Dr. Herbert Simon

Mr. President, today we honor Herbert Alexander Simon, the Richard
King Mellon University professor of Computer Science and Psychology at
Carnegie-Mellon University and the 1978 recipient of the Nobel Prize in
Economics. |

Professor Simon is a polymath who has distinguished himself in many
fields. While earning his A.B. and Ph.D. degress in political science
from the University of Chicago, he began the study of decision-making in
organizations that led to his seminal work, “Administrative Behavior."
During his career, he has held academic and administrative positions at
the University of California at Berkeley, I1linois Institute of
Technology, and Carnegie-Mellon University, in departments of political
science, industrial management,‘psychology, and computer science. He is
the author or co-author of over 500 articles and over 20 books covering
the wide spectrum of his interests. A member of the National Academy of
Sciences and a fellow of many professional organizations, he has
received many honors, including the Distinguished Scientific Contribution
Award of the American Psychological Association, the A. M. Turing Award
of the Association for Computing Machinery, and election as
distinguished fe]loﬁ of the American Economic Association.

In awarding him the Nobel Prize in Economics, the Swedish Academy
of Sciences cited 'his pioneering research into the decision-making
process within economic organizations.' His observations and research
challenge the classical economic theories that business firms behave as
mathematical optimizers. By focusing on how decisions are actually made
in the economic arena, he has adduced that 'bounded rationality' leads

to decision-making by ‘'satisficing’ rather than by optimizing, and has




thereby opened a whole new approach to the study of economics.

Extending the scope of his inquiries from decision-making processes
to problem-solving procedures, Professor Simon, in collaboration with
Allen Newell and J. C. Shaw, pioneered the development of artificial

le ery &1
intelligence with such computer programs as the Logic Proving Machine
and the General Problem Solver. His subsequent research has employed

information processing models of intelligence to explain human cognitive

processes. In works for the layman, such as The Sciences of the

Artificial and Reason in Human Affairs, he stunningly articulates a

paradigm with which to comprehend the complexity of the behavioral
sciences, thus drawing together many threads of his various lines of
research.

President Kendall, I have the great privilege to present to you,
upon the recommendation of the faculty of Gustavus Adolphus College,

Herbert A. Simon, for the degree of Doctor of Science, "honoris causa."




The title of my particular address in this series of six lectures
s "Some Computer Models of Human Learning." I picked this particular
title because I think that in many ways concrete examples are the best
teachers of what cognitive science and that strange area of inquiry called
artifical intelligence, .what—bhasa-—acoas-pf-ingquimy are all about. But
before I get on to my examples I think I need to say a few words in
introduction and place my own remarks in the context of those that

preceded mine yesterday morning. Iowerdt=ssk—for—s=shew—of-hands=as=to

One of the things that was very evident in the talks yesterday is
that an area as complex as cognitive science can be investigated at many
levels. In the addresses of Professors Edgaﬁan and Milner, we saw the
investigation beginning at the level of the biological brain-—begimetng
at the level of tissues and cells. In the paper of Roger Schank we saw
the investigation beginning from the top down--beginning with the
analysis of complex human behaviors and in particular verbal behaviors
using natural language.

I don't think we should be surprised that in an area as complex as
this eme—there is more than one direction of approachlor even that there
should be more than oneﬁl vel of theory. The idea that we can take <tiwe
complex behaviors unntﬁgzinfiuis thinking, problem solving, use of
1anguagefifmderstanding, t,ha.t_ua.can_take—a-u-oi-these-bm and in
one step of reduction explain them in terms of chemical and electrical
events in neurons seems rather extravagant, rather ambitious. Instead,
th1s field is fo]low1ng the example of many other natural science fields

i At er au‘tm
construct1ngﬁ}evels of explanation where the task of scientists is to

reduce phenomena at one level of complexity to explanation in terms of
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concepts introduced at the next level down. Juxiéﬁre we are.-as [ say,
in good company with the other sciences. NobodyQ%tpposes that biology
can't advance until we have a complete understanding of quarks. Nobody
even supposes that solid state physics can't advance until such time as
we have a full understanding of quarks. And that, of course, is very
fortunate. It is very fortunate that science can:be-sometimegf%ung from
skyhookg,because the foundations underground are often-umss-mysterious
and shifting,indeed. And science often builds from both directions,
from the top down and from the bottom up. ciiasfkomuauhanamanunywmupﬁuf

i
%h+e—%errw%ﬂry-and I think each of the six of us has a slightly
oftéfx Cermmdes) ) ol &
t

different mae(\you can %ake all of these maps home and have an atlas,

in my map of the territory there are very definitely at least two 1eveis--

2o i

the neuron level at which very exciting work thet

yot-heard-sometiring “4bout—yesterday is going on, and the information

processing 1eve1 «,»wéi OéAﬁfZ @ / veatnde o C,ou v 2y Mf ﬁ—x’a,é&‘w
- Just one short word on terminology. By information process1ng

here, I do not mean exactly what Professor Edelman meaqf‘by it yesterday.

He was using it as a label for eparticudanmpotnbmpfrpign, a particular

approach within a somewhat larger category than I will be concerned with;

)Ge-ﬁ%Zh I talk about the neuron level and the information processing |

level, 1 am not making the same contrast that he(%:isbetween what he

cal]é%finformation processing and the population approach to the field.
In the developments-of-the last twenty-five years, siace itégrieen

discovered that computers can do something besides number-crunching,

94ﬁceﬁétis—bfenudieeexcczd‘that they are quite general symbol-processing

AWRY
devices,:g;at discovery has been exploited in at least two ways. One is

in the direction called artificial intelligence, which can be very




roughly defined as finding as many ways as you can to get computers to

do clever thiggzyigg practical reasons or just because it's fun, or a
B

little of both: dt another direction which is more often nowadays

labeled cognitive science, and with which I think we're more concerned

it = 35580 100 51 s et T

here, and=theat .is the direction of using the computer to understand the

nature of inte111gence, the nature of minq)including the nature of the
\"{ ‘\.—»i o ,ﬁ/i&m

human m1nd,» wha%~4%~+e~ﬂn=&5y really, the old problem of mind and body/-'"

what it is that enables a biological organ like the human brain to think.

Yesterday Another d1st1nct1on was_made,that will be rather impor-
1o ke Adahone
tant in my discu551onA between systems, inteltigent—systems, whether

they be computers or whedigkeihpy-be human bemgs” wbedbigent-s.ysLams-
rf‘ 4
wh:eh perform 1nte111gen3é tasks;f Qhey play chess or they make medical

d1agnoses or they solve problems) Those—-indenf-systame and systems

’uf’

wisich learn to perform tasks. Because there's certainly one important
L,

difference we know between computers and human beings$ In order for a

thot
human being to be able to do anythingjexcept that limited range of

things Qggéﬁfis evidently built iq,,ba%~4n—order-4er-hwmaﬂ~beiags—t0”d0~
anytit, we have to learn. And since nobody knows our programming
language, the internal programming language, the only way we can learn
is by being exposed to experiences and to symbols from outside and,
somehow or other, ‘gnzékrough a process of transforming those stimuli -swd

Symbads in such a way that the internal state of the system is changed

1S
so that we're able to do new things g}The process we call 1earn1ng,A
very impressive process if you look at its cumulative effects over a

evex. PR E gx’\u‘\g\ (* (.5
lifetime or‘over a childhood Asomet1mes a frustratingly slow process if

we realize that a large number of us are still in school after having

started th4e=p=oeees§=we¢ﬂ the forma] processl‘at age sixtkand the

M[t’*’ ’ % Mf ( é/ ¢« cohres, L k. - o ; o gwwmg
ca/c S’a{ wf /,«:g,,‘, | {‘;
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informal learning process from the time we drew our first breath.
Something must be wrong with a process that has taken us all these \

G\ O
twenty-odd years to get us where we are.,!fo I think we have thbg=duel

feeling about learning, that on the one hand it's very impressive that

“tt aj’ all
%hﬁgqcan be dong¢ and on the other hand, that it is sometimes

. A reven
slow. With a computer, aﬂ-tha—a%heflhand1=n£i-ou-e you can open the
1id,_ yeulee=pisiowadsigper=the=hid- of the box and put things in if you

know what to put in. And so computers, on some dimensions at leasﬁ»can

A
become(?nstantaneousiy!inte]ligenﬂ. They can become(ﬂﬁgiantaneously>

® M
pretty good chess p]ayerxr““ﬂﬁman beings probably could not reach the

levels of the best programs today in less than five years of devotion to
the game of chess, and most of us might never reach those levels, even
though we play weekend chess all<gf our lives. i ‘iﬁé focus of my
remarks will be on learning, but if we look at the strategy of research
in cognitive scienge‘oyer the past twenty-five years, wekgi1sée that the
strategy has been %&QJ try to understand human performance,:_first,
to try to understand how it is that a human being is able to,solve a
roceneires

problem. Having understood something about that, thenﬁpeeple are

beginning to go back and ask, "Can we conceive of mechanisms, -can—we

Thet
conegive of processes which could be implemented in something like a
o 2
brain andﬂfan be implemented in a computer? Can we conceive of eweh
e g
processes could arrive at this state of performance)\«ha"h could,

in fact, learn and not simply be programmed?" Amé I will try to give

examples of
AL - e w2 A

Now What 1 will Say proc

pretentiously called the Physical Symbol System Hypothesis. Unless you
‘have a sabher formidable name for a hypothesis, nobody will pay any
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attention to it, so weAcall this one the Physical Symbol System
Hypothesis. By a physical symbol system I simply mean some kind of a
device Eﬁ:i;‘can deal with patterns, "1%? pattern is almagt any
arrangement of things. There's the pattern of a human face, which
allows us to recognize it. There's a rather symmetrical pattern of the
trestles that hold up the ceiling'of this room. So by pattern I simply
mean some kind of an arrangement which we can pegsumedly learn to

discriminate from other and different arrangements, or that we can learn

to compare with similar arrangements, just as we can see the regularity
Fn ve thaive. Mx..

q
of these trestles. What can we do with patterns? ue-nen—hua%

beings, and also it turns out, computers,(patterns)can‘yt-rea Athat | Ted

is, they can be ingested from some external sensory resource. They can

| Hnf - L
be writteng that is, patterns can be created in the environment inéﬁnthe

il
system itself. They can be stored in what we call memorx; lf%ey can be

kept around for a long time, more or less accurately and presumably with

more or less reliability. Patterns can be put in relation to each
-—J ‘V\, -
qtherA, /1a551cal psychological termmology, they can be associatedoand

N A Lwrwa
similarly, in othgx pattern devices, we can build up relations so that

one pattern points to another pattern in the system. As I've already

o o~ E"”"'! )
suggested, patterns can be compared) I can compare

matcfb%ﬁ2£2;353¥ﬁ5213“3h5seé thit fhey are instances of the same pattern-'—'

the human hand, more or less similar instances in this case. You can
have str*c&; strict tests of compar1son or looser tests of compar1son.

W

I guess-ihai t t d1 't not1c that one was a left hand and one was a
right hand.

What is the Physical Symbol System Hypothesis? Thélhybothesis %Sgﬁﬁi;s;*
-thttffﬁe necessary and sufficient condition that a system be capable of




behaving intelligently is that it be a physical symbol system. The
necessary and sufficient condition that a system be able to solve
problems to think, to use language, to understand, -twe—mecessary and
seffietemrt=condittons, is that it be able to read symbo]ig(that ij sense
theqi to write symbols, to set up structures of related symbols, to
store those structures in memory, to compare symbols to see whether
they're the same or different, and to behave differentially on the basis
of whether those symbols turned out to be the samiﬁ or tueped~out—to—be
different.

There are several corollaries to the Symbol System Hypothesis. The
first corollary is that if the hypothesis is true, then it follows that
1

computers can be made to behave intelligently,

System Hypothesr§““§%fnue U%’know that COTEEES£§V/;9 can f1nd that ouf

e mmw —————

- e i

_by open1ng the box, SO to speaki wecknowntbaL« omputery are physical

symbol systeggzj’Tﬁey have al] of the s1mp1e capab111t1es that I men-
(‘@@(M""

tioned of reading and writing} I won't go through the list again. Xeu

know—the—tHst-now. So if the hypothesis is true, then computers can be

made to be intel]igent:??The second corollary is that if the hypothesis

is true, if this is the necessary condition for intelligence, then human

beings must be at lgast physical symbol systems, because human beings

17
are capable of behaving intelligently. I haven't defined intelligence,

by the way. I simply am using it in e—eommOI_SEUnSe—# its common sense

meaning. We all know how we judge our friends to be 1ntelllgenf/>aﬂﬂ*0f

caux%emallwafwourmﬁrﬁends~awe 1nte11+gent -SOMmetimes..more . 1atel4&gent

ola-e ~g LA LAr 4 u:r b
than. others-but weﬁrave all sort ofA}ests and-these-tests generally

consist of giving someone a task and seeing how successfully that task

is eeaSronté&f Intelligence is no unitary thing, because people can

7“ E\ * |




be very intelligent along some q;rectionigﬁzggﬁie very unintelligent
along other dimensions. ¢S6‘£%at:i all I ;ean by intelligence, and when
I talk about a computer being intelligent, I'm going to apply to it the same
kinds of tests I will apply to the human being. I will judge its
intelligence by the range and kinds of tasks that it can perform which,
if performed by a human, we wduld say required intelligence. “tetls-say
~pe#£ect”fa4¢nessw%n~%he~tes%swtha%wwe*re“goéngwtewapp4yf?150 that's the
hypothesis--that human beings must be physical symbol systems and that
computers can be programmed to behave intelligently. No one needs to
accept the hypothesis or reject it iq any hurry; there's plenty of time
to consider it. It's an empirical hypqthesis; We test it by looking at
empirica14fact§) ,ﬁ% test it by ::;;;:;:% gxperiments. For example, if
we want to know whether a computer is intelligent in being able to per}
form a certain kind of task, we can try to write a esfipubes program that
will enable the computer to perform tasks of that class, and as wide a

. 71 et The K AP P f SRV * Aot
class as possible. V!If we wanttoA : r people, in fact, are

intelligent because they behave as physical symbol systems--because they

have these properties of manipulating symbols in their brainsA these
cap&%e&r%wewaﬂtﬁmt”thatmhypothe&is, it's a little bit
more complicated. nhnd“:;e usual strategy of testing that's been

=
adopted, in cognitive science in the past twenty-five year%é.is

something like this. One writes a computer prograﬁj:j;i already know
that the computer is a physical symbol system. One tries to write such
a program so that it can perform some intel]igeﬁgé task that we might
ask a human to perform, and & perform it in a demonstrably human way.

Not fly as an aifplane flies, but fly as a bird f]iiif (if we want to

understand birds). Not play chess by trying millions of combination§




T
f”f%wwuwaa ﬂf1zl gl Gakeo, /@by

which a computer can do (and ‘the best- programs do) but play chess by

the board, which
We~—gam=try=1o

ite rograms ﬁ W
theeeya How do’we fesa theor

et the theory generate its

looking very selectively at the important features

we know to be the way a skillful human being plays chess®

onsequences. In this case, we let the t Y, the computer program,
generate a stream of behavior. We let it plidmdnfilo-0R=CEBUPwEOr a move

ov A
in chessA /ﬂe let it solve an algebra problem.,And we see whetheS step-—/ﬁ
by stee>it seems to follow the same kinds of procedures and make the
same kinds of errors, and geetébao the same kinds of backwaters that a

A aML
human being does in solving du££#eu4§AProb1ems Ani¢$;at kind of
evidence has been accumulating for about twenty-five years now about a
limited range of human tasks. We still are far from testing.ahhp7qau
hypothesis over the whole range of things dfiéﬁr;uman beings do and call
intelligent. Professor Schank, yesterday, called to our attention
some of the difficulties in simulating, by computer, human behavior in
areas like everyday use of language. There are indeed such difficulties,
and there's plenty of research to be done in continuing to test this
hypothesis. There will be work for all of you who are motivated to join
this game. There will be work famyagy to do for several generations,
I'm sure,
As 1 A S the ear]y activity in this field T mostly basn directed

to performancev\‘iq gettu% computers to play chess, 4o make medical

diagnoses, to’solve heﬁy o' problem, or gethdag the missionaries and

cannibals across the rivegkkwhatever&your favoritjﬂ-uzzle, appens to be.

fé AP ‘WM;;;, dare—have
_heenvgeﬂenatedmahnutwpnsslhllitles for-the-learning..process that Sheruiy ?”t
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besr a vemy strong renewal of researchﬂfn-the—aveaaef lzijnlng, a-the
area—of Tognitive~scienee. That research has Fﬁz::;edsaasthe=ﬂEssiop-
meng=—ef a number of computer systems that are capable of learning, some
of them in a quite humanoid manner, others in manners that may or may
not bear any close relation to human learning, andIld—}ike—to—mention_jn
the remainder of my ta{h)heﬁa, I'd 1ike to refer to three of those

;gzgzgzsz.l picked these three as examples that I'm especially familiar

with. They are not in any sense a random or even a representative sample

//Qﬁd&iJw%a%Lal§ g{ work in th1s field.
B e 4*éiﬁﬁffffi;ihﬁycheiag¢ess'fs} the f1rst fifty years or so of the

Sane b LFay
history of éin@-ﬁae%d- from the t1me of Eb1nghaus and Wundbin Germany,

psychologists were Wy fascinated with the way in which people did

verbal learning. P=§E§SS,IB those dayi)ia.schoo],—ue44¢~%¢mmsur§“ﬁn
&,«N\- d

those—days —H—s& children still had to learn lots of poetrx& ey
ahuieusiy-had=bo—teann lots of foreign langua?j! vocabulary, I am told
-

. . AL
that children don't memorize nearly as many things in school .aaymese as

they did in days gone by, and I don't know quite what to think of that.

I guess it's a good thing.?At any rate, psychologists became preoccupied

) , -QEZ%?
with these kinds of verbal learning processes’\JEven learning pro-

cesses that .imebeed, constituted a large part of school activity. And

there's a vast body of psychological literature which describes what
.t

human beings do when they're faced with a verbal learning s¥tuation,

b

dem- " Of course F}fnghaus wanted to do this really scien-

tifically; he wanted to control variables, so he invented something
called nonsense syllables that didn't have any meaning)andhg§d most of
his experiments with nonsense syllables. But we won't get into
nonsense, that kind at least, this morning. We'll talk about learning

in general.
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There exists)and has in fact has existed for Rew—ower twentgﬂyear§,a

computer program . =Hte=geweradTy known as EPAM, which may—er=mey-not
L
~have=been—intended~to stanq&for Elementary Perceiver and Memorizer.

EPAM
7 is capable

g . .
of learning, learning either a series of thimgs] the way we learned the
A T |

,Jihe way we might

alphabet, or learning
learn a foreign language vocabulary. There's no claim that EPAM
understands semantically the things that it learns. Weat EPAM 3%, is an
attempt to model certaxbA—aSpecteo=ed the human learning process when
humans are learning things more or less by whaiswaces® rotefakToday

we can explain.a‘xe£g=&n:gnipuat of the main phenomena that were
discovered in the verbal learning 1aboratoé§sof psychologists. We can
explain those phenomena with the EPAM program in the sense that if you
give EPAM the same materials that were given to the human learners, 4&:::

will produce the same kinds of phenomena. For example, it has beeq(ﬁzag>

times(demonstrated hat syllables consisting of three unrelated letters,

real nonsense syllables, take about three times as long to learn as

e
simple onq;syllable\Egszzaﬁufbrds,~oF-uhate¥en-yeunmﬂatiuomlauguagawiswm
Dot
weﬁds.(ilt could be Swedish words, I guess, hewe, or English words, or
W

Dutch words, or take your pick. é But three t1mes as long. Way-theot

d®t here's a program that predicts, in fact, that English words will be

learned about three times faster than three-letter nonsense syllables.
‘\_AMJQ \’M\ﬁ%-'w

v@.nm_;1s_.phenomna—wth—-Fegvapdm-‘éo--how«-the§1m1larity4 between items that

are being learnedﬁeffects the learnanﬂn/{n some cases it facilitates it

and in some cases it interferes with it. EPAM can predict the major

effects along those dimensions,‘A&" The rncefoncitne w‘&‘i«
PM Ww%»ﬂwt *L{M & /DMM:Z‘, MW&M o

40W42ﬁ7&22; awa&cflﬁe 112£0r< Wee (”Hvubﬂtévé K;ww~44u
ekl M&CAJ(ivo ’7
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“Qut of the research on the EPAM model and similar models, combined

with laboratory research a-n-ﬂﬁema human subjects, 3&& two

mportant ideas began to emerge. Nﬂ:‘n& of them was around before

BPAM K- ‘r‘-w
W A}'ﬂ fact introduced-by-George Miller—in 1956. &te4was that 7 co

terribly important in human performance is—the=fagt that we have

something-Gatted a focus of attention, otherwise known as a short-term
memory;\-that everything we pay attention to, tiet everything we do that
requires some modicum of attentwn) has to be squeezed through the
bottleneck of our short-term memory. )(e add a column of fwgures{(hose
f1gures one by one as well as the running total‘D have th be in short-term
menfgr%WMda“:;\qs ana row bottleneck, and 11;:—urns out to be
one of the most important features of the architecture of the human
thinking system in determining the rate at which we can think and 4
determining the way in which 1nformat1on has to be organized m—ondver-
that we can carry out complex sequences of thoughts P ! Today, we speak of
N Mg Thaw ot 0\ Aoybu

speaie—of-it L as though it were a little box which had g:u,\httle compart-
wte-wonit

the short -tj:l/m%on.som-oﬁ—us—do—arﬂwughﬂm ssometimes-we

ments in 1t}

memmmw we can-hotd jisabhot

o prat s P

SROLE LS I m.vsometh‘i-rrg-“’r*iﬁke a half-dozen familiar items, ghere a
familiar item might be anything wkdeh you have become ifuilepitd with.

For people in this room, familiar items might be any one of the fifty

(et
thousand English words that are in your vocabulary. on't
know that you have fifty thousand words in your vocabulary, but t is,\has
been estimated €on=you, and it is of that order of magnitude. It may

J
actually be twice that number but we won't quibble about factors of two

/
here)
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¥ed~can~ho%d any 51x»oﬁwthese~1n~memory-+ong“enoughg I? I gave you
dds

Wi
a list of §1§f you can hold them in memory long enough to repeat them
back to me. But watch out if I give you nine. You're going to be in

Thars W
trouble. A vast body of eﬁper

AN L

patible with the &ikddé del\and the effects of which are predictable by

S We think today that the structure of the short-term memory has a

very great deal to do with the way in which knowledge is stored in the

‘22? ntal ev1dence which is inxbura com-

mind of an expert. We believe that a great deal of what the expert is
able to do, he or she is able to do because of an ability to recognize
cues in a familiar situation;-recognize cues in any situation within /i.«df,c
domain of expertness;.and having recognized those cues, to use thesefﬁ&ﬁaa
g¥es to access relevant information in long-term memory.

It doesn't surprise any of you #f—you-watHc-down—the=street that
when you see the face of a familiar friend, you immediately recognize
that face. Moreover, you~can_ozﬁ§:@§§; not all of us are real good at
this, but~you can probably retrieve from long-term memory the name of
the‘friend)g¥jT not the name, a lot of facts about the friend. We=think
-ﬂnt'( process of recognition followed by retrieval from long-term memory

underlies most human expertise. We even have estimates today of how

many LSEsbese chunké} the same familiar little chunks you store in
short-term memoryA hou-manyuo£~theseuchunks it requires to make, an

ﬂ»gL AAt1L
expert. The answer again comes out, order of magnItude,Afifty thousand.
F e &fam *\Ce. oy, At

/k'chess grandmaster can recognize fifty thousand different kinds of
features and patterns of pieces that are likely to occur on a chess
board during a game. _ :

provle _itt
FHHjust—mentiom, Just to-g+ve you&a sample of the kinds of

" /‘-‘
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experimental evidence that buttress up hypotheses like thifjl'd like to
give yauzdust a short description of a classical chess experiment. You

take a chess board, eight-by-eight squares, and arrange on it the pieces
- - O_

o1
from a well-played gamg)fnoejah, maybe the twentieth movgﬂ He game

that's tsllrplayed but unfamiliar to the subjects youlsdgmisrg—to=use in
K S-pOSJtlonrﬂﬂﬂﬂg!!!'.UT‘tp to your subjects

for five to ten secondis and then withdraw it; and ask them to reproduce
& 4 L€ o
the chessboard. If<;euf&subject is a master or a grandmaster, the

the experiment. You

will be replaced almost perfectly, better than 90% accuracy, even though

there are 23 pieces, on averags on such a board. If the player is

)
something less than a master or an expert player at least, he or she
Cort e LAni \
will be lucky to get six pieces back on the boaqu i . Oh, you will

say, /Xbu need $e=wwwe special kinds of eyes, special kinds of visual

imagery, to be a chess master or grandmaster,

Nell)let s take the next step in the experiment. /v}%e~ﬂe*%-9tep gg

simply take the same p1eces and arrange them at random on the board and
expose them for f1venseconds And now the ordinary chess player replaces
his six pieces on the board just as he did before and the master or the

Rfthae € hoindl.
grandmaster replaces about six pieces on the board. ,(thh1ng about , the

eyesé%gdg;eat deal to do with how many hours have been spent in staring

at chess board%&Nmisspent youth you might saye—welt;—depERgs—Sn—how

you~ferr-about-ghess . /Haw many hours have been spent in staring at

chess boardifk/MGW many patterns have become familiarized and have been

stored away in long-term memory, associated with information adse about
to st hs Bpenel v
what to do when yeu see aseh a patter And so we see{the expert in

abond ot fiirnbs = =

every field of expert1se not onlz recognlz1zz‘fa jliar friends in the
SItuat1oﬁghe sees,Athe doctor looking at your spots or—whatever it s~
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you—come—in—with and sax“’ﬁh yes, u'fﬁrming an immediate hypothesvs)

which may be subject to revision, an—immediate-hypothesds about what
might be going on in the situation. And so we think today thaty -t

kind of performancég-;het kind of expert intuition if you want to call

it thag)or insighg\can be given a perfectly reasonable explanation in

3forma§ion -rocess1ng termg,)n terms of ammme recognition processes.

‘ f 4 7, :
g tolhy Al A o -t AAAA
e g

on to anot er‘k1nd of learning, because all of us,
particularly those of ugkwﬁo are teacher%~he=a, and I hope most of the
student§>know that rote learning (éxcept for wowsSpecial purposed really

isn't a very good thing{ffizyzgn't encourage it in our students. Rote

learning is great to get through the Friday quig,but by Monday it seems

st

all to have evaporated again. We really want to talk about learning with
understanding. What does it meah to understand what we've learned?
Roger Schank pointed out to us yesterdaxmthe word“understanding“may mean
many different thing E)and I'm only going to touch wee® on one or two of
them. | /&ﬂA/

A1l of us here, at some time in our 1ife7&had occasion with greater
or lesser pleasure to learn to do algebra, at least simple algebra. We

learned to solve equations. The teacher would write on the board, 31"
XKt 4 =X +I0,

~=ei=gupbl. If you have paper and pencil, you can solve that; I'm not

going to ask you to. Nq,wonﬂghgrade you at the lecture here. Iemsheade=—.

A in a moment

have solved . Probabty—fewer—of—you—could
RoX Seppeie . .
Qﬂ*ekiygyﬁﬁ,your child came up and said, "Daddy or Mommy, I'm having

AT vl -
E%obably most of you here remember what to do about-that‘
izﬁfd

or two, you

trouble y}fh my algebra tonight. Will you help me?" Probably fewer of

Lrnl A
you widt have immediately on the tipk of your tongue a
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,iziéxactly how the trick is done. Maybe you can do it yourself, but do
| .{4mg.K%A¢u 5 <

you know what it is ,while ‘you are doing the:tnssti There's been a good
deal of study now of how people solve simpL?‘algebraic equations--a

o
simple skill, but like aa-au*-&hlot oqukills that we use in our school
courses, particularly but not exclusively in the areas of science and
2 . .

4%’ r Cle G Qo (
mathematics. ''In its broadest termi{qt goes something like this. \I
won't even refer to algebra in the first ver51on:> I am in a certain
situation, standing in front of this podium. I need to be in a dif-
ferent situation. Eventually I'm going to have to walk down and get out
of here. Now, I have to ask, what's the difference between where I am
and where I want to be? Well, in this case it's a difference in posi-
tion or in place. What do I know? What knowledge do I have which tells
me how to reduce such differences? Well, there are bicycles, there are
taxis, there's something called shanQ{mare. Bicycles and taxis aren't
very appropriate here, it would be a little hard getting them down the
stairway, it might be hard getting them into the hall; but I always do
have my legs. And so we've solved this very simple problem. When the

' ' , Dralrizg
time comes, I'm going to walk down--a very deep solution. It takes %ids

awh44e~%eTfa~couplewof~years~beforewthey4ﬁd;L§ear or so before they're
able to do that.

The thing I've been describing with this s#mpde; stupidly simp]e*ty/
example is something called means-ends analysis. I'm here, my goal is Tv Lre.
there; 1 detect a difference between where I am and the goal} &—reweh
imto~memory® 1 use that as a cue to reach into memory to see whether I
have any experience in reducing‘%i&t:ﬁ:;éngof that kind. Yes, there is
such a means of reducing differences, and I apply it. I am now closer
to my goal, maybe I'm at the head of the stairs. Now I have to have a

new difference-reducing means called walking down stairs, etc.
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How do we do algebra by means-ends analysis? Very simply. I have
an expression like 3X + 4 = X + 10; what do I want? Well, I'l1 have a
’ \&S(: N//

. W{W% . ' L ! .
solution if I have an A¥an quals s1gn,aud a number./\Of course, it
has to be the right number, amd—I-—woalt—go—into~that. It doesn't pay
off if you just write down any numbery ‘}%at would make the problem too

“easy. I need an X, an equals sign, and a number.

How do I change an expression like the one I have into one that

X = N 2
consists of just aBet—aFGgmalss—and—e—number?® Well, we do have all
peren) %
kinds of operators. We're allowed, without iag the value of-jt.t
e

\ |
sid we're allowed to add a awmber as long as we do it to both sideg,

numbggiiwe#5350++aneé‘to subtractﬁf—number as long as we do it from both
A o ol

le ‘ Terat
,;;;‘tiply both sides by the same nymbeuz&inide both sides by the same

Lot e, -
néibor(\e&aeptlwatch out for zero%, That's about all we're allowed to

do, isn't it? Those are the only actions.

We
g Afan add, subtract, mggtiply, and

divide the same quantity from both sides of the equation:?}If I have

an equation which has not on]yX's but numbers on the left sidae,,:ﬁt

only numbers but)('s on the right side, and I want to reduce it to an

equation with just an Y)and an eq-:;;s and a number, let's get rid of
some of those differences. Let's subtract away the numbers on the left

side, which I don't want in the final resultj(j%£¥7s subtract away the X

on the right side, which I don't want in the final result. tet's—divide
a AX
by_rhe—e*—wh+eh,,j¥ you've worked this out, you will find you havgqon

D :
the left side by noyjéblet's divide through by the two, and we will end
up with an X and an equals and a three, assuming I did it right. An X,

an equals, and a three. We can check whether I did it righ;g;fﬁertiCkihﬁT

Ut prtontn VTN '
shat back in the equation‘.WWM f“"’““” Loty CAe
gqu;x+m

Ix =X+
2x = (,
X

23 4 maa 2 13
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Me now how to describe a system liks=blat in terms of computer

A

and when we

programs

do describe ¥ the processes that enable

b
&

ad.: .t /

a person to solve this equatjﬁ)iﬁl\l kf@ery much like the processes that

allow the physician to be an éxpert diagnostician, and that allow the

chess player to be a grand master.chees—ptayer. In the case of the

)
physician, See those spots, guess that it might be “X‘f, suggest the
e

following tests‘f If you're the chess player, See that open file, con-

sider putting a rook on it. d&adl, %’""‘ do it in a hurry, think about

it awhile, but consider putting a rook on it. ’l{ﬁmx M%f’“‘““‘j}

C:\“If ys—he& equation apd=i# has a number on the left-hand side,
consider subtracting that number from both s1des %ﬂqmj?you ve

studied &« stimulus~response psychology, behakuv*‘&ychology, you can

bfwzedcmc
think of th-i-sA as a stimulus followed by a response. If you studied

computer science instead, you can think of it as something which nowadays

we call a productlon /onmtmn or cue, fo]lgwed by an action! And
AL C-7 A

%ﬁ éﬂ'%ypoth that mést human ski]l is embodied in the brain in

Nn...,...r‘“/

the form of productmns),,/ perceptual capability of responding to a cue

followed by retrieval of information about the action to take.

The Mo does this algebra problem awd-a-l-geb-na-paob-hns—hke-
a-w&w, T M’“% )

1 o P RRASTARE 155500
B ek

< doesn't have to have flfty-thousand chunks. 'Probab]y

a Ph.D. mathemat1c1an thtt person has to acquwe the f1fty-thousand

chunks, or.abe a hundred-thousand chun&, o do algebra problems of
this degree of difficulty, mg-—te—do-thatai-s about one

— Mﬂaﬂl [
week's work in the algebra course} 'me
set ‘of pzoductions,wﬂm

L A
aomber, I've already<sitd them mou‘m Any systeD
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including a computer or a human bra1n‘£het has a way of storing tn:tt é

the following set of procedures--if there's a number on the left, "N}‘N @
% £

subtract it from both sides; if there's an. l'X“ on the right, subtract
that from both sides; aaf there's a number multiplying "X" on the left

and the number isn't one, divide both sides by.thtt Amd- if you have an

[ t o
express1on that looks like "X N/ halt and check. _FoF productions

A

. -4,
welHT do a whole range of ®hase algebra problems. bf£uff? 225

recognizing the cues&and 25

previous—statement=to—thats 1 do not mean by-bhet—tIEEEREFYITC-—SURRSOES”

that you can learn to do algebra by memorizing those four rules. When I

say those faur rules have to reside in the brain in order for you to#do
L&,- L,f f‘wf Gwralyg Exy ¥

that the perceptua] skill of

algebra, whet I mean
g i A

et Later o (g@{ J?,M;‘ ,{i s aeldy P\ Hy ey
i the knowledge of‘fﬁ%¢;ctlons to take( haauto ‘) / {¢4%

be—ardlable—tn—memory. For most of us, at least those of us who have

continued to use our algebraic skills, those four productions are so

well stored ttrere thagkn% longer da—they require cewstious—attention—or

veey much conscious attention for their application. I don't have time

this morning to go 1nto the quest1on of wheretire=bourtary—ef conscious-

ol Lt rtiras
automate‘the application

ness) oy but

of a great many of these productions o that a simple recognition
/S/ Cove MM“ i AL

.xakee~p+aee~e$~a-s+tuatiea and an ‘action follows it. Fhatdsmifeetis
g .
- correctly charaeterized

or even partially correctly characterizelthe way some skills are held

X e\»
"

character1st1c of expert behav1or. ft

inside the human skull, then it becomes an interesting question of how

e
learn nqkmaght takes place. How might a person acquire such production

systems? Again the computer comes to our aid because today we know how
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to program so-called adaptive production systems. There's nothing very

systehm is

you/ can 1té as geuer:ié;/tompptgf prqgrag as you

form 1tpfurns aut and ACreate 5f%ur1ng\;éch1nevout of proddctions &

/an adaptive product1on system is simply a set of productions whﬁeﬁEC4JL

oo
includes a subset-%hnt=ane capable of constructing ¢ generating new

G s ok ot

Ky

, ’Q..-—

in the form of productions. After all, 4hese

productions must be stored in the brain in whatever symbolic language
the brain is using, and what an adaptive production system does is to
/L(qu' [ wvﬁuse:f& L R ) dfwdr
create new symbol structurafugf exactly the same kindyyputf them into
the system" @ce they are in the system they are operative; and can run
z

along with all the others timamgs that are there already.

How might that work with the algebra example? Suppose we had a
clever student, and this idea was qugested Leebhonbinatepiese by

g‘ky\,,\
watching4c1ever students suppose«weﬂhavema“e4e¥en~studanx who encoun-

ters this chapter of the algebra textbook for the first time. One thing
the student Atk>1s to read it through very thoroughly--very unlikely.
Another thing a clever student might do is page through and see if there
are some worked-out examples. Surely there will be some, worked=eqat

ex amplag=dn~bhateohapior. Then the student will study tﬁ;Tworked—out
example very carefully, study it in the sense of --well, what makes it
work? What makes it tick? <Why—dees—it—tiek?® After a little while that
clever student may be able te—werk-simple-algehra prohlems, may-be—able—
to solve simple linear equations. We see that happening all the time
with our clever students in school. They do a lot of their learning

from worked out*examplea) J?%metimes worked-out examples in the classroom

on the blackboard, very often worked-out examples in the textbook.
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Well, what is going on there? You see, all the information that is
needed to construct thew production system mm%t
problens is present in Mple on—the—page~. Because the student can
compare successive lines of the solution, can see what changes have been
made and by comparing those changes to the final resul} tbuémh-a
nwmben, can see the motivation for theee changes, can see the gradual
reduction of differenc;between the original expression and the final
expression.(&uw& WWW ""g“""':)

As you can see, I'm waving my hands, which in computer language
means I'm mver all the difficult issues}but there are running
programs todayﬁ do th1s) i ririrrg
t@w. \lssentlally by using Shemssme=iciwdemet means %n-d
analysis but using it in a questioning mode,\Such and such an act12n was
taken, the person moved over there,;'"am\i\\lhy;. \i'Let's compareA'it with the
goal that was bein aimed at. ‘Let's now define a difference in terms of
how weu);of nearer to that goal by that ac?on. ‘Let's associate that
difference with the action that was taken ~and “ow we have a new produc-

QA
tion. We stuff it into the system. It's ready to go the next time am

Y/

is encountered.

0
Can this work with human beings? Auommmnw

o construct teachmg material on tms bas1s' New=esr—construct—seme

\4_\'t 5 beewdm& e o wM B S pan MTW
l
W'In fact,AThe example I E gomg to give youl(a—s—not—tha-s—a-]gebna-

c/l:)
of factor1 g rad?c expressions. The reason

we didn' wactormg ﬁa quadratic expression$ W/
had to do withA particular point in the school year when we were ready

to do the experiment. The students had already done the=—algebreic

equations }and they were just coming on to factoring. We constructed a
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¥ Mﬁ/
set of written materials oniyj;;kiagﬂthree or four pages and consisting

wholly of worked-out examples and problems for the student to workeawd
T"“'- wree ¢ W*’fvw M»am; %”M of %: '
carefutty-designed, worked-out examples, se=bhey—meuld introduce the dif-

ferences between the present situation and goal one by one. We pre-
sented these to classes of students. (Qe happenask to have done this in

(tﬂff »
Chinq)but I think it wewdd work just as well with American student52}

We'll find out in the coming year.) We—presented—this T Srevves—of—atu-
-denxfﬁaad!g;thin 20 minute§ 90 percent of the students in those classes
were fact;;ing quadratics% I don't know whether you think that's a
great thing or whether y632535j§&3t very easily when you studied
algebra, but usually about 2 days of the algebra curriculum is devoted
to the=taslmef learning to factor quadratics.

I don't want to make too much of a single experiment that will cer-
tainly need to be repeated many timesj %¥£fkill need to be compared with
other methods of teaching, pet the point I wish to make is that not only
can you build for a computer an adaptive production system that will
teach itself to solve equations in algebra or to factor quadratics by
looking at worked out examples, but you also can use this method for

teaching human children,andfft appearg)at first flush at 1east)to be a-
not sespdply ineffective method.

P .

The first comment we got from the teacher of th%{iinst class in

which we ran such an experiment was, “and you didn't say a word to
them." He evidently had the faitb)that all of us college professors
%azfijthat the way to spread the germs of knowledge is through the spoken
word, by spraying the words odjjiﬂgur audiences. It seemed to him a
little magical that the whole thing could be brought off without emet

words. Of course, there were written words, or at least written

v
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The other point I wish to br1ng out by this example is that cogn1-
15
tive science has now reached a point in 1t s development where 1t\s no

longer dealing just with toy tasks. It“s no longer just dea11ng with
getting those missionaries and cannibals across the river. It‘s dealing

with school level tasks. For that reason, if enough excitement can be

et T

generated about this area of research and I can't imagine why it deesm't

J
generate excitement;ﬁjf enough bright people will come into this ares,aig
resesgen, I think it can be brought within a reasonable period of years¢?
into real relevance to the educational process,asd I think that's an
1mportant task for us ahead

v 4470 9“4 Dﬂ@-‘

uite different example. As we all know, com-

puters can only do what you tell them to do. ~§ecs E&én these systems

I've been describing were only doing what yua—te&4 them to do. An adap-
. . LerQonm
tive production system was simply learning from examples because you

told it to learn from examples. ef—counte,:ﬁ? you think about it that

P

way, yogkcan ellfcomputers to do quite general things. How generaf2

yeuﬂtttzithlug' How vague can the specification be?<ihhe way to study

and'again the way to get some hint as to how human beings pewaps

T
attack vague problemgqlike many of the problems we deal withgn everyday
# -— -
life and many of the problems we deal w1th¢n sc1encgﬂ1s to see whether

we can, in fact, give a computer pmegsem more general tasks. I suppose
Wmﬁ ’)) PR rEr

we would think that the tasks of discovering laws in raw data might be a

A
task that would require a certain amount of independent thinking. Maybe
we'd even want to use that sacred wori?}creativitj{to apply to a human

- et 1
being who's able to take some data and out of data find order and

some kind of regularity or gifer scientific law.

So, let's take that as our arena‘;ibgtudy.
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Let me give you an example first that comes not out of scientific
laws but out of intelligence tests. One—standard—kind-of-Htemy—and
;\""/}md_ you've all had it at one time or anotheﬂp} @ne standard kind of item in

aﬁfintelligence tesﬁgis the so-called Thurstonﬁlgtter series completion
f "& - ;;:21«’ g
task. You're given a sequence of letters and you're asked what comes
- »/:,,

/ﬁext. Well, we'll all go through one together. ABM, CDM. What's
next? Ohqteeti=b—BosfEd, You all know the answer--E F M. Now there

are some mathematicians here who will say, "anything could have been
next." That's perfectly true, I could have started over again, A B M,
or done anything; however, I would advise you that if you take such a

test and want to get into college, you'd better answer E F M.
] Ahnufadgg w/ _
What was involved? do immdedng that? What's this

iy,
mysterious process of seeing a pattern?/éﬁét so mysterious. It's based
on the elementary symbol processing procedures I mentioned at the very
beginning of my talk. You all heard in the sequence I read the letter

M--you heard it twice. ¥ou¢hes$d=!ﬂeﬂsnmegjfou compared two symbols and

)

they sounded the same, A B M, C D M. So you had an anchor point there.
You could é&ﬁ}éé?ﬁr at 1eas§/4hat perhaps eyerymsimedben an M would

ap eacﬂxbu &f’a&k«waaﬁ-
Secondly, all of you know about the English alphabet. You know
that B follows A, that D follows C, and therefore you know that a

Te 4.4»»&,».1 Z&, e bl o[ bt-wié'ﬂj ;ff’ et
3 knowledge

reasonable thing to follow the D is an E.
shoned in memory of the alphabet plus‘ﬁz:?ihowledge sisgeed in memory
about identity of letters, plus your ability to recognize situations

where these simple patterns show up. Fhe-fact-lhat ghen one thing

follows another in orderly successioq)the way the lights do on thewmeef

you are
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prepared to notice that repetitiog,and you are prepared to notice that

sequence 1n a]phabets, in numbers, and in a few other series. In music,
- the - e s D edopwalies %‘

for e amp 1eq<FﬂE"d1afon1c an ,grcnmniﬂcs scales, the eod of f1f1:hs,k

//Kﬁl of those elements of musical pattern that enable us to know whether

we are 115ten1ng to Bach, Beethoven,or—whatever“wemare“4%sten1ng‘to.
Ourvbasezc dﬁgiﬁgﬁbwn to be based on the ability to recognize repetition
and the ability to recognize sequence.

Se Here we have already discovered a very simple scientific law.
We've learned that after A B M, C D M, there follows E F M. Let's con-
sider laws that have had more historical interest than that particular
]ag;jun1ess that was the one you failed on the intelligence test, then
it has historical interest for you I suppose.

Kepler looked at the heavens. It was very hard to look at the
heavens in those days. They had very primitive instrumentE,but he and
his predecessors were able to get some data about the distances of the

planets from the sun and the period of time it took for each of the

planets to revolve around the sunnand_similanly-ion—%he—plane%e—around

Kepler wondered whether there was a re]atwow/]

'Uechigﬁsiﬂda§;=aaé(;i’;cund onej and it&s called Kepler's Third

RACON
Law(%&we have toda¥‘ a computer program called "Bacou) Jide named, of

course, after Sir Fraans Bacon because it believes very deeply in
Franc's Bacon's ideas about 1nduct1on. What the program Bacon does,
following the advice of Sir Francs, vha&rthﬁ:paogPam—BGEGW=ﬂees is to
look at data and try to inducegfrom”fﬁUEE“dif@LgiEEer . The first thing

it look54§$&}n data are any correlations Iy
% 41 Moﬁ'm
-avound . In this e it would discover that as the distance of the
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planet increases, the period of revolution also increases. What Bacon

o
is looking for smim@@dt—ewt=bhere is, of course, an invariant--some
¢

kind ofae/f1ant law hidden 1n theﬁ! data.

is*fi} you have one«th&ag that's increasing while another thing
= Ly

increases, one kiwdmef primitive idea 15/Gry dividing one by the otherl /31)

,M%ybe the ratio will then be a constant, amd Bacon does that--no luck, no

F/ D D == MM%@&»{ —K&L J"uu )

constant. It gets a new quantity, P=pitemmp—perio Apverighe diame %2.

"
But it notices that sha%E;uuntity is also correlatig witg the diameter
of the orbit, so it tries dividing again. It gets ﬂaoucnnﬁuequaned--st111

/

no jackgot, still no invariant. It now notices that.ﬂsounmmihqhmuureﬂ

and vary in opposite directions; as one goes up the other goes

down. Well, maybe we'll have luck. Maybe if we multiply them together,

s
we'll get an 1an;}ant It multiplies them together, -izrfinds an
invariant- -R—squeped-ewer—a-eubej’which is Kepler's third law.

Now notice that Bacon is trying different funct1ons but not1ceAPhat

,_,ar-—e
Vaznnamcra 5t

it's not doing it at all in a random way. And notice that, in fact, it
finds the correctdm function after very little trial and error. I've
pacian oversimplified a little bit there, but essentially that is what

Vi S W
it does and does it in soniizzag—under a minute on a saaﬁanebJe computer. ’7

X Kepler took maybe ten years but he was preoccup1ed w1th other

' /1m3 s

e -

things. His mother was being tried for witchcraft during part of that
period and his life was rather complicated.

©One—other—example. I'm not going to 4w»y=4o give a whole long list
MW
of examples here of what Bacon doe4) /Bﬁt one other examp]g(to 111ustrate‘Tﬂdt>

\_‘.-«-» .

that*quwte (ﬂét‘s call them natural proces§§§L quite understandable

processeaq can be used by an information processing system to discover

natural laws.
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Suppose I had two objects here)and you have to imagine I'm a spring

—""\  connecting these two objects. You have to stretch me a -AEEAe bit,
ot e, ot e g
%a“mstretch the spring and then re1eas%sbd» the objects will be accelerated.
,ﬁguppose we can measure those accelerations. Bacon will rapidly find
that the ratio of accelferation of Object A toAOEject B will be the
same no matter how much I'm stretched or how little I'm stretched--the
Seme ratio of acceleration. l%reh is a little scientific law. I don't
know how exciting it is) but lhePeAjS a pibdabe scientific law.

A
Take two different objects now, or take ihiasabject,\and a third

S
object)and again we'll find the ratiO}\t@ithe accelerations are constant}M

with a different constant. Now under Whese circumstances where Bacon

finds a law that expresses a relation between twoom)gmdm-ﬁme

e

ta-&,(B’acofn will try to attribute a property to each ef—these objectd
such that swese properties will explain the behavior of the 4o objects.
20, this case Bacon will assign, J-wona-tt--gothroughthe procedure
whereby it 's-dene;~but -Bacomr-witt assigh a numbej' Ato s iject N and a

s, {3 e e AA
numbe}"\to ﬁnt@bjeckand then it will find that thieewewber multiplied

by mccel erat%ggJWA%ultiplied by%rad%w 8}

K

Y ; ~bieense. > i M

. ?
WY , (is always zero, which is an
\ expression of the?é:onservation of s ‘ y ’\'”h’(ﬁ&‘k t "‘“‘8 ‘“‘""B =0,
NoticekBacon did two things §here. First, it introduced new DS S

concepts. Nobody told it about &= properties of
introduced such a property’,.{ 'fhe property which we know of as inertial

mass. Second§y, by the use of sggff new @af propert&};. it
a_

discovered la 'v/n this case, a very basic conservation law off
N ) ;




wAL |
agot'\ stumped when it turned out that mercury absorbed less heat than

29

W&z’ézbmi

physics, the conservation of mess c?‘Gwen other kinds of data, BM has

succeeded in introducing the concept of specific heat in experiments

involving mixing hq&uj\s at different temperatures, iy des-at
different=remperrtaresoaihisnmas a problem whieh defied solution for

about 30 years after the invention of the Fahrenheit thermometer.
Boerhaave,
Fahrenheit andmw Dutch chemists, got half way, but they eesidy

“al’s
water,\ everybody“\new thatAmercury was much heavier tha? wates it

ought to absorb more heat, thanr—water. It was Joseph Black, the Scotch
chemist, who introduced the idea of "specific heat." Bacon, knowing

Nems——

ANV dy, - )
nothing about temperature or heat, A by induction from the

data, M at the concept of spec1f1c heat

M
t'also f—md-s mdex gf efractwn.‘nd v
,ultfhwmmur,
oo-u-l-d find many moreA bﬁe&l don't want to go down the list of Bacon S
wonders, @wou]d like to make gust one more point before I conclude
this morning, but I think Bacon does demonstrate \,§ that one can begin
scel By, = o
to MAM those forrr;1 of human 1nte1hgence wh+eh are usually
[ ? >

supposed to involve genuine creativity. One can think about what ‘
processes t—ceuid—be=bhat would lead a scientist to discover a new
scientific law. Now)inferring things from data is not the only way in
which scientists infer new laws. I want to make that quite clear. But
we can show historically that in the cases of Ohm, who invented Ohm's

law of electricity, in the case of Kepler, in many other celebrated

e Pt b e G amede Ly« plyrsol cpunl o

cases in the history of science ,{w&, there was no particular

it

theoretical foundation for the dlscovery,\ In—-ﬁast, the discovery had to

H b

be an induction from fact because that's all there was. BACoN ,,,Z/W W
%jﬁ% 2 tA0N other area before I conclude here. That is
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the area nowadays usually called representation. Agad#., ffbm human

psychological experimentation we have good evidence that when someone

takes a problem g in words and translates that problem

S
into a set of equations and then solves the equatioaf or if someone is

given a statement in the French language and translates that statement

into a<¥piememimsbnbe- the English 1anguage2fin both of those cases;we

have quite good evidence that the process is not a process of direct
conversion from the input code or the input language into the output

1anguage,lthe mathemai;;a] ~ , or the English. Fha%igke inter-
,gj&ma‘i dep o Lefi ovie

venes be some akher k n 1nterna1 representation, some other way B

, ¢ 72«'4« W&W W’M&é*w At M.«,L«'
of ho]d1ng ot (3%3%) ead, wivbeh usually ca\]lg sémant1c

representat1on e£-hald4ng—the~mean4ﬁg—e#~what—45.4aput-4u_ou=—head—und

\«--Q-vv;l &6
that=dhat serves as a mediator between the input and the output.

entpa—

You don t translate from French to Eng]1sh&~at least if you're any

good at French and English you don t. You translate from French to the
meaning of the French andg%ﬁom thelﬁéan1ng of the French into English.

It sounds like a slow way around but 12 s really the only fast and
correct wax,anun-d\ Simﬂerﬂy,,\gsz;:;smwt) or again a student in high
schoo]bwhe is given one of thﬁse problems about an 80% alcohol-and-water
mixture which he wants to dilute into a 60% alcohol~and-water mixture.
The students who are successful in solving ihogé”problems dd;?;”by means
of an internal representation of the problem wh#eh&precedes the writing
of the equation. One of the important goals today of cognitive science
and artificial inte]ligence is to understand the nature of.éhosédinter-

nal representatlons. I won't try to say in any breadth what we know

wvﬁ
a ou’fb but give you an example of what I rea®ly mean by an internal

representatlon so you can get a gut feeling about it.
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We all talk about mental pictures. That gives philosophers & great
difficu]tx)because they tell us that if you have a mental picture)there
must be a little man inside looking at the picture)and then what kind of
picture does the little man have? And you can get into all sorts of a
regressions if you allow your mind to stray in that way. So, let's ask

a , St & .
ja mental p%ctureﬁmean!_ , yot—att /.

cannform mental pictures, I'11 ask aii=p£\you to form,a meabal picture

along with me., Imagine a rectangle,;-t55~tw+eeuasmhnnad_a;-ax-as-haghg

exactly twice as broad as it is high. Now drop a line from the middle

whatw’oqu

of the top of the rectangle to its bottomakaivides it in twg)doesn't it?
And the two halves are each squares, .you all see the two squareez Now I
want you to draw a diagonal from the northwest corner of your rectangle
to the southeast corner--from Seattle to Miami. Okay, you've got that

line draw‘l Now my question is, does that line intersect the line that

you drew bisecting the rectangle from top to bottoh? How—maajtmidtdade—it-

seit-doesnit—-guess—iamore

Jmpertent=yuestton. Now the interesting question here, of course, is not

that it does intersect) but I wonder how many of you in the room believe

N WGt
you could prove that it intersects? Thet-yotu could use the methods of

mathematics to prove that it intersects? In fact that S a_ rather N
x au«f é?‘?ﬁf (‘ei (AL LGy {-(’;,(/’

difficult problem in geometry. : ﬁ:t s dif 1cu1t to

"L"(‘

prove these two lines intersect. If you use ana]yt1ca1 geometrx;yhhrﬂr
AL A4 ALA )

44%%4e—ea64en-4£—¥nuf§r1te down equations for thé 11n Do you suppose
jA

that you or the homuncul?§‘1n your head or-semebedy performed the analytic

geometry,\Well maybe.
R RATAY R 4 Qﬁr
Sat the problem ofArepresentat1on is the problem of understanding
%
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how operations of that kind can be performed on information in the human

head,}hd certainly, it appears to us or it—appeare to most of us who are

2
researching in thig,that those operations are not the operations of
deductive logic. They are simple process1ng operatlons, but of a ey

much more,,whatzsﬂaiizT*ca¥$m¢£?-a direct k1n&ﬁ I don' t have a » good

label for~a¢-because there's still a lot of dlspute as to how»\ might
go on, -ﬁnn;} could carry on my example of that rectangle and add other

1nformat1oq)and I could soon convince you that even if you have a pic-
Lo ﬂf’ ndLeel
ture of tha%hrectangle, it's far short of a photograph. 4—eanid-gqve

_yeu about three more 11nei)t§2;ut-nnd—¢bea you would have about as much
o ol D L i
information as @ you weee=aébut to keep in that rectangle. ASe-a very ¥

tm { ’1

limited amount of information, but information that somehow or other is
able to generate geometric properties whieh are not explicitly given in

the description of the picture. I didn't tell you about that intersection.

I never mentioned it.

Cr\/q‘t/(* o »/UM )
S0, today there are wegy important open problems in the area of

artificial intelligence with respect to how the human head stores and
processes these kinds of semantic representations mW’ Roger
Schank yesterday referred to this in other contextsglabout other kinds
of problems of internal representation. What does this all add up to?
What conclusions should we draw from it?

I've already mentioned one of those conclusions. Cognitive science
has progressed to the point today where we can begin to understand, not
simply toy examples of human intelligence at work, but wef23n=§;ﬂeg§=and
real examp]e;J ;#ﬁ%t—és, examplfj>at the level of school and professional

task§)of intelligence at work. We can vemsyoften model that intelligence

4ﬂ-4mmssenoe-£§(building computer simulations edmit which track very
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closely the human performance and‘even the human errors. WeTanmalso,
If we're not interested in simply modeling the human performancg, we can
also write computer programs which can serve as experts forgku:e.wﬁ&c'an
serye—=ta augment human inte]ligencg>and within the past three or four
years the construction of such experts has become a very popular game

and even a serious economic enterprise in this country.%But as far as

applications are concerned, ipmgeempubo-me—tivet in mq?y ways the most

wAdl
interesting and the most importan;4 are the-posizzﬁﬁzzées-of application
F_L{l 0

Hfwe have operated our institutions of learning for too many

to
years on th’dégg:ggltgeory that I mentioned earlier--net—becatse;~wel
yess because it was the only theory 4imt we had available. Just as
medicinq)when it began to understand the physiology of the human bodx{d
was able to begin to achieve results in the waySf prevention and.ahel
cure of disease that it was not able to achieve simply on the basis of
folk art and ski]] /gg: J=tidwk. in the process of education, we are
going to be able to improve our educational processes at all sfeebiger
levels of our schools as we begin to understand what it is that a
person has to learn in order to engage in an intelligent or skilled
performancef%?l think these developments have another implication or set
of implications that we all sense. Ehnxffﬁey really go very much to the
root of the human view of our own species, of ourselves. Ihet'EQery SO
often there comes along some event in the world of 1deaazja§$%£ forces
\hwmank ind to reconsider ourselves, our whole position in the universe, and
to re-evaluate our sense of worth awd- I think the computer is having

9.4A~ucv3

s came along)and we could no longer believe that

our little planet hame was at the center of things. We're just cir-

that impact.

culating around the sun and the sun isn't even at the center of things.
- e

-
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It's out on the wing of some galaxy and goodness knows where that galaxy
is. That was a kind of shocking idea. But we got used to it. I don't
think anybody in this room lies #wwke sleepless at night wondering how
to get the earth back into the center of the universe, or being terribly
unhappy that it isn't there.

Then came along a man named Darwin. Well, not all of us have
gotten over Darwin yet, but most of us have; /Zﬂe great shock of
learning that the human species had origins of the same kind as other
species, that the mechanisms bringing about its creation ﬁﬁggé the same
mechanisms that brought about the creation of other and more humble
beasts, inmcrgatton We had to give up that idea of our uniqueness
after Darwin,and most of us have made our peace with )tr*’we no longer
have to be especially created in that way, gﬁﬁ that sense, in order to
feel é:;;fhuman worth.

Today there are peop]g}eemiag-eéoag, and you've been listening to
one of them this morning, who say, and—i—bhiakethis-is in the best

W
anti-vitalist bio1o?zr~uh-ui-y a human

tradition of BFo¥e
being is a natural organism, 3s-a b1o]og1ca1 organism. A Fh Qr:‘egson y g7 s

(AME M& s
human being; can think is because the—hgnun—hnang.has neurons and other

structures in the braintgﬁﬁéh are capable of supporting an information
processing system, a symbol syster5 of the kind I've been describing.
This is the reason why we can think.
It turns out that computera with a completely different kind of
‘\hardwarffww abl’e to support information processing, symbol£
processing, and therefore are also able to think. And so we are
beginning to get used to the idea that there are other creatures in

creation besides ourselves who are capable of intelligence. Of course
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€O
we've known that all along. We know that our dog could think and our

¢ A Lanas . .
cat eeudd think, bu'c/t nly think little thoughts. We were the people on

this earth who could think the big thoughts. And now computers we it
Gy “WW
~Comwrg—Etang /and from time to time they're thinking some rather big

thoughts, indeed. So, we undergo a third challenge to our uniqueness.

Maybe there's a solution to this if it troubles us. Maybe there's

_afsv+ut+sn~§e=:h&s7the$~is a solution not only to this specific problem

but a solution in a slightly more general sense. Maybe the trouble is

not that we're losing any particular sense of our un1queness, maybe the

T&xm j?
trouble consists in considering tha;a:?is our uniqueness uhfzh defines
us as human beings, our un1queness reh—d i human worth in this
1,{,%%\&m o 26~
world. And-thab=we=etn, aga1n find a way of relating ourselves to the

world in which we gé%ﬁ&50n0e$¥es--not by finding a new basis for pride,
for judging ourselves in some respec%z superior to the rest of natureg
)(bt by setting ourselves apart from nature, but by recognizing at last

A
that we are a part of nature)ana’we must learn to leave at peace with

nature,




