
I iast pro9rammlng asslstant) may be slmllar to the processes of the
empirical solentfst, the problem domain of our prlmary Interest,

For all of these reasons8 we Plan to invest some of our time and
resources In a exploratory effort fro better understand programsc
orogfam construatlon, and ln partlaular  the organlzatlon of heurlstlc
orograms, Whether we pursue our quest for understanding by prwram
writing l's not now clear, It will PrObablY depend o n  w h a t
Indlvfduals, particularly g r a d u a t e Students, become Interested In
pursulng these questlons,

5. hew Artlflclal Intelligence  APPlbtlon

During the current period, we have soent much effort ln searoh of a
new appllcatlon In which the techniques and concepts of artTflcial
intelligence research can b e  applied  to a p r o b l e m  o f  l m p o r t a n o e  t o
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Science, To serve adequately, the proolem domaln must be such that
complex reasonlng processes play a slsnlflcant  role In the dlscovary
of problem salutlons (Interestlnglyr  many sclentlfla tasks do not
have this property), In line with our general lncllnatlons, problem
domlnS of primary interest to U S are those Involving lnductlve
generallZat/on and hypathesls formatlon from sets of empirical data,
There are many other characterlstlcs that a problem area must have lf
It is to be of Interest and use to US, but we will not discuss these
here ,

During the remainder of the current period, a new appllcatlon area
will probably be selected, We Intend that the project support  t h l s
work during the p e r i o d  o f problem formulation and the period of
initial testing for feaslblllty, If tne Idea Is vlabie, sustalnfng
support to brlng the application to fruition wlii probably be sought
from NSF or NIH,

2.4 HISTORICAL SYNOPSIS

Work began In 1965 and has been supported by ARPA contract funds for
artiflclai Intelligence research at Stanford s I nce that time, A
specific task environment was decided upon as a context for studying
sclentlflc hypothesis formatlon, Tnls was: the lnductlon of
hypotheses about organic molecular structure from physyccij spectra of
molecules <Initially mass spectra, later lnciudlng  nuclear magnetic
'resonance s p e c t r a as auxlllary data), The heurlstlc program written
to solve such problems consists broadly of two pnasesr hypothesls
generatlon  and hypothesls valldatlon,

The hypothesls generation phase is a neurlstlc search I n whlah a
comblnatorlai’ s p a c e  o f possible candidate molecular structures Is
severely constrained by: (a) heurlstlcs that define PlaUslbllltY O f
structures ln terms of their natural stability and (b) a search plan
inferred from the problem data uslng task-speclflc pattern anaiysls
heurlstlcs that are based o n mass spectral theory, The chemical
knowledge (theories, conjecturesr facts, heurlstlcs) used bY the

*program has been eilclted from professional mass spectrometrlsts by a
reasonably systematic technique,  often employing interaction between
the human chemist and the program, I n  s o m e  I n s t a n c e s ,  t h e  h e u r l s t l c s
used for Inferring the search Plan can be deduced by one of our
ofa-9ramsl wlthout recourse to our chemist collaborators,.

In the hypothesis valldatlon phase1 candldate hypotheses are
evaluated by a two step process1 (a) a program Using a complex
theory of mass spectra generates a predictlon against problem data,
makes a flnal discarding of some candidates, and ranks those
remaining.

This prowarn Is wrlttan In LISP, In terms of bytes of core memory
for the IBM 360 (inciudtng necessary binary program space and
adequate free storage space) a typIcal ttworklngtt core image wtli
occupy over one mill Ion bytes (usually run In three 350K job stw3s).
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Other OENORAL code used In the past and sometlmes In the present
constitutes another half mllllon bytes,

The program has solved hundreds of Structure determination problems,
For the supra-family of organic molecules upon which we have focused
most Intensely (saturated, acycllcr monofunotlonal  compounds) the
performance Is extremely good, measured ln time-to-solutlon and In
qua1 ItY of SolUtlOns~ even compared with the b8St human performance,
In other famlllas and supra-famllles,  the performance Is sometimes
good, sometimes novice-like, The bas I c processes are compl8tely
general, however, so that Increments of new chemical know(ed98 wt I I
readllY glve rise t o better performance on a broader range of
problems.

This work has been reported to the computer science community in the
followlng publlcatlons: c73, ClU, C163, C173r C233, Sine8 the
program ls of conslderable Interest as an appllcatlon In chemistry,
we have produced a series of paper 5 for the ch8mlca) literature
entitled '"Appllcatlons of Artlflclai In te l  llgence for Chemical
Inference*', of which SIX papers have aPP8ar8d C143, Cl5!, C193, c201,
c213, c223, and“ two more are In progress, The work has been
discussed in terms of phllosophy of science in Cl83,

2.5 VIEWS OF OTHERS CGNCEHNING THIS RESEARCH

T'h e publlcatlon of this work has engendered considerable dIscussion
and comment among computer scientists and chemists, PrOfeSsOr H,
Gelernter (SUNY, Stony Brook), at an SJCC 1970 panel of the use of
computers In Science gave an extended dlscusslon  of the program, In
which he sald that It was the flrst Important so(entlflc  app(jcntlon
of artlflclal lhtelllgence, Or, W, H, War8 (RAN0 Corporation) In a
recent artlcle entltled "The Computer In Your Future" In the
~ollectlon Science and Technology ln the World of the Future (A, B,
Bronwell, ed,, Wiley PressI 19701 said:

"Thus, much of engIneerIn will be routlnlzed at a highe
level o f sophlstlcatlon~ but what about science? A n
lndlcatlon of what 1s comlng at a hlQh8r 18VQl Of
Intellectual performance Is a computer program cal l8d

.Heurlstlc OENDRAL, which does a t a s k that a physIcal
-chemist or blologlst concerned wlth OrQanlc chemistry does
:repeatedlY,"

Professor J, W8lzenbautn of MIT, ln an undergraduate computer sui8nce
curriculum proposal for MIT entltled '@A First Draft of a Proposal for
a NOW Introductory Subject In Computer Science (September 1970)"
Included Heurlstlc DENORAL In his "group 4" series (three 1eotures1
entItled Crest Programs!. and he said recently (personal
communlcatlon)r commenting  on recent work and plans,
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” I see the work YOU are now beglnnlng  as a step ln the

L direct/on of compos I ng expllclt models of just such
programs (that bul Id expertise in an area), The
lmpllcatlons of a success In such an effort are staggerlng,
I therefore beI ieve Your effort to be worthy of vew

I
considerable Investment of human and flnanclal resources,,,. .

In hls paper presented a t the S 1 xth InternatIonal Machlne

L Intelligence Workshop, Professor Saul Amarel (Rutgers Unlvarslty)
used Heuristic OENDRAL to Illustrate a point about programs which use
theoretical knowledge, He wrote:
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“The OENORAL system provldes an excellent vehicle for the
study of uses of relevant theoretical know I edge In the
context for formation problems,,, Cfrom "Representations and
Moaellng In Problems of Program Formatlon,,, Sau I Amarel,
In Machine Intelligence  6 (ti, Meltzer and D, Mlchle, eds,)
Edinburgh Unlverslty Press (In press)l,

Dr, T, C, Evans (Alr Force Cambridge Research Labs), President of the
ACM SiGART, ln lhtroduclng a talk on Heurlstlc  UENDRAL at the 1970
FJCC meeting of SIGART, called the program ,,probably the smartest
program In the world,, (and followed this with t h e  lntepeatlng
observation that this program had probably received a more sustained
and Intense effort than any other single program ln the history of
'the artlflclal intelligence flsld), At a practical level, a firm of
Brltlsh computer science consultants headed by Professor 0, Mlchle of
the Unlverslty of Edinburgh requested and obtalned permlsslon to
adapt and market the use of the Heurlstlc DLNURAL p r o g r a m t0 a
British chemical comoaw, A mass spectometry laboratory at the
University of Goteberg In Sweden, headed by an eminent mass
spectrofretrlst, has asked for (Istlngs and help In beglnning the use
of the program there, On a recent vlslt to Stanford representatlves
from one of the leading mass spectrometer manufacturers (Harlan-MAT,
Germany)  also requested I /stlngs of the program,

2,6 REVIEW OF WORK OF ThE CURtiENT PERIOD

L
L
L
1
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In the previous proposal, we outljned work to be undertaken during
the cur rent Per lad, There has been substantial progress on much of
thl-s work, though we are only a year lnto the current Per lad, Some
of : the work has not been attempt@d because Its time did not seem to
be rlPe,

'We have already ment I oned that dramatlc progress was mad8 ln the
improvement of the performance of the program as a n appllcatlon I to
chemistry, Our first paper on rlnged structures was pub1 lshed and
more corrplex.work  (on steroids) Is now being done, Other funotlonal
groups WeI- added to the Planner, N,M,H, analysls was brought to
bear in a meaningful way at the level Of planning, As we tndlcated
earlier, t h e  p r o g r a m Is moving to t h e stage  at which It can b e
exported to the scientific community,

s
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our work o n  renresentatlon o f  knowledge, so domlnant a theme In our
preVbJS  ptOpOSai,  has been multl-faceted, The knowledge we are
dealing with Is the theory of the mass spectrometrlc processes o f
fragrrentatlon and recomblnatlon, Thls theory, the basis of our
Predictor, has been rerepresented in a particular production rule
Vsltuatlon-act/on*' rule) form as a prellmlnary to wrltlng programs
that will perform this representatidnal  transformation automatlcal(y,

This new representation 1s also the Internal representation for the
knowledge acquired b y the Interactive Dialog program for ellcltlng
knowledge about chemical structures and processes from practltloners,
A rather soeclallzed chemistry language In which to conduct thls
dialog has been created, as well a s the Interpreter for that
language, This work will be the subject of an A.1, Memo later In the
contract perlod,

There are at least two aspects to the Problem of the effective use of
general knowledge about a world by a problem solver: at what PO I nt
In the problem solving process the knowledge Is deployed, and the
representatjon chosen for Its deployment at that point, We have done
substantial work‘, on both of these problems, With respect to these
problems, the most dramatIc event of this perlod was the constructlon
of the Planning Rule Generator (described In A,I, Memo 131 C231).
Thls Is the program that deduces, from ;;;e general first-order mass
spectral theorY that Is basic to PredIctor's actlvlty, the
speclflc family-related pattern recognition  heurlstlcs used In the
Plannlng process, It d e d u c e s Uxper tW* for speclflc chemical
famllles for deployment early In the hypothesis  generatlon phase, Of
the other experiments done wlth respest to point  of deployment o f
knowledge, some have had spectacu(ar effect in search redact Ion, as
for exampIer . the lntroductlon of the NJWL analysis dur Ins
Planning rather than as a terminal evalualon step m (The former Is
dlscussed In A.1, Memo 131 (231, the latter In Cl93,)

In this period, alSO, we have been able to formulate and besln the
:;;y$ork for the next per lad's work on meta-DENDRAL, dlscussed

9I

2,7 HEURISTIC DENDRAL AS APPLICATION TO CHEMISTRyl
poSSIBLE NIH SUPPORT

It should be clear from the earlier sectlons of this proposal that we
have demonstrated the feaslbllltu  tat leas*) of applying tschnlcwes
of artlflclal. lntelllgence. researah to structure determination
problems I n  organjc chemistry In a meaningful and practical way,
Feaslblllty~ however, Is not realization, A very consldepable  amount
of hard work by chemists and DENDRAL programmers remains to be done
to make a comprehenslve practical solentlflc tool, ARPA ls not betng



asked to support this part of the research and development,
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An NIH grant appllcatlon was submltted last April and given an
extraordlnarllv comprehensive sclentlflc review bY NW, The
appllcatlon was approved and IS ww awaltlng funding by the Dlvlslon
of Research Resources, which funds computer facllitles, mass
spectrometer facllltles and othgr expensive Instrumental tools of
blo-medlcal researah, along wlth research Into methods for their most
effective us0,

The NH proposal calls fort

1, Experlmental work with a new mass spectrometer,
2. Orsanlzlng  and programmlng exlstlng and newly-developed knowledge

about mass spectrometry  to Improve the breadth and qua1 lty of the
performance of the Heurlstlc  DENDRAL program,

3. The oontrol of a mass spectrometer with a gas-llquld  chromatograph
In real-time by the Heurlstlo  DENDHAL program, such that the
whole system Is solving a problem rather than merely collecting
data for later analysis,

4, Meta-DENDRAL'research  on theory formatlon ln mass spectrometry
(a very small fraction since this work IS advanced AJ,
research and Is central to the ARPA -sponsored effort),

2,8 COMPUTER FACILITIES

Fortunately, the project Is blessed wlth excellent computer
facllltles at the moment, so that tne only budgetary proposal that
needs to be made ln thls regard IS for the purchase of services and
not for the development of a resource, Our programmlng IS done
almost entirely In Stanford 36@/LISP,

On the 360/67 at the Computation Center's Faclllty, the followjng
Is available:

Remote Job Entry to Batch Partltlons via the WYLBUR Text Editor?
with job output avaIlable at the terminal,e
Partltlon Sizes for Batch Partltlons:
l3lK bytes In separate high-speed partition  for dlagnostfc  runs
280K bytes, normal partltlon  size
4llK bytes, large partltlon size
800K bytes, "giant" partltlon  size, aval Iable on overnlght  runs.
Interactive time-shared  LISP'Interpreter and complier, avaIlable
under ORVYL time-sharlng  submonltor

On the 360150 a t the Medlcal School's ACME Computer Facf Ilty~ the
followlns Is avallable  u n d e r the ACME time-sharing monltor
(non-SwappIng):

L
L
t

360/LISP (Interpreter and compller)

.
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Amount of memory: up to a few hundred thousand bytes In the
daytlme operation, varleble depend I ng upon our Immediate
request, Up to 1,8 mllllon bytes of slow-speed core
memory avallable at night and at off hours,

2.9 BUDGETARY NOTE CONCERNING COMPUTER TIME

The need to hold the overal I annual budget constant as we move to the
next contract period, coupled with the need to absorb expendlture
Increases In a Variety of budgetary categories, necessitated the
budgeting  O f reduced computer time expenditures from the budgeted
$6000/ month of the present contract to $4000/ month, The possible
adverse Impact of this reduction can (hopefully) be mltlgated byI

a, the use of -some of the NW grant funds (If our proposal Is
funded) for certain parts of the work,

b, use of the Artlflclal Intelligence  Project's faclllties  for
part of the work,

cc- use of ARPA network facl(Itles, where feasible and appropriate,

Thus, the fal lback posltlons appear at present to be adwuatb

2.10 BUDGETARY NOTE CONCERNING PERSONNLL

In addition to the people mentloned In the ARPA-supported budget
(Felgenbaum, Lederbera, Buchanan, Enge(more, and graduate students),
other p r o j e c t sclentlsts are provided b y the Stanford Mass
Spectrorretty Laboratory, and the Instrumentation Research Laboratory
of the Genetlcs Department, Addltlonal posltlons are requested In
the NIH grant appllcatlon to carry out tasks called for there,
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Artificial Intelligence  ProJect Memo NO, 1048 November 1969).

Cl83 -CAL Churchman and B,G, Buchanan, "On the Design of Inductive
Systems: Some PhIlosophIcal Problems". Br Dish Journal for the
Philosophy of Scl&nce, 20 (1969)r PPe 311*323*

c193 L Schro(l, A,M, Duffleld, C, Djerassl, B& Buchananr  W.,
Sutherland, E,A, Fe/genbaum, and J1 Lederberg, @@Appllcatlon  of
Artlflclal Intelligence  for Chemical Inference III, Allphatlc  Ethers
D'iagnosed  by Thetr Low Resolution Mass Spectra and MMR Data”,
Journal of the American Chemlca) Soclety, 91:26 (December 17, 196%

c203 A ,  Buchs, A,M, Duffleld, G, S&roll, C. DJerassl, A,B, Delflno,
B,G, Buchanan, G,L, Sutherland, k,A, Felgenbaum, and J, Lederberg,
g9Appl!catlons of Artlflclal Intelligence  for Chemical Inference Iv,
Saturated Amlnes Diagnosed  by thelr LOW Resolution Mass Spectra and
Nuclear Magnatlc Resonance Spectra”, Journal of the American Chemical
S0cleth 92:23 (November 18, 19701,

C213 Y,M, SheIkh, A , Buchs, A,B, Delflno, B,G, Buchanan4 G.L.
S-uther land, E,A, Felgenbaum, and J, Lederberg, “Appllcat(ons  of
Artlficlal Intelligence  for Chemical Inference V, An Approach to the
Computer Generation of Cyollc Structures, Dlfferentlatlon Between
All the Possible  Isomerlc Ketones o f Compasl t Ion C6Hl00~f, Oraanlc
Mass- Speatrometry (ln press),

c223 A, Buchsl A,B, Delflno, A,M, Duffleld, C, DJerasslr  WL
B u c h a n a n ,  LA, Felgenbaum, and J, Lederbersr "App( (catlons o f
Artlflolal Intelligence for Chemical Inference VI? Approach  t o  a
General Method of Interpreting  LOW Resolution Mass SPeotra with a
Computer", Helvetica  ChemlCa Acta, 5316 (19701,

C233 LA, FeJgenbaum, B,G, Buchanan, and J, Lederberg, "On Generali;;
and Problem Solving: A Case Study Uslng the DENDRAL Program”,
Machlne Intelligence  6 (8, MeWtsr and 0, Mlchle, eds) Edinburgh
University Press (In press), (A(SOD Stanford Artlflcfal
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C241 B,G, Buchanan and LE, HeadrIck, 30me Speculation about
Artificial Intelligence  a n d  Legal ReasonlnC4no Stanford Law Review,
November, 197B ( (A(SO, Stanford Artlflclal Inte!lgence ProJect Memo
No, 123~ . .

C253 B,G, Buchanan, A.M. Duffle(d and A,V, Robertson, "An Applbath
of Artificial Intelligence to the Interpretation  of Mass Spectra?
In Mass Speotromstry,  1970 (G,W, Mllner ed,) Wiley (In press),
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3,BUDGET

\
i

Budgets for the Artlflclal Intel I lgence (A&) a n d Heurlstlc
ProgramflIng  (H,P,) proJecta aye given below for the next two f Iscal
years. It may be noted that the amounts al located to salarIes aretttg
same for both years, even though lnflatlon may be expected to
Its w IO The budget WI! I be ma"lntalned by pernllttlng attrltlon'to
reduce staff size,

3.1 SUMMARY OF BUDGETS FOR CONTINUATION OF SD-183 (Fiscal Year 1972)

BUDGET ITEM

Salaries

Staff Benefits %.

Travel

Capital Equipment

Equipment  Rental

Computer Time

Equipment  Maintenance

Comrrunlcatlons

Putillcatlons

Other Operatlng Expenses

Zndlrect Costs

Totals

1 JUL 71 TO 30 JUN 72 TOTAL

AtI,

$467,526

70,051

30,500

108,000

50,319

L - -

40,000

14,400

14,000

32,942

,322,262

HA

3i 79,628

11,931

3,700

c - m

5,400

46,081

1,500

1,600

1,800

48,360

$ 1,150,000 r6 200,000

$ 547,154

81,982

34,200

108,000

55,719

46,081

40,000

15,900

15,600

34,742

370,622

$ 1,350,000
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3.2 SUMhARY OF BUDGETS FOR CONTINUATION Or SD-183 (Fiscal Year 1973)

BWCET ITEM

Salaries

S t a f f  Benefits

Capital Equipment"'

Equipment  Rental

ComPuter Time c - m

Equipment Maintenance 40,000

Comunicatlons

Pub(lcationse

Other  OpetatfnSI Expenses

Indliect Costs

Totals $

1 JLiL 72 TO 30 JUN 73 TOTAL

$467,526

76,908

30,500

79r055

56,700

14,400

14,000

32,942

337,169

1,150,000

S 79 ,620

13,084

3,700

5,400

44,200

- - -

1,500

1,600

1,800

49c000

$ 200,000

$ 547,154

89,992

34,200

79,855

62,100

44,200

40,000

15,900

15,600

34,742

386,257

$ 1,350,000



3.3 ARTIFICIAL INTELLIGENCE BUDGET

L
L
L
I
L
1
L
L
I
L
L .

L
L
L
L

I-JULm71 l-JUL.72
TO TO

30.JUN-72 30-JUN.73

1” TOTAL ARTIFICIAL INTELLIGENCE SALARIES
-------------*-------*--------------- 467,526 467,526

IL STAFF BENEFITS-

13,9x to 8-31-71 10,831
15,2X to 8-31-72 59,220 11,844
16,7X to 8-31-73 65,064

TOTAL STAFF BENEFITS------------- 70,051 76,908

Iii, TRAVEL

6 Foreign trlps,l28@/ea~ 7,2d0
2 0  Trips east,450/ea, 9,000

5 Professional staff moves
to Stanfordr190Weac 9,5d0
Local travel 4,800

TOTAL TRAVEL --------------------- 30~500

IV. CAPITAL EQUIPMENT

5-IBM'3336  Dlsk Packs 5,0d0
Test Equipment(Arm and

camera Instrumentation) 70,000
Color Equipment (Camerat

mount, f Ilters) 33,000
Computer peripherals

and Test Equipment 79,055

TOTAL CAPITAL EQUIPMENT---------- 108,0fl0

v. - EQUIPMENT RENTAL

IBM Djsk File and Packs
(2314, 3330) 50,319

IBM 3330 Disk FI le 56,700

TOTAL EQUIPMENT RENTAL----------- 50,319

VI. EQUIPMENT MAINTENANCE "---a-------"-----"--- 40p000
(based on past experience)

30,500

79,055

56,700

40,000

L
*
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VII, COMMUNICATIONS ---------c----------------a- 14,400 14,400
(Telephones, dataphones, teletypes)

VIII, PUBLICATIONS COST (Past Experience)------ 141000 1 4 , 0 0 0

IX. OTHER OPERATING EXPENSES----------------- 32,942 32,942
(ed, Offlce SUPPI les, Posthe, Freight,
COneultlng, Utjltles)

X. INDIRECT COSTS

59% of SalarIes to 9-l-71 451974
46% of modlfled direct costs

thereafter (direct costs less
oapltal equipment) 276,200

TOTAL INDIRECT COSTS----------- 322,262 337,169

TOTAL ARTIFICIAL INTELLIGENCE BUDGET----- $ 1,150,000 lr150,000
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L
3,4 HEURISTIC PROGRAMMING BUDGET

L I-JUL-7% IwJUL-72
TO TO

c
L

a0-SUN-72 30nJUN-73. .

XI b TOTAL HEURISTIC PROGRAMMING SALAHIES ---- $ 79,628 79,620

L XII, STAFF BENEFITS-

t

13,9% to 8-31-71 1,845
15,2% to 8-31-72 10,086 2,002
16,7X to 8-31-73 11,082

L
L

TOTAL STAFF GENEPITS------------- 11,931,
XI I I , TRAVEL

2 Forejgn trlpst $1200, eb 2,400
2 hips East@ $450, eat 900

Local 'havei 400
-w.

13,084

i

TOTAL TRAVEL "-----C---L-III------ 3,70G? 3,700

XIV, EQUIPMENT R'ENTAL (Wyibur Terminals-362V67P 5,400 5,400

L ‘XV, COMPUTER TIME (IBM 360/67 tlmeb----------- 46,fl81, 44,200

XVI) COMMUNICATJONS(Telsphones~  Dataphones)----- 1,500 1,500

F
i

XVII, P U B L I C A T I O N S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1,600 1,600

XVIII,OTHER  OPERATING EXPENSES------------------- A,800 1,800

L XIX, INDIRECT COSTS

i

59% of salaries to 8-31-71
4 6 %  of modlfled  direct costs

thereafter (direct costs

7,830

less computer tlme) 40,530

L TOTAL INDIRECT COSTS------------- 48,360 49,088

,
L

TOTAL HEURISTIC PROGRAMMING BUDGET-----------4200,000 200,000

I XL TOTAL SD-183 BUDGET ------m---------------g&35fjJ,fQjfJ 1,350,000
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1
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I
L
L
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4, Cognizant  Personnel

For contractual matters!

Office of the Research Admlnktrator
Stanford UnlversltY
Stanford, Cal(fornf'a 94305

Telephone: (415) 321-2300, ext. 2883

For technlual  and sclentlflc matters regarding the
Artjflclal IntelllWnCe Project:

Prof, John McCarthy
Dr, Arthur Samuel
Mr, Lester Earnest
Computer Science Department
Telephone: (415) 32192300, ext. 4971

f-or technIcal and sclentlflc matters regardh  the
Meurtstlc programming project:

Prof, Edward Felgenbaum
Computer Science Department
Telephone: (415) 321-2300, ext, 4878

PrOfc Joshua Lederberg
GenetIcs Department
Telephone: (415) 321-2300, ext, 5052

For aUmlnlstratlve matters, lncludlng  questlons
relating to the budget or property acqulsltlon:

kc Lester 0, Earnest
Mr, Norman BrlSgs
Computer Science Department
Stanford UnlversltY
Stanford, Callfornla 94305

Telephone: (415) 321~2300, ext. 4971
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APPENDIX A

PUBLICATIONS

Articles and books by members of the Stanford Artlflclai Intelligence
Project are llsted here by year, Only publlcatlons foilowing the
lndlvldual,s afflllatlon with the Project are given,

1’

2.

3.

4’

1,

1‘a

2.

3,

4.

5.

1963

J, McCarthy, "A Basis for a Mathematical Theory of ComputatlonP
In PC BJaffort and D, Hershberg teds,), Computer Programmlng
and Formal Systems, North-Holland, Amsterdam, 1963,

J, McCarthy, "Towards a Mathematical Theory of Computation," ln
Proc' IFIP Congress 62, North-Holland, ,Amsterdam,  1963'

J, McCarthy (with S, Bollen, E, FredkIn, and J&R' Liokilder),
"A Tlme-Sharlng Debugglng System for a Smal I Computer," In
Proc' AFIPS Conf, (SJCC)I Vol, 23, 1963,

J. McCarthy (with F, Corbato and M, Uaggett), "The Llnking
Segment Subprogram Larquase and Llnklng Loader ProgrammIng
LanguagesI" Comm, ACM, July, 1963'

1965

J, MoCarthy, "Problems In the Theory of Computation," in Pro&
IFIP Congress 65, Spartan, Washlngton, D,c',, 1965,

1966

A, Hearn, Vomputatlon  of Aigebralc Propertles of Elementary
Particle Reactlons Using a Digltal Computer," Comm, ACM, 9, P P.
573~577, August, 1966,

J, McCarthy, "A Formal Descrlptlon of a Subset of Algal," ln T,
Steele fed,), Formal Language Desorlptlon Languages,
North*Hol land, Amsterdam, 1966'

J. McCarthy, ~*Informat~on,~" Sclentlflc American, September,
1966 0

J. McCarthy, "TimeGharlng Computer Systems," In W, Orr ted,),
ConversatIonal  Computers, Wiley, 1966,

D, Reddy, vQegmentatJon 0 f Speech Sounds," J, &oust, Sac.
her,, August 19668



1967

1,

2,

5,

6.

7.

8.

9.

10'

11,

12,

13,

S, Brodsky and J, Suillvan, "W-Boson Contrlbutlon to the
Anomaious Magnetic Homent of the Muon," Phys Rev 156, 1644,
1967,

J, Campbell, "Algebraic Computation of Radlatlve Corrections for
Electron-Proton Scatterlng8oo Nuclear Physics, w 0 Bl8 PP.
238-300, 1967,

E, Felgsnbaum, ooInformation  Processing and Memory," In Proc,
Fifth Berkeley Symposl urn o n  Mathematical Statlstlcs and
Probabiilty, Vol, 4, U,C, Press, Berkeley, 1967,

J. Goodman, o"Dlgltal Image Formatlon from Electronlcaiiy
Detected Ho(ogramsP  In Proc, SPIE Seminar on DIgItal fmaglng
Techniques, sot, Photo-Optical Instrumentation  Englneerlng,

-Redondo Beach, Cailfornla, 1967,

J' Goodman, ftDlgltal  Image Formatlon from ElectronIcally
Detected Hol'ograms, " Applled Physics Letters, August 1967,

A’ Hearn, "REDUCE, A User-Orlented I n t e r a c t i v e  System for
Algebraic SlmPllflcatl0n~ Proc' ACM Symposium  on InteractIve
Systems for Experimental Applied Mathematlos,  August 1967'

J, Lederberg, t'~amilton Circuits Of Convex Trivalent Polyhedra,"
herlcan Mathematical Monthly 74, 522, May 1967,

J” McCarthy, D, &Ian8 G' Feldman, and J. Allen, "THOR-A
Dlsplay Based Tfme-Sharlng  SysteftV ArIPS ConL Proc', Vol.
30, (FJCC), Thompson, Washlngton, D.C., 1967,

J, McCarthy, 'fcomputer Controi of a Hand and Eyeloo In Proc,
Third All-Union Conference on Automatic Control (Technical
CybernetIcsI, Nauka, MO S C O W, 1967 (RussIan),

J, McCarthy and J, Palnter, Vorrectness of a CornplIer for
Arlthmetlc Expressions," Amer, Math, SOC,, Proc' Symposia In
Applied Math,, Math, Aspects of Computer Science, New York,
1967,

0, Reddy, "Phoneme Grouplng for Speech Recognition," J, Aoouat,
Sot,' Amer,, May, 1967,

D, Reddy, "Pitch Period Determlnatlon of Speech Sounds," Comm,
ACM, June, 1967, \

D, Reddy, Computer Recomltlon of Connected Speechp  J, AcOust,
SOC, Amer,, August, 1967,



Ll. ,”

I

L
L
L
L
L
I
L
L
L
L
L
L
L
L
L
L
L

14, A’ Samuel, ,,Studles i n Machlne Learning Using the Game of
Checkers, II-Recent Progressrtt IdM Journal, November, 1967,

15, G, Suther(and (with G,W, Evans and G,F, Wallace), S!mUlatlon
using Dlgltal Compclters,  Prentice-Hall,  Ennelwood Cllffsr N~Jw
1967, . .

1968

1. E, Felgenbaum, J, Lederbetg and 6, Buchanan, ,,Heurlstlc Oendral,,,
Proc, International Conference on System Sciences, Unlverslty
of Hawaii and IEEE, Unlverslty of Hawaii Press, 1968,

2. E* Pelgenbaum, Qrtlficlal Intelllgencet Themes In the Second
Decade,,, Proc, IFIP Congress, 1968,

3. J, Feldman (with 0, Grles), Vrans lator Wr it 1 ng Systems”, Comm.
-ACM, F e b r u a r y  1968,

4. J, Feldman (with P, Rovner), "The Leap Language Data Structure,*,
Proc, IFIPTongress,  1968,

5, R, Gtuen and W, Welher, "RapId P r o g r a m  GeneratIon,,, Proc, DECKS
Symposium, Fall 1968,

6. At l-learn,  "The Problem o f Substltutlon,,, Proc, IBM Summer
Institute on Symbol lc Mathematics by Computer, July 1968,

7. D, Kaplan, "Some Completeness Results ln the Mathematical Theory
of Computatfon”,  ACM Journal, January 1968,

8. J, Lederberg  and E, Felgenbaum, "Mechanlzatlon of Inductive
Inference In Organic Chemistry,,, In B, Klelnmuntz ted,),
Formal Representation of Human Judgment, John Wiley, New York,
1968,

0, J, McCarthy, "Programs with Common Senseq9 In M, Minsky  fed,),
Semantic Information  Processing, MIT Press, CambrIdge, 1968,

10. J, McCarthy, L, Earnestr U, Reddy, and P, Vken% crA Computer
. with Hands, Eyes, and Ears,,, Proc, AFIPS Conf, (FJWt 1968,

IL K’ PInale, J, Singer, and W, Uchman,  “Computer Control of a
Mechanlcal Arm through Visual Input", Proc, IFIP Congress 1968,
1968,

12’ D, Reddy, and Ann Roblnson, "Phoneme-to-Grapheme Translation of
Eng(lsh.,,, IEEE Trans, Audio and Electroacoustlcs, June 1968,

13. 0, Reddy, "Computer TranscrIptIon of Phonemic Symbolsv*~ J ,
Acoust, Sot, Amer., August 1968,

s
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L I..

14, 0' Reddy, and P, Vlcens, "Procedure for Segmentation of
Connected Speech”, J, Audio Eng, Sot,, October 1968,

15, L Reddy, "Consonantal Clustering and Connected Speech
Recognltlon", ProC, Sixth Internatlonal Congress on Acoustics,
Vol, 2, PP* C-57 to C-60, Toky<pl 1968,

14. A, Sl Ivestrl and J, Goodman, tvDlsltal Reconstructfon of
Holographic Images% 1968, NEflf3 Record, I E E E ,  VOI,  10, pp.
118-119, 1968,

17, L,‘ Tesler, H, Enea, and Kc Colby' " A Directed Graph

1.

3.

4.

5,

6,

7.

8,

Representation for Computer Slmulation of Belief Systems",
Math, Blot 2' 1968,

1949

J, Beauchamp (with H, Von Foerster) (eds,), "MUSIC by Computers",
John Ylley, New York, 1969,

J, Becker;, "The Modeling of Simple Analoglc and Inductfve
Processes In a Semantic Memory System", Proc, Internatlonal
Conf, on Artlflclsl Intelligence, Washlngton, D'C,, 1969,

B, Buchanan and G, Sutherland, "Heurlstlc Dendra!: A Program for
GeneratIng  Hypotheses in Orsanlc Chemistry", In 0, Mlchle
ted,), Machine Intelligence 4, Amerloan Elsevler, New York,
1969,

B' Buchanan (with C, Churchman)' "On the Deslgn of Inductive
Systems: . Some Phl losophlcal PrOblefW’r Brltlsh Journal for the
Philosophy of Science, 20, 1969, pp, 311-323,

L Colby, L, Tesler, and H, Enea, "Experiments  with a Search
Algorithm for the D a t a  Base of a Human Beilef SysteV, Proc,
International Conference on Artlflclal Intelligence,
Washington, D'C,, 1969,

K' Colby and 0, Smith, "Dialogues  between Humans and Artlflclal
Belief Systems,Tr Proc, Xnternatlonai Conference on Art(flclal

. Intel(lgence, Washington, D,C,, 1969,.

A' Duffleld, A, Robertson' C, Uerassl, B, Buchanan' G,
Sutherland, E, Felgenbeum, and J, Lederberg, “Appl icatlon of
Artiflclal Intelligence for Chemical Interference I I ,
Interpretatjon  of Low Resolution Mass Spectra of Ketones", J,
Amer, Chem, SOC,, 91:11, May 1969, 1

J' Feldman; G, Feldman, G, Faik, G, Grape, J, Poariman, I, Sobal,
and J, Tenenbaum, "The Stanford Hand-Eye Pro Ject% Proc.
Internatlonal Conf, on Artlflclal Intelligence, Washington,
D,C,, 1969,

.

.
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9, J, Feldman With P, Rovner)r '7 A n Algol-based Associative
Language", Comm, ACM, August 196%

t

,

L-

10, 1, Ho, "Note on a Class of Statistical Recognltlon FunctiowP,
ILEX Trans, Computers, January 1969,

il. 0, KapJan,“Regujar Expressidhs and the comp(eteneSS  of f?Wr8mSw~
J ,  CWIP, 8 System Scl,, Vole 3~ IJO, 4r 1969,

12, J, Lederberg, "Topoiogy  of Organic Molecules? Natlonal Academy
of Science, The MathematicRi Sciences: a Collection of Essays,
MIT Press, CambrIdge, 196%

13, J, Lederberg, C, Sutherland, l3! Buchanan, E. Peigenbaumt A .
Robertson, A, Du ffleld, and C, Djerassl, vgApp(lcatlons of
Artificial Intelii gence for Chemical Inference IC The Number
of Possibie Crgani c Compounds: Acyclic Structures Contalning C,
H, 0, and N", J, A mer, Chem, SOC,, 9l:U.p MW 196%

14, Z, Manna, "Properties of Programs and the First Order Predicate
Caiculus~~~'J, ACM, A~rll 1969,

i
15, 2, Manna, "The Correctness of Programs”, J,System and Computer

Sciences, May 1969,

i
16. z. Manna and A, Pnuell, ~tFormaiization of PropertIes of

Recursively Defined Functions% procfi ACM Symposium on
Computing Theory, May 1969,

L 17. J, McCarthy and P, Hayes8 "Some Philosophical Problems from the
Standpoint of Artlficlai fnteiiiWW@, In 0, Mlchie fed,),
Maohlne Intelligence 4~ American Lisevier, New York, 1969,

IL 18, u. Montanari, "Continuous Skeletons from Digitized Images?
JACM, October 1969,

i
i - 19, R, Paul8 G, Faik, J, Feldman, "The Computer Representation of

Simply Descrl bed SoenesY procc 2ND Iiiinols Graohics
Conference, Univ, Iilinols, April 1969e

i
i

:
i

20, R, Schank and L, Tesler, "A Conceptual Parser for Natural
Language% Proc, International Joint Conference on Artjfkiai
Inteiiigenoe, Washington, D&t 1969,

L

ii
L

I

21, b Schroi I, A, OlJff leld, C, Djerassi, 8, Buchanan, C,
Sutherland, E, Felgenbaum, and J, Lederbergr "Appi icatfons of
Artificial Intelligence for Chemical inference 111, Ailphatic
Ethers. Diagnosed by Their LOW Resolution Mass spectra and NMR
Data", J ,  Amer, Chem, Sot,, 91826, December 196%

L



1970

1, J, Alien and Dt Luckham, “An Interactlve Theorem-Proving Program"
in B, Meitzer and 0, Mlchle feds,), Machine Intelilgsnce  5, '.

Edinburgh University Press, 1970,

2, 88 Buchman~ G, Sutherland, and E‘; Felgenbaum, “Rediscovering some
Problems of Artificial Intelligence In the Context of Organic
Chemistry" in B, Meltzer and 0, Michle teds), Machine
Intelligence 5, Edlnbursh University Press, 1970,

3, 6' Buchanan and T, Headrick, '%ome Specuiatlon about Artlflcial
Intelligence and Legal Reasoning", Stanford Law Revlew,
November 1970,

4, 6, Buchanan? A, Duffleidr A, Robertson, ” A n Application o f
Artlficlai Intelligence to the Interpretation of Mass Spectrafv,
in Mass Spectrcmetry (G,W, Milne, ed,), Wiley, 1970,

5. A. Buchs, A, Duffleid, G, Schroilt C, OJerassb A ,
Delf ino, B, -&Jchanant G, Sutherland, E, Felgenbaum, and J,
Lederberg, vqAppilcatlons of Artiflclai Intelligence  for Chemical
Inference IV, Saturated Amlnes Diagnosed by their Low Resolution
Mass Spectra and Nuclear Mametlc Resonance Spectra”, J, Amer.
Chem, SOC) 92:23, November $970,

6, A, Buchs, A, Delfino, A, Duffleld, C, DJerassi, B, Buchanan, E.
Feigenbaum, J , Lederbergc “APP/ lcatlons ct Artlficlai
Intelligence for Chemical Inference VI. Approach to a General
Method of InterpretIn LOW Resolution Mass Spectra with a
COmDUter"t. Heivetlca  Chemica Actar 53:6, 1970,

7, K, Coiby?Mlnd and Braln AgaIn% 4, McCullough Memorial Vol. of
Math, Bloc, 1970,

8. E, Feigenbaum, chapter in Readiness to Remember, 0, P, Klmbalie
ted& Gordon and Breach, 1970,

9, K, Pingie, “Visual PerceptIon by a Computer", irk Automatic
Interpretation and Classlflcatlon of Images, Academic Press, New
-York, 1970,*

10, J, Lederberg, G, Sutheriandr t), Buchanan, E, Faigenbaumr !'A
Heuri'stlc Program for Sclvlng a Sclentifio Inference Problem:
Summary of Motlvatlon and Imp i ementat l On”, In M, Mesarovic
(ed,)r Theoretical Approaches to Non-nUm0riCai  Problem Solving,
Springer-Veriag,  New Yorkr 1970,

11. D, Luckham, "Refinement  Theorems In Resolution Theory"r Proc,
1968 IRIA Symposium  In Automatic Oeduction, Versailles, hance,
Springer-Vetlag,  1970,



L
12, D. Luckham (with D, Park and M, Paterson), "On Formalised

i
Computer Programs", J, Camp, 8 System Sci,, Vol, 4, No, 3, June

L
1970 (

13, 2, Manna and J, McCarthy, "PropertIes  of Programs and Partial
Function Logic'* In c3, Meltzer and 0, Michle feds,), Machine
Intelligence 5, Ecllnburgh Unlverslty Press, 1970,

14. L Manna, ('The  Correctness of Non-Determlnistlc Programs",
Artlficlai Intelllgeqce Journalr vol. 1, Not 1, 1970,

15' 2, Manna, v@SeOond-.ord3r Mathematical Theory of Computat I on",
Proc, ACM Symposium  on Theory of Computing, May 1971,

16, 2, Manna and A, hue I I I "Formallzatlon of Properties of
Recurslveiy  Defined Funddons”, Je At& July 1970'

L
17, u, Yontanari' "A Note On MinImai Length Polygonal Approximation

I to a Dlgltized  Contour", Comm, ACM, January 1970,

i

L
!

I
1
I,

18. U" MontanarIr "[5n Limit Properties in tilgltlzatlon Schemes5
JACF, April 1970,

19. h' Somalvioo (with G, Bracohl)r "An Interaotive Software System
for Computer-aided Oeslgn: An Appiicatlon to Clrcult Pro.iect'*.
Comm, ACM, September 1970,

20. 0, Waterman, "Cenerailzation Learning Teohnlques for Automatlng
the Learning of Heurlstlcs", J' Artiflciai Intelligence, Vol.
lr No, l/2,

1971

1, E' Ashoroft,"Formallzation  Of Properties Of Paraliei PrOgramS'%
Machlne Intelligence 6, Edinburgh  Unlv, Press, 1971,4

2, h Felgenbaum, B, Buchanan, J' Lederberg, "0, bnerallty and
Problem BOlvlng: A Case study using the DENORAL Program?
Machine Intelligence 6, Edinburgh Unlv' Press' 1971,

3,: Y( Shelkh, A, Buchs, A Oelfln& B, Buchanan, G, Sutherlandr J ,
Lederberg, Vppl\catJons of Artlflcial Intelligence for Chemical
Inference V, An Approach to the Computer Generation of CYCI ic
Structures, Differentiation Between Ail the Pos3ible Isometric
Ketones of Composltlon C6HI00", Organio Mass Spectrometry (in
Press),
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Theses that h a v e been published by the Stanford Artlflclal
Intelligence  Project are ilsted here, Several earned degrees at
Institutions other than Stanford, -as noted, Abstracts of record A,
I, Memos are glvon in Appendix 0,

!i
I

AIM-43, 0, Raj Reddy, AN APPROACH TO COMPUTER SPEECH RECOGNITION BY
DIRECT ANALYSIS OF THE SPEECH WAVE, ph.& Thesis In Computer
Science, September .1966,

AIM-46, S, Persson, SOME SEQUENCE EXTRAPOLATING PROGRAMS! A STUDY OF
REPRESENTATION AND MODELING IN INQUIRING SYSTEMS, Ph,D, Thesis
in Computer Science, Universlty of Callfornla, Berkeley,
September 1966,

I
i

AIM-47, Bruce Buchanan, LOCICS OF SCIgNTIFIC  DISCOVERY, ph,Q, Thesis
ln Philosophy, Unlver3lty of California, Berkeley, December
1966, -c.

f
L

AIM-44, James PaInter, SEMANTIC CORRECTNESS OF A COMPILER FOR AN
ALGOL-LIKE LANGUAGE, Ph,D, Thesis in Computer Science, March
1967 9

AIM-56, William Wlchman, USE OF OPTICAL FEEDBACK IN THE COMPUTERL
CONTROL  OF A N  ARM, Ew, Thesis in ElectrIcal Enslneerlng,  August
1967,

L AIM-58, MN CLl(er0, AN AOAPTIVE COMMAND AND CONTROL SYSTEM UTILIZING
HEURISTIC LEARNING PROCESSES, Ph.& Thesis in Operation3
Hesearoh, December 1967,

AIM-60; Donald Kaplan, THE FORMAL THEORETIC ANALYSIS OF STRONG
EQlJIVALENCE  FOR ELEMENTAL PROPERTIES, Ph.D. Thesis in Computer
Solonce, July 1968,

t
i

I

AIM-65, Barbara Huberman, A PROGRAM TO PLAY CHESS END GAMES, Ph,D,
Thesis in Computer Solence, August 1968,

AIM-73, Donald Pleper, THE KINEMATICS OF MANIPULATORS UNDER COMPUTER
CONTROL, Ph,D, Thesis In MechanIcal Engineering, October 1968,

L

t
IL

I
L

AIM-74, Donald Waterman, MACHINE LEARNING OF HEURISTICS, Ph,D, Thesls
ln Computer Sclenoe, Dooembep 1968,

AIM-83, Roger Sohank, A CONCEPTUAL OEPENOENCY REPRESENTATION FOR A
COMPUTER ORIENTED SEMANTICS, Phd, Thesis In LlnQulstlos,
University  of Texas, March 1969,



AIM-858 Pierre Vlcens, ASPECTS Of SPEECH RECOGNITION By COHPUTER,
PWL Thesis In Computer Science, Maroh 1969,

AIM-92, vjctor 0, Schelnmanr DESIGN OF COMPUTER CONTROLLED
MANIPULATOR, Ens, Thesis In Mechanlcil Englneerlngt  June 1969,

AIM-96, Claude Cordel l Green, THE APPLICATION Of THEOREM PROVING TO
QUESTION-ANSWERING SYSTEMS, Ph,D, Thesis I n  Eleottlcal
linglneerlng, August 1969,

AIM-98, James J, Horning, A STUDY Of GRAMMATICAL INFERENCE, Ph.D.
Thesis ln Computer Science, August 1969,

AIN-186, Michael .E, Kahn, THE NEAR-MINIMUM-TIME CONTROL OF OPEN-LOOP
ARTICULATED KINEMATIC CHAINS, Ph,U, Thesis In Mechanlcal
Englneerlngt December 1969,

AIM-l& Irwin Sobelr CAMERA MODELS AND MACHINE PERCEPTION, Ph.0,
Thesis In Eleotrlca! Englneetlngr May 1970,

AIM-130, Michael &, Kelly? VISUAL IDENTIFICATION O F  PEOPLE B Y
COMPUTER, Ph,D, Thesis In Comwter Sclencer July 1970,

AIM-132, Gl(bert Falk, COMPUTER INTERPRETATION OF TMPEWECT LINE DATA
AS A THREE-DIMENSIONAL SCENE, Ph.& Thesis In Eleotrlcal
Englneerlng, August 1970,

AIM-134, J a y  Martln Tensnbaum, ACCOMMODATION IN WMPUTER  VISION,
Ph,D, Thesis In ElectrIcal EngIneerIns, September 1970,
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Appendlx  C

fILM RLPORTS

Prints Of the followlng fl/ms are avaIlable  for short-term (oan to
interested groups without charge, They may be shown only to groups
that have pald no admlsslon fee, To make a reservatlon, write to:

Artlflclal Intelligence  Project Secretary
Computer Scfenoe Department
Stanford University
Stanford, Oallfornla 94305

A!ternat!veiy,  prints may be purahased at cost (typIcally $30 to $50)
f ror:

Clne-Chrome LaboratorIes
4075 Transport St,
Palo Alto, Callfornla

1, Art E!senson and Gary fe!dman, frE!!ls  0, Kroptechev and teus~ his
Marvelous Tlme-Sharlns System,‘, lbmm b I ack and white with
sound, 15 minutes, March 1967,-=.

The advantages of time-sharing  over standard batch processing are
revealed through the good offlces of the Zeus time-sharing  system on
a PDP-1 computer, Our heror  Ellkr 1s saved from a fate worse t h a n
death, Recommended for mature audiences  only,

2, Gary Feldman, Vutterflnger% 16mm color wlth sound, 8 minutes,
Maroh 1968,

Describes the state of the hand-eye system at the Art!ficla!
~ntslllgence Project In the fal! ,f 1967, The PDP-6 computer getting
visual lnformatlon from a televtslon camera and controlllng  a n
electrIca!-mechanlca! arm solves simple tasks Invo!v!ng  stacking
blocks, The techniques  of recognlzlng the blocks and th@Jr posltlons
as bell as Gontrolling  the arm are brlefly presented, Rated oG’ro

-3 8 GaJ Reddy, Dave Espar and Art  Elsenson, “Hear Here", lbmm color
wlth sound, 15 minutes, March 1969,

Describes tne state of the speech recognltlon  project as of SPr Ing,
1 9 6% A dlsousslon  of the problems of speech reaogn!t!on  !s fo!!Owed
by &lo real tlme demonstrations of the current system, The flrSt
shobs the computer IearnIng to recognize phrases and second shows how
the hand-eye system may be controlled by voice commands, Commands as
aompllcated  aa “Pick U P the small block In the lower (sfthand
oorner", are reoognlzed and the tasks are aarried out by the computer
controlled arm,

4, Gary Feldman and Donald Pelpep, "AvoId? 16mm sl lent, colorr 5
mlnutas, March 1969,



Reports on a computer program wrltten by D, Petper fOf his Ph,D.
Thesis, The problem  is t o move the computer control l8d
electrical-mechanlcaI arm through a space filled with one or more
known obstat(es, The program uses heutistlcs for flnding a safe
aath; the fj jm d8mOnstrates the arm as It moves through various
cluttered 8nvlrOnm8nts with fairly good SUCCBS&
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These memos report research r8SUltS, Abstracts of memos pubilshed  In
1971E  and  later are listed h e r e , For an earlier list going back to 1963,
see AIM-117, . .

interested  researchers may obtaln avaiiabie  copies upon request to:
Artificial Intelilgence Project Secretary
Computer SCi8nC8 Department
Stanford University
Stanford, California 94305

Aiternativeiyr they are avaiiabi8 from:
Ci8arlnghous8 for Federal SclentiflC

a n d  T8chnlcai  hfOrmatiOn
sprlngfleid, Vlrglnla 22151

T h e  .CiearinghoUse charges $a,80 per fuii size COPY and $,95 for a
mlcroflche O~PY~

-=. 1970

A I M - 1 0 8 ,  Michael D, keiivr EDGE DETECTION IN PICTURES BY COMPUTER
USING PLANNING, January 1970, 28 pages

‘This paper describes a program for extracting an accurate outiln8 of
a man's head from a dlgitai picture, The program accepts as innut
digitair grey scale pictures containing  people standlng In front of
various backgrounds, The output of the program Is an ordered Ilst of
the points wh I ch form the outllne of the head, The edges of
background obJects and the lnterlor details of the head have been
suppr8ss8d,

The Program ls Successfui because of an Improved method for edge
detection which uses heurlstlo piannlng, a technique drawn from
artificial lntelilgence research in problem Soivlng, A brief, edge
‘detect f on us I ng Planning consists of three steps, A new digltai
picture  Is prepared  from the orlglnal; the n8w picture 1s smaller and
has i8ss detail, Edges of obJ8cts are located In the reduced PlCtUr8,
The edges found ln the reduced picture are Used as a pian for finding
edg-es in the orlginai plctufe,

AIM-10% ibg8r c, Schank, Lawrence Tester, and Syivla weber, SPINOZA
I I : CONCEPTUAL  CASE-RASED NATURAL LANGUAGE ANALYSIS, January
1970, 107 pages,

This paper presents the thaoretlcal changes that h a v e  developed in
Conceptual Dependency Theory and their ramlfioations  In computer
anaiySlS  of natural  language, The major Items of concern aret the
eiimlnatlon  of reliance o n Vrammar ruleP for parslng wjth the
emphasis given to conceptual rule based parsing, the development of a
conceptual case system to account for the power of

1
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conceptua(lzatlonsf the categorlzatlon of ACT’s based on Dermfsslble
conceptual cases and other criteria, Th8s8 Items at8 d e v e l o p e d  a n d
discussed ln the context  of a more p o w e r f u l  conceptuai  parser and a
theory of ianguage understanding,

AIM-110, Edward Ashcroft and tohar Manna, FORMALItATION  OF PROPERTIES
OF PARALLEL PROGRAMS, February $970, 58 pages,

In  th l s  paper  we describe a class of parallel programs and give a
formailzatlon of certain prop8rtles of such programs in predicate
calculus,

Although our programs are syntactlcaily slmpltb they do exhibit
interaction between asynchronous parallel processesI which Is the
essential  feature we wish to consider, The formaiizatlon can 8-f IY
be extended to more compi lcated programs,

Aiso presented ls a method of simplifying paral let programs, I ,e.,
oonstructlng slmpiar equivalent prOgramsl based on the %dependenae**
of statements In them, With these slmplloatlons our formalization
gives a practlcal'~m8thod  for proving propertles of such programs,

AIM-ill, tohar Mannap SECOND-ORDER MATHkMATICAL THEORY OF
COMPUTATION, March 1970, 25 pag8S,

I’n this work we show that  lt 1s Possible to formajize alI properties
regularly observed In (deterministic and non- deterministic)
algorithms ln second-order predicate calcuius,

Moreover, we show that fop any given algorithm lt sUffiC88 t0 know
how to forma(lie Its “partiai correctness" by a second-order formula
In order to formalize aii other properties by second-order formulas,

This result is of special Interest since "partial correctness" has
already been formailzed ln second-order predicate calcuius for many
cjasses of alwrlthms,

This paper will be presented at the ACM Symposium on Theory of
Computing May 3.970),

AIM-112, Frank1 In 0, HI If, Kenneth Mark Colby, David C, Smlthr and.
William L Wlttner, MACHINEmMEDIATED INTPRVIEWING, March 1970,
27 pages,

A technique of psychiatric interviewing is described ln which patient
and Interviewer communicate by means of femotely located teietYpes,
Advantages of non-nonverbal commun(catlon in the study of t h e
psychlatrlc Illtepvf8w and .ln the dev8lOPment  of a computer PpOQram
desiQned to conduct rwchlatrlc lntervlews are dlsouused,
Transcripts from representative  interviews are reproduced,
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AIM-113, Kenneth M, Colby, Franklln R, Hllf, Wllllam A, Hall, A MUTE
PATIENT'S EXPERIENCE WITH MACHINE-MEDIATkD INTERVIEWING, March
1970~ 19 pages,

A hospitalized mute oatlent partlclpated In seven machlne-medlated
intervIews, excerPt3 of whl ch are presented, After the fifth
interview he began to use spoken language for communication, This
nova1 teohnlque i s  s u g g e s t e d  for patlants w h o  a r e  unable t o
partlclpate  In the usual vls-a-vis IntervIew,

AIM-lid, A,W, BIermann and J,A, Feldman, UN THE SYNTHESIS DF
FINITE-STATE ACCEPTORS, April 1970~ 31 Pages,

Two algorithms are presented for solving the following problem:
Clven a flniteaset S of str lngs of symbols, find a flnlte-State
machine which wli 1 acceot the strings of S and possibly some
additional strings whjch Vssemble” those of S, The approach used Is
to directly oonstruct the states and transltlons  of the acceptor
machlne from the str ins InformatIon, The a!gorlthms inc(Ud8 a
paraveter which enable one to increase the exactness of the resulting
vachlna’s behav1b.r as much as desired by lncreaslng the number of
states In the machlne, The prooertles of the algorithms are
presented and illustrated with a number of examples,

The paper gives a method for ldentlfylng a finite-stat8  language from
'a randomly chosen f InIt subset of the language if the subset 1s
iarg8 enough and if a bound ls known on the number of states r8qUired
to reuognlze the language, Flnai  IY, we dlscuss some of the uses of
the aigorlthms and their relationshlp  to the problem  of grammatical
Inference,

AIM-11% ugo Montanari, ON THE OPTIMAL DETLCTXON  OF CURVES IN NOISY
PICTURES, Maroh 1970, 35 pages,

A technique for recognizing systems of lines Is presented, In which
the heurlstlc of the problem Is not embedded In the recognition
‘algorithm but Is expressed In a figure of merit, A multistage
declslon process ls then able to recognize In the Input picture the
optlmal system of lines accordlng to the given flour8 of merlt, Due
to the global approach, greater f(exibility  a n d adequacy In the
particular problem Is achieved, The relation between the structure
of Zhe figure of merit and the oomp/oxlty  of the optimlzatlon process
IS then discussed, The method described  Is suitable for parallel
processing because the aperatIon relative to each State can b e
computed In parallel, and the number of stages Is equal to the length
N of the curves (or to log2(N) lf an approximate method Is us8d),

AIM-l& Kenneth Mark Colby, M&r MINO AND BRAIN, AGAIN, March 1970,
10 pages8



Classical mind-braln questlons appear devlant through the iens of an
analogy compar I ng mental Proc8sSes with computatlonai  processes.
Problems of reduclblllty and persona I consciousness are a 1 so
consldered  In the ilght of thls analogy,

AIM-117, John McCarthy and the Artlflclal Intelligence Project Staff,
Et Feisenbaum, J, Lederberg  "and the Heuristic UENIPAL Project
Staff, PROJECT TECHNICAL REPORL April 197& 75 pages,

Current research 1s reviewed In artlflclal lnteillgence and related
areas, Including representation theory, mathematical theory O f
computation, models of cognltlve processesr speech recognition, and
computer vlslon,

AIM-118, Ugo Montanari, HEURISTICALLY GUIDED SEARCH ANO CHROMOSOME
MATCHING, April 1970, 2 9  pages,

Heuri@lcaliy  guided search 1s a technique which takes systematlcaiiy
Into account Information from the problem domaln for directing the
search, The problem la to find th8 shortest path in a welghted graph
from a start veFt8x Va to a goal vertex VZ: for every intermediate
vertex, an estlmate Is aval lable of th8 distance to Vz, I f  t h i s
8St iRat satisfies a consistency assumption, an algorithm by Hart,
Ni lsson and Raphael is guaranteed to flnd the optimum, looking at the
a brlori minimum number of vartlaes, In this paper, a version of the
above algor/thm  is presented, which IS guaranteed to succeed wlth the
minirrum amount of storage, An appllcatlon of this technrque to the
ohromosome matching problem Is then shown, Matching IS th8 last
stag8 of automatic chromosome anaiysis procedures, and can also solve
ambiguities In the ciassificatlon stage, Some peculiarities of this
klnd Of data . suggest the use of ar7 heurIstIcallY guided search
algorithm Instead of the standard Edmonds' algorithm, The m8thOd
that we obtaln in this way Is proved to exploit the clusterlna  of
chromosome data2 a i Inear-quadratic  dependence from the number of
chromosomes is Obtaln8d for perfectly clustered data. Final IY~ some
experImenta results are glV8ncm

AIM-$19, J, Beaker, AN INFORMATION~PROCEssItiG MODEL OF INTERMEDIATE-
LEVEL COGNITION, May 1970# 123 page%

There Is a large class of oognitive OpOratlOnS  in which an organism
adapts Its pravlous experience In order to respond properly to a new
Situation - f o r  sxample: the Perceptua l  recognltlon  of ObJectS and
events, the PredIctjon of the jmmadlate  future (e,g, In tracking a
moving ob.jectL and the employment of sensorY=motor  ask II lSflt Taken
all together, these highly efflclent processes form a cognitive
subsystem which Is IntermedIate between the low~level sensory-motor
operations and the more dellberate prooessbs  of hlgh4evel rcthouQht',,
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The present report describes a formal information-proce3slng model
of this Vntarmedlate-Level"  cognitive system, The model includes
memory structures for the storage of experience, and processes for
responding ta new events on the basis of prevlous exparlence, In
addition, the proposed system contains a large number of mechanisms
for making the response-selection PROCESS  highly efficient, ln 3plte
of the vast amount of stored information that the system must cope
with, These devices Include prooeduras for heurlsticaily evaluating
alternattve subprocesse3, for guiding the search through memory, and
for reorganlzlng the lnformatlon In memory into more efficient
representations,

AIM-120, K, i"i, Colbyc D,C. Smith, COMPUTER AS CATALYST IN THE
TREATMENT 0~ NONSPEAKING AUTISTIC CHILDREN~ April 1970, 32
vuwb

Continued experience with a computer-aided treatment method for
nonspeaking autlstlc children has demonstrated improvement effect3 on
thirteen out of a series of seventeen cases, Justification for this
conclusion ls discussed in detai!, Adoption of this method by other
researoh group3' i s needed for the future development of
computer-aided treatment,

AIM-1214 Irwin Sobel, CAMERA MODELS AND MACHINE PERCEPTION, May lg7nr
89 pages,

We have developed a parametric model for a computer-controlled
moveabie uamera On a pan-tilt head, The model expresses the
transform relating obJect space to Image space a3 a function of the
control varlrbles of the oamera, We constructed a oailbration system
for measuring the model parameters which has a demonstrated accuracy
more than adequate for our present needs, we have a l s o identified
the major source of error ln model measurement to be undesired Image
motion and have developed means of measuring and compensating for
some of It and eliminating other parts of It. The system uan measure
systematic Image distortlons If they beoome the maJop a c c u r a c y
'iimltatlon, We have shown how to generalize the model to handle
small systematic error3 due to aspeats of pan-tilt head geometry not
presently aooounted for,

We -have demonstrated the model's aPpllcat(on In stereo vlsfon and
have shown how It can be applied  as a predictive  device In locating
obJects of Interest and aentering them ln an image,

AIM-122, Roger C, Schankr "SEMANTICS" IN CONCEPTUAL ANALYSIS,
May $970, 56 pages,

Thl3 paper examines the question of what a semantic theory should
account for, Some aspect3 of the work of Katzr Fillmore, Lakoff and
Chorrsky a r e  dIscussed, Vemant 104” is concluded to be the
repre3entation problem with peapect to conceptual anal;;ls, The
beginnings of a aoiutlon to this problem are presented In light

I
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of deveiopments  in Conceptual dependency theory,

AIM-123, Bruce G, Buchanan, Thomas E, Headrick, SOME SPECULATION
ABOUT ARTIFICIAL INTELLIGENCE AND LEGAL HEASONING, May 1970,
54 pages,

Lwa 1 reasoning is viewed here as -h complex problem-solving task to
which the technjques  of artificial intelllaence prowamming may be
ad led, Some existins programs are discussed which successfu(ly
attack various aspects of the problem, ln thfs and other task
domains, It r e m a i n s an open auestlon, to be answered by Intensive
research, whether computers can be programmed to do creative lesal
reasoning, Regardless of the answer1 it is argued that much will be
gained by the research,

AIM-124, M,M, Astrahan, SPEECH ANALYSIS BY CLUSTERING, OR THE
HyPERPHONEME METHOD, June 1970, 22 pages,

Jn thf-s work, measured speech waveform data w&3 used as a basis for
partitioning a n utterance into segment3 and for classifying  those
segrrents, Mathem&tical  classlficatlons were used instead of the
traditional phonemes or lingulstlc categories, This involved
clustering methods applied to hypersoace points representing periodic
samples of speech waveforms, The cluster centerg, or hyperphonemes
(HPs), were used to class/Q the sample Points by the
nearest-neighbor technique, Speech segments were formed by grouping
ad Jacent points with the Same classlficatlon, A dictionary of 54
different words from a single speaker was processed by this method,,
216 utterances, representing four more repetjtions  b y the same
speaker each of the original 54 word3, were 3imilarlY analyzed Into
strings of hyperphonemes and matched against the dictionary  by
heuristicaliy developed formulas, 87X were correctly recognized,
although almost no attempt was made to modify and improve the Initial
methods and parameters,

AIM-125, Kenneth tl, Colby, Sylvia Weber, and Franklin Hiif,M
ARTIFICIAL  PARANOIA, JU(Y 1970,  35 pages,

A case of artificiaf paranoia ha3 been synthesized  In the form of a
computer model, Using the test operations of a teletyped psychlatrlc
lnterviewc ci inicians Judge the input-output behavior of the model to
be  p i ranoid , Formal vaiidatlon  of the model will require exparlments
involving indistinguishability tests,

AIM-126, Donald E, Knuth, EXAMPLES OF FORMAL SEMANTICS@ July 1970,
34 pagah

A teohnlque of forma I detlnltion, based on relations between
qfattr ibute3" assouiated with nontermlnal 3ymbo)s in a context-free
gramTar, is ii (ustrated  by several appllcatlons to simple yet tYpIcal
problems, First we define the basic properties of lambda expressions,
involving substitution  and renaming of bound variables, Then a simpie
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programming I rnguage la daflned using several dlfferent pojnts of
VlWh The emphasis Is on 9*declaratlven rather than f+np@rPt  lve"
forks of deflnltlon,

AIM-127~ Zohar Manna and Richard J, Waldlngsrr TOWARDS AUTOMATIC
PROGRAM SYNTHESIS, July 1970, 54 pages,

An e l e m e n t a r y  out1 lne of the theorem-proving approaoh t o  automatic
program synthesis Is given, wlthout dwelling on technical dstalls,
The vethod Is 1 I lustrated by the automatic oonstructlon of both
recursive  and Iterative programs operating  on natural numbers, Ilsts,
and trees,

In order to construct a program satlsfylng  certain  speclf?cat1ons,  a
theorem lnduoed by those speclflcatlons Is provadr and the desired
p r o g r a m  Is extracted from the proof, The same teohnlque Is applied
to transform recursively  defined functions Into Iteratjve programsR
f r e q u e n t l y  with a maJor gain In efflolency,

It 1s emphaslted  that In order to uonstruct a program wjth loops or
with ?ecurSlon,“  the prlnclple  of mathematlcr( Induction must be
applied, The relation between the ver3lOn of the Induction rule used
and the form of the Dragram constructed IS explored In some detail,

AIM-128, Erlk J,Sandewallr REPRESENTING NATURAL-LANGUAGE
INFORMATION IN PREDICATE CALCULUS, July 1970, 27 pages1

A set of general ConventIons  are proposed for representlng natural
I anguage Information In many-sorted first order prsdloate  calculus,
The purpose Is to provide a testlng-ground for eUstlng theorem-
prov ing  progrkms,

AIM-l& Shlgeru Igarashlr SEMANTICS Of ALGOL-LjKE  STATEMENTS,
June 1970, 95 pages,

The semantics Of elementary Algal-llke statements Is dlsoussed,
hajnly based on an axlomatlc method,

Firstly, a class of Algot-llke spatements  1s Introduced by
generalized lnductlve deflnltlon, and the (nterpretqtton  of the
statements belonging to It 1s doflned In the forr;rn;;ozdfunctlon over
thlis class, USlnQ the lnductlon prlnclple by the above
deflnltlon, Then a category of Program IS Introduced In order to
clarify the concept of soulva(onoe  of statements, nhlch beoomes a
special oaSe of lsomorphlsm In that oategory.

A revls@d formal system representing  the concept of equivalence of
Algal-like atataments  I s presented, followed by elementary
metatheorems,
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Final@, a process of decomposltlon  of Algol4lke statementst which
can be regarded as a aonceptual compller, o r  a c o n s t r u c t i v e
descrlptlon  of semantics based on prlmitlve actions, Is deflned and
i t s correctness I S proved formally, by the help of the Induced
inductlon prlnclple,

AIM-138, Michael D, Kelly, VISUAL, IDENTIFICATION OF PEOPLE BY
COMPUTER, July 1970, 238 pages@

Thfs thesis deacrlbes  a computer program whloh performs a comp(ex
picture processing  task, The task Is to choose, from a aollectlon  of
pictures of people taken by a TV camera1 those pictures that depict
the same personr The primary purpose of this research has been
dlreeted toward -the development  o f new techniques for picture
processing,

In brief, the program works by finding the locatIon of features such
as eyes, noset o r shoulders In the pictures, Indtvlduals  a r e
classlfled  b y measurements between such features, The lnterestlng
and dlfflcult part of the work reported In this thssls Is the
detectlon of those features In dlgltal plotures, The nearest
neighbor method Is used for ldentlflcatlon  of Indlvlduals once a set
of measurements has been obtafned,

The success o f the program Is due to and Illustrates the heurlstlc
use of context and structure, A new@ widely useful, technique called
planning has been applied to plctura processing, Planning Is a term
which is drawn from artlflolal lntelllgence research in problem
solving,

The principal  pbsltfve result of this research Is the Use of goal-
directed techniques to suocessfully locate features in cluttered
dlyltal pictures, Thjs success has been verlfled by dlsplaylng the
results of the feature flndlng alsorlthms and comparing these
locations wlth the locstlans  obtalned by hand from YAglta) prlntouta
of the plctures, Successful performance the task of
Identlflcatlon  of people provldes further verlflcatlon for the
feature flndlns algorfthms,

AIM-131, Edward A, Felgenbaum Brum Gm Buchanan, Joshua Lederberg,
ON GENERALITY AND PROdLEn SDLV!NGt A CASE STUDY USIr\lC  THE.
DENORAL PROGRAM, August 1970r 48 Page&

Heurlstlc DENDRAL Is a computer program wrltten to solve problems of
lnductlve Inference In organic ohsmlstry, This pape'r wll I use the
design of Heurlstlc DENDRAL and Its performance on different  problems
for a dlscusslon  of the followlng toplos:

1 8 the design for generalitYi
2, the performance problems attendent  upon too

muoh genera) lty
3, the coup)lng of oxpertlse to the general problem solving

.
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p r o c e s s e s ,
4, the symblotlc  relatjonship b e t w e e n  ganerallty a n d

expertnness  of problem  so(vlng systems,

We conclude the paper with a view of the design for a general problem
solver that 1s a varlant of the "big switch" theory of generaIkye

AIM-132, GIlbert Falk, COMPUTER INTERPRETATION OF IMPERFECT LINE
DATA AS A THREE-DIMENSIONAL SCENE, August 1970, 187 pagesb

The major portlon of this p a p e r describes  a heurlstlc scene
descriPtiOn Program, This program a c c e p t s  a s input a scene
represented as a line drawing, Based on a set of known obJeot models
the program attempts to determlne the ldentlty and locatlon of each
object viewed, The most slgnlflcant  feature of the program IS Its
abllltY to deal wlth lmpe,.fect  Input  data ,

We also present some prellmlnary results concerning  constraints In
projectlons  ot planarmfaced sollds, We show that for a restrIcted
class of ProJects, 4 points located l n  30space ln addltlon t o
complete monocular lnformatlon are sufflclent t0 specify all the
visible point locations  preclselYc
AIM-133, Anthony C, Hearn, REDUCE 2, Octooer 1970, pages,

This manual orovldes the user with a descrlptlon of the algebraic
wogrammlng system REDUCE 2, The capabl lltles of ttus system
Include:

1) Expanslon and ordering of rational functions of PoJynomla(sr 2)
symbo(lc dlfferentlatlon of ratlonal functions of polynomials and
general tunotlons, 3) substltutlons and pattern matching In a wide
varbtY of towns, 4) calculation of the greatest oommon dlvlsor of
two polynomlalsr 5) automatic a n d  u s e r  controlled  slmplltioaflon  of
expresstons, 6) calculations w l t h  symboilc  matrIces,  7.1 a complete
language for symbol lo caloulatlonsc In which the REDUCE program
itself Is wrltten, 8) calaulatlon8  o f Interest to high energy
l physicists lncludlng  spln l/2 and apln 1 algebra, 9) tensor
operatlons,

AIM-1344 3ay Martln Tenenbaum, ACCOMMOOATI,ON IN COMPUTER VISION,
September 1970, 452 pageg,

We desorlbe an evolving computer vlslon system In which the
parameters of the camera are controlled by the computer, If Is
dlstlngulshed from convontlonal plcturr! progesslng systems by the
t a c t  t h a t sensor accommodation Is automatic  and treated a s  a n
integral part of th 0 ~eco9nltlon  process,

A machlner Ilke a person?  6orne8 I n  c o n t a c t  with far  m o r e  visual
lnformatlon than lt can process, Furthermore, no physloal sensor can
slmultaneouslY provide InformatIon  a b o u t  t h e  f u l l range o f  t h e
rnvlronmsnt, Consequently, both man and maohlne must accommodate

o-9



their sensors
anvlronment,

t0 emphasize selected charaoterlstlcs of the

AccommOdatlon improves th8 rellabllity  and efficiency of machine
PerceptIon by matching the information provided by the sensor wlth
that required by speolflc perceptual tunctlons, The advantages of
accommodation are demonstrated ln”th8 context of five key functions
in computer vlslon: acquisltlon, contour following, verIfyIn the
presence of  an expected edge, range-flnding, and COtOr recognltlon,

W8 have modeled the Interaction of camera parameters wlth scene
characteristics to determine the composition of an Image, Using  a
oriorl know) edge Of the environment, the camera Is tuned to satisfy
the informatlon requirements of a particular task,

Task performance d e p e n d s ImPliCitly o n  th8 apprOPrlaten8SS  O f
aval table Information, If a function falls to perform as expected,
and If this failure Is attributable to a s~eClf’/c Image deflclency,
then the relevant accommodation parameters can be refined,

This schema for-automatlng sensor accommodation can be appl led In a
variety of perceptual domains,

AIM-135, Qavld Canfield Smith, MLISP, October 1970, 99 Pages,

MLISP Is a hlgh level list-prooessing  and symbol-manipulation
I anwage based on the programming language LISP, MLISP  p r o g r a m s  a r e
translated Into LISP programs and then e%ecuted or COmplled, MLISP
exists for two Purpasc3s: (1) to facllltate the wrltlng and
understandlng of L I S P  p r o g r a m s ; (2) to remedy certain Important
deflclencles In'the Ilst-processing  ablllty of LISP,

AIM-l%, George M, White, MACHINE LEAfNIW THROUGH SIGNATURE TREES,
APPLICATI ON TO HUMAN SPEECl& October 1970, 40 pages,

Slgnature tree ttmachine learning",  p a t t e r n  recognition  hsurlstics a r e
fnvest igated for the speclflc problem of computer recognltlon of
human speech , When the data base of given utterances Is lnsuffloiont
to establish trends with confidence, a large number of feature
extractors must be employed and VeoognltlorV of an unknown pattern
made- by cornpar Ins Its feature va(uos with those of known pat terns ,
When: the data base 1s replete, a QWmaturen tree can be constructed
and recognltlon can be achieved by the evaluation  of a selrut few
features, Learnlng results from selecting  an optlmal minlmal set of
features to achieve recognltlon, PropertIes of signature tree8 and
the heurlstlcs  for this type Of learning are Of PrlmatY lnterost I n
thls exposltlon,

AIM-137, Dona'ld E, Knuth, AN EMPIRICAL STUDY DF FORTRAN IN USE,
November 1970, 44 pages,



A sarrple of programs, wrItten In Fortran by B wide varhty o f people
for a wide variety of a,op Iloatlons,  w a s  chosen "at random" In an
attempt to dlscover quantltatlveiY “what programmers r e a l  IY do”,
Statlstloal results of thls survey a r e  presented here, together wfth
some o f  their a p p a r e n t lmpllcatlons for future work In comaller
design, The principle uoncluslon wh I ch may be drawn Is the
I m p o r t a n c e  o f  a  p r o g r a m VVproflleVVr"namely  a table of frequency counts
which record how often each statement  Is performed  In a typfcai run:
there are strong lndlcatlons that proflle-keeping should bsoome a
standard practice In al i computer 8ystem8t for oasual users as well
as system programmers, Some new approaches to com~ller optlmhtlon
are a l s o  suggested, This paper I s  t h e  r e p o r t  of a three month study
undertaken  by the author and about dozen students and
represent&Ives of the software Industry d&g the summer of 197&

AIM-138,  E, Ashcroft and 3, Manna4 THE TRANSLATION OF 'CO-TO'
PROGRAMS To 'WH1t.E' PROGRAMS, November 1970, 28 pages,

In this paper we show that e v e r y  flowchart program can be written
wlthout 'g(Pto+ statements by us,lng 'while' statements, The maln
Idea Is to Introduce  new varlab(es to Preserve the values of certain
variables at particular  points In the program; or alternatively,  to
introduce  special boolean  varjables t o  k e e p information about the
0ourse of the computation, The new programs  preserve the 'topology'
of the orlglnal prOgramr and a r e  of the same order of efflotenW, We

.a I SO show that thlS OannOt be done In general without adding
variables,

AIM-139, Zohar Manna, MATHEMATICAL TWORY OF P A R T I A L  CORRECTNESS,
December 1970, 24 pages,

In this work we show that It 1s possible to e%prass  m o s t  p r o p e r t i e s
regularly  o b s e r v e d  in algorithms  In tsrmS Of ‘partlal correctness4
(l,e,fl the Drops& that the flnal results Of the aloorlthmr if any,
satlsfY some glVen fnput-output  relation), This result I s  o f  special
interest since tpartlal correctness4 has already been formulated in
-predicate calculus and ln partial function loglo for many classes of
algorithms,

1971

AIM:-140, Roger C, Schank, INTENTION, MEMORY, AND COMPUTER
UNDERSTANDING,  January 197%~ 59 PQQ@fb

Procedures are described for dlsoovorlng the Intentlon of a speaker
by relating the ConceptuaJ Dependence representation o f  t h e  s p e a k e r ’ s
utterance to the computer’s  w o r l d  m o d e l  such t h a t  simple lmplloatlons
oan b e  m a d e ,  . These procedures  function a t  levels higher than that of
the sentence by aiiowlng f o r  prod/etlons  based on oontext and the
structure of the memory, Computer UnderstandIng of natural language
Is ahaNn to oonslst of t h e  folIowIng  p a r t s :  asslgnlng  a conoeptual
representation t o  an Input; relatlw that representation to the



memory such as to extract the lntentlon of the speaker! and se(eoWng
the correct response type trlggered by such an utterance accordIns to
the sltuatlon,

AIM-141, Bruce G, Buchanan, E d w a r d  A , Felgenbaum, and Joshua
Lederberg, THE HEURISTIC DENDRAL P R O G RAM FOR EXPLAINING
E M P IR I C A L  D AT A,  February X971, 241 pages@

The Heurlstlc  DENORAL  p r o g r a m  u s e s  a n  hforRlatlon ProcesslnQ  model Of
scientlflc reasoning to explain axperlmental data I n orsanlc
cherr,lstrY, This report summarlze$  the organlZatbn and results of
the program for computer sdentlsts, The program Is dlvlded Into
three main Parts: planning, structure generatlon,  and evoluatlon,

The plannln9 Phase Infers constraints  on the search space from the
empirical data Input to the system, The structure generatIon phase
searches a t r e e whose termini are models of chemical models using
pruning heurlstlcs  of various kinds, The evaluat ion pham tests the
candldate structures against the or l9lnal data. Results of the
program’s analyses of some test data are dIscussed,

AIM-142, Robln Milner, AN ALGEBRAIC DEFINITION OF SIMULATION BETWEEN
PROGRAMS, February 1971, 21 pages,

A simulatlon relation between programs Is defined whtch I s
quasi-orderlng, Mutual slmuiatlon is then an equivalence relation,
and by dlvldln$ out by It we abstract  from a  program such details as
how the sequencing is controlled and how data Is represented The
equivalence c l a s s e s are approximations to the algorithms wh ch are1
real Iced, or expressedr by their member programs,

A technique is given and Illustrated for provln9 slmulatlon and
equivalence  of programs; there Is an analogy with Floydrs Ceahnlque
for proving correctness of programs, Final IY, n e c e s s a r y and
sufflclent  condltlons for slmulatlon  are given,
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Appendix E

OPERATING  NOTES

Stanford Artlflclal Intelligence Laboratory Operating Notes (SAILONs)
describe the o p e r a t i o n  o f  oomputer  prOCW!uM and equipment and are
Intended for proJeot use, This annd'tafed (1st omits obsolete notes,

The laboratory has a dual-processor UIEC POP-$O/POP-6)  time-shared
oomputer wlth 131 thousand words of core memory baoked by a swarmIns
disk (20 mllllon bits per aacond transfer rate) an4 an IBM 2314 disk
file, Online terminals Include 4 0  display consol8s and 15 Teletype
temlnala, Other onllne equipment Includes TV cameras, mechanlcal
armsI audlo Input and o u t p u t ,

SAILONm2,1,  W, Welh8rr Va lcomp Plot Routines%  S e p t e m b e r  068,

SAILON-3,lr 0, Baumgart8 "How to Uo I t  and Summarles  of Things",
March 1969, An introductory summary of system features
(obsolescent),

. .

SAILON-8r  S, Russell, ‘,R8cent  Addltlons  to FORTRAN Llbraryf’, harch
1967,

SAILON-9, P, Petit, *'Electronic Clock5 March 1967, Electronic clock
attached to the System gh@S tlm8 In micro-seconds,  secOndS#
minutes, hours, day, month, and year, You havr to remember
whether It’s B,C, or AA

SAILON-11, P, Petit, " A Recent Change to the Stanford POP-6
HardwaW’r March 1967, The POP-6 has been changed so that user
programs can do th8lr Own I/O to devices numbered 700 and
above,

SAILON-21, A, Grayson, ('The  A-O ConveyterfV, June 19673

SAILON-23,  Addendum 1, E, Panofeky, 'VA/O  Converter Multiplexer  Patch
Panel and Channel Assignments llrs of 1-9~59"~ January 1969,

SAILON-24, S, Russel I, "POP-6 I/O Devloe Number Summary", August
1967,

SAILON-2% S, Russell, "The Mlsbellaneous Outputs? August 1967,
Clves bit assignments for output to hydraulic arm and TV camera
posltlonlng,

SAILON-26.2, P, PetIt "FAIL", April 1970, Oescrlbes  one-pass
assembler that 1s about five times as f a s t  as MACRO and has a
more powerful macro processor*



SAILON-28,3, L' Quam, "Stanford LISP 1'6 Manual", September 1969'
Describes th8 LISP Interpreter and compller, the edltor  ALVINE,
and other aspects of this venerated list processing system'

SAILON-29, W , Wether, “Prel lmlnary Description of the DkPlaY
ProcesSor'*, August 1967, III display system from the
Drogrammer's viewpoInt,

. .

SAILON-31, J , Sauter, "Dlso Diagnostic", October 067, A program to
test the LibraBcOp8  Olsk and Its Int8rface,

SAILON-35'2, K, Plngle, "Hand-Eye Library File", April 1970,

SAILONm36, G, Feldman, "Fourier Transform Subroutine", June 1968,
FORTRAN subroutine p e r f o r m s ons~dim8ns~onal Fast Fourier
Transform,

SAILON-37, S, Russell and L, Earnest, "A& Laboratory Users Guide",
June 1968, Orientation and admlnlstratlve prOc8dUres' I

SAILON-37, Suppl&ment 1, J, McCarthy, vtA,I, Laboratory Users Guide",
June 1968, Hard-i In  admlnistratlon,

SAILON-38, P , Vlcenst "New Speech Hardware", August 1968,
Preprocessor for Input to Bp88ch r8cOgnltiOn  systems,

SAILON-39, J, Sauter and 0, Swlnehart, "SAVE", August 1968, Program
for saving and restoring a sIngI user's disk flies on magnetic
tape,

SAILON-41, L' . Guam, "SMILE at LISP", September 1968, A package of
useful LISP functions.

SAILON-42, G, Falk, "Vldlcon Noise Measurements", September 1968,
Measurements of spatial and temporal nolse on Cohu vldlcon
camera connected to the computar,

SAILON-43, A, Moorer, "DAEMON - Olsk Dump and Restore", September
1968, Puts all or selected fl(88 on magnetic tape, New

version described In SAILON-54'

SAILON-44, A, Moorer, "FCROX - MACROX to Fall Converter", S8Otemb8r
1968, Converts MACRO programs to FAIL format, with a few
anno'tated excepttons,

SAILONm45, A, Hearn, "REDUCE Implementation Guide", October 1968,
Describes the DrocedUr8 for assembling REDUCE (a symbolic
computa t ion  system) ln.any LISP  SyBtOtTh

SAILON-46, W, Welher, “Loader Input Format", October 1968,
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SAILON-47, and 47 Suppbment  18 J, Sauter and J, Slnwr, Wnown
Programmlng Differences Between the POP-6 and PDP-101' November
1968,

SAILON-49, A, Hearn, "S8rvIce Routines for Standard LISP (jsers",
February 1969,

SAILONm50,2, S, Savttzky, "Son of Stopgap'% April 1970, A
line-number-orlented text edlltor with string search and
substltutlon  commands and hyphenless text Justlffcatfon,

SAILON-5&l, A , Moo r e.r t "System Bootstrapper's  Manual”, February
1969, HOW to bring back th8 system from varloua states of
dlsatray,

SAILON-53, R, Ne8Jy and J, Beauohamh "Some FORTRAN I/O Humanlzatlon
Teohnlques*', ?larch 1969, HOW to ljve with FORTRAN crockery,

SAILON-54.2, A, Moorera "Stanford A-1 ProJeot Monitor Manual: Chapter
I - Conso(e Commands", September 1970, How to talk to the
tlmesharln@ system,

SAILON-55'2, A , Moorer, "Stanford A-1 ProJeGt Monitor Manual:
Chapter II - U s e r  Programmlngn,  Sept8mb8r 1 9 7 0 , Machlne
language commands to the tlmesharlng  system,

s~IL0Nm56, 7, Panofskyr "Stanford A-X Faol llty Manual'?, Computer
equipment features (in pr8paratlon),

SAILONm57, 0, Swlnehart and R, Sproulln "SAIL", November 1969,
ALcOLa compiler with LEAP constructs and string ProCesslng,

SAILON-58, P , pettt, VAID!', September 1969, Display-orlented
mauhlne language debugging  mckageg

SAILON-59, A, Moorer? "MONMON", OctOb8r 1969, Lets YOU p-r Intoa
the TS monitor,

SAILON-60, l., Earnest, "Documentation ServIceso',  February 1970, Text
preparation by computer Is often aheaper then typewrIters,
Faallltl8s for text preparation and rsproductlon  are dlscussed,

SAILON-61, R, Helllwell, "COPY", January 1971, A program for moving
tiles tram One plaoe to another, often wlth lntarestlng Side
ettecta,




