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FLEFACE

The Artificial Intellipence ILeboratory preposes to continve ils werk on
a greur of clesely interconrected projects, all beariryg or guesticns
sbtout how to @pake conputers able to use more sophisticated kirds of
krevledge to solve difficult problems. Thies propesel erpleins what we
expect to come of this work, snd vhy it seems to us the mest profitalle
direction for research at this tire. The core of this prepossl is about
well—defined specific tasks such me externding the corputer’s sability to
urnderstand informstion ETEEEﬂlEﬂ as visual scenes, or in netural, hucan

e. Although these specific goels ere importont encupgh in
themselves, we see their pur-cuit also as tipghtly btourd to the
develcpmert of a penersl theory of the computations neeced to  rroduce
intelligent procecses. Cbtvicusly, a certein amcunt of theory is neeced
to achieve preopress 1in this and we naintain that the steps toward a
conprehensive theory in this donein must include thorourh snalysis of
very specific phencmena. Cur confidence in this stretegy is based bocth
on past successes and on our current thEﬂI{uﬂf knowledpe structure. Cur
proposed solutions are still evelvirg, t they =all seem to revolve
around new methods of cgrarming and new weys to rerresent knowledge
atcut programoning. e field of Artificial Intelliyence hss mode
encromous frogress in  the East few years towsrd becering 2 scientific
subject. This rroposal deals with our rain goals, both for long—range
research and for varticulor application areas. The general technical
pesition of cur 1970 and 1971 oposals still represents the direction
of cur approsch. However, although these proyosals ere relatively
explicit about the high-level prcblens metivating our research, they do
nct give & very clear picture cf the actusl 71rojects, or of their
practical consegquences. In this propesal we = corcenirate on giving
2 nore corcrete view of our irmediate poals. The next four secticns sre
~exzch directed to an "srea" of application. It will te ctvious that the
concerts and methods used in these aress are closely relsted. Cur
irtentions abtout the saprlications vary, naturslly. In SOTe CaSes we

have rejor efforts tow conpleiing effective oreratiorel Trotctypes.
In the rest, we expect to oduce demonstration prototyres, or ¥ to
develcp scme thecry, clari problems, =and attempt te direct the

attention of others tc preoblens which we think need inmediate attenticn.
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Bort T. fub=Irojects =nd Milestores
1.0 Anticijated Milestcnes

Ve define current anc Ere;nsed sub-projects largely bty relating them to
milestone tests ¢f echievement which we heve set up to make the
izpediste gomls ard criteria of our werk ez urenbipucus as Toceible. Ve
do net try to predict +the date of =uccess for each milestone beycond
seying thet we would te surprised if any of them teck as much as ee
years. It would te best to

tegin by discussing a wilestone to whese achievenent we are firnly
ccmmitted because we zre sure thet it i= in the state cf the art end
because it will have igpcriant theoreticsl ard irndustirial corsequences.
It corbines irn & very irteractive—rore then mnerely adéitive!l—way a
lerge nunber of thecretically relsted sul-systems that have, {for
practical ressons,; been built up separstely.

1.1 The Lanfuage=Vision=Action Ilemonstration

This rilestone will be pessed when we can  give the computer (equipred
with eyes and hanés) crders in brief, business-like lsrnpusge such as

"I think there is & defective diocde on this
circuit teard. Prnhahli the third in the rocw cn
the left. Check arnd replace if necessary.”

Fer this test to be meaningful, we must assume that

— the conputer hes no prier knowledge about the particular circuit
: tcard (e.g. in the form of & disgrem or syrbeolic description).

— the computer is able tc ses the circuit board by ratural vision
(zo, for exarple, there are no special marks on it like the
negnetic charascters on checks).

— the English exrrescions used really are free (e.g. there is nﬁ-
hiddern fermat beyond the restriction to what a resl, rot
perticulayly spart, human technician weuld accept as & straight,
neturel and clear instruction). .

The achievemernt of this demonstration derends on realisirg a numkter of
sub-gozls of which some depend on parts cof what is seen  in the
demcnstration itself vhile others are more like the oil ir the rachine—

nc less vital and difficult for teing invisitle to the reive observer.
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These sub-goals include:

— extencing the domzin cf tie vision syctem fron blecks with plene
surfaces to 1the nere natural objects found in electroric
conponentry with their curves, hirhlights, colors, stripes,
shacows end s0 on. .

— correcponcing extensicn of the maripuiative abtility.

— extending the natural lanjuspe profrans ir several directions:
— nevw demein (electreorics instesd of tlocks);
— modalities =such as yrobeble-possible-necessery;
— wodelling the persor giving the instruction, so as to deal
prorerly with such informatien as "I think..."

_— further evolution of progremming lenpusges, computer control
structures end deburging aids, in forms pariicularly suitatle
to work in Artificial Irtellirerce.

~— theoretical yprotlems in the area ¢f representing lnowledpe
including "neanings" or "world rodels" constructed from visu
and linfuistic inputs.

This rough breskdown inte sub-foals illustrates one of the Sor
theoretical theses of our laboratory. fn Vintellipence" is a complex
syster with a larfe number of intéeracting but separate parts. It can be
urderstocod and rerroduced only by dealing specificelly with these paris.
¥e do not believe in the chimera of finding & single powerful "method"
or "principle™ which would give rise te intelligence the way the laws of
ewtor  give rise to elliptic crbits. In surveying the variety cof
specific sub-rrojects mentioned telow, the reader 4= ertitled 4o be
ccncerned about bhow many sub-probtlems we anticipete having to sclve in
crder to zchieve rew levels of irtelligence in sutom=ta! I= it terns?
hundreds? millions? Are we merely =cratchirg the surface? One of the
purpeoses ¢f unified milestone demonstrations (such =5 the one under
discussion) is tc show that the nunbers cen be contaired. sreaking
irforrally, we believe that the number of subsystems of intellipence is
1Er§E, btut nct as larpe as the number of subsystens enparped in, =ay, an
Arolle missioen.  The topiles that have already been concidered in  the
Leboratory constitute 8 significart fraction cf what is necessary.
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1.2 Other Fkilectones: VISION snd the TLOCES WOFRLD

We will cesecribe the other milestones mere triefly, though they are no
less sericus. Soue of them are ecsier and will be achieved esrlier than
the lanfuspe-Visicn=-Action deronsiration in electronics; some are much

mere difficult.

The ELOCKS WOBELD has rlayed a central role as g culture mediur for ideas
about visicn and will continue to do =c¢c despite the new concertration on
other more useful and complex aress of work. To rlace new milestones in

perspective we recall briefly some past history.

The first Iimpertant steps toward the present zppreach were the
work, more than & decade ggo, by H. Ernst on touch—-sense conirollied
pemipulation anmd by L. FHRoberts on machine scere-arnalysis of
thoetcgrarhs of three-dimensicnal plane-surfaced chbjects.

The next significant step, this one under ARFA support in the A.l.
Iab (then part of Froject HAC) was the develorment of visually-
controlled tower-building programs in  1965-1966. The major sub-
system wes direct "raturel" wvision of resl, but uncccluded end
clearly illusinated tlocks. '

In nore recent mnilestcone demonstretiors, we have seen machine
renifulation of several tlocks in wvisually occcluding relstionshirs.
Fehird this rractical step was a more important theoretical ore
first tekem by Guzman, of basing scene anslysis cn EEnErai
knowledge sbout "bodies™ or "obiects" without using (as was done
tefore) specific knowledre abcut tarticulsr kinds of bodies.

In this older work on vision, shadows and cother side effects of lighting
were trected as emberrassing cocplications to be mirimized. However,
these effects are scources of informetior, and we now urderstand them
well enough to explcit them as such. A nilestcne for the very near
future will te = Vision Systec to see hiphly shedoved snd badly
illuminzted =cenes, with the help of (rather than in spite of) the
shadows. In the Ienpuspe=-Vigicn=Actior demonstration, the relation
between the hand and its shedow shovld bte expleited to sntieipste ihe
ccntact of the hard and its target.
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The MIT VISIOK SYSTEM is, at present, still &n experimertal prototype
develcred to explcre new idess both sboul machine vielon and new siyles
of prepranoing. It is the nest powerful syster available within its
narrow depain of aralysing morccular, polyhedral scones. Ve ore
extending its capebilities teo desl with rore natural oblects. Up to
ncw, this system counld deal only with polyhedral objects having vniform
rlane surfacee, such zs blocks, wedpes, pyramids, and the like,

Vision rprogreps generally use information of Just ore kind: light
irtensities on & two dinensional rrojection. in  dmportant drminent
advance 1is the use of multiple =sources ¢f irnformation. Sore of these
will te other dimensicrs of vision—color, renge, etc. Other sources
wil te symbclic, in particular those derived frem irterzcticn with
SERDILU. We do NOT see s a significart milestone merely UEirg. top
level commands in English, passed on through SHRILU, to crerate a Vision
Systen. Thiz may be a Food demenstration to the cutsice werld of the
flexitility ard utility of SKERDLU, but it i= reslly gquite easy. The
puch more significant step will Le tc marry SHRILU and VISICK sc as to
pernit stetements made in English teo give useful advice te the wvision
Frogrsm: "Look more carefully in the shadew of the cute ico the right
of the +tall blockY. & much more difficult ster—sufficiently
significart to count a5 =& separate nilesione if done in an insightiul
woy—is telling the rrogram in English how to extend its mirni-world of
coopetence. For example, one mirht tell a program desigred to see and
renipulate blecks sbout a good stratery for putting things in boxes.

1.3 Vision Cutside the ELOCES WORLD

Liguids: &n excellent test-bed for ideas sbout changirg shapes. The
nilestone is an eye-hand system that will make a cup of regular
instant ccffee. This is described below in mcre detail,

Fecple-katching: Cur own research on the centrol and acguisition of
motor (ard fﬂstural} skills in humans will tenefit from &
cgram capable of cbserving a person engeged in 2 task such as
earning te walk = tight-rope. A simple application of this is
detecting when a rerson arproaches darperously clcse to the edge

of a platform, and warning him.

Interpretation of Crawings: The irnterrretation, by machine, of nct-
guite reslistic ° or conventional drawings pcses  problems
interrediate tetween visicn and languagpe. It is & task that has
not vet teen performed significantly by rachine et seews ripe
as & future rilestone. Ve hope, through work like that of
Geldstein (see below), to develep & progrem that cen fescribe in
werds-—thaet is, bty understarding-—what is shown 1in a drawirng,
certoon, cr actiocr—sketch with stick-figures.
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1.4 Urderstanding Frglish

Our Ieborztory has pursued over the years & werkirng hypothesis thet can
be stated briefly es: before cne can el a machine to understend
Erglish, cne nust find how to meke 1t understand at =all. Trarslated
irto concrete terms, this meens paking rreograms to vnderstand complex
Exrglish statevents Eimut a EiLElE nini-=world which the corputer i= atle
te understand very thoroughly by draving on a stack cf special
krowledge.  An esrly cilestore whose achieverent enccursred this peoint
of view wes the esrly program, SIUCDENT, by Den Fcoctrow. The lstest clear
break-through is CHRDLU by Terry Winograd. '

A =secondary npilestone is the operaticnsl use of SERILU as a "front-ernd"
to conmunicate with progrems written for quite different, practical
[UrTIOEES . An early exzmple of this kind of use is the coupling of
ohRDLL to a question answerl propran made by C.C.h. ¥We know of several
other such mrojects. Thou it is ercouragirg to rcee Artificial
Irtelligerce proframs being uvsed more ard mere extersively, these uses
of SERDLU do not go beyond its original fcrmel capacity. |Mcre
subkstantial  nilestones which we see as significant and vet not Tar cff
incluce:

Using Fore Linguistic Information: A propram that mnakes
significant use of itenses, nodalities (e.g. pﬂssihle—prahahlgg
end indirect refererce (e.g. He thirks that . . . 1 wou
be o considerable advance.

Cetting Away With Less Linguistic Informstion: Ve have in mind
: using "common sense" interpretation to Till in only partially
ggicifieﬂ infornation. Focr more rrecision, see "Larrative®,

O e

Extending SHRDLU in English: A most importent wmilestone will be
s=ed when we zre sgble to describe, in English, extensions to
IRTLU itself. SHRTIU'= interpretationsl power would then sct
in =a bootstrapring fashion. This gorl is more inclusive snd
more diificult than the cothers we heve listed.

1.5 " Computers, Knowledge, =znd Intelligence

The Tfcllowing sections descrite vhet we propese to do ir much freater
detail. Before entering this forest of detail, we want to explsin cur
inzge of how this approach relates to others.
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The werld of Scierce is well-crgarized for the moragenent of some kirds
cf  krowledge. Tts thecries provide a firn (thourh nct, of course,
irfel1litle) understanding of what kirds of knowledpe are relevent to
such tesls as 1redicting actroropical everts or desipnirg bridpes.
There are institutionzlized repositories of such Imowledre (hancbools,
tztles, encyclopedias) as well wos the means of transpitting it to the
next renerstion (schocls).

ket =211 knowled;e has tbeern treated in this formal marner. In
perticular, a very large body of lnowledre has traditiorally been
neglected for the sinple reascn that "everyore knows it anywey".  This
ig the kind of common sense knowledge thet leads one, for example, to
rearrange the contents of a bex (or throw something ocut) when more spece
is needed. '

Resesrch in Artificiel Intelligence is forced to deal with this kind of
knowledge quite explicitly. Cne mnmight arguve that the "intelligent
copputer" cught to acquire such krowledge by the tacit, irferral rrocess
that leads humans to have it without exrlicit formelization. This is
certainly true in sore sense; but even to understend what is being
arserted we need to formalize rore explicitly, and characterize more
inaightfullﬂa the kinds of knowledge 1in questicn end the kinds of
rrocesses that mirht lead to its acquisition.

tnong our (hunan) ways to mcguire knowledge, two stand out beyond others
srd our work has centered on them: ILanfuage and Vision. he rest of
this rropesel is divided into three perts, accordingly.

Pert II i= ccnecerned with issues related to logic, general
kncwleége, =nd conmon sense, in 2 context centered mainly around
rroblens of understanding matursl largusage. This secticn slso
includes closely releted work on understending  rrocedures,
pregranoing largusges, and descriptions of programs.

Part I11 discurses issves commected with robotics, pachine vision
neripuiaticn, and other sctivities that invelve physical-werld
interactiors.

Fart IV  discusses work needed to develop tocls: herdwsre,
rrocrarning  lenguspes, scftware, and other things needed to
surport the goal-directed rrojects.

These areas zre, of course, not reslly seraratle; all of +them, for
exacple, have sub-arees that work with knowlecdge =bout the ELCCES WORLD
a sinple nodel physicel  world of sinple, easily described otjects end
irterrelations, that =serves as well &5 the subject for leogicsl,
linguistic, rcbotic, and program-thecretical studies.
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er of proects i the Iatoratory are certered around the problems of
urderstending natirsl lenjuage. There studies irclucde beth thecreticel

and prectical protlems:

1

2.1 Export Versicon cf Winogred®s lanpuage-Urderstancer
Terry VWincgrad and proup

2.2 More Foverful Problen-Sclving ir SHEDLU—Using the
CCHRNIVER language Instead of the Trimitive Hicro Flanmrer Cystem
Vinograd and group

¥. Martin and G. Efmwn of MAC

2.3 lew lodels for lleanings
Kinslky, Killer, Charniak, and others

o Hew Crarpar COrganizatiors

2.5 Theoriesz of Generic Expressions and Typical Situvations
Scenaries, Enpglish, Cuantifiers, and Logic
K. Mcore, M. Marcus

2.6 ILearning to Understand
L. McDermott

2.7 Understendirg Stories
E. Charniak

2.8 Sussman’s Progrzm: HACKER
{i. Sussmen

2.9  Enowledre abtout Frocedures and Their Likely Fugs
{i. Sussmen

2.10 Goldstein’s “Soluticn” cf the Halting Problem
l. Goldsteln

2.11 . Goldstein’s Frogran-Understendirg Progrem
l. Goldsteln
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2.1 Teoliching the Larruare-Urderstancing Propran

A project that will be completed this year is the conversion of
¥inograd s lunguage-unﬂerstan&inf prograr (celled: SERILU) from & first
demonstration proteotyre into a renerally =accessible, vell-documented
experirental facility for further develcpmert of linpustic models and
arplicaticns that are related to the basic theory behird this model.
The new system conteins extensive f{racing and debupring aids, and a
deteiled nanual i= being rrepered. This will meke the system accessitle
toc users vho begin with very little prior kncowledpe sbout its details.
The systen is available over the ARPA network. An early version of the
menual was  prepared last summer with the help of Stuart Cerd at
Carnegie-liellcn, and we are now zdapting it to provide a full guide to
the system. Current sections include:

Erief Descripticnm of SHERLIU

Irplementaticon and Versien Informaticn

The Distribution Fackage

Instructions for Rumming SHRLTU

Some Factis abtout the Frogram

Leferences for Kore Information

Exemyles of Using the Feztures of the System
The syster has mary festures for iaking it easy to develor and debug
extensions, and srecielizatiors for perticular aprlicatiors. These
ircluce a self-explanstery copmand tree systen thet allows users to view

verious parts of the system in inleractive modes.
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e iore Powerful Froblem-Cclving in SERTIL

Several students are rewriting parts of the lanpuspe understanding
systen to use CUKNIVER instead of FMicro-Planner. The new lanpuage,
which rerrits cross-reference between different parts of a rroblem
sclving 7Jrocess, will provide a better Gtase for extending the langurpe
progren to a larger world that can use hypothetical contexts, plousitle

reascrning, and more cceplete handling of tenses.

We are slso working with other rrours in their uses of this langusge
understending sysiem. The preoject of ¥W. Hartin, at Froject MAC, will
probatly use it as & peans of commurication with their automatic
programing systews, &and G. PErown, also at MAC, is exploring the
ressitilities of tasing a language translator on SHRILU; &% rresent she
is working on & very small specific set of rproblems irvolving Gernan
ncun ceses and prepositions, btut the basic ideas may be generalizable.
In ﬁmy case, by writing =& cocparable gremmar - for Cermen, she is
ircreasing our understanding of which besic mechanisms are best for

representing ratural language grarmars in general.
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£.3 hev Holels for Meaning

At & theoretical level, several cof the staff and students are exrloring
scme rew formeliscs for reprecenting mearings. Cne trotlem is to tie
tcgether a variety of gphenorena that have been addressed more cor less
separately by svch models as Fillmore's Case Crammers, Abelsor ‘s
"polecules, texts, scrirts, etc.", Schank’s Conceptual Gremmars,
Helliday s Systewric Gramnars, etc. We believe that these can be tied
together in a more corsistent way by viewing lanfusge undersianding as
an active procedure, constantly engaged in an coperaticn of "{fitting
topether" inputs snd the implications of inputs. These theories sare
just tegirnning, but we hore they will lead to a second gereratlion sysien
ruch better equipped to handle plausible ressoning, incomplete Inpuis
and a wider renge of ways in which language ccnveys meaning. It is too
esrly to describe the theories in detail, because they do nct yet hzve
adequate Tormelists, but among their new elemernts sre what might be
celled "scensrios"— structural elements that describe "the ways things
usually heppen"— that are subrtantially larger than the kinds -of

elemernts found in earlier syntactic or semantic thecories.
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2.4  liew CGrarpar Crganizetiors

Levid lelonald is werkirg con yroblems of penerating sentences that
reprecent nearings 1n ways that are responcive to the needs of the
syster’s user. lhis mears that the system must use iils knowledge abcut
what (it thinks) the user believer. Vincprac’s original SHRILU system
does this to a certain extent; it tskes into accourt scme of what the
user cen be deduced to know when it arnswers gquesticons. MeDonald “s
arrro=ch to generating ccherent discourse views it as concerning
multiple rrocedures orerating on a commen datza structure. First, there
iz a logical process concerned with choosing words and preducing
structurEE_which convey the underlying meaning. Second, there is a

discourse procedure whose Job is to structure the output for coherence,
pelting the necessary inter-sentence conrections, introducing pronouns
when =appropriate {and when their referents can be  determined,
rresunsbly ). " Thiré, there is a syntectic specialist to make sure the
cutput is in & proper grammatical form.  MclDeneld wants to aveid the
kird c¢f inflexitle orgenizaticn in which each of these is forced to work
on a conpleted cutput of another. Thus, he wants a hetererchical system.
-{see heimw, in ccnnection with Vision and Fobeotics) in which they tine-
share, each Gteinf allowed to make sugpesticns s to how the outyut
shouléd be formulsted, and rescting 1o suggestions of the others. The
geal is to produce an cutyut system for usze with the SHRTIU program with

cepability complecentery to that system®s input understanding ability.
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. hukin is working on & new versior of VWincrred®'s rramar, exrloring
different +tyres of erfganization which get awey from the hirhly linear
orgenizetion ¢f the current gremmar. lore efficient and flexiltle
grammers may take Tnore syrtactic cues from the words themselves,
resulting in a still primarily top—down porser whose cperstions ore
primarily initiated by bottom—up netheds. Werds such as "a"™ and "the",
or propositions ard gquestion words have irmediate syntozctic irplicaticns
and should be able to direct Lhe rarsing rrocess. EReliance on the words
themselves instead of their pesition in the uttersnce should te a great
hélp in parsing incomrlete and unframcaticel utterances, especielly when
coupled with a coherent disccurse content. In fact, such exploitation
mey be sipply necessary for dealing with real-life intersctiors, nany of
which are fragmentary yet perfectly intelligible. Fubin is preparing
Tlewcharts so that the resulting grarmer can be used both for
coenstructing proframs and for descriting and studying Enrlish. Peorle
with limited knowledge about FROGEAMMAR ard LISF (the comruter lanpuspes
used by the syster) but who have substantial kgawledge abcut linpuistics
will te eble to use these charts tc get ECCEEE. toc a computer-based

Frammer for a substantial part of English.

We hope this will accelerate interdisciplinary communicetion end
progress, and this seems 1likely becsuse there is slready world-wide
irterest iﬁ this systen. The flowcharts should make it possitle for
recple unfamiliar with details of the prorram to experimert, modify, end

extend the gremmer for their own spplications.
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Fubin i= alsec studyirg problems cof exterding the system to use complex
tense &nd time sewantics; perfect and progressive terses, futures, snd
.ncdalr. Tense arnd other time corponents comtine in rot=vell-understood
weys; conpare: "I see ny acviscr Thursdey" with "I see ny sdvisor
Thursdays"; some deduction is reguired to decide which sorse of the
tense is indicated. Compare "The car runs on gee", which is essertially
tenseless, with "the car needs to be wvashed". To desl with these will
regquire changes in both sementic and deductive parts c¢f the system,
using new . ways to represert past, future, and hypothetical assertions.

2.5 Thecories of Typical Situations and Gereric Exyressions

E. loore has been exploring some of the protlems in comrecting English
expressiors to  their underlying logicsl forms. He is concentrating
rerticularly on English quantifiers and  their cornections with
netheratical logic. The cormections are not straightforward, ard cne
dces not often "mesn" a quantifier din the s=ane =sense ﬁf the
ccnvertionally eguivalent logical symbol. A word like "any"™ cen heve
seversl different mneanings in logicel ternms. In the =sentence %Lid
aryone cone to see me?" it corresronds teo the logical "there exists" and
we can represent it as (Exists X)(X cane to see ne). Fut in the

senterce “Intercert enyore vho comes to see rne." it rerresents =
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uriversel: (Torall X){If X comes teo see me, irtercert ¥). |HMHcore is
werking on & forualism that conriines predicste lopic with a scrt of
lepbds  esmleulus vhich can deal with this sort of rhercrercon, zs vell as

mcre corplex yreblens invelvirg enbedding end pronoun reference.

Ha Farcus is also studying cuestions that seen closely related. that
are “generic" nouns and what is their rele in commonsense reasonirg?
lhen c¢ne says "A tird can fly", ore legieal interpretetior is that this
means "If X is =& bird, then X can fly". Ve don”t believe thet this
traditionzl interrretation is correct enough to be ussble. Scme birds,
like the cstrich, can”t fly in any case; other birds can”t fly row
because they have broken wings, are tethered,; etc.; ete. So cne usually
mezns scmething like "typical birds fly™ er "IT X is a ftypiesl bird, X

can fly". What dces this mean, in turn?

Cre direction many workers have explored is that of formalization within
other logicel schemes. We believe that this is nct erntirely = matter of
fcromalization, however! Ferhaps there iz a ruch deerer issue here, cne
of corntent. The understending of what is "typical" derﬁnﬂs on one’s
krovledge and familiarity about the particular sutbject matter.  We think
that useful sclutions to understzanding such statemerts ere rrobebly to
be found in a syster that uses “scenarios" of the kirds cf things that

"wsually" harpen, ard that, hence, the interpretation of statemerts
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atout "the averare pan" and the like sre to be lased or detailed
"renerel" knowlecge zbout the sut ject rather than on the discovery of a

new lopical quantifier or rule of inference.
2.6 ILearning te Understand

D. McDerwott is cdeveloping a broad, tut rot deep, procrar called TOPLE,
which tries to understand sinple declarative statements aﬁnut a world
like that of Winograd (1971). TOFLE can "visuelize" certsin spatial
relations, guess causal explanrations of sizple behavier, and make
predictions ahﬂut.thﬂ future course of a seqUEnce of everts. It has-a
lirited atility tc understand the actiuns_af other creztures, and meke
very sinple models of their states of mind. This research is addresced
to the preblem of develcping progrems that ecan be teld rnew things
instead of having tc have them pairstakingly frng:ﬂnmed ir. It has
often been suggested that this could be done using a set cof programs for
translating déclarative statenents into deductive assertions and
thecrens. There are several syntactic and semantic reascns vhy this is

nct sufficient:

1. - The frogram will inevitably be seeing new words and rhrares
as we talk to it. It must have sophisticated ways of translasting these
into fermal language. It is prolably possitle to guess the ntactic
category of a new word, or even thrase, from its ccntext (Thorre,
Eratley, and - Dewar 1868}, tut that is orly the bepimming of the
proklec. If "pen™ is a're tively new word (vhose mesning, however, has
been told to the program), it must be clever encugh to aveid translating

o "The man shot- the piy in the pen.”
the scne way it dces -
“The pan shot the pig in the heart.”
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2. Fven when corpletely stupid interpretations are discarded,
neny sentonces curtainlsyrtactic end semartic gnbiruities that carnot be
resolved without fuessling vwhich irteryretation is mest gpleausible. Tor
exarple, withcut takirg ccontext irto zecount, it is irpossible to say to
whom "him" refers in:

"Her fzther hated Tom, but she loved him aryway."

3. Fumar lanfuage is abireviatec. Feople very cfter lesve cut
steps in erpuwents and stories, explanations for events they recourt,
ard gqualifications of sweeping staterents, when they thirk these can be
recenstructed by their listeners. In human communicaticn the speaker
usuzlly sketches the situaticn he is descriting with as few strokes as
possitle. It is wup to the listener tc fill in the mnost pleusitle
details consistent with what he ssys. If he =ays,

"The club grew. OScon they needed 2 bipper cluthouse.™
no  human would fsil to see the causal propressicn the steaker intends.
This reconstructicn must ©be applied to slmost evervthirg the pachine
hears, =ince an English sresker often leaves unsaid information
regarding time, causelity, and =situation, all these being implicit in
whzt has gone befcre and what he is most likely to mean.

4. Human beings are not infallible. They can be inconsistent,
pisinfcrmed, cr unclear. Two pecple may dissgree, and scme ypeople even
tell lies. In &ny such case—wher irmagining the situation being
discussed 1is Iimjossible or very costly——the machire nust refuse to
believe in it.

Fat

HeDervett s werk on protlems 2 and 3 have influenced the develcpment of
the CCHNHIVER programuing language, and the development of TCPLE, which
iz written in CONNIVER. Farts of the system are zlresdy rrogrammed.

S0 far, the system cannot absort new CONNIVER fprograms, but consists
ucstly of a set of carefully tured programs which take resronsibility
fer sading new statements to the data base as well as retrieving
ccnclusions from what it already knows. - These profrans constitute a
btelief system (or, in Abelsem’s (19735) terminclcgy, a knovledge systen),
which is committed te naking as nuch sense as pessitle from things it
hears.  The Rrﬂgrams (called "if-needed methods") which enbedy its
krowledge of ihe world, rossess sone knowledge sbout what things =zre
eesiest to believe, what contradictiors are best to werk cn, etc. TOILE
does bookkeering, but lets these experts doc mest of the analveis of
statenents it hears. (It dces not handle natural langusge directly, tut
accepts siatements in a predicate calculus-like fcrmat thet is directly
assimilable by the pattern mstcher that calls if-needed nethods.) These
nethods ponder questicns sebout the pessitility end pleusitility of the
things they hear; coirunicate their difficulties beck to their csllers,
which can give acvice or try sonethirg else; and zre free tc construct
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hypothetical worlds to test theories asbout what the worlé reslly locks
like, or vhat & syeaker really mecnt, given what they sre told.

Thus, for example, the rcutire vhich acceptes stetements sbout physical
leeaticns attempls to find the most likely arranpement of objects which
iz consistent with the lcocaticns pivern by a syeaker. The rouvtine which
rendles sigstenents albout goirg 1laces recorrizes the vapueness with
which pecple specify destirations, ard attemrts to fipure out the mest
likely destinaticr thot the creature it is told about cculd be aiming
at. (For example, "Ee went cver to the chandelier." uwsuslly mears, "He
went cver to the rert of the fleor directly urder the Ehﬂﬂﬂﬂ{iﬂr-"]

Easically, TUFLE will bte a very sleptical progrem, which tries to resist
changes tc the data bese, chocsing the least jarring cherges when they
are enforced by 1its being =spoken to. cince its rroprams are doing
plausible reasoning inst of airtight deduction, it is esserntisl that
they reccrd their reasons for the beliefs they =dd to the wcrld model,
ard that these reasons be accessible to any program thet leter cores
into conflict with them. These rec=one are stcred in a ueri Feneral
feshicn as prograws which hagrle vith the newcomer abcut vhat the world
is re=lly like. The current version of TOPLE, when finished, will be a
substantiz]l extension in our understanding of ;mﬂblen—sniving with
ircomrlete deta by “"commensense" reasoning.  If all peoes well, = later
versicn of this pregrem should hsve linguistic Inowledge and could be
attacked to =a E{atem like Wircgrad®s SHEDLU parser =nd senmantic
rcutines. There is a breader preblem here that chould be attacked: if
a routine is to understand people”s speech fully, it sheuld understand
hew lanpuspe is used as a tool, what reople are 1likely tc went to
accomplish when they say sonething, as well as what =a sentence would
rean tsken coppletely out of context. Until this sort of knowledge is
Termaligzed, rpachines will be deficient in larnpuare understanding and in
fully understanding a person’s motives and intentions from what he savs,
ard hence will mirs much cf happers around them, =ince most of what gces
cr. in stories and in resl life is dialogue.

2.7 Understending Steories
E. Charniak, whcse thesis on rerresentation of Inowledre in childrer’s

stories was completed last year, continues to work on rrcblers of tert-
ccprrehension. Charnisk believes that the btest wev to censtruct a
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theory of krowledge 1s by exhrustive snalvsic of rerticuler stery
fregments in en cttenyt to pin down exactly what feote ere neaded  in
order to understend the story, =rd to see hew these Tacts cught to be
accessed. Charriask begins with the model preserted in his thesis, in
which a wvariety of "demons" ¢r remi-autcnomcus Trofrans control
inference and irformation retrieval when "set" cr "activated" by

cheracteristic words cr events in the story.

When cne studies knowledge at this derree of fine detail, one enccunters
a grest many rreblems. Because there is not much systematic thEer yet,
we will illustrate the situation by example.

In Charnisk’s thecis occurs the following example to illustrate scme

rroblens in detervining ncun yhrase reference:

(1) Today was Jack’s tirthday. Tenny and Janet went to the store.
They were going to pet rpreserts. Jenet decided to ret = top.
"Eﬁn'ttdgatﬂat" said Fenny. "Jack has & top. He will mske you
teke i ck.m :

The problem is to reccgnize that the "it" in the lsst sentence does rot
refer to the top Jack currently owns, ‘but rather to the ore Janet is
thinking cf gettirg. 1In the thésja, it was suppested that a rule of the

felloving form might bte at werk.
(2) If we see that a person P night not like = Esentlx, ther lcok
fer X being returned to the store where i%rwas tought. If we

see this happening or even beirng suprested, assert that the
reascon why 1is that’P does net like X. ’
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Chernizk continuers:

"While the exzet form of the rule was not erucisl to the =rpument
in the thecis, 1 heve giver sone further theupht tc the prcbler of

exactly whet irforration is at work in (1). first corclusion
is that (2) is not the plece cf irformaticon wrlﬂh is vsed 1n (1).
Consider:

{3}'Iﬁday HEE Juﬂk birthday. Penny and Janet went to the store.
u:ng to §Et mresents. Jenet decided to pet a top.
When Fhe told Penny this, Penry £aid, "Jack will make you toke
it back."

In this story, prior to Pemry’s statemernt we had no rescon to believe
that Jack did not want a top. Cf course, in this story there is no
roblem with prornouns, yet, we urderstand Perny”s stotement gs irplying
that Jack dees not want & top es & present, end that is the reason  vwhy
the top will te taken tack. Hence, a minimum rodification of (2) would

be (the change is capitalized):

{(4) If we see that a person P BIGHT GET a rresent ¥, then lock fer X
being returned to the store where it wes bought. If we see this
happening, or even being sugrested, sassert that the reas=on vhy
iz that P does not like X.

"Proceeding in this way we can corstruct nany variztiens en {13

21l of which uvtilize the fact that {E%hEEpTEEEntE. However in

each case ve can ccnstruet the story sc {(2), as written, does

nct aﬁﬁlﬂ The posl of all this is to find a2 "correct” wversion of

(2) w will acc:unt for all of the examrles.™
Charnisk is also working on a very different probler—solvirg domaing
problerms in electrestatic field situations. In deing this, he is
returning to attenpt to erply new prebler=sclving rethods to spplied
thysics end enalvsis, the subject of his Master®s thesis in which he
attesrted to extend the work of BPBcbrow to more reslistic physical
provlers and fourd thaet the protlems of crdinary cormeonsense ressoning

pcsed criticel obstaclies.
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2.& Buseren’s Progren: HACKER
Consider the piece of advice:

"IT ihe gosl is to place Bleck A en Elock E, Tiret

check toc see whether there is 9ruu§h spece cn T

if there is not, rearranre the blocks aigeady on B

Ly strategy TIDYUF ard try arain.®

- Enowledge of the sort carried by this advice is succersfully used by
ATu prngfams working ;n & very rinple werld of tlocks. Howe?ar, the
advice is needlecsly particular. The ctrategy sugrested is cbvicusly
nct specizl to blocks; one certainly ought to be able tc formulste it

&c & statement about the allocaticn of space in meore peneral s=itustions.

Eut  even this is= too rparticular, if the word "space" is taken in a
literzl sense. Consider how cne uses the sratisl metaphor in talking
etout corputer remories. This reflecis the fpeneral usefulness, in
thinking, about the abstract creganization .uf mercry, of "spatial
stratepies". That is to say, thet inforpation in menories can often be
rengged by using the sanme "ﬁrickr“ that work for hzndling cbjects  in
real space! TFor exanple, rearranging (corpactifying) non-contigucus

blocks of duta can create space for 2 new tlock of data.

Gerald Sussman has trenslated these very general renarks into a quite
new raradigm for a progrem that leasrrs from exrerience.  Sursnan rives

his prograns access 10 two different kinds of knovledge:
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Enowledge that really i=s rrecific tc  tle

varticular deomair (fer enxample, & specific set cof

colored wooden blocks). .
Inowledge atcut stratepies (for example, = fer
ellocaticn cf resocurces, or for the ordering cf
Eub-iElskﬂgl slated in & ferm nuch nore pereral then
that in vhich they will te ured.

Sussman’s ingﬁninhs idea is to rerresent the renerasl krnowledee in & form
that can be expanded into actual dcomair-specific corputer code when
needed. This new code shows as an addition (patch) to a program that
had run jntﬂ an errcr condition (chowing the rresence of & tur, and thus
the need for & ﬁaich}. The addition of the new code can be thought of
as automatic debugging of the ﬂiﬂ frogram!

Consider a concrete example that Sussman has used
to demonstrate the potentialities of his ides. Fe
tegins with a program written to place block A cn
another - bleck, E. This rrogram works perfectly as
long as B is clear of any cobstruction. How
suppcse that the program is asked tc place £ on B
vhen there is already a tleck C cn E.

In the usual context the an would fail,
terheps with an error cooment. In Sussman’s
context the error corment trigpers the penersticn
cf &n extra piece cf code which ceuses B to te
cleared tefore A is placed on it. The rropram is
row expended into £ more complex form and will
stay that way until it once more falls into an
error condition revezling a2 new tug snd leading te
znother patch. :

Sussmen’s demcnstration makes it very gplavsible that quite complex
programs could be grown in this wey ty successive macro-exparsion of a

snall nucber of Eenéral =trategies. Sussman will yjursve this poal as
the tcpic’ for a Pr.D. thesis which will te cempleted during the coming
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2.9 Kncwledre jfbout Prccedures and Their Likely Burs

Te aprreciate the thirking behind BFACKER cne rust realize how misleading
it is teo thirk that Sussian perely replsced the particular ty the mcre
generel. Ary particular statement can be pgereralized irn meny
directions! Hhiﬂh shculd be chosen? A working hypothesis of much werk
in A.I. is that Lthe nost powerful peneralization in =ress such as these
tend to take the form of properties of procedural Efruﬂtures. The
peening cof this will be filled cut ty examples frﬁm or—poinr projects.
The first is teken from HACKER iteelf. '

Suppose that the rrogram we referred to tefore is presented with a scene
containing a blue block, a freer block and a ryramid. The ryramid
heprers tc be on the green block. The progrem is asked to put the blue
block on the greer bleck. It obeerves that the top of the green bleck
iz filled; it krnows tha; the remedy must be to remove the pyramid,
which it dees, but puts it on the blve block. On the assumptien that
orly single cbjects can te 1lifted, this is a dissstrous zct; it cleers
the green block tut mekes it imporsible to move the blue.

liew the guestion i=: what advice could save the yprogram? On the mecre
srecific level cne mifht try: :

if you went to put bleck & con block E, avoid
Tutting anything on tlock A. :
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Expressed (as it easily cculd te} ir ar arprorriate fprogranming
lengusge, this would save the situation—tut we’d prefer somethirg mere

generel. Vhat?

Cre pessible direction of choice cight be to generslize "block™ ard "on"
to "otjects" and “"relations" saticfyinp such ond such axlons. Certein
contenporary approaches to A.I. would go  in this direction despite the
difficulties encountered in working with aprropriate axioms.  HAC{ER
actuﬁlly takes a very differErf direction of generalizsticn. According
to Sussman, the problem is nct =zbout objects and relations but about
rrogrens—and particularly about a kind of bug that typicelly ﬁriEEE
from interacticns betveen attempts te satisfy a sub-goal (clear E) =nd
the cenditions (& being clear) =till holding at the time the super-gcal
(rocve A toc B) was set up. To formulate the advice preoperly, he rakes a
very general powerful addition to the rrogramming larguspe: an
oreration ecalled "protection" whose effect is to inhibit chanpes in
aspects of a situstion to which it is aprlied. |Using thiSIIDPETEtiGn,
the advice about not putting block B on Tlock A tﬁrns into scmething of
the formr: |

Frotect 211 known rececsary conditions for the
super-gozl before exsmining & sut-goel.

This transfermation cf =advice atout ©blecks into advice aboul rrogram
structure {gnal——suh—gnal interactions) illustrates en exyanding theme
of research in the Laboratory—of which FACKER is a Térticularly clesr,

but nct urique, exanrple. . Te see the common element clearly with the



TAGE 26

next exanple, recall that the protecticor advice derives from

recrgenizing the likelihocd of a certzin form of intersction tug.

2.10  Coldstein’s "Solution" of the Halting Problen

Suppose  you have writtem a program, P, which is interded to make a
certain decision and then stop. You suspect thet a bug causes it to
fell into a never-ending locp, i.e. not te halt. It would te very
veluslle to have a progran called, let us say, SUFERMCIVITCR, which would
exanine program P and tell whether or not it will halt.

Everyone who has talien s course in automata lmows that an infsllitle
versicn of SUFERMCKITCR csnmnot exist—the halting problenm is unsolvable!
Given any alleged version of SUPERMONITCR, it will be possible to find o
rrogram P whoge feilure to halt is too tricky for SUPEEMONITOR to catch,
Eut while vprograms can, in principle, t or fail to hzlt for
exceedingly complex reascns, in real 1life many (pessitly "mest" or
"zlwost all") accidentsl csuses of Tfailures to halt are very simyple
irdeed. Thus the undecidability thecrem in no way ludes the
55itility of = practically useful (thouwrh fellitle) version of
SUFERKONITOR.
Ira Goldstein, also a graduate student in the A.T. Iab, has chosen as
his thesis tcpic the design eof a mornitor which could be thought of as
leoking over the shoulder of a rovice programmer and meking conmerts
atout why and when his programs work or do not work. Cne of the

Tunetions it will perform is detecting insdvertent infinite loops.

T¢ aprreciate the wide applicability of such work, notice that the huran
novice rprogrammer cculd hizself be =& corTuter Irogram generating
FIOSrans. Thus, besides providing & clear paredipn of the cuncepf of

"teaching machine” and rnew insirhts inte the rature of Trogramming
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krowledre, Goldstein’s werk is directly relevant to 211 aress in which

rrogrens &re cutoratically gereraled.

Like &uésnen, Goléstein rrovides his program with krowledpe gbﬂut ithe
programs  peciple (and machines!) actually write znd the troubles they
pight pet intc. These projects are comrlemgntary in corcentrating on
disjoint =aspects. The fellowing exacple illustrates  the aspect
Gcldstein studies in this part of his work; in the rext section he

discusses a very different asrect of rrogramming lnowledge.

Consider a sirple exercise progran thet might be writtenm tv & berinner.
{The rrogram is in LOGO.)
TO CCUNTDOWN :NUKEER

10 PRINT :NUMEER
E?mGC'UHTWHH 1 WUMEER=1

The eifect of the comeand COULTDOWH will be to print

Ty 2y 1, 04 =1, =2, = « «» and 50 On in & icep witich would never end
but for accidental lirnitations of the cumputef used to imrlement it.

The nen-haltirg of this pregram is easily detected by a systen that
krows that "recursive proFrams without stop rules don”t stop". A more
irteresting situstion is illustrated Tty the fellowing sceraric. The
prograr generator (hunan or mecharicel) adds the line:

& IF :NUNEER=0 S10P

The program ncw counts down to 1 end kalts. The rrogremmer then chanres
the program tc make it countdewn bty twos:
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£0 CCUNTLOWN :RUREER-£.

ard finds hinself in a sinplé forr. of a very typical tug situstior. The
detection of the rnon=halting situstior is more conplex in thirs case, tut
within the state of arprorriate arts.

The =ters in one aprroach sre (1) recognize frem
the structure of the gprograp that it wi always
halt if and only if the equation K-2¥=0 has a
rositive integral soluticn fer X for all positive
interers K, and (2) chow that K=-£¥=0 does not have
a solution in integers when K is odd.

Ve gzin confidence in the feasibility of the rroject by roting that
these steps lie in areas (translation of formalism =nd symiol
menipulation) that have shown firn progress.

From & certzin practiecal peint of view this is
encugh. But cur theoretical orientation lesmds to
a dissatisfacticn with an "urnatural®,
"ppthematician“s" fermulation of the sizpple fact
that counting down by 1iwes can’t get you Ircm
seven to zZerc. . '

A very different sppreach is illustrated Gty
-elevating the concert of Yconservetion® to the
status of a fundementsl primitive about which the
system cught to know. The bug under discussicon
could then be recnﬁgized, as Eﬁﬂg perscn, through
the gqualitetive Iknowledge t svbtractirg tvo
conserves  even-ness—rather than through the
panirulation of slgetraic equaticns!

2.71 Goldstein’s Frogran—Understznding Frogram

ke have nenticned one aspect cof Ira Geldstein’s thesis poel: to reke a
progran that will understand an cobject ytrogram sufficiently to decide
whether it will halt and if not, vhy not., Eesides this generslized kind
of understanding, Goldstein’s projram will understand the intenticns of
frqgrams vritten fer = particu subject domsin ¢r mini—-werld. This is
r the ssnme spirit as Winograd's yrrocgrar, which is sble to understend



FAGE 29

complex Enplich senterces, provided that these ore sbout a mini-world
(the FLOCES WORID) of which the program hars thoroeugh  knowledye.
Geldstein’s mini-werld consists of two-dimensionsl line—Grawings, stch
ac stick-men. Eis immediate problem is developing an = prepriete
descripticn languepre lor this mini-world. This work craws on idess from
werk cn vision anc is expected to contribute to it, mcre particulerly as
the rebotics rrojects pove towerds more notursl visior.

Goeldstein’s progrem-understanding—progran will ceal with very eimyle
phics programs (the “object profram") written in I10GO,  with the
ﬁsnt icn of crawing a scene such as "men walling in file". The test of
the program will Le its atilily to diagnose serantic tups in lhe object
Frogran. ihe lind of lknowledpe recuired tc do this cculd be used in
eny arplication erear including: naking a rmore intellipent teaching
nzchire (to teach proframming); =zutomatic detugeing in Sussmen”s style;
autocmetic program writing.
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Tart III. CCHPLTER=CONTRCLIED VISICH AI'D MAERTFULATION

kesesrch on ccmputer visicon ard its arrlicaticns ig ertering & nev phese
ir the Leborstory. In the past, the work centered srourd a variety of
prototype PTG£16E£ and attempis tc ﬁEvelnp scund thecretical rodels of
those prebless. Ve now feel thet we have a very firm urderstanding of
these preoblems at all levels and vant to use this knowledre to move irto

broader and mcre rractical aprlications.

In the past, visicn research in the laboratory focussed on the "ELOCKS
WCELD™. This provided configurations of three-dimensioral tlocks,
wedges, and other pﬁlyheﬂr& simple enough tc provide access to basic
problems yet complicated encugh toe ensure that the preblen solutions
will have general relevance, '

Even within the BELCCES WOELD, it was neceésary te work ovt new s=schenes
of propram organization, &s well as new techniques for djgital_pdcture-
processing, to be able tc analyse scenes in which clearly ﬂelin&ﬁteﬂ_
Feametric objects cocclude one ancther in three-dimensionsl srace. The
werld, however, 1s rnot composed of unifﬂrmiy illurineted pecmetric
otjects, and current resesrch i= peinted st the problems  of natural

environmnents.
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Cur aprlicetiore research Is being done in conjunction with
work ¢n the mini-rotet cevelomment  rreoject furded by a
sur rlenentary rroposal. bork on raturel environment visicn
and manipulation is to include effcrts on the following
rrchblens; all the results are tc be zvailable withir our
mecdular "heterarchicsl wvisior syctem™ deseribed in pricr
preposals and currently working at a demonsitration leuei.

%.17 FEeterarchical Visiecn System and Froject Tirectior
P. Wirnstorn, B.K.P. Forn
e Generalization of Latelling Theories
L. VWaltz
3«% Crouring, and Tactile Scene-fnalysis
T. Firin
2«4  Analysis of Curved-Line Crawings
M. Adler
Fe5 Color Vision
: M. Lavin
Z.&6 Touch and Tactile Progranming
- D. &Sillver
Z«T "Low Level" Vision Progrems
: J. Lerean
3.8 Fhysical Enovledge arnd Stability
5. Fehlman
2<% Iliquids and Fand-Eye Tracking
K. Woodhar

5«10 Electreonic Assembtly: Ancther Reobot "¥Yorld®

P. Wirsten and others

2.1

fnalysirg Complicated Objects
J. Hollertach

3.12

Croups, Descfiptiaﬂf, ard Conflicts

M. Dunleavy
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.1 The Heterarchical Visicn Syster
Werk on problems of noturel visior situations is vost clerely superviced
bty Pref. P. Wirsteor, whose personel concerns sre  with the theory of
scene-analysis in the FLOCKS VWORLD, cutoatatic leprnine from experierce
of meéningfu] three—dinensional structures, the imduvction rroblem for
reaningful groups of objects; =znd the preblens cof coversll system
crganization that arise because of the wvariety of kinds of knowlecpe
irvelved in "percepticn®. E.K.P. Horn is resporsible fer =supervising

arplications resesrch and developient of imape processing systenms.
3.2 Ceneralization of Labelling Theory

D. Yeltz® recent thesis ties icpether much earlier wocrk done at cur
Ileboratory and others on theory of gecmeiric scene-snalysis. The
sequerce cf events was boasically this: esrly work on the role of

"i-Jeints"  and other local features poirted the way to pfmgrans that
cculd solve the "figure-ground" problem of =separating visuasl objects.
This work reached a relatively =successful but very complicated rlateau
wjth'the work of Guzean, who used a variety of forpel heuristies for

linking, grouring, and link-inhibiting cues.

The tehavier of QGuzmen’s rtrogram was better "explained" with the
introduction of fcrmal sensntics for the linking heuristies Tty Fuffran
ard Clowes. In that medel, it wes recogrized exrlicitly that different
kinds of edres ari=se from different clarses of three-dimersiorzl
situstions. Arplying these Idess, enc usirg a new enalysis of the
situations in which Cugrar’s prorram enccuntered ﬂlf&lcultles, Hattrer



FAGE 33

erd cthers develered yrocedures that were sinrler, more reaningful, end
ncre effective thar the clder, more "Ysyntoctic®™ versions. In
perticular, the eclabcration ¢f compliceted "linking" heurictier were
rerlaced by & much sinpler syrsten of alternste linking =nd "splittirp®
of objects apert. '

Ir his thesis, Waltz carried further the analivsis of the sepsntics of
edres, ard showed corclusively tiat in  the FLOCKS WCHLD there are meny
surprisinfl¥r strong constraints or the line drevinFs cderived by
projection frem three dimensicnal scenes. Once these constreints cre
urderstood, one con often get directly at the pearinge of eact line ir a
drawing, end identify it as concave or corvex edge, cbscuring edre,
crack, shzadow, or cther scrt of line. The techniquesr end dpplicaticns
of this srpear to have sipmificance also in other semsntic areas such zs
natural lenguape &nd sutonatic pregrarming.

Weltz 1is now working to sdd features to enatle the rropram to use more
glﬂiaﬂ.fhnts than were used in the ihesis work, and is develoring a

graphic displey rrogram to facilitate study of the lakelling rrocercs,
He 1s supervising the work of Adler (see below). He kopes to fird out
how far his new labelling technigues can be adapted to work on curved
ctjects, end poorly illuminated ratural scenes. In particular, he is
interested in the senantics of features of civilized intericr scenes—
office, home, hesrital, schoel, ete., and relstions between verbel end

visual scene—descriptions.

o Crouring and Tactile Scere-fnalysis

T. Finin is cnmpletirg woerk cn recognizirg otbjects in certexts that ere
conplicated 'ty such sericus ceclusions that rot much of some object can
be seen. The methods derend on assuming that repulsrities consistent

with the portions of the scene in direct view ere continued irto the
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urseer portions. Such regulecrities ripht be detected, for example, by
the heuristics proposed in P.  Winsten®s theris.  Firin hores te carry
this further intc the syster for hand-eye coorcéination, s=sc that the
ccnjectures about the unseen portions can be confirmed or rejected hj-
tectile exploraticns. Ir the sirrlest versicn of such ar arplicaticn,
the robot weculd be programied to completely disassemlle the scere,
crerating at all times on-objecls in direct view. COltviously, this
should be regarded as a last rescrt; and there are cases in which any
disassenbly constrained te so operate would pass therough & stape  of
instability in which the structure would ccllarse, daraFing deliczte
parts. If the progrem’s hypothetical reconstructed imape of the three—
dizensicnal situaiiﬂn.ia expleited, one should usually be able to settle
anbiguities by & very few carefully chosen delicate tectile probes that
need not disturb statility, if the latter is taken into aceccunt in the

selection.

T. Ilozano-Perez is directly concerned with extending such grouping
heuristics. In the ELOCES WORLD, Winsten proposed grouring heuristies
based on chains cf slmllar relaticns, ard groups ccnnected by common
rElEtIEHS to ancther object. lozano-Perez is studying criteria for
grouping kypotheses in more complicated specialized demains, including
the influences of sizes, colors, textures, proximities ard arparent

funetions.
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Z.4  An=lysis of Curved-Line Drewings.

Although & great dezl is row lknown cbout enalysing straipht-line
drawinrﬁ. that rerresent tlhree-dimensionanl scenes, nuch less iz kncown
about drawings with curved lines. <Come precpossls hove been made by
-Guznan end Huffran in earlier work. Current work, at Stanferd, on
scene—analysis of curved ihree-dinensional objects is btesed cn  surfzce
ard range-finding data. Herk Adler, in our ryroject, is working on
extensions of the Guzman and Huffmen ideas, to anslyse drawings of
outlines of ithree dicensional cotjects that ccclude one znother in the

viewer s image.

Several prphlems rust be confronted immediately. To recognize curved
quacts ve need adequate descriptive methods that are not too sensitive
tc rosition chenges. Cne might tegin by adarting Winston’s feature and
relation network descriptions to  imefes with curved ‘toundaries.
Amhiguitisé are resolved by attempts to map local configurations ornto
models (&5 in an earlier proposal by Guzmsn that was rever implemented).
-Tn do this effectively, however, the effects ¢f occclusion of features by
otjects must_bé Fandled réalistically, egrmd the proyosal is to use a
sequernce of analyses, Leginning with use eof T-joints to detect
occlusions, folloved by conservative essurptions sbout intact uncccluced

;ﬁgiana tc serve as slarting units for the descrirtion metchirgs.



TAGE 36

The trocedure fcr natching mocels will probably be an advence inm
sophicticetion, ir the sense thot esch model will contain  knewlecge
erbedded within itself gbout the effects of occlusion discoveries on
what rext to leock Tor. Thus, if in searching for a metchk to a medel of
a man cne Tinds that Lhe gleeve of &n 2rm is cccluded, ore would specify
that finding a "hard" in the right place is acceptzble. (In the
rrevicus, knowledpe-free experimertis ¢f this sort, one would have had to
Tind & reascnably cle=ze fit toc a continuation of the =leeve on the other
side of the occlusion.) Eventuzliy, such predictions could te deduced
from three—dimensicnal mﬁdelﬂ, and we hcpe +to combine this work with
that at Stanford con ccnstructing such models.  Adler plens te  develop
his gprecedures using the world cf certeoon drawving conventicns, befeore
fecing the more cocmplicated situstions that srise in pletures of real

ok jects.

3.5  Color Vision

k. Iévin, ore of ocur new studénts,';lana to investigate colcr theuries
such a5 those of land, lettvin, et =1. in the context of the rnfﬂt
ervircnnent. This dimensicn e¢f  wvisual experiernce has received
relatively little attention | in rchotics. Inplerenting a  color
srecialist pregran may also provide powerful tocls for investigating the

currert thecries of human color vision which, =at the present tine,
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remair surpriringly ccntreversisl. TFeor the Rebot itselfl, we Fope to ret
& better end Eore useful uncerstanding cf how repicn shepe, boundery
sharpress, lighting chanfes, and cther perturbaticons influvence ITorTems
erbedying such theories. And fipally, we would like to see vhether
there 1is any rractical or cooputaticnal advantape in using £

“rhysiclogical thecry" instesd of a nnive spectrue—characlerization. If
the proxicity of colered cbjects hes substantial effects cn nearby ones,
vhich is quite likely the case, it may well turn out th=t ore of these
theories, in which color—descrirtiors tend to bhe relative to what
happers cn irter-region bouncaries rether than deperding corpletely on

sfectral ccntent, might actually bte of advantzpe to a robot.
J«6 Touch and Tactile Progremming

D. Silver has recently arplied our six-sxis force sensing wrist to turn
cranks and screws con ruts, and plens to contirve to work ¢n arplicaticns
that zre difficult or impﬂésihle to do using vision glone. Such  work
hzs lcng been deferred in our Latoratory, even though it figured in the
ezrliest rrcpesal, because the problems of obtaining usable vision in a

ratural environment vere so difficult. The time is now rire for this,
ard the results will be an impertart part of the facilities to be
surplied teo the mini-robot preject’s systen, |



TAGE 58

2.7  "Low=Level Vision® Prorrops

Years of work have shown convincingly thet nc pers—oriented cingle-icea
line cr edge-fincer can work in reclistic environpente. High-level
drivirg 71rograms eust have avoilatle & wvoriety ef specialists {or
identifying sharp tackrround lines, dir irtericr lines, ﬁhaﬂuws, cracls,
reflections, highlights, etc. Detectirg unexrected 1lines requires
procedures that search out from known vertices. Erinping together a
wide variety of mrevicus work, J. Lerman has cencentrated on ocrgenizing
a surrly of rrimitives for such sctivities irto s system that is better
irtegrated than ary of its predecessors. It will bring the Valtz edre—
sepantic labelling ideas into the very first steps of vision rrocessirg,
by the way of constrairts on rartially latelled, rartially analyzed
fragments of scemes. These conctraints serve to restrict Tlaces and
tyres of lines tc be loocked for rext. - lermen hopes to ceke his system
atle to avoid areas congested with many short =serrents =nd eclose—
tngethef potentially amtipucus vertices; such sress which sheould be
left until the system has had a chance to apply mecre global analysis of
the three-dirensional situation to the long, clear lines ard isclated

sharp vertices that are more easily understood.
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7.8  Physiecal Krowledpe and Statility

5. Fehleen is corpleting & construction-ylanring procedure that couples
a scphisticated vunderstarding of Erﬂvitf end support mrincirles with
heuristics for coring with copplicated cornstructicn tesks. Derending on
the eitustion, his system may elect to build a structure one piece at a
time, by prefalricatinr suvbstructures, or by indirecticn— using
scaffnlﬁs or counterwelghis to provide tenporary suprort. kis thercis
will describe a "specialist" that contains advanced krowledge about such
matters and the atility to prepose tlens for usine such Irowledge.

.9 Liquids

K. Woocham is dnvestigating little-explered problens in  visusl
tracking, and is building up a rew experimertal "werld" that mey turn
out  to be idsélly suited for cur: new steps tovard prectical
erplicaticns. In his gystam the rcbot will pick up a container snd
pour & liquiq (eoffee) irnto a CUT . A liguid—pouring "srecislist™ will
track the dark edge of the liguid as it moves in smece and rises
relative to the supreosed edge of the cup. The following is & brief
excerrt from his rrnﬁesgl, descriting the coffee-table envirun¢3nt:
A Problem Domain For Studying Henmd-Fye Coordinatien
-Un a table, there zre reversl coffee cups, £ coffee pot, a
bowl containing sufar cubes, a smell pitcher of cream end o sETO0N
or other cbject suitable for stirrine. There is ne rarticuvlar
arrangenent to the cbjects on the table. They are randomly plsced

within the field of view of & vidirsector eye end within the resch
of a mecharical arr-hand. '
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A hurer enfagers in 2 rhort dislopue requestirg a cur of
coffee in eny one of ite stendord confipurctiors (ie. bleck,
cresm, cresm & suger, cugar only, deuble creazm, etc.). The armn-
hard 7troceeds to relect a cup, pour the coeffee from the yot, =dd
the recuired enbellishients and stir the result. The humen picks
up his cup of coffee arnd =ays, "Thenk youl!®

Features Of Such A System

1) V¥e would te demonctrating a reneralized flexihilit{. Since
there would be no specified arranremert of objects or the toable
nor a fixed TECi?E for coffee, the rotct would heve to toth
visuelly lccate the objects &nd construct & plar =ar required.
Further, we wculd like the syster to be penerzl encurh to allow
for the acdition/celetion of cups while the orerstion is in

[TCEress.

2) Ve would be exhibiting & true hend—eye system in an environnent
reslistically appreaching that of the real world. In particular,
the cperation cf pouring must zccomodate a real world that charnpes
dyramically, not just in discrete steprs. Visual feedback, with

e zarp-hend in the wvisusl field, would be an ecsentizl
rrereqguisite to accomplish accurate pouring.

3) We would te exhititing = somewhat reneralized nanirulative
carability through the use of =imple tcels—a 1ot for fouring and
a gpoon for stirring. '

4) Ve would te facing the issue of gquelity contrcl. Visual
feedback must certzinly be used to monitor pouring. In additionm,
Teedback must te used to protect apainst pouring inte & cur thet”s
fellen over or pouring intc a cup that’s slready full. Sigilarly,
feedbtack nust alsc be used to keer from knocking over a cup vhen
stirrirg its contents.

Is This A Gcod "Toy" System?

The idea of & robet ccffee maker probebly strikes one at
Tirst &= being a prod demonstretion. - It certeinly would te that.
However, in corsidering possible alterrstive problem depairs fer a
hand-eve systen, I believe that the rotot coffee msker is eglso the
most arrrorriate.

The coffee peker enviromment is rich erough to suprort the
thorough investigation and develorrment of the verious kinds of
feedback tools and cepsbilities that would be required in any
hard—-eye systen. The rrocesses. invelved ir making & cup of coffee
are quite characteristic of the kinds of frocesses reouired in a
gereralized hard-eye systen.

The primitives recuired to menitecr the risirg level of
coffee in £ cur are seen =& ersentially ecuivelent to thore that
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would be required 1o carefully alipm the edfes ¢f cbjects in a
coLplex assembly procedure. “he Trimitives required to stir the
cortents of a cup with & stoon ere essentially equivelent to those
that would be required to tirhten a rut vith a wremch or turn a
screw vith a screwdriver.  Similarly, the pripitives required to
locate a cup lor rouring are essertially ecuivalert to these that
would bte reguired {n lecate a hele for inserting a bolt or screv.

of equal significance, however, is the fact that the
coffee maker ervircnment is alre simple encugh to surpert such an
investigation with & rinimum apourt of tine reguired te dezl with
outside issues. I believe the current vision system cen easily be
nodified to handle the specific ckbjects required for the coffee
raker. - In any evert, I can Iimmediate berin develoring
techniques for visual Teedback by restricting rpyself, for the time
being, to polyhedrel cups and yots.

The coffee paking system involves an environeent that is
sufficiently dynamic s¢ as to require g degree ¢f interaction that
would censtitute a significart sadvarnce over previous wvork inm
epachine hand-eye coordination. The primitives develorped for the
coifee maker would be aprlicsble to a host of other hand-eye
tasks. At the ssme time, the coffee maker represenis a protblem
donain that is very accescible and panageable given the current
stetus of the LIT VISICN SYSTEN. '

3.70  Electronic fssenbly: Arcother Robot "Worlgd"

In ﬂur'prﬂpusal for extension of cur mini-robeot development yroject, we
describe = possible arplication tec electronic assembly, m=intenance =nd
repair. Ths obiects are electronic conpornents. Here agzin, is an
erfircnment in which the visusl preblems sre nere complex thar these in

rrevicus toy rroblems, but ere believed to be within reach.
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3‘11_ tnalysing Conplicated Oblects

J.  Eellerbach is paking pood progress in carrvirg us out of the domein
of very siople gecmetiric cobjects. In that werld, identificaticn and
penipulation rroblems are often "too easy" becsuse blecks and wedpres zre
ccepletely defined ond  located once =z few location eand dinension
perapeters are Known. Hellerbach has propered to develep deseriptive
nethods fer complicated polyhedra, with indentaticns and rrotrusicns, in
which the dEscripficns are structured in levels of deteil, making
lccation and identification reasonably convenient. At the sane time, he
is studying "simple" cbjects 1ike bottles and cups with a view towerd
relating their descrirtions to those of complex approxirating polyvhedra.
Different approxirations that are very sipilar in quality of dimensional
fit cen be vastly different in descriptioral complexity, &nd the gpoal is
to find techrniques feor d&scrihinf conplex objects in natural ways that
mzle it easy to relate them to such ptuminent festures as thelir glotal
cutlines =and their decompeositioms into meaningful parts (such as "tor",
"handle", "lers", etc.).
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.12 CGroups, Descriptions, ard Cerflicts

k. [unieavy has projesed a project concerned with developing
hierarchicel nodels of hew such conplex structures == wells, H:‘Lrld::m-s,-
deers, and chimreys can be coubined te ferm tuildines. There sre
problens here that do not irmediately reet the eye; the concept of
"trick well" must be defined in a sorewhet indeterminate way ac a
repeated  ("group-like") structure with, usuelly, come boundary-
termination cendition.  The Tox or house concept of four walls reeting
to fﬁrﬁ a box-like enclosure is easy to describe at a high level, tut
ore has tc enfage additiornal lnowledge to construct ore—Llecause cne has
to make peny decisions abtout what harpens at the intersecticns, where
the kinds of descripticons that seen ressonable for the separste
ccrporents may cone into conflict.  One can build 2 ripht angle in a
trick. wall without cutting any btricks in two, and if the wall is two
leyers thick, one can even meke windows without cutting. Hew is such
krowledge to be represented? Dunleavy’s plans include heuristics for
leying cut the global forrs, figuring out where the cenflicts occur, end
then Epplyiné.lﬂ:al rethocés tc attempt to remcve the confliets. |
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Fart IV. Develcrment of Research Methods ard Teols
4.0  Progremmirg Lengusges Tor A.J.

We have long Telt that a rajor imredirent to the rrogress of Artificial
Intelligence is ihe leck of an aypprepriate lanruape in which progrems
can be exrressed for the computer. Althourh the situstier has improved,
ar incrdinate effort is still necessary in crder to tronslete even a
well developed theoretical idea into an exrerirent in  ecomputer
perfornance. Ané even when the experiment is firelly cerried ﬂuf, mest
of the programmirg gffﬂrt is ultimately wasted, beczuse cf the erormcus
difficulty in making ncdifications to test new idems surpested by  it.
Cur fdal in this resrect, is to ﬁevelﬁp computer languares in which the
ccncerts end nethods of A.T. can be expressed easily and trarslated by
the computer into flexible, intellipitle end nodifizble prograns.

This poel carnot be ceparated as a "service" rroject with any degree of
independence from the mainstream ﬂf Artificial IntelliFence Research.
CUr:  the contrary, cnnsfructing such langusges could be redescribed as
develering a formelisn ard fundarentzl set of rrimitive corcepts for
A.Il. Thus, it is very clo=e to the theoreticel core cof research snd, in
aur_Labnratﬂry, lanpuape developnent has tr&diticﬁa!ly been ini&gral
with the substantive prcjects aimed at perticular performence geals.
Hevertheless, fror time to time, issues in lonpuape desipn  beccme
crystallized fron the éEneral research end scouire encurh clarity snd
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pementun of their own to tecore serarcte resesrch topies.

Ve ere very much &t such & monent in time. The tast few vears hes seen
a drauatic chenge in clarity end intersity of discussion sbout larrFusres
fer Artificisl Intellieence. Thizs wave, ve telieve, beran in cur
lzborstory with the publication of early versicns cof the lenguspe
PIANNER (and the sinplified dislect MICRO-FLAINER), ond has spread
through the A.I. community internmaticrally. The effect of this weve wvas
that, for the first time, the issues relsted to computer larpusge for
1A.I. were formulated ir commeor terms so  that experiences in meny
projects end vany places could be comrared more directly. Ir the pacst,
esch reﬁearch project tended to develop its own ad hoce extensions to

general rurpose langusges such as LISF.

Arother interactinﬁ-—frum a2 surprising quarter—is addirg to the
irtellectual ferment zbout such issues. This is the intersction tetween
the langusge rroblems for “serious A.I; programs™ and the protlems that
arise from our atterpts to develop comruter languages for the use of
children in cur e:!.EEE:ntar:.r. educaticn rtroject. Exrerience ard new
theﬁrétical insirhts meke it increaringly clear that the lenguspes we
use, &nd rlan to uvse, for childrer (collectively known as LOGO) need to
'develnp towards grester and clesrer expressivity for talking sbout
. fundarentel heuristic ideas. But this is exactly what is needed also
fer rachine intelligencell In the pest the work with children vas ioo

tentative for such ryarallels tc surface snd gpive rvise to actual
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irterecticn. This has charred, and now lesds to srecifie rugpresticns
for conmor effort. The "lanpuspe for children™ is beinp re-examined in
extensive discusrions within the I1=b end rore widely.  During the
current year we expect ithem to give rise te the cdesirn end
irplenentation of at least one nev ccoputer lenpusre vhich will try to
be clesr encugh for a child tc use (cuite literally!) ard powerful
encugh for research in Artificial Intelligence.

4.1 FLANNER Frogress
L. Hewitt and others

4.2 Persing Stratery Research
V. Pratt

4.7 Detugeing Aids

5. kKerkowitz

4.4 Heterarchy E. ‘Pread
E. euder

4.5 Automatic Theoren Froving - _
#A. Brown, A. Nevins, J. Geiser

4.6 Relaticn tc our Progran of Research cn Education srd Cognitive
Develormenrt '

5. Fapert and others

£ FLERNER Progress

FLANNEL-1ike languapes have now become widely sccerted as
imrortent tools for research in Ariificial Intellifence. The

following gsrours are currently using such a tocl:
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Stanford University £.I. Laboratory

Stanford kesearch Inctitvte 2.I. Croup

Carnegie=kellon University

Fdinturgh University

MoluTe Artificiel Intellipence Ishboretory

Iroject MAC fvtoratic Frograrming Group
He feel that we are nov in a pericd of consolidation fer these new
higher level fcrmalisms. 4 variety of implemertation rethods end
ideas have been tried. HRecently we have developed a modular
zactivation fornalis=m which uniiies FLANNER-1like lanfusges omd .
points to how they can be efficiently implemented. We proyose to

~do the following:

To srend the next year completing an implemeritation of
FIANKER based on this formalism.

To investigate the fcrmal properties of the nedel using
the techniques develﬁ¥ed by Hewitt and Peterscon feor
conpering povers of different control structures.
To do & feasibility study of constructing a processor
btased on cur model. This computer might execute
F%AHHEE—like formalisms 40-60 times faster than a FIF-
10. )
Cur aprlications research is being done in conjunction with
Froject MAC under = contract for the develcpment of systems thet
do interactive logistics plamning. These systems should mzke it
easy tc add more useful knowledge end after-thoughts. P. Eishop
(herdware implementaticm), R. Steiper (formal rroperties of the
nodel), Gary Peskin (data btese hash coding), Gorder Feredict

(krewledge packagirg) ere werking with Hewitt cn these plars.
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L.2 Farsing Strategy FResesrch

Prof. V. Prett is werking on a Iinguistics Crierted Lanpuape, TINGCL,

started at Otanford in 1970, which has been used to write = “deep
structure" analyser, an Englicrh-to-German trenslztor pretotype, &

ccpprehension and questiorn-ansvering profran. LINGCL implements the
bookkeeping details of a context-free parsing zlporithn thet provides
fer the intervention of user—-surplied code at each aprlicstion of a

ccﬁtext—f;ee rule, allowing the user to provide semantic details cutside
the scope ef the context-free syntax. The progrzm needs impproverent in
the persing strategy, which currently has to consider all assignments of
surface structure before choosing one. This is cautious tut costly; it
requires cseveral thousand words of storage znd seversl secords of
rrocessor  time for & 15-word sentence, tut tbresks down sltogether for
Z(-word sentences. (iver the grammars in use, this pakes it urusatle
fer euch applications as reading newsparers, Jjournsls, this sentence,

and others where it might otherwise te adequete. Pratt plans to  test
tve cor three strategies fﬂ cireunvent this problem without complicating
the user’s problems. Prett rplars s conversatioral yprogram that will
=tart out as & version cof the existing question arswering system snd
grov &s deficiencies in its English are repeired; it .cculd prove of
velue to pecrle wvho need a pood Enplish front—end fqr their pregrars,

such &5 1lhe cne suprlied by Weods to LASA lurer peclcopists, or to
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linfuists fer other PUrTQres.

4.3 Debugring Alds

S. harkowitz is studying debtupging zids for the new lanfuages erbedded
in LISF as mpete-lenpuspes, and preparing a set cof proprams to znalyse
files &nd rrepare reports eslout functicon  eross-references  end
“itemizaticns of function-calling patterrns and varistles. The use of
heterarchical goal-directed prﬁgram irvecetior through mttern-metching
requires a new debugring technology, agd we expect to develcp ore in a
period sherter than was usual in the past, when the imrortance of such
netters was rarely understood at lanpusge-developrent tine.

4.4 Hetérar&hy

As  the results of  other work cone to fruition, the eerly chortage nf
-methnds that worked wininelly well_is starting to be_reP&aned by a

richness of viable glterﬂatives; this is what makes it ressonable to
begin to attack practical protlems in natural envirconments. E. Freuder
is comzitted to taking a new lock at our vision system, to plar a rew
vEréicn of such & system, pﬂlarizﬁd arounc the noticn of heterarchy freom
the very start. Freuder imaginer kncwledpe zvailable in this system to

irtersct at 211 levels with mechanicms available ir the new Flanning
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lengusres.

4.%  Autcmatie Theorem Proving

tlthough there is a tradition apcng mathematiciers ard thileorophers of
attempti tc model “reasoning® as a form of ”lngjcalﬁafrccedure, ve
neintzin that there is a deep preblem in the traditiom=l stterpt to
separste  the kincs of knowl in the "data bese" frorx the kinds of
krowledge used to make plsusitle inferences therecf. Fut irn order to
urderstand the situation, we feel that we have tc thoroughly understend
the strengths and limitations of the logistic method. Ve have =several
seall investigaticns zimed at what we believe zare impcrtart questions in
this ares.

b Irown is studying the problem of automatie cerivaticn of proofs of
theorens in sbstract group theory, in an ettenpt te combine modern
neuristic technigues, classical jredicate calculus end the rnew problem
sclving langusges.

4. Hevine is continuing his work on the same subjects, with emphasis on
reking the systen more intellipent about case znalyses, eic.

e . GCeiser ir studying a variety of theories for represerting emrirical
krowledre within classicel logics, and is exploring theories  of
irference schenes for logical datz  beses that =re known to possitly
ccntain inconsistencies
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4.6 - Rerearch on Education snd Conitive Develorment

It is relevant at this point fo copmert or the relaticn between our werk
orn Machine Irtellirerce snd on liatural TIntellirence. {This werk is
funded mainly by the NEF.) We have nct  talen "sirulatior of hunan
thought processes" as & geal, or cven as & guliding princirle cf the werk
ornn Machine Irtelliipernce. Rether, we have adopted a ro-holds-barred
a;prna;h to achieving performance, irresrective of whether the
mechaniscs 1lcok like ﬁhat might be happering in the human brain.
However, we iind_ increasingly thet the corcepts which our work on
lHzchirnes forces us to adopt are grplicable to Humen thinking. They hzve
led us 1o sccount for known phenomena in child development and to
discover new phenomens. Most inportant, our procedural arproach to
thinking about thinking is distinguished from that of traditioral
p‘s;l.rchﬁlr::-g:,r' in the simrle and immediate wey in which it translates into
sugrestions Tor educational rractice. For exarple, our discussion of
how 1o formulate pﬂwerful,' quelitetive principles of commor—serse
reasoning (uszing primitiveslsuch as rarticuler ccnservation end general
progrev-structural ideas) could be peralleled by a very similar
discussion on how to formulate arpects of scientific thinking usually
classified as "intuitive" and so vsually cpposed to "formel®. Dcing 50
#lso nzkes them mere teachable for evactly the seme remscn as it males
ther vore proframzable, Thus our aprroach to education invelves = much
mcre radical attempt thsn uvsuwal to reconceptuslize vhole aress of

krowledge.
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A perticular erea of educatiorall; directed wecrk that hes beer receiving
rrowing  ettertior 1r the Isboratory could be eslled "oualitative
irtuitive physics". It is very yossitle that during the next year this
werk will become sufficiertly mature to branch inte prﬂframnirg.prujents
directed at giving mechines the zbility te "think physicslly™ in a very
genergl sense. ke expect this work te have rrzctical corsequences, for

exasple, in achieving the "pecple-tracking" arrlicaticns.



