
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, Illinois 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 fellow 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

Alien Newell and J. C. Shaw, pioneered the development of artificial
7""/u> o r > $ T" 

intelligence with such computer programs as the Logic Proving-Ma^fcme

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 

is "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 intrllijrnrr^ whut "fchafii an g i nf inf|'"'' irr 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. ^1 won't aiA Cm dr show of hands as ̂ ^ 

the talks =yosteruiay morrttwg, but^a^s^^

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 Ediejman and Milner, we saw the 

investigation beginning at the level of the biological brain   -*b*§i*m'ng 

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 oat-there is more than one direction of approach or even that there

should be more than one^level of theory. The idea that we can take'

complex behaviors untibMoiMAeSs thinking, problem solving, use of

language, understanding, thit wa rran tairn all of thooo bchayiorfe and in
f\

one step of reduction explain them in terms of chemical and electrical 

events in neurons seems rather extravagant, rather ambitious. Instead, 

this field is following the example of many other natural science fields

- // I Hi ^M AAS4AJL44AV&

v 6/V **  constructing levels of explanation where the task of scientists is to
A

reduce phenomena at one level of complexity to explanation in terms of



concepts introduced at the next level down. JL&d Jfere we are r as I say, 

in good company with the other sciences. Nobody "supposes 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
fre 

fortunate. It is very fortunate that science can :be sometimes, hung from

skyhooks*because the foundations underground are nftrn iary mj'tn inn 

and shift ing ,4rnteed-. And science often builds from both directions, 

from the top down and from the bottom up. 

this te»i ItUfy, awd I think each of the six of us has a slightly 

different map^ you can take all of these maps home and have an atlas, Elit 

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

the neuron Jevel at which very exciting work

youJucaj-d • somo tli i ng

processing level*.... .......

is going on, and the information

Just one short word on terminology. By information processing
$

here, I do not mean exactly what Professor Edelman mean^ by it»yesterday:

He was using it as a label for i» a particular

level, I am not making the same contrast that he
S>

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

iffiien I talk about the neuron level and the information processing

between what he

ion processing and the population approach to the field. 

In the devo 1 opmont»**f*4J» last twenty-five years, s4nefi it% been 

discovered that computers can do something besides number-crunching, 

sirrec IV o bten discovtrcri that they are quite general symbol-process ing

devices^ .frhsfr 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 things for practical reasons or just because it's fun, or a
Nftt/f 

little of botlrr But another direction which is more often nowadays

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

here»~-a*Wlst*Htfc-is the direction of using the computer to understand the 

nature of intelligence, the nature of mind including the nature of the
r 

human mind^ Wha4~ 1JL lMCiUy really, the old problem of mind and body^

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

4n other distinction was ma4e that will be rather impor-

tant in my discussion, between systems, «iiti»444^^v^^ytfj^^ whether

they be computers or wh«rtrn1iF7||rry hr human beings/ t*tcl-> >9eft£~sys4.agis
J. -t~ j'f 

*eh perform intelligent tasks/y ^hey play chess or they make medical
 *>» aVl.T!r!'l5?Z?Z'''--f!'-'V"^-t • ~— * -

diagnoses or they solve problems) Th^w-Hnrts of cyr>tomc and systems
*

learn to perform tasks. Because there's certainly one important
^es£s»*-s

difference we know between computers and human beingsJ In order for a 

human being to be able to do anything^except tfe#t limited range of 

things wtSt&i is evidently built in^^biit in ordei* for human boiBg&-tu da

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,
^>V^t*Q

somehow or other, j/ntnrough a process of transforming those stimuli

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

so that we're able to do new things. T7l\\e process we call learning, a 

very impressive process if you look at its cumulative effects over a 

lifetime or.over a childhood^.sometimes a frustratingly slow process if 

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

started -tfrtespgaeesfli' wctl the formal process, at age six. and the
.  A ^S ^\

u
1.   t> / r ^~%7<~'J""-~^P-. ${ - ~x* 0-£ - • - -•*• .

Pfft- -4~/>t '/ / c/ """ " 0
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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
#"*-A

twenty-odd years to get us where we are. so I think we have

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

be done, and on the other hand, that it is sometimes
T

slow. With a computer,
\

you can open the

of the box and put things in if you

know what to put in. And so computers., on some dimensions at least, can
______ __ ___ ^^_jnJB"J'"~^ni^^^^^^^^^^J_^^^^^^^

becomefinstantaneousl^\ijrit£lJMi(gejv^. They can become {Instantaneously
.__~      -   "~~~ "

pretty good chess playersr;   Human ~Be ings probably could not reach the
A

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^gfc our lives. fr will , the focus of my

remarks will be on learning, but if we look at the strategy of research
n*M

in cognitive science over the past twenty-five years, weS^see that the
i>sVH*lW -- 

strategy has been fi»it tor try to understand human performance* first,

to try to understand how it is that a human being is able to solve a
JLf*>**w4A**^ 

problem. Having understood something about that, then jpeeple are

beginning to go back and ask, "Can we conceive of mechanisms, can we
r^r

of processes wb4eh could be implemented in something like a

brain and can be implemented in a computer? Can we conceive of

processes wtrfeh could arrive at this state of performance, whi«h could,

in fact, learn andjnot simply be programmed?" A*4 I will try to give
<4> 

examples of ffcfd
hi. X    " y 'iirrr '  i T in^i,,,,,,1 iJiir~ r~*—jf-f-*—^-**™*—*^*~

Now what I will say tfroceedsr from a hypothesis. It's rather 

pretentiously called the Physical Symbol System Hypothesis. Unless you 

have a aattar formidable name for a hypothesis, nobody will pay any



attention to it, so we.call this one the Physical Symbol System

Hypothesis. By a physical symbol system I simply mean some kind of a
#kfcf~ U>&MX,

device which can deal with patterns, **4/ia pattern is *loAftt 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 simplyt%Jl" 
mean some kind of an arrangement wte*eh we can prAanmnhly 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
<y 1^9\ ^Y~<^~.«

of these trestles. What can we do with patterns? Wo no^ h^inuAqm
7\

, J ii--i-nin-T-itn«<«>IM,jO» lini|-a -1r i ^^ .   ., ,**••*, — ''   ""-' '•"•"     "      »i--T||

beings, and also it turns out, computers, (Pg^^^Jc8" & readr/that'
is, £teey can be ingested from some external sensory resource. They can

< ^ ~- Af$~ 
be writteni that is, patterns can be created in the environment fvm the

I'M j 
system itself. They can be stored in what we call memoryj Jhey 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
— «* ire ' ' ' _^

otheri\/lassical psychological terminology, they can be associated»and
0\>\r ' i A

YN-ffVV .A-w^vv.^ ^ '

similarly, in <rttrwr pattern devices, we can build up relations so that 

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

suggested, patterns can be compared * I can compare thefce two p
J h**jfjL^ '£' /df ^ J ""   JWL~T*' r\

match t hem7So jiSh^^'^d^seethat they are instances of the same pattern.- A '
the human hand, more or less similar instances in this case. You can

have 3tfi«t»> strict tests of comparison or looser tests of comparison.
X

I guess 4bftt teit didn't notice that one was a left hand and one was a 

right hand.
': '

What is the Physical Symbol System Hypothesis? The hypothesis i 

thit The necessary and sufficient condition that a system be capable of



8

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, the j iHju&i»aTy an eh

srg££HHeirt^'rondtttens, is that it be able to read symbols^(that is sense
£ J

theni 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 same- or turned- out to be 1
r

different.

There are several corollaries to the Symbol System Hypothesis. The 

first corollary is that if the hypothesis is true, then it follows that

computers can be made to behave intelligently, because if the-S^mb»1
— i,/ System ttypotMsTS^^1^^^!**^, we know that computers^ we can find that oui

(by opening the box, so to speak* wo kf»* that^-comp^teepfr are physical
^nn™*™**—""—^,.,.™^ . f\ ^f

*,- •*.——.-.„., ,„ ™«--.«».^jj r \ ^. ,,„,„., — -.„.-„...(«•__.—,...,„, ~_w™.——-..«—»•--'•«*»•—-

symbol system^^^^ey have all of the simple capabilities that I men­ 

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

^know Uitf" lisfe^noj*. So if the hypothesis is true, then computers can be 

made to be intelligent,7rThe second corollary is that if the hypothesis 

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

beings must be at_Lejst physical symbol systems, because human beings
""^BPB^^^M^BI^^^^^^^ .„

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

by the way. I simply am using it in ^a^eoninBin SK11vwpaw its common sense 

meaning. We all know how we judge our friends to be intelligent,^

•fi^entls-^^ inte^^
,

than othersr but we have all sorts of .tests, an-d those tootc generally
f\ AS

consist of giving someone a task and seeing how successfully that task
J^^J^t^. { 

is confronted. Intelligence is no unitary thing, because people can



be very intelligent along some directions^ eatHw very unintelligent
15 ^ 

along other dimensions* ^ThatJ^ all I mean 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 would say required intelligence.

4n the tests -that --we 're going to app^y. So 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 in any hurry; there's plenty of time 

to consider it. It's an empirical hypothesis^ ,We test it by looking at
, Jl^^H-vUxvx.*

empirical facts. pe test it by dtiiijitiatg experiments. For example, if
~S .' - I

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 ffimniiitu'" program that 

will enable the computer to perform tasks of that class, and as wide a
<$*- ' Y^T**-ft^rt^-4^^<lSt"

class as possible. ^'If we want to knoifr whether people, in fact, are

intelligent because they behave as physical symbol systems— because they 

have these properties of manipulating symbols in their .brainsl those 

capa-M-lities; if we- •wanted-to^fcest^trat^ttjrpotheyis-, it's a little bit 

more complicated. WM»d phe usual strategy of testing that's been

adoptedy in cognitive science in the past twenty-five years ̂ is
r <***?&• • 

something like this. One writes a computer program^Jife already know

that the computer is a physical symbol system. One tries to write such
t 

a program so that it can perform some intelligent task that we might

ask a human to perform, and tt perform it in a demonstrably human way.

Not fly as an airplane flies, but fly as a bird flies^. (if we want to
A 

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



V which a computer can do (and the best programs do), but play chess by 

looking very selectively at the important features^atthe board, which 

we know to be the way a skillful human being plays

How do'we tfesl4C.theory? Wi fet the theory generate its

generate a stream of behavior. We let it
A

consequences. In this case, we let the thjlry, the computer program,
^

a move

in chess, Jtfe let it solve an algebra problem.. 4nd we see whether: 

byrstep.it seems to follow the same kinds of procedures and make the 

same kinds of errors, and get into the same kinds of backwaters that a

human being does in solving ^difficult problems. kind of

evidence has been accumulating for about twenty-five years now about a 

limited range of human tasks. We still are far from test ing 4*** "%L. 

hypothesis over the whole range of things JuHn human 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 fnn j>«rt.n do for several generations,

I'm sure.

As I the early activity in this field mostly directed

to performance.^^ getting computers to play chess, &* make medical

diagnoses, *e^solve the Hario|i problem, or get*4*e the missionaries and 

cannibals across the river« whatever your favorite puzzle happens to bej /> •• •*-•'-•-- ""fl—"y|—-^ • ii''""• '••'"»'<"'"" "tr yfe«»^a»*a~**-----ajy*s

But in recent years pr enough ideas have

pnssi hlliltes fqp-fehe learning
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teen a sduw strong renewal of research*in tho arca^cf learning^ in tlTtr

strtonee. That research has rhniltnri in ihr rirififtnp

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 learn ing, an4 I'd 1 i kc -to menttw^Jn

the remainder of my talk.-hefia, I'd like to refer to three of those -y- J
^Vla^mt"* I picked these three as examples that I'm especially familiar 

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

work in tnis
-. ^~ 

ririt ofTTI, 'pajfrhnlogrttii Jbr the first fifty years or so of the
(KVA C- * i - f *!}'' *" A.

history of t^»*-44«44Y from the time of Ehinghaus and Wunofin Germany, 

psychologists were WFJ fascinated with the way in which people did 

verbal learning. I^fmss Jn those days 4s. school

children still had to learn lots of poetryl

lots of foreign language- vocabulary^ I am told 

that children don't memorize nearly as many things in school ^inymirc 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 

with these kinds of verbal learning processes. 4Uen wrofee learning pro­ 

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

there's a vast body of psychological literature which describes what

human beings do when they're faced with a verbal learning &41ualiun,

Of course Eb/inghaus 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 and did 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 ha* existed for new over twenty^yearsj a

known as EPAM, which MJ' -notcomputer program,

hayoi b«cm" intended feo stancLfor Elementary Perceiver and Memorizer.
  'I ta^fc .j^fe A_ *

4ck. Tt 

of learning' learning either a series of

F?AH 
,, is capable

the way we learned the
^** j 

alphabet, or learning paired afrsoeiate^taSpugs, the way we might

learn a foreign language vocabulary. There's no claim that EPAM 

understands semantically the things that it learns. Vtttrt EPAM 3%» is an 

attempt to model cor*t?>n q?p«cte*«£ the human learning process when 

humans are learning things more or less by wJ&^*ifttf4& rote.'/Today 

we can explain iutfrry Iffrtjimytrt of the main phenomena that were 

discovered in the verbal learning laboratory of 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, 

will produce the same kinds of phenomena. For example, it has

times<demonstratejthat syllables consisting of three unrelated letters, 

real nonsense syllables, take about three times as long to learn as
^ fy^&^VCiv-AffVw-t

simple one^syllable fag 14sp words% or whatovor your native language -is,-
Jbj**~ 

. ( It could be Swedish words., I guess, h*»», or English words, or

Dutch words, or take your pick.\ But three times as long. Why that 

igut number thrae? T don't wnnt tn gn inrm thn inntnmy of

here's a program that predicts, in fact, that English words will be 

learned about three times faster than three-letter nonsense syllables.
. fv <AXd-4 -*.--»* i ^<t^r "f v

Ph ft'?ft'nf"? M44h Mfni|Mri tn.hnw i-ka. Similarity hofMOon UemS that

are being learned.affects the learninfjJ^yfn some cases it facilitates it 

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

effects along those dimensions^,
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Out of the research on the EPAM model and similar models, combined
ot-t-**Ui ___

with laboratory research in nhJeh we owdy human subjects, JS£"two 

important ideas began to emerge. Haite4we-of them was around before

fact, iim-wlTC^ fin*, was that 

terribly important in human performance io tha faet that we have 

juinulliing eallod a focus of attention, otherwise known as a short-term 

memory, that everything we pay attention to, tfctt everything we do that 

requires some modicum of attention^has to be squeezed through the
J W»*Lr s-

bottleneck of our short-term memory, .^e a<*d a column of figures; those 

figures,one by one as well as the running totaVhave to be in short-term
^O^^$^r*-$ <v/vV^*^% it"

memory. Aw^^ifr/is a terribly narrow bottleneck, and.turns 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»-~
* *^.

^e^tr
determining the way in which information has to be organized iff ei'dtr.. i \ • ' ~' . t

JU
that we can carry out complex sequences of thoughts.P Today, we speak of*". * r

the short-term memoryor some of-us do, as thoughHt were^

£pe*fe~~e£«4t£as though it were a little box which had 0*.little compart* 

ments in it. Some people think 1 it has seven compartments in 4t. -We *oir

about one compartwentHBOfie^W" ultii., and t fray we can ho Vdji__ /i__x^.~———"~—
•• - ' «>•: •••> ~.w,—— .._ fl )M< _,|,IBMJM> ^;——...^.^..^g^lV' 1"""""""' .

a haIf-dozen familiar items, /Where a

familiar item might be anything wkleh you have become fam^liiMind with. 

For people in this room, familiar items might be any one of the fifty
( (?JPHJL*4V4 *WV4*

thousand English words that are in your vocabulary. You maybe.Hdon't .xi +««MI
know that you have fifty thousand words in your vocabulary, but tnis^has 

been estimated.for jjsu., and it is of that order of magnitude. It may 

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

hereJ
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any six otJUr&ser^rrweMsry Ton gnsrrotHHH Jf I gave you

a list of six. 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

-ft*** *t»
trouble. A A vast body of experimental eyidence.which is tejfcmm- com-

Y« -fi^vlbf ̂ Art^ 1 '&*i*i WiM'Y
patible with the £Mtf model and the effects of which are predictable byA.
the 2|t*H model . \) 

^4<C*We think today that the structure of the short-term memory has a
v' Vy

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

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 

domain of expertness. and having recognized those cues, to use those

to access relevant information in long-term memory.

It doesn't surprise any of you 4f-you walk down the^^eet that

when you see the face of a familiar friend, you immediately recognize 

that face. Moreover, yet*-4^n_jai^bwtft not all of us are real good at

this, -fctrt^you can probably retrieve from long-term memory the name of
^K 

the friend*«*'/f not the name, a lot of facts about the friend. ^ *hjp
Vu-4^ 

4**t process of recognition followed by retrieval from long-term memory
f(.,

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

many «af*>hpac chunks- the same familiar little chunks you store in 

short-term memory, how many, of those .chunks it requires to make an

expert. The answer again comes out >Aprder of magnitude, .fifty thousand.
*$*>•'** fvCc^ tn,***\A* A 

K chess grandmaster can recognize fifty thousand different kinds of- A,

features and patterns of pieces that are likely to occur on a chess 

board during a game.

i'll juot mention, gust to-$4¥e you/a sample of the kinds of
**^>U **-
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experimental evidence that buttress up hypotheses like this.I'd like to 

give yMf-t11** a short description of a classical chess experiment. You 

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

from a well-played jimr frimyiir, maybe the twentieth move. Tfce* game 

that's weTL-played but unfamiliar to the subjects j^ITirgnjtfliiy U U.JL in
^'^ (jLjbhc*S\

the experiment. YouJpw-tMt ^osAtiari^^g^tji^j^^ to your subjects

for five to ten seconds^ and then withdraw it; and ask them to reproduce
* " I

the chessboard. If jow , subject is a master or a grandmaster, the
A.

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

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

something less than a master or an expert player at least, he or she

will be lucky to get six pieces back on the board-cjfht. Oh, you will
A

say* /^ou need K"'Him special kinds of eyes, special kinds of visual 

imagery, to be a chess master or grandmaster.
&£^ i

WelJ^let's take the next step in the experiment, r/thenext otjja, We 

simply take the same pieces and arrange them at random on the board and

expose them for five .seconds,. And now the ordinary chess player replaces
mjm~ *^^

his six pieces on the board just as he did before and the master or the
AjftA^ tkuttt.

grandmaster replaces about six pieces on the board, ^othing a-bmrtA the

eyes , c great deal to do with how many hours have been spent in staring
A — —

at chess boards, misspent youth you might say« Hell, HP
A

yw Lfeel ubuufr-^teas. /flow many hours have been spent in staring at 

chess boards! Jfow many patterns have become familiarized and have been 

stored away in long-term memory^ associated with information *£    about 

what to do when ya* see sa«*i a pattern/^ And so we seertheex^-t in 

every field of expertise not onj^y recognizing famjliar jfriends in the
*'^C*v*

f
situatiorfhe sees, the doctor looking at your spots or 

A
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you como in-with and saj^'l^h yes, -WLftmning an immediate hypothesis,

which may be subject to revision, an immediate-hypothosfo about what

might be going on in the situation. And so we think today thafy  *** 
_— t&X**-^

kind of performance* feHet kind of expert intuition if you want to call 

it that, or insight can be given a perfectly reasonable explanation in 

information processing terms^Jn terms of fefcBtt recognition processes.

go^on to another kind of learning, because all of us, 

particularly those of usjjino are teachers free^ and I hope most of the 

students^ know that rote 1earn^9JjxceP^ real l.y 

isn't a very good thinojTwe don't encourage it in our students. Rote 

learning is great to get through the Friday quiz^but by Monday it seems 

all to have evaporated again. We really want to talk about learning with

understanding. What does it mean to understand what we've learned?
t^**~ w t/ 

Roger Schank pointed out to us yesterday, the word understanding may mean

many different things,and I'm only going to touch 

them.

on one or two of

All of us here, at some time in our life, had occasion with greater
A 

or lesser pleasure to learn to do algebra, at least simple algebra. We

learned to solve equations. The teacher would write on the boardtBX t 4sXt-Y ~^ +- /c\
If you have paper and pencil, you can solve that; I'm not

going to ask you to. We won't^grade you at the lecture here.

f^ &*****• sw

Probably most of /ou here/emember what to do

I Lu Uo 
i 

bout thatf In a moment

or two, you have solved Probably f< of you could

quick ly-yw *f your child came up and said, "Daddy or Mommy, I'm having 

trouble with my algebra tonight. Will you help me?" Probably fewer of
UrwvAA C^U* j^p^

you w£H have immediately on the tip^of your tongue a oot of-idoao ao
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"exactly how the trick is done. Maybe you can do it yourself, but do 

you know what it is .while you are doing the tWck3 There's been a good 

deal of study now of how people solve simpl^ algebraic equations—a
—k ,^-frt^p^^ I I^*CB««

simple skill, but like an (wfa'Llot of ̂ skills that we use in our school

courses.particularly but not exclusively in the areas of science and ^ /
mathematics. '''In its broadest terms' 4t goes something like this. M

won't even refer to algebra in the first version.^ 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 shanKsmare. 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 hallj but I always do 

have my legs. And so we've solved this very simple problem. When the 

time comes, I'm going to walk down—a very deep solution. It takes

awtH4c to». a couple of years  before-they4-*^ year or so before they're 

able to do that.

The thing I've been describing with this s4mpieii stupidly simple 

example is something called means-ends analysis. I'm here, my goal is * 

there; I detect a difference between where I am and the goal i £  reach 

i»te mi'iiiuryf I use that as a cue to reach into memory to see whether I
^i Hf^v*^^ c"*a">"

have any experience in reducing expericncoo of 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'll have a
vJL » MU4JI* f4W% '** = N ?

solution if I have an JCm an equals sign and a number 1^ Of course, it
A- *

has to be the right number, and I won*t go -into that. It doesn't pay 

off if you just write down any number^ ^hat 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^= M* 

consists of just art ir^" in MJM!", nnrl n mimhrrt Well, we do have all
A-iL

QjuBt-tAAAJ* *

kinds of operators. We're allowed, without ch ing ing the value of

we'rg. alleged to subtract *  riuinbui as long as we do it from both
<wt£ft * Jk *^

sides. We're allowed to add a numbtr as long as we do it to both sides. 
-V**M A, ^^ ̂l
,Hultiply both sides by the same ruimbor-,. divide both sides by the same

tlM*W kdt **** A****3~~ ^
nyiibor^ en eopt watch out for zerosl^ That's about all we're allowed to 

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

ran add, subtract, multiply, and
• A f^fly

divide the same quantity from both sides of the equation. 1' If I have

an equation which has not only X's but numbers on the left side, .notA
only numbers butt's on the right side, and I want to reduce it to an 

equation with just an X a*4 an cqnalr and a number, let's get rid of

some of those differences. Let's subtract away the numbers on the left
% -£JUv^ 

side, which I don't want in the final result. >tfet's subtract away the X

on the right side, which I don't want in the final result. Let's divide
tf> au- 0*i\

by_tho ax which, Jf you've worked this out, you will find you have. on 

the left side by now.%/et'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 righty a*»e stick i
*u ** ^YlauJU^ h***«* -^v -&U t&* ' 

back in the equation. ^^-^^^^ T »

3 X - X V
2.X - (+

- £> '- I 3
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•tit xnow how to describe a system 1 V

programs 

do describe

t in terms of computer

and when we 

the processes that enable
J *^-l*»t^ 

a person to solve this equation^ldoky very much like the processes that

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

chess player to be a grand master.,Ghees player. In the case of the
«\ 

physician^ iee those spots, guess that it might be vXf, suggest the

following tests. If you're the chess player^ See that open file, con­ 

sider putting a rook on it. 44&U.,feon't do it in a hurry, think about

it awhile, but consider putting a rook on it.
d/^- yaH hava ifr equation has a number on the left-hand side,

consider subtracting that number from both sides. JJT you've

studied ̂ ^stimulus-response psychology, behaviour^psychology, you can
•^44*ftA, <^ ̂ Vfrtt^fc/Ut-

think of feHw/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 product ionAy* condition or cue, followed by an action*.
^A^LJ^}i^^^^ C-r>A* 

ypothesis hero \9 that most human skill is embodied in the brain in

the form of productions.^ /f perceptual capability of responding to a cue 

followed by retrieval of information about the action to take. 

The £Mpe*t who does this algebra problem and algebma p
/

doesn't have to have fifty-thousand chunks. Probably befei*e bcoominf
* \. "* ..._________________..——————————^~*~":-~--9

a Ph.D. mathematician ttafc person has to acquire tfce fifty-thousandft 'is^u**-
&t/&tif fylit^ 

chunks, or<4M*fee a hundred-thousand chunkTs^o do algebra problems of
!•_——•• _ _ __ _ __

this degree of difficulty^and mind you Earning to .do that -4s about one

week's work in the algebra course. "B
rf^TAJc, J

set of .productions/ 
A

I've already saa±d them you ̂ Any system,
<^f

}
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including a computer or a human bram ttw* has a way of storing fcwt

f fW^" I
\ "V* -K

I pi „ ,K - - •>' fwr:; /?//'•* /

the following set of procedures--if there's a number on the left, „
%* 

subtract it from both sides; if there's an "X" on the right, subtract

that from both sides;$if there's a number multiplying "X" on the left
—• A f*^!

f you have an
it,

//
and the number isn't one, divide both sides byr
expression that looks like *y= Nf halt and check. >oT productions

do a whole range of %*w*e algebra problems. ^H"?

in fart

^ I do not mean

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

say those rules have to reside in the brain in or^er for you to do

algebra, -what I mean
tt^ 

recognizing the cues, and

that the perceptual skill
A

i tn Bpmnry thaU^HiMyc that)

tual skill, thc^ access to. the knowledge of. actions to ake* /\ ^
For most of us, at least those of us who have 

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

well stored ttfcre that nb longer 4ftdfcb«y require/\
vse^t much conscious attention for their application. I don't have time 

this morning to go into the question of wliei*-^ Hie HjU'UTlddi y tH" conscious-
•*** *^,». * ** A » .

ness? ._,__.._._ „

of a great many of these productions^ /So that a simple recognition,

^ ,*r but cSriilinTy'IheiT^Ti e p'njluoooft-that automate^the application

takGO p 1 ace-of a situation and an'action follows it. TJiatU
£

characteristic of expert behavior.Wif thitl'rftlff rnrrrrtlj rhirnrtrrirr 

or even partially correctly characterize^the way some skills are held 

inside the human skull, then it becomes an interesting question of how
fifth 4^M^

learning, »4^*ft takes pi ace. 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

formidable about an adaptive production system.^An &daptftve production/
" " ' "'"" • I / / 1 

system isy^imp^ a computer pcdjgram wJrlch consists tf productions, and ! ,
j j / / / 1 / \ ' : [ / I / / \,/

you/cany^r/it|6 a$ gefferafl aytompjute/ program as you like in thfs pa "titular 

formax it (/turns )0tit ancj/create ^/Turing^chin^ but \of p 

An adaptive production system is simply a set of productions 

includes a subset thnt imr.r capable of constructing ^ generating new

in the form of productions. After all,

productions must be stored in the brain in whatever symbolic language 

the brain is using, and what an adaptive production system does is to

create new symbol structures^ of exactly the same kind#-put^ them into 

the system. Once they are in the system they are operative^ and can run' * r
along with all the othecstttt^s that are there already.

How might that work with the algebra example? Suppose we had a 

clever student, and this idea was, suggested iaaMM^iMLLj^aMi by
-^-4 r\ ^

watching^clever students, suppooo we "have-a-'elover-.fttudant who encoun­ 

ters this chapter of the algebra textbook for the first time. One thing 

the student «§Tdo is 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 somey workedM>ut 

nrnmplnjj ln.Jhiti (iihipttr Then the student will study tfr* worked-out 

example very carefully, study it in the sense of—well, what makes it 

work? What makes it tick? Why dooo it tick? After a little while that 

clever student may be able te work simple algehrfl problems, may bo 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-examples. Sometimes worked-out examples in the classroom
J ./

on the blackboard, very often worked-out examples in the textbook.



22

Well, what is going on there^ You see, all the information that is 

needed to construct the production system ihafwo Htodt? rolvwfehot 

problems is present in the example^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 result *ha * v VinaU a 

Tinmhir, can see the motivation for those changes, can see the gradual 

reduction of difference*between the original expression and the final 

expression

As you can see, I'm waving my hands, which in computer language
V>*A+J**\

means I'm/feiag<6ver all the difficult issuestbut there are running 

programs today wfcscfe do tMsjiinrMnlp tn hrpp .itr hnnift in dim i iMifg

riilijrlnil nfTrmmrri ,/ssentially by using Hii ••mi l.iiiJi - f —— -' 4*

analysis but using it in a questioning mode* >uch and such an action was
•' V

taken, the person moved over there; awl Why"* Let's compare *t with the
A

goal that was being aimed at. let's now define a difference in terms of

how we 99%,nearer to that goal by that action. Let's associate that 
A #

difference with the action that was takeri^Ad Now we have a new produc-
9 4C

* 0-"
tion. We stuff it into the system. It's ready to go the next time **

s encountered.
Crfst*- t^MxC-

Can this work with human beings? Another jamt yeu can play

<4*&yh&*x

j 
construct teaching material on this basisj Xuu oan Mjnsti u&t aumt

Tn factXfhe example 1'im going to give you.is not thio algebra
^ . f\ —L A . * ' t -^ t U . ' A

.*
was t ho. oxinpl c . of factoring quadradJc expressions. The reason

£^ JL
hii IIM( iml liln factorin ***dwe didn'Ud«atl»^f«hii IIM( iml liln factoring ***d quadratic expression^

had to do wit ha particular point in the school year when we were ready 

to do the experiment. The students had already done -tfcteftigdNaftie 

equations and they were just coming on to factoring. We constructed a
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4* ^ 
set of written materials on fry foil* Jag* three or four pages and consisting

wholly of worked-out examples and problems for the student to work^awd-
-r"t-c vo«-vp t ftA^-fv*- ££*j Ajr-nJ* *j~v"* <••/ tjjr

carefully -design^ worked ̂ out nnmplr- n tihnj waulfl introduce the dif-
^ /s f)

ferences between the present situation and goal one by one. We pre­ 

sented these to classes of students, (we happen** to have done this in
U/i//

China.but I think it would work just as well with American students.,s <*

We'll find out in the coming year.] Wo presented Llil*» 10 m-SPpeo of o*u- 

dentTjand Within 20 minutes^ 90 percent of the students in those classes
**«•• "*

were factoring quadratics. I don't know whether you think that's a
n^Ot^.'v

great thing or whether you <W>€l that very easily when you studied
A.

algebra, but usually about 2 days of the algebra curriculum is devoted 

to thi-itioh of 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 times- *fct will need to be compared with
)

other methods of teaching^ fe*MTThe 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»«*4^t appears at first flush at least^to be a

ineffective method.

The first comment we got from the teacher of the <iwt class in 

which we ran such an experiment was, "and you didn't say a word to 

them." He evidently had the faith.*fcat all of us college professors
D PJ J

4»*¥e that the way to spread the germs of knowledge is through the spoken 

word, by spraying the words ori^jjp our audiences. It seemed to him a 

little magical that the whole thing could be brought off without 

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

equations/ V
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The other point I wish to bring out by this example is that cogni-

tive science has now reached a point in it's development where itX no
if 

longer dealing just with toy tasks. It^s. no longer just dealing with

getting those missionaries and cannibals across the river. It^ dealing 

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

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

generate excitement; if enough bright people will come into this areaA- y
rosa^iiih, I think it can be brought within a reasonable period of years*

into real relevance to the educational process»a*rf T think that's an

important task for us ahead. > ^
j£ffirf«rf^i«fVl if^2j^^!LJ-^^---

turn to a qUlETlBiFFerenT example. As we all know, com­ 

puters can only do what you tell them to do. -§«•$ wen these systems 

I've been describing were only doing what yew frail them to do. An adap­ 

tive production system was simply learning from examples because yo* 

told it to learn from examples. 0f eo>n*»0|ffi you think about it that 

way, you. can fell computers to do quite general things. How general^

How vague can the specification be? vfhe way to study

tto& and again the way to get some hint as to how human beings
— . # 

attack vague problems. like many of the problems we deal within everyday
•rt£. ^^ ^^fc 
TT •" "*

life and many of the problems we deal withiin science, is to see whether
A A

we can, in fact, give a computer pncflenw- more general tasks. I suppose

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

task that would require a certain amount of independent thinking. Maybe
v i/ 

we'd even want to use that sacred word^ creativity to apply to a human

being who's able to take some data and out of WH* data find order and 

frWd^idUtMt in th'-data^p some kind of regularity or oUmr scientific law. 

So, let's take that as our arena jf study.
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Let me give you an example first that comes not out of scientific 

laws but out of intelligence tests. 4)ne -standartHnftthof 4

.,, you've all had it at one time or another^ fine standard kind of item in

an intelligence test,is the so-called Thurstontletter series completionA £• <*r'-
task. You're given a sequence of letters and you're asked what comes

'/:,

next. Well, we'll all go through one together. A B M, C D M. What's 

next? Qky=^B'l WE htfJIiPuLr. 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.
L I JO

What was involved? What did you do in idling that? What's this
JTLv 

mysterious process of seeing a pattern? jKot 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. YCIII hnm d liMg' UUIL, J[ou compared two symbols and 

they sounded the same, A B M, C D M. So you had an anchor point there. 

You could/conjecture\ at least/that perhaps rurj rt -tftri an M would

^ • 
A /
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
To m 

reasonable thing to follow the D is an E. U$, in f let |tha knowledge

in memory of the alphabet plus The* knowledge ^-tar^H in memory 

about identity of letters, plus your ability to recognize situations 

where these simple patterns show up. Tho fact tha.t When one thingn>
follows another in orderly success ion^the way the lights do on 

this ceiling x^the ear ds do- aefett tha tnhl&^WBg^^ta* you are
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prepared to notice that repetition^ and you are prepared to notice that 

sequence in alphabets, in numfeers, and in a few other series. In music,
ty*¥r. (̂ ~'^^^$^f$^^^^'> ' Ahsww&f ZM&IL* „_

for example,>ttF5""<riatonic anlfvjpaBm^ic.seales, the wrclo of fifths-

Vl of these elements of musical pattern that enable us to know whether

we are listening to Bach , Beethoven^ or wha t^\rgriyr^n^-4fst^n ing to v

OurvJwrt€T.canf be shown to be based on the ability to recognize repetition 
j\

and the ability to recognize sequence.

S«^ )lere 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

law. unless that was the one you failed on the intelligence test, then 
A

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 instruments^ 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 sun and similarly for the planets around

H ™n..nd P. I .. ., il .1.I.I.I 11.^ I, „ d I ti

Kepler wondered whether there was a relation.
Is

found one. a*4 it>$ called Kepler's Third
'

LawrmWe have todav, a computer program called "Bacon," V£& named, of
* , J

course, after Sir Frances Bacon because it believes very deeply in
^t 

Frances Bacon's ideas about induction. What the program Bacon does,
^ 325^ '

following the advice of Sir Francfs, whaljyMLjMsogram BargFRtees is to 

look at data and try to induceffnM^tTUysT~?laT^ Pattern/. The first thing 

it looks Jt^Yn data ls..tsr 69i whether thc^o are any correlations^
A .

around. In this oase.it wotild discover that as the distance of the
A.
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planet increases, the period of revolution also increases. What Bacon 

is looking for a^rfaSS*! out thorc is, of course, an invariant—some

kind ofvariant law hidden in the^f data.
tr*A**$^t, 

you have one 4Wag that's increasing while another thing-'

increases, one kinder primitive idea is.try dividing one by the other.
r\

the ratio will then be a constant7 «»d Bacon does that— no luck, no
*f.

constant. It gets a new quantity, P OVSE >D period\over the diameter.

But it notices that that quantity is also correlated with .the diameterp/pi. ;^
of the orbit, so it tries dividing again. It gets P '«**• B Glared — stilly p/D o-
no jackpot, still no invariant. It now notices that JL«mor "Q aepwrgd1 

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

down. Well, maybe we'll have luck. Maybe if we multiply them together,
a^*J 

we'll get an invariant. It multiplies them together. -4£ finds an

invariant—P squared' over D cubed which is Kepler's third law.
J 

Now notice that Bacon is trying different functions but notice,that

it's not doing it at all in a random way. And notice that, in fact, it 

finds the correcti» function after very little trial and error. I've 

jMihlpl oversimplified a little bit there, but essentially that is what 

it does and does it in SQinifriiinf wider a minute on a raariiinnhlr computer. -p

^Kepler took maybe ten years, but he was preoccupied with other 

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 try to give a whole long list
j Us& ,4jt**v-t-^"

of examples here of what Bacon does* /out one other example, to illustra,
**~-~""~"^' f : •*-—. , n_ _ r^_.v««*'

fehat- quite, (let's call them natural processes^-quite understandable

processes, can be used by an information processing system to discover
A 

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-MSte bit*

stretch the spring ancTftien release^M- the objects will be accelerated.
o Q A.

we can measure those accelerations. Bacgm will rapidly find

that the ratio of acceleration of Object A to, Object B will be the 

same no matter how much I'm stretched or how little I'm stretched—the
*s& -fa. t& •**w^ j

ratio of acceleration. Were is a little scientific law. I don't

know how exciting it is^but •hoi»cAis a tidskite scientific law.

Take two different objects now, or take *fe*s-Qbject and a third
5

object. and again we'll find the ratioilthe accelerations are constant,
•^ A

with a different constant. Now under tittce circumstances where Bacon

finds a law that expresses a relation between two

n will try to attribute a property to each of these object^ 

such that ifrese properties will explain the behavior of the 4tfo objects, 

this case Bacon will assign.-^ft^-^rfe*4^-^^

number Ato tWs Object, and aJ *~
number to ttwtCtfbjecUand then it will find that tb*+*amber multiplied

t^uu ^"rf^/WA* M^<^ '^A 
by tl^TrirrrlrritTnrf t^frfhit mimhtr^iiltiplirrl by

UNA iiumwjr, mullplj il>is aiLeleiallun UIW> Um fiUlfiDeT

I jpultiplied bv the next iceolaratienCTs always zero, which is an
| <Ck*nJf~ M <***n&$j^ * * ™~ A
\ expression of the ̂ conservation of ̂ maaS^^^ * ^- &* f "^^c it ~ '

Notice Bacon did two things |here. First, it introduced new
*v-^^~" 't^t^Siu^J _ -•• -•••••••

concepts. Nobody told it about fetor properties of twh^objectf. It 

introduced such a property* /he property which we know of as inertial

mass. Second^}, by the use of ttwn new presfttf 'nf propertUs/, it
<5U _-, — " 9 

discovered law*. In this case, a very basic conservation law. ofA w*
|
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* 
physics, the conservation of matt.MdTGiven other kinds of data, Bjcjun has

succeeded in introducing the concept of specific heat in experiments
;

involving mixing liquH4s at different temperatures, 44££inffCWQtri40»et
_____ . ~E&g/* 

cMfrtire7rtME€lflpff!fr'CBT^eyy||"H'Mi was a problem *M<h defied solution for

about 30 years after the invention of the Fahrenheit thermometer.
Boer-ka^ve; 

Fahrenheit andAw4MMt^ Dutch chemists, got half way, but they

stumped when it turned out that mercury absorbed less heat than
_- jtru >K rf AV*AAS n 

water^ «UMBI everybody knew that^mercury was much heavier thayc water it

ought to absorb more heat, ttercacsCtwr. It was Joseph Black, the Scotch

chemist, who introduced the idea of "specific heat." Bacon, knowing
A*SU**IL, j £*£***&$- :-— 

nothing about temperature or heat, Bacon, purely- by induction from the

data, iiHyutG at the concept of specific he a t^ in 01 dei1 iir^ff^FeBTHPff1^" T^u^At^y^fA , ^
t also fi»4& index of refraction.jlnd it

find many more. Wet&I don*t want to go down the list of Bacon's
DO ^ ^^^L..

nfyvjvywonders, wt would like to make ̂ tf t one more point before I conclude

this morning, but I think Bacon does demonstrate ̂  that one can begin
wrtLJ***J *ybt***, s ^^=T r^r~ 

to %4>ink «tect those form, of human intelligence wM-eh are usually
A. ^ ;? - 7

supposed to involve genuine creativity. One can think about what 

processes it eetild be %>wt 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, 1n many other celebrated 

cases in the history of science. ^Haasfe, there was no particular 

theoretical foundation for the discovery^ In fax*, the discovery had to 

be an Induction from fact because that's all there was.

^~ t~ "I liefifl lu •NWiftSfTone other area before I conclude here. That is
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the area nowadays usually called representation. f*3irm. \rorn human
/

psychological experimentation we have good evidence that when someone•«-* h
takes a problem jiiiiii to iiliimi In i in words and translates that problem

3 
into a set of equations and then solves the equation, or if someone is

given a statement in the French language and translates that statement
«*. <•*

into aQ|Ji»wwte*wfre* the English language! in 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 

language., the mathematica1 language, or the English. That tfrc inter­ 

venes bet&eaa.some 4fcfe*r kind or internal representation, some other way 

of holding *N-^1^formati SfTin <^J>nead^ w*weh Me usually call a semantic

representation af holding the moaning of what is input-In our head arrd

serves as a mediator between the input and the output. 
A _, _ ,

You don't translate from French to English, at least if you're any
^

good at French and English, you do^n't. You translate from French to the
/ f) ^»/rt jSi'S. 
CTxU. tMrt^uCUt, 4^<JMU^%& Ut k ̂

meaning of the French and from the meaning of the French into English.
/v

It sounds like a slow way arounaVjbut it's really the only fast and"
correct wayd a»<un^^ Similarily, a physicist, or dgaam a student in high

schooKwfee is given one of thtfse problems about an 80% alcohol-and-water

mixture which he wants to dilute into a 60% alcohol~and-water mixture.
AA+^cJA^ 4**F*~

The students who are successful in solving -ttose problems do 4ft by means-tu- A
of an internal representation of the problem wfc*eh precedes the writing 

of the equation. One of the important goals today of cognitive science
"^JUJU

and artificial intelligence is to understand the nature of <tht»GC inter­

nal representations. I won't try to say in any breadth what we know"™
, but give you an example of what I P63&$ mean by an internal 

representation so you can get a gut feeling about it.
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We all talk about mental pictures. That gives philosophers # great 

difficulty 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
_ -v. UL

a mental picture(\meanf And I'll a^k

can^form mental pictures, I'll ask aM «r you to forma'aeafctl picture
^-0 $••

along with me. Imagine a rectangle,^4*1^ IHICU if hrnnri ay it it high*, 

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

of the top of the rectangle to its bottom; divides it in two doesn't it?

And the two halves are each squares,Vyou all see the two squares; 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 drawn; Now my question is, does that line intersect the line that

you drew bisecting the rectangle from top to bottom. Hnw mnnj

Now the interesting question here, of course, is not 

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

you could prove that it intersects? Tfrat -you could use the methods of 

mathematics to prove that it intersects^ In fact, that's a^rather

difficult problem in!geometry. -It'siso simple thatfJ-s it's difficult to ^
A /V

prove these two lines intersect. If you use analytical geometry^
[*, *<s^Q -ysi**^ a *»4''vw<, J*t*--i*usi, t

e casior if you write down equations for the lines. Do you suppose
* gu ^A 

that you or the homunculps in your head or somebody performed the analytic

geometry, ^el 1^ maybe.
, j

««rt the problem of representation is the problem of understanding 
a A
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how operations of that kind can be performed on information in the human 

headed certainly, it appears to us or it appear to most of us who are 

researching in this^that those operations are not the operations of 

deductive logic. They are simple processing operations, but of a *H^
"t/6*K •bfyt'C'M V+f****1*"*- I

much morer-what ii bhd'tt^1~~c*£$s=&r-i> direct kino\. I don't have a good
btiuAA. &H 

label for 44 because there's still a lot of dispute as to how tt might
°K A ^ 

go on. -flawI could carry on my example of that rectangle and add other

information .and I could soon convince you that even if you have a pic-
i&JL QS f tt.JJ.tJ.,.

ture of tfe*tA rectangle, it's far short of a photograph. n ecw'Ld'give

about three more lines t^p^rt^d then you would have about as much
Cud

information as a» you were aobut to keep in that rectangle. *Se- a very 

limited amount of information, but information that somehow or other is 

able to generate geometric properties whi«h are not explicitly given in 

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

I never mentioned it.

——~Scs toaay there are -ggfy important open problems in the area of 

artificial intelligence with respect to how the human head stores and 

processes these kinds of semantic representations. And again., Roger 

Schank yesterday referred to this in other contexts^ about 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 

real examples- Xfart ts^ examples at the level of school and professional 

tasks, of intelligence at work. We can v»y often model that intelligence

in tht1 "3CMQ building computer simulations t*-*t which track very
A
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closely the human performance and even the human errors. He can a Is or, 

Jf we're not interested in simply modeling the human performance, we can 

also write computer programs which can serve as experts for us. Jrfe Tan 

*"TIP ***> augment human intelligence.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 .Inhit as far as 

applications are concerned, H ottat Is me. that in many ways the most 

interesting and the most important^ are the poifiiihilAftieq of application 

to tpotaftcf y We have operated our institutions of learning for too many 

years on the §^4$j tneory that I mentioned earlier—nofe- because,- we>-l

because it was the only theory &•& we had available. Just as 

medicine^when it began to understand the physiology of the human body>
-*r .^ j

was able to begin to achieve results in the -xaysot prevention and .fete 

cure of disease that it was not able to achieve simply on the basis of

folk art and skill* ^o. ^thtiris, in the process of education, we are

going to be able to improve our educational processes at all 

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 

performance.^1 think these developments have another implication or set 

of implications that we all sense. "Bad^'Tney really go very much to the 

root of the human view of our own species, of ourselves. Ite«4 every so
±f ir

often there comes along some event in the world of ideas^-«w*i*en forces 

Wtnankind to reconsider ourselves, our whole position in the universe, and 

to re-evaluate our sense of wortfvawd-1 think the computer is having
f\H. f* f- *

that impact. Caprenicus came along and we could no longer believe that 

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

culating around the sun and the sun isn't even at the center of things.
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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 Mfce 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! >ffle great shock of 

learning that the human species had origins of the same kind as other
VJ€>tC

species, that the mechanisms bringing about its creation where the same 

mechanisms that brought about the creation of other and more humble 

beasts.In u yjlifrjni We had to give up that idea of our uniqueness
>JjA**<- t

after Darwin^and most of us have made our peace with j^f. We no longer
,t4*t 

have to be especially created in that way, *aa that sense, in order to
or^Jl^ 

feel %feftt human worth.

Today there are prnplr riming nlongj and you've been listening to 

one of them this morning, who say, and I thmtoi thii is in the best 

tradition of trtry»frjfy~=irtr^^ anti-vitalist biology-*<rti«*i«y a human 

being is a natural organism, ^-a biological organism.//The reason ̂
* ^/ ^

human being£can think is because the IruiiiM UMJULIIJ ,li^ neurons and other
~~tiLJt"

structures in the brain -WHnsh are capable of supporting an information 

processing system, a symbol systeni of the kind I've been describing. 

This is the reason why we can think.

It turns out that computers with a completely different kind of
f) • . /> A s

hardware/are also abre to support information processing, symbol^
A

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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we've known that all along. We know that our dog cmHW think and our
£,&"*v *t>UXv| £+***

cat eethW* think, but. only think little thoughts. We were the people on 

this earth who could think the big thoughts. And now computers «*
^__(^vtX,

-rum iiuj^laafl an d 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

-*-i.u1uli»n to EM s that* 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 uniqueness, maybe the

trouble consists in considering that it is our uniqueness nhifih defines 

us as human beings, our uniqueness whi>h fefinftt human worth in this

world. ft*d. that'^iic •en/again find a way of relating ourselves to the 

world in which we ftn^OMmc^voc— not by finding a new basis for pride, 

for judging ourselves in some respect^ superior to the rest of naturej 

t by setting ourselves apart from nature, but by recognizing at last

that we are a part of nature an we must learn to leave at peace with 

nature.


