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- - . In this paper we examine the diffierent kinds of knowledge - and
strategies necessary for "understanding"” in three radically diffengnt'
domains -- nadfiely stpries, solutions to mathematical problems, .and
electroni¢ circuits. From analyzing -the understanding process in
these different domains, ‘some syrprising similarities have emerged
concernlng the role of planning knowledge and the’ strategies-govegping
o the application of that knowledge for synthésizing a éeep strucdture
analysis,of a story, a’math solution, or 4 c1rcuit. Insights gézned
from these similarities are applied- td the problem of tea ing
<, "learning Sstrategies to' students and of developing an expanded
stheoreticaL basis for further researeh in learning styategies.
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John‘Seely‘Brown, £11an Collins, Gregory Harris

y . IXTRODUCTION e e

The fieid of artificial intelligence grew out of the dttempt in
the late 1950's to build computer programs that ¢ould carry out %askn

requiring human intelligence The goal wa%s to_build,aacbines tbat
’pould understénq language, reeognize "objects in 'eoeées, “act as
intelligent robots, solve ﬁroblems, play games such as chess, teach
students abou% different subjects, etc. these problems have not been
oapletély solveo, but there has been a steady ,accumulation‘of tobls
nd tecbniques in”art}ficial intelligence, such’ tnéé' the progress‘

"sophisticated bBobrow and CoLlins, 1975; Schank™ "and ‘ébelsony .1977%
Wifston, 1977). ) 0

In order to boild these onogréns, ar%ifloial‘intelligenee)hay
"_developed a éariety of forpalisps that' in tufnfprovide a new basie for

. &
analyzing cognitive processes. These formalisns are used. to express

designed " to carry out these tasks have become more and more

structural and procedural mechénisms and 'theoriesf‘ebout human
- problem-ggzvfng, planning, representing knowledge, arrd udéerstanding

text by .computers. Our belief d4s that the cogniZive and artificial,
_intelligengce theories expregsible;fﬁ thene -formaliémée'ban begin to-

provide a domain-independent, theoretical foundation for researgh in
4 - <

-

1e€rning strategies , v - :
+ With the development of these forsalisms, there has been\ renewed
interest in what it means exactly to "understand®™ a piece of text,_a.
egt-of instructions, a problem solution, a complex .system, etc. ~ This
lhas‘ %epeatedly, led ' to the realization that “understan ing" requires
different klnds of knowledge nes explicitIy referred to in the text or

problen. solution, as well as _t:g;ggieg for governing how this

-

impplicit kmowledge should be used in ‘sy‘r\t\hesizfne a siryctural model

' of the,meaning of the.text or problem solution This' model, which we

call a gggn_gtzng;g;g_tgggg is a complex hypothesis about’ the plans

and goals of the characters in the text or the person who solwved the

’ L3 ~

problen. : :

.
‘ ) /‘_/’. . =
. .
PAraiitex: prova c > ! - . -
. - - * * .
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. ' Thea intent of tbis paper is to@éxploce tbe role{of the different

: gindi of knowledge needed in tbe understanding process and to. examine
those insigbts- we have gained about learning strategies tbrougb the

. recognition of the tremendous amount of tacit knowledge that must be'
expioited ‘by . students as tbey try to understand Soqftbing. 'Tnis is

. especially relevant for 'lefrniﬁg strategies because in analyzing‘k

:T,coaprebension "tasks imr a variety of gizengeng knowledge domains, we

‘ have begun to see some_ surprising similarities in "the kinds o?,

’ strategies and 'knowledge'rused in' these different doéains. This*

- suggests tbat'tbere may be general learning: strategies that will
enbance a student's comprebension -abilities ~oven‘ a‘wide°range of

L content areas. Rigney €1976) has claimed tbat "The approach to
teacbing students cognitive strategies has been tbrougb coéntent- based~
instnnction and maybe, tbat is wrong and shpuld be reversed, d.e.,

- cpntent " independent }nstructiontﬁ Rarely - has anypne tried to make
expl?cit or fqrmalize the different kinds of stra}egies and knowledge
needed for_“undfnstanding" somet?ing in " evenm * one content areaf:let‘

. alone in deferent %nes. Pernaps. tbat ‘is why we have not seen
powerful generality along, . the learning strategies dimension from
cowtent—based instruction. . $ ‘

»

One goal qf a.learning strategies curriculua might justifiably be
; first teach tbe 'student all of the apstract, tacit knowledge ang
strategies that underlie problem solving and “understanding“ for a
particular content._ area, and tben later to show bim,tbe generality of
these strategies across conteﬂt aneas A Alternatively, a curriculum
ligbt teach the knowledge and strategies ‘in a content- independent
form, and then sbow bow they appiy to different content areas, Eitber
approach would help tbe student to more readily . acquire ©an
understanding of that particular domain of knowledge. By transferring.
~ these skills, {t would also have a significant effect ‘in his ability
to’acquire other gquite sepanate domains of knowledge. i ..
It has been sometimes suspected that’ presenting a -topic - to-
students in tbe clearest way can be counterproduetive in tbe~Iong ri%,
’f since tbey do not have toistruggle with understanding ggp concept, and ]
walk away expecting that real wdFld situations wild alwéys bé crisp, é-
lear, " and easy cd grasp At first glance this would seem/ to argue

against .articuf%ting the taclt knowledge involved in understanding a

‘
~ R -2- C -t

» ) . -
..
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concethér performing a t?Skt since~it miéht make funderstanding" too
> ' easy angd compartmental. However, it is, precisely «this 1lack of
attentiop " to tacit ® knowledge that » often. causes ‘"optimalb.
" presentations of 4 codcept to , have this effect .If a,concept is
explainedi without explicit“reference to the mplex . processes
necessary for - understanding it, then the student wgll not be able to
reconstruct ¥he process himself. However ff a concept s presented
by showing \how to ‘successively’ refine ong's undersginding of’ the
“concept (dr, more metaphorically,”how to experiment wiﬂh the” concept
in ‘order to "debug" oene's ohn understanding of it),' such a
presentation will not be”counterproductive. o’
,Befpre proceeding, let us‘restate our premises frpm’ a s;ightly
different point of . view. . We believe that (1) by emplicating the
underlying domainfindependent cognitive processes, strategies, and "

*

-knowledge that , a student must “use:- to, "understand‘ a new situation)
. . text, set of instructions, solutiohs to a problem, ete. (2) by
finding ways to teach him a, general awareness of these processes along
with some learnlng strategies based on those prdcesses, we can provide

him with a foundation for acquiring new ;nowledge in the future .and

F - perhaps, more importantly, dg}inish his fear of being confronted with

. new conceptual material thdt he. cannot instantly understand -How
.~ detailed these Learning strategies pust be i? order to be effective
2" 4is, of course, an open queslion But simplv making the student aware

of the existence of some, very simple strategies that are in concert.

}’ with ° the »cognitiye processes .involved "in  his’ synthesizing an

. "understanding" can be surprisingly useful. For example, the , act of

>
-

- "understanding,” in itseif, can become less mysterious with the

'realization that comprehension'is an aotive-;process')requiriné _the

-

formation "apd revision of hypotheses about the meadning of a given

Fe
?

event or aituation. .

.
’ -,

In this'regard we are reminded. of an apocryphal ~stqrv_.of as
., teacher who gave a young student a problem o work out. After several
-minutes of attempting (and’ failingi to solve it, the student asked “for
help, and was told to return’to his chair and to THINK, about it some
more. At this point the student broke into tears, .exclaiming that
everybody t;lls him to "think"™, but he doesn’t have the slightest idea'

. of :'@hat that- ‘means! Naturally, he felt terribly frustrated. ’

~

= . -~

‘

- h -3- .
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'“Thinking" was something that he could not see, feel, or_  touch. ., If

seemed to. him .that everyone assumed he knew ° the secret to fhis magical

experimental prograns to teach > students to “think“-' (a 1la
problem-solving) but where aqe these students bedng taught” how tT
unggzgtgng sometbing new on’ their own, let alone what it méans“ to
”understand"? - . . a

.

’ ‘- ‘ - LS 4 ~—
In the next three sections. we will analyze the knowlédge and

'strategies underlying three radically different domains: understanding

stories, problem solving 4n mathematics, and understanding\ electronic
circuits“ We will procegd by descrihing the cognitive processipg of a

person perfgrming th se ' three taaks in .terds of -artificial

inteiligence concépts.

This analysﬁs is not meant to ~ be definitive

Rather it is sugge tive of a kind of analysis and concern that might.
be benefic{sl to learning strategists We will conclude the paper

with a discussion of the central ideas that have emerged from studying

the izavariances over these disparate domains. we wil‘ also specify

the implications this analysis haslffor a learning strategies

curriculum, and suggest some techniques -that might be useful in '

teaching these strategies. ) o ' .

-7 4 . '
.

process. ,-When' he wWas told to think abqut scmething, all he could do .
Was stafe>b1indly at the. .problem ard panic He kept wondering why no
"ome would tell him the secret . Today, schools are flooded with’

.t
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UNDERSTANDING A STORY -
) - . D] L - S
- Y . R ‘9>’ -_ o

i ) 1+ We will begfn with story understanding, since this is the domain -
that . has been analyzed most thoroughly and - because it is, easier to
nnderstand the artificial intelligence ~terminology in a famiiia; )
. context. 4t the same time, we think the reader may find it surprising
-.hcw much problem soTving knowledge is inVolved in. the c?Zprehension of
a story. ?e have. chosen an Aesop fable called Sﬁgng Sgup ‘that =~
requires a fair amount of.'problem‘ solving to interpret both the

k4

characters',acfions and the author's intentions. . - 7 .
= } . . . . »

* . - - ' -

~ . , Stone Soup . .

¢ ’ A poor man came to a 1arge house during a storm to beg %or s
, 'food j~ He 'was, sent away yith angr? words, but "he went, backland
- . asked& "May I at least dry my clothes by the fire, as 1 am wet
‘from the rain?" .The maid thought this would not cost anything,
so she let him come.in. < ) {
Inside he told the cook that if she would give " him = pan,
and iet_ him' £111 “it with'water, he would make some stone .soup.
Since this was "a new dish to the cook; she agreed uto let him’
make it.’'+« The man then got a stone from the road and put it in
the pan. The cook gaue him some sait, peas, mint, and all the’
scraps -of meat that she could spare'to'throw\in. Thus the poor'
man’made a.delicﬁous‘stone‘soup and the cook saio, T fWell donei

You have made a silk purse from a sow's ear.m

[
~ 3 . .o

Surface Structure and Deep Structure ITraces e

The story recounts a set of events that occurred as the poor man ~ -

. 80lved the pr9b1em of obtaining food. AMhis set of events is the -,
surface g;gyg;nzg tcagg. of the. story. They are thé result of the I‘

e

“man's problem .solving activity. ) ¥ L

AP . z

To understand this story in . any deep ,sense, the reader must‘

. construct an ‘interpretation of these. events-of the"following type

{Adams and Collins, inipress): ‘ ' )
1. The poor'man is. prevented from obtaining his initial "goal. - ‘; - 4
2. Be uses a clever means fo get part way to the initial goal ‘. |

3. He then uses an even cleverer' eans to réach the initial goal.




-

[o

A

¢

il

e ths undérstanding of the story is not ,a.'simple tra/}l of how the. ., -

‘eventss in the _ storyeare linked up, but rather a’ dggp_stgy_tggg t ace,
that is, it is uot at all ohqlous from the surface form of Lhe story.'
Tha/ reader must reconstruct from the surface eVents how the. poor,mbn
~soived the problems he faced in the story Lo e

4

2N

e The reader must utilize many, different types. of knowledge in

order . to construct such an interpretation of §Lgng_§ggp We wﬁll try'
{to “illustrate them and‘theh we . will briefly -try to recount—-how a
skilled reader uses these deferent kinds of knowiedge to understand,
the story on several different levels T '

. , - . . '
- had A
oL {'12‘;" - . - : ! .

- Y v .

] A large amount of bgsigukngxlgdgg about the world is’ necessary
to understand Stone soup (1) that ;ggyggis work in large houses of
weaIthy'people, are paid with room and board and small amounts of

" money, and want to please‘their employers' (2) that miidg clean ‘and

take care of the residence and play the role of butgbr if there- is
none; . (3) “that to make ggup a cook slowly heats a'base of some meat,
bones, or vegetabvps plus other ingredients in water over a low fire;
(k) that ﬂables are ‘short stories with a morai, designed to explain
people s motivations or- actions, and (5) that a moral is _ the summary
of-a story structure, usually in terms of what a person should do in A&
given situation, and usually,in ‘the form of a pr&yerb ‘or maxim. <These
are English descriptions of a osmall part of .the basie knouledge
readers have about these concepts. g '

el
= 7/

- Schema theory - (Bartlett, 1935, Minsky, 1975; Rumelhart and
'Ortony, 1977; Winograd, 1975) ‘provides a very general formalism for
represehting different types of knowledge, including the basic
knowledge described ‘above and the planning knowledge described beiow.
}gis that thew
have various §lg;§ for.* variables (Mingky, 1975) thbt can be filled
with different'values. For. example, the ~slot of the master. can ' be’

potenfially filied by any' adult and the plaog where the cook heats

Qne of the fundamental nqtions associated ‘with schemas

meals can be filled by a stove, ovef, fireplace, et@. Associated with

each slot are ggiaylt_lglggs which will be, aseumed Af e value is
specified. For : example, the default value for a master is” the owner

) ’ . - . \ 4 ’
. I‘ . - ’ 1 1 , R . .
3 . ~ - . ‘ Al
’ . S G .

s




Lo e ) . ‘ oo ) . )
of the hou‘se,i and ‘the “default cocking. place is .a stove,> Thusa

‘.associated with any slot is information anut the- range of vaIues tbat

s

gaf fill .that slot plus the- most likely values to fill it ﬁor
particular\prediétable congexts. ) ’

.:: N ,‘-\\ ‘D‘ A N ‘ ' . “ .-
s g ’ &‘ .ot : B .

- - - . -

s - -
. v ¢ - 4 ‘N

P s~Heaﬂs-ends analysis is a procedural formalism developed by Newell
" &nd Srmon (1963) in the -General Problem Solyer (GPS) that was designed

to simulate human problem-solving. Means-ends analysis operates as

{§llows;’ If there .is * a methodrto reach a goal directly, then “that :'
method is applied. If there is none,-tben a subgoal is generated tbat
. reduces the'difference between the' present state and the .goal, if
there is a methot to reach the subgoal directly,athew this method is .
applied; otherwise a* sub- subgoal~ is generated etc. Orten a
i potentially wuseful method cannot be - directly applied because the<’
.~prerequisites for tbat-metbod have not been met. In this‘case, A new i
'subgoal is generated that tries to, alter the given State of afrairs so*"
"~ as tq enable the application of this method - g
v, In §tgne_§gun the man is hungry and is trying 4o achieve ‘the goal
of obtaining food _First he applies the m\thod of begging for food

but’ fails) However he does Zcbieve tbe prerequisite of attracting

- the attention of someone in the house, He then pursues. the subgoal of

A s ’

getting into bhegkitchen near the fire, which reduces the difference‘

between his current state and his goal. Then be pursues the second

subgoal of getting the cbok fo belp hih make soup, "further rqducing
.~ the difference. As Newell and Simon arghe, people solve problems in-

everyday life and understand the actions sf other people in terms of
4he means ends strategies described here.. " . ]
Applying means-ends analysT”/'to a, problem-Solving g{tuation

-

:produces a tree structure of goals and suybgoals. The tree structure

. for is illustrated in Figure 1. The eVepts in the_ story:
" are the ter in the tree structure--the begging, the’ askfng
s Ve
permission, the going inside to tﬁe—rfTE“"‘EtU—“—‘ThE

trace is tbe structure of goals and subgoals above the terminal nodea.

~Recently seyeral researchers - (Mandlér ‘and Johnson,’ 1977,
I ) .
Rume.lhart 1975, 1977) have develoggd story grapmars ‘to specify’ the

structure of well-formed stories, Iheée story grammars are formalisms

- 1o
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L , : Heg;ed Tree Structure o%;Goals;and Subgoals for Stone Soup s

o, - . ‘  : * . b -

. -G'oa mé fed =& ¢ ) T RPN ~

et éubggag Obtain food~ v . T e e -

o thod: Beg --> Pails v J 4 _ . S

T . Subgoalr—Get inside ¥ o

- L. r Subgoal: Con maid for ‘permiss inside . .

a0 s, - Method:s Ask. gersission toA; self -=> Succeedg o

e §pbgoa1"uove nsid : .

- . \\ Method?{ ‘Walk' (Default valuef =3 ,Succeeds , . .

Subgoal' Obtain soup

N ~* - Subgoal: Con ,cook into :giving-him- é%up- . .

T ‘' v .» - Subgoal:’ Con cook into helping ke solp T .

- . . ~ Subgoal: Con cook fopr_ permi o make stone soup .- . e
IMethod: Bargain recipe ﬁor sion --> Succeeds.

3 Subgoal: Get pan . ’
I 1 .Method: .Ask cosk—=<-> Succeeas“A - *
e . Subgoalz Getvstone }’ . - . -
: Metkod: Go out to road -->rSu0eeeds S S
) . ! Subgoal: .Gook soup’ .
©° .~ - b Method: Heat stone in water r{1led pan’--> su eeds ‘o

'

’ Subgo - Con ¢ook into addin% scraps of _food

Mg hod: Bargain pis.contributions for’hevs --> Succeeds
Subgoal: est’, soup
e ¢ Method: Drink" (Default value) -= sucgéeds : LY
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. structnre trace must fit. Ia fact,” they define the eet of tree.
Z;?;}"struﬁtures that mean-ends analysis " would produce. Thus, they are
ﬁ/ compaot représentations for the ta;get struetﬁr& that a .reader“must
'.zthoonstruct in .Order to undenstand a story. Story grammars are specific

. o the domain of stories, but there are/similar target structures that
T guide understanding in other domains,' : - . T

. . 4 . . - ’ - ..
[ 4 Pl ! N - o ¢ L - .-
« ’ -
z - - - N
R .

I .

. and Schank (Abelson, 1975, Schank and Abelson, 1977) have developed a
ggltggt_thgggl to acoount for the way that- peopke construct social
" . “pland. In particular they are. t}ying to specify in formal terms the
goals and methods that- apply in a .sgotcial conte/;. using means-ends

- . apalysis., * .

>

»

‘A deltact does two things. it permits the factorization ‘of the
differences between a situation and an "arbitrary social goal into a
fewl familiar categories. and it gathersiﬂﬁgefher all the methods that
might make each diffewence category reducible in an actual ‘situation.

abbieue a social goal, That class is broken into methods, which are
ordered to suggest which to try -first~ A method of a deltact is .
something that is done (a segment of a pI’hT ‘plus the preconditions
under yhggh it may be expected te reduce the deltact difference as
s promised The plan segment may contain anything: it ean be as v;gue
o as a goal to satfsfy or as specific as a goal + _deltact + 'method
aY ady ingtantiaﬁed or a specific action to take ;gg;gg;ng in" the-
_actual= pan&icipants. The claim is that with thisﬁglanning_kngjlgggg,
Z/ \:”elabofate plans can e, constructed {such as those of the man in_ stgqg
ﬁéun)y and complicated sequences of -actions can be understood B -
. . ‘Some aspebts of deltaet theory can be illustrated in terms of
e ,§;gﬁ§_§gnnf Two deltacts serve high level goals in the story. (1) the
- A man‘s.gpal of obtaining food is acco shed by a "/\HAVE (a change of
. @ossession) and (2) the goal of getting i the house is accomplisheﬁ
by a L;PROX La change of proximity). Each of the deltacts has a

formal definition: a LLHAVE has five variables, an actopr causes an

.. gfor specifying the. posfible s_ans.&__at_mszum that a StOT‘Y‘S deeP
: Y

. The proFlem solzipg strateégies based on - means-end’s anglysisx
. provide a domain—independent method fcr constructing plans. ° Abelson; .

< PR -

. deltact“ is a class of acts that reduce a certain difference to

4
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P
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thggt to change posseésion from the ngggggggn to the ngeizgn g; some
_ mgang. In Signg_§gnn the poor man causes soup to change possession {
L frOm thé _cook ~to himself %y | Some unspecified ‘means. The\b is,an D
' : ordered aet of methods for obtaining a LLHAVE. ‘The methods are~ ASK° B
INFORH REASG&; BARG!IN QﬁdECT BgBGAIN FAVOR' THREATEN ONERPOHER" 7
STEEL In ﬁ;gne_ﬁggn the.poor ‘man first tries an ASK to obtain food

) from the maid, hut ends up using a BARGAIN FAVOR with’ the cook; buyihg .
o - .is a/ special "ease ,of BARGAIN OB ECT, where the object bargadned is "’
moﬁey. The methods are ordered’according to the priority in' which.

the should be Gsed.in constructipg a: plan,‘but the order changes An
ifierent contexts. ’ - R . .
Each of ' the'se metFods is-formally defimed as.an act with 'various
prerequisites and’ results (Charniak 1975, Schank and Abelson, 1§f?).
:In Schank and Abelson s theory an ASK has ghe following prerequisites“'
(1) the asker is near the askee, (2) the ‘askee knows,thq information,‘
. and (3} the askee wants to transmit the ‘information, to the asker. The
'l;i,,result is that the askee fransmits the xnformation to the asker, which

- in turn -causes the _asker to have the ‘infgrmatibn., Hhen . -any

2

.
T L

e

precondition for applying a method is not satisfied, then a deltact
. can’ be used to propose a _plan fér obtaining the required precondition.

- This is how-subgoals are generated in the theory. - Tl
Essential to Etgne_ﬁgun is the notion of a CON: A CON ﬂas :the%? "
same structure of prerequisites and results as does a method but the
. actual act involved in a CON may be 3ny of the methods that. Schank and
Abelson (}977) describe.! In conning the thatd, the man used, _an ASK, ';1
whereas in_the case of conning the cook he used a B&RGAIN FAVOR lﬁhat,u- :.
the reader knows about a CON is’ its resulte-X gets nearer his goal
,h(GT) ‘and its prerequisites:. (1) X must have a goal Gl, (2) must,
fhave a goal (G2) to prevent X from obtaining Gt and a plan fdr G2 that
X and Y believe "will work, and (3) X nust perform some - act that 1
thinks 1is directed toward a different goal- (63) and that” helps X .-
13 obtain. G1 without Y giving up either the goal 62 or the plan for it. . o
To identify a- CON in reading a story, - "the reader must -mateh the
preconditions of any act in the s€ory against the prerequisites of a
. CDN, and find (og guess) all ‘of the participants by named ) '
Deltacts iIlustrate the notion of a difference. They facilitate
ghe reduction of difference’s by, suggesting methods for the means-epds

1015
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ii}. analysis that will reduce me\br*aLl of the fferences that//have :

’ﬁi" beenqnoticed in"a pair’ ofhactual and-desired situations.
_ . Reags-ends analysis operates hy sganghing among the known, Deans ~
}' : or metnods for‘those that will a%tain the gnds thst are sough , ‘:1
. expressed§ fn terms of such differences. , This analysis depends on gwo™
3 _ ~p£eces o? lanning knowledge* ‘an 1ndex of the known. methods in terms

f?' - of descriptions of the differences they can be expected to reduce, and .
' a technique foi computing the differences from a given situation plus

N
-

- -’ —_—
7- .- .

;Vf~ ;gg,}, hat a me?hod indexed by that difference can be gpplied.
‘:- :- ‘ € i ”’ ‘ o ' o . 5;‘_‘_':,'" .
N Strategic kthledge refers to knowledgevthat tqe reader uses™

<

. ‘B
drive the process of trying to make.sense out of the story. It ia the'

-

most elusive kind of knowledge because it isipot ‘at all apparént in
any trace the reader may léave of his understanding {such asfgﬁaummary
of the story) . Perhaps for this reasd//tbere are no explicit theories
gf.ahat comprises this*knbwLedge ’ o ) ’
We will list a few general principles that skilled .readers must
use 'in understanding stbries, as .a first attempt to specifying éhat' “

P \ -
. - .

. 7 some of this knowledge nust look like

AU I 8
%, . . *

”

Y. The deep strueture trace constructed by the ‘reader should make 2

A

. welliformed story. ] glhings such . as episodes should begin and
., end.). * - ‘ - ; 7 '
,: ?d 2. The deep struc%@re trace should somehow accommodate every event'
4‘ U;S% in° the., story.. oo S { BT S
. 3.. Every slot “in the schemas used “to understand the story. should be'
A/'\ . filled,. breferably by values specified in the -story, or by ’
R defaulﬁ vaLpes that do not contradict anything in the story. B
o 4, Authorg&write stories- for particular purposes ‘agd the reader
B . shquld- donstruct an. interpretation of the author's intentions as '
'!1?’ s . .Wwell as an interpretation of the events in the story. -

° 5. The rea@er should reread to syntheéizei new intergretation of
the 'stgry, if any of ‘the. strategic conditions (such as the, four

’.

' above) are not‘satisfied\_ ", _.: Y. .
73515 .j.‘u- Prdncipleslsuch as these must be operating as @ skilled;'reader
tries - to.. dhge sense, of the story, but there may’ D& many more such’
) prfnciples. ’ : . E ‘ T :‘




1

.

"
U N
N A

>
~

f . With’ this glimpse of *'the various kiﬁ?s of knowledge needed . to ‘

undérstand -a story, we will briefIy describe how a ¥killed reader

synthesizes this knowledge to understand S;gng__&gun Comprehension‘;

t involves a notion of 13113§1g_§1391ng where elements in the story are
honnd Yo qlots in different knowledge structures. ¥here a value ‘is

ﬁot spgcified in the story,.it must be assigned a default value. ) For.’

; example, when theé man begs for food, this is bound to the nethod ASK,
which in turn.is bound to the goal of pursuing a LLHAYB %6 obtain

S foqi The reader.makes-the default assumptign that thé man® s ultigate

goal is eating. ‘to alleviate his hunger, rather than giving the food to
his dog, for in;tance. The way objects and events in the® story ifivoke
ﬁifferent, ~pieces of knouledgee to suggest hypotheses is called

1 * i

ﬁg&ggn:yn_nzggggﬁing. Fbr example, the poor nan s begging for food

.

suggests he wants to eat. In contrast, the way that knowledge schemas

comppete to . provide the best hypothetical account for “the input data is

called  top-~ gggn ,nnggesging For example, the goal of get¥ing inside
- the house competes with‘that of getting dry as an explanation of why

4

+« the man asked permission to dry himself by the fire. aken together

3

these two processes allow the readeK to piece. togethag— the 1large

dmount of structure'necessary to integrate the struc ral fragments in
dyzrtony, 1971).

The skilled reader uses- bottom-up .and tqp-down processing to

the text (Adams and.Collins, in’ press; Rumelhart an

formulate hypotheses abouf the deep structure un?érlying the various
..,events as he encounters t em in the story. As/suggested earlier, the

reader makes the inference that the man wants food because he .is

hungry. The . -default ne;hod of obtaining fﬁod is buying it-—BaRGAIH

OBJSCT, but this is, not’ possible since the pan is poor. The ASK is

thwarted by tge‘ maid's refusal. There Ac

methods,but apparently the man goes off to’ beg elseuhere. " He then

e a numﬁer of alternative

returns to ask if hevcan dry himself b xhe fire. Apparently he has,

changed his top-level goal in the means ends analysis strueture. This”

change agrées with the fact that it is? raining, and drying himself
could ‘pbe “a reasonable .lower-order goal in the man's goal structure,
" Thus an intelligent reader at this pbint may be led into constructing

an incorrect hypothesis as to why khe _poor-man asks to dry- himself‘by )

3 / -
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. ‘ﬁhen the'man suggests making stone soup, -the reader may construct

a aecond incorrect hypoth&sis. the apparent goal is that he vants ato:
teach the cook a new recipe. There .are several clues, houeveg? \” 3.
~ .—'ﬂ*

. allow the reader to formul;te a different hypothe%is about tnefénan s

goal‘ (1), Stones are it in thé variable range’ of thinga from; which
_one norsally makes soup; {2) Stones have po,food content; ?{b

Because the\ man helped mafe the soup, the reader-infers thdt he gets
gto eat 1it. This satisfies the original toﬁ-level goal gbat the réader

» constructed for the man' g coming to the house in the %firfﬁt place.

However, ‘these three fEEts should lead the réader to donstruct a.new
goal structure in whiéh‘paking the stone soup is La subgoalu beneath
the higher levei goal of eating. 1In tnis new strucﬁure aaking stone
soup is a BARGKTH’FAVOR for the subgoal LLBAVE to obtain food. This
nesting of the goak structure eliminates an_ unsotivated change of
goals. TUntil thiS'ret}sion is aade, the third strategtc principle we
named abdve--no important slots Jleft unfil;ed--is-vioiated because

there is no purpose for the, change of goals.

-

. -

d-(3).

R ,
-Given this restructuring, the reader should ¢ also beg able to

-
-

revise his earlier $meorrect hypothesis" a; to why th Ban wanted to.

dry himself by the fire. To do this, the reader mus
@an nreeded~ f /\PROX to get into the kitchen, smer
with the cook to obtain foop - Thus %?king to dry hiasalﬁ by. the fire
can be subsequently interpreted as a, COK: it moved the man cloBser to

“he could bargain

the initial goal of eating that the maid had prevented' however once
she thought the action uas directed toWard the goal of getting dry, she
alLowe him to achieve bis subgoal, @y restructuring these two acts

under the one goal of obtaining food, the reader has produced a treé‘

structure that fits ‘the constraints 6n a well- foraed story. 3ccording

>
-

T %o Rumelbart's (1975) story grampar. N . .o
‘% .. . -
Knouing that this story is a fable,” the skilled’ rezder‘ should

notice th@t the ’

-infer that the story has a uoral‘ a prescription:;or how to behdve’ in

a given situation. ‘The reader. can convert thé deep structure trace Ire
conatructed to a moral something like the’ following' if oné method
*fails, you can ofteg reach your goal by a more circuitous one that is
clever but not’immoral . Therg are several unﬁerlying aspects tb ghis
.moraL: initial failure, persistence or‘reﬁeated trying.when you fail,
ohanging methoggowhen you fail, devising;‘multiﬁstep plans, 'using

/,

. >
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clever means such’ as a CON, not using jmmoral means such as THREATE
OYERPOHER, and STEAL (sge the sSection

'_ and finally sueEeeding. The avoidance of immprality’can oniy [be

realized from the reader's knowledge of the alternative methods

,aan ,didn't u3e. This ability to- evaluate anotker person's
~

- derives from,the reader's own ability to plan, . ) Zf‘
of fable are

7 Furthermore, if-the reader knows. that the points

o?ten proverbs,, he Eight be ablilto select the correct one for Stone

Soup. This is done by matchipg the various. aspeots of the deep

structure trace of the story againgt the deep structure trace of any”

Y,

-

.
Z!
3
- -
“x
.

v~ 7

'~’~5

“‘M

.candidate aaaims. Pop example, "If at first you don't succeed tr;i.

'try . again”® aatches the- two aspects of failure and repeated‘ try £.
'Hbere there s a will there's a .way" matches four aspects fairly well'
persistenee, changing methods, using a circuitous (multi-step) plan,
and ultiaate success. Reither ‘of these proverbs matches perfectly or
includes the eleverned% aspect, but that!s why we have fables.,;

- By tracing the process of unC}rstanding through diﬁferent stages,
:we have tried to sh3g (1) The problem‘golving procesiing necessary
to Tforming hypotheses about the underlying structura,, (2) The way °*
the reader mpst construct revised hypotheses from the incorrect ones;
and (3) How notions (of means-ends analysis, goalg, and aethods for
-agnieving'those goals are integral to the understanﬂing and evaluation
of social events in the world. ' In particular, we have hinted at cﬁ;
quality between problem-solving and'underétanding where we, in part,
dchieve an .unnerstanding ‘of this fable b§ .recapitulating a
hypothetic trace of how tue beggar was achieving his goals, what his

.

faethods and intentions were at each step, and so on. . ., % . =

=k

We, §as readers, must actively 3nvdke;bﬁ? own problem solving

~

strategies in synthesizfng a deep strueture hodel or understanding of

.

Y

-y

" this story so as to be éble to bridge the . 8aps hetween eaCh iine 4n " ”

the story. Hence, we see.tbat even :simple ,stor}esx} tﬁe reader
cannot expeect, to be given or told everything. Indeed, he,must

partic{pate, so to, speak, in tie-S5 ¢vent that he is ¢trying to .

ﬁnderstand. _This ,ofterr .happens almost unconscioue}y since the

pianning/ knowledge and, problem  solving strategie§ needed to
partioipate ' are  thoroughly ingrained in ,our heads, ~ However,

uﬁﬁexstanning lessf common events (instructions, systens, ete,)

- ’ PR
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( reguir'e's ar.i “activeg invocation of this’ knowledge, as we\ all__éee in -
' consider’infg the leBs natural domains of mathemat.tcs and el ctronies..
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In the previous section ue'discussed how higher-order knowledge
: in thﬁ.form of plans, methods, and hypothesis construction strategies

4

inl the area of social interactions must often be used in order to
‘.understand even slmple stories. 1In this section,. we will sketeh out o
i nf*analysis,/of the ,understandingj,of a solution to an exeroise in .
" elementary mathematics that direcblv' corresponds to our‘#preceding
analysis of story ,conprehensipn. The cornespondence_is betwecen the _
straﬁegies‘iand 5rocesses used *to conjecture' and f111 fin the - - —
unmentioned ‘plans in a story and*thgse used to £i1l:im the motivations ' h
for ' the steps in a solution to a.mﬁth problem. In both cases, the
e_lrnes conprising the surface structure of the story or solution must
2 be augsmented < the understander berore ,a deep structure trace

s

constituting an understanding ¢an- be' generatedaa ] L

While studying mathematfc&, probably everyone has experienoed at
s« ONne, tfne or another the- phenomenon of the almoat magi b1 ngture of-"*
< mathematic proofs .or .solution paths--the steps " leading to ~ a

solut*on--;hat are.encountered in studying most mathematics textbooks.

Somehow the critical lines or's proof or critical steps in a’ solution ‘-

~
*

seen to be pufled out of thin air, leaving ‘one in awe -aboud how these
steps .were ever conceived of or selected. Although each step of the
roor, or solution, seems plausibly true as it is read the proof as
a uhoIe is hard to remember; one could’ not summarize it except by ‘
reciting it verbatim from memory--much like what one does for."a story T .
- which makes no sense, or a magiec act” in which the. trick remains
»:, - unknown. Horsé, the proof as a whole doés not seem to bear ore than'
‘a cofncidental resemblance to other proofs that are presented "on the
same subiect.“ For a student to develop the skills to understand, as

-opposed to rotely memorizing, a n%u solution--let alone‘skills‘éo

™ n

,create‘his own solutions--the sense of * what makes one proof or

solution ﬁlike“' the otﬁers is needed. - In short, "the answer is

?thene;n*]utia student who does not ‘know ‘'what to 1look ~for “candof. ¢

v - . -

~

CM g

really see it.

- For the rare student who hag seen how it all.fits together, a

:newly "worked solution" seems welL-planned a deliberate Sequence . of’

4

steps culminating in the desired result. The steps are, often so

: ¢ -16- . v . . .
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directly jnstified and self-evident tbat after a while 'tbe gstudent -
begins to , speak of steps "falling rigbt out™ and nmoving toward the '-T
solution‘--Spatial metaphors. These metapbors are -the inarticulate o
allusions to” babits of’ thgught in which the same knowledge is used in »

solution after solution. _Ihis‘planning and strategic knowledge is .’

identicdl in  structure and  function. to. that used " in- sstéry’
unaerstanding. - oL . -

~—]

-~

To demonstrate this tbesis, 1et us ‘start uitb a conecretée examplé
drawn from Bundy (1975). .Consider the task of solving the following

~",equatipm:’ . ’ 3

oty
R L P

[}
-

. et

. o log (x+1) + log (x-1) 3 -

“Ye seeg‘all fhe'expressions for x that .make this equation true.
(Tngse lo}%ritbms are “in base 2.) .How are we to proceed? Observe.
that knowing all tbe basic mathematical transformations’ (e.g.
commugativitﬁ, associativity) gives us no information as_ to what
direction we should move or what transformation ue should apply.
lndeed, “this basiec knowledge tells us nothing’ more'than tbe legal
transformations that capn be made on the ,expression.” We know 'we can“
réurite' this equation in at least.a dozen different ways, but whieh + '

®nes will move us closer ‘to\ acbieviné the goal. of solving the, K

- equation? For example, we- could use tbe commutativity transformation:

' o ' A+B = B+h - -

’ ’
. 5
*

which generates a host of new expressions such-as:

N

B

v log (1+x).+ log (x=12 = 3 s ’ ) - PO
: or log (x+1) + log (-1+x) = 3 ° 2 < LA
+ A .or log (x-1) + log (x+]) = 3 .
Or we could €18e a transformatipn applying to logaritbms suob as: . '
.7 4 - log A + log B = log (NB) ,- A>0 B>0 .
~ " log (=A) + log ﬂJB) = log (A B) , A <0 BK 0/{‘ '
. ) : |
which generates: T ' ' e .
i log (X+1)(x-1) =3 , x> 1 ' ’ Co !
’ v “ ” . . ‘
and so.on. - ' - . ‘ - R

Before proceeding, we"” encourage you, the reader, to generaté'your' .

own solution. As you do 80, try to keep track of ﬂhl you applied a ~
Jparticular transformation,;what kiﬁd of difficulties you experienced,

" " ~17=~ / . . ) "




'~ ,; oL . ' ?' ‘ T _ﬂ -'. . ‘ .
and how you_ decided when to agandon an unsuccessful approach toward
solving the equation. Now let us* flip 2he coin from the typical
proﬁlem soléing procese 'to ‘the almost totally overlooked (in
. gmathematics) upderstanding process. Hhat follows is one .of the many
\ yéssible‘ solution paths to this problen, Read Ch%ough this solution *

J,. and tLen step bacﬁ and“khink about what it means to understand or-
;tsummarize +it in— as <way - that might help someone else '‘generate a

- .salution.to another problem. I . ﬁ”
o T Examplevl S T - l~;</' ¥,
= < 1.7 10g"(x+1). + 10g (x3) = 3 U ' A = "
- ' »
oo~ 2. Tog(x+1).(x-1) = 3 0 x > 1 S N -
o ¢ . - . . ,
<o = ? . ‘ R
3. log (&% -1) =3 =
y, x* -1 =28 =8 , ' ,
N 5. x2 .= 8+:l = 9 | , ) . . .
) -6.. ) X = y’g- __!__3 . : ,:-.‘L o o
‘7. but x > 1, .s0-x = 3 ohly . . T

. As-we skim over the above solution, each step. nz_itgglﬁ seems to
be almost— obvious, but® what. about its overaﬁl structure? Can we.
scrutinize it as easily as’we can the §§gng_§gnn fable? \Can We fillg
in the, underlying motives or plans that direcfed the unfolding of this ’ )

'sorution? To see that each ‘step of this solution path 1ndicates to j
the‘initiate a separable, dhstinct decision and has jits own motivating
_,; piece of an overall plan for the, solution, (that is, to'see that there.

_pust,exist some de%p structure trace for solutions to math’ problens |

and that it playss a determining role in what’steps were taken),‘ -

compare the surface structure trace given in Examplé 1 withvthat'given

‘e

in Exgmple 2 for a slightly different problem statement.

vy 8. ,x=—é or x=l ’ " ’ ) e . e

. ; | s ‘ Exampleﬂz‘ o L y -

. 1. 108\5‘7:5,4.- 16g (x=2) = ‘ o . - '9 , - -
v 2:~ log llx}Ax-2) =3 , x> 2 C - 3
S 3. (x).(%-2) = B =8 , 7 S 1
5. & -2x -8 ='0- N o y vl - L
6. (x+2).(x-4) = 0 o - - . Lo
,; Te X+24= or x-4 = 0 ‘ o . 1
) 1
i
|
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v 14 9. but x > 2, s0 x= 4. only ) T R

e, » Although this is thé same problem with (x-l) substituted ‘for the
j o ﬁx" of Example 1, the steps to solve the equation ﬂfng d fenent in
.| eaeh cage. th? . ) .

2 o . S |

ge 3 g - -

N . Alan ‘Bundy’ (1975) has eonst;ueted an ini\éal taxonoﬁy and theory'
of the planning knowledge& involved in solwi - 'a wide class of
) elementary equations sueh as this ¢ne. His theory involves two types
" of knowledgé: . ﬁirst,f there are nlanning__n{iea f6r associdting °
~%- transtrhations that are applied with situations that Aarise in

- means-ends analysis; and second, there is strg:egie knowledge that
) selects "the order of the application of th

e rules. Integrating

these two types of knowledge results;in a problem-solving' proeedure

v

whieh Bundy calls the Basiec Method~Lthat is, a sehema for.an instance

cof ,a means-end% analysis strategy for seeking a solution.’ Below we .;

B

give examples of sueh planning knowledge, cast as Bundy rules.

isgla;igp; Given a single occurrence oOf the unknovn in they,

equation, apply a set of mathematical transformations that. removes-

,Yha{e:%r funétions surround this oeeurrenee, .80 that it stands in
solation. s e

* & . <

< This covers any set of steps that selects th; outermost function -

U L

dominating the ooeurrenee, ' selects. an axiom which eliminates it by

“introducing its inverse on the right -hand sfﬁe' and so on until the
» . N

unkpown sits by itself “on the left hand side of the equation. <

Simplification; Place expressions in canonical form.
:}ﬁef. ’ JIhis covers adding and multiplying .by zero, multiplyfng by one, *

logarithm of one, zero or one as an exponent, evaluation of terms with

‘no unknowns, cancellation of faetors across a quotient sign, ete., It~
is often enabled by the isolati%n strategy. . : - <

. QQll%&&iQ%; Given mdére than onew occurrence of the unknown,
select a transformation at redueis the number of _occurrences of the
unknown, thereby making t e isblation strategy apprleab €.

-

’ This covers such’ steps as sumning terms, adding constant
: exponents of products of powers of the same expression, etc. -

Attraction: Given more than one occurfence of the unknown, apply
»a trans ormation. that simply moves two occurrences- of the unkrnown
closer, to enable some transformation for the Collegction strategy. L .

\_“-—-_
This eovers such steps as finding gommen denominators~for~the sum

. _.of fractions, non-elementary applications of legal transformations,v
. . 250, — -
et?, - ; . * , o 3 -» . <
K ’ . . -19- . -

o . 24 ) ' ’
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K J,Dggn S;nug;nng Traces ’ & p .

S

Sni%&&ih%f -Given a complicated expression -or ubexpression
1it nto a functional composition of some less complicate

gg pressions, to enable the. composed expressions to Dbe treated
separately o . -

e This covers'factorization, compLeting the square,'canoéllation of
terms~across an equals sign, -ete. -. ’.'. - LT f

. T T ”

. iven any additional elationshi h t’ ‘
uheth%%g%geygdo. y r ons ps t at mus obtain, check

2o " ’
This. covers substitution of answers or expressions into a

previous atep, the extra case analysis for division by zero; indeed it

—

.includes almost any deliberately redundant processing, * such as:ix

multiplying’out t?e square that has been completed.

d
- . - ./ ot % , /.. B
. “' The above planning. rules for mathematicaf problem-solving help

' specify ‘which basic‘ mathematical knowledge--the “ kind taught
3)laboriously in mest ’elementary mathematics Ccurricula--should be’
.Eapplied at each step in the solutiop. " This is the knowledge of whatl.

one may and may not do' (i.e., performing the Bzame cperation on béth
sides of an equation, multiplying by an expression equal to 1, adding .
an expression- equal to zero, transposing commutative operands,

) distributive law for multiplication, adding " exponénts in

- multiplication with the basic- mathematical skills . of algebra -that

make the difference between a sloppy victim\;f careless mistakes and a
loyal upholder of the deductive laws of mathematdcs’, Basic knowledge

J

igs” nat sufficient for, flexible, independent mathematics--the kind of - A

flexibility and indepeﬂdence derived from the ability, -and donfidence

»

to. plan on one s own.(1) < e .

o

The above Sections have discussed some of the basic mathematical
and planning knowledge needed to\tie together the individual steps of
a solution ,into a coherent deep structure, reveal?ng the motivationg
-and plans that lie beneath the surface of the solution path. *But how

. -
- =

(1) 1In fact, perhaps one of the causes for a math studentg“benddng the
law® when he gets lost is that he is told he has to get - from  here
to there but he.doesn't see Hoéw; ii) the paradigmatic math grqpf is
usually given with unjustified 1 aps (i.e. referring only to the basic _
knowledge), but, since 3 foilow its thread when it- was ™
presented, he assumes nobod expects there to be onej;. ii) by not
using planning knowledge, he v ews the process of constructin% a proof
as cone of Jumpinﬁ forward from the premises and “bgekward ro the
‘coficlusions; v) he may as well jump from one such sequence of
Jumps to another whenever the expressions look sufficiently similar.

’ , . Fd
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is ene to gfntﬁesize, for himself this structure? Before exploring

) this issue, let us first show both a top-level summary of planning
l‘/'

made possible by the prior application of the’ Collectlon planniwg
rule, which in turn was enablted by the. correct application of the

-

Attracticn rule, ’ . - o

hed 3

We can see in’ Example 2 that sté§%§¥ﬁ-? are motivated ‘by‘~tbe

ES

=
desire %o split. the quadratic into gases correﬁpondiag to. its two

‘ roots; _that this~ becomes possible if *we ‘could® express it as a

. ~ -

product of expressions of thg fogm (ax+bT‘set equal to zero (as was

-

o done to get “from steps 6 to 7L and that this. would_begome p ssible if

shown in Figure 2. 3 ff“ 3 ’ . <. A o,
S Deep Structure Trgéeuggrihg7 of Example 2. - Qﬁ; v .
IS e f
Solve the quadratic~equations - 2x 8 (}ine h) by. > )
SPLIT/TR) - into one equation for each root ',—y ’i © .
’ \by: express as f(x).g(x) = 0 -, S ‘u IR :
] C N by: ATTRACT (4) - fowards desired form above I -
¢ by: smpun (4) - into ,a:t» +DX + e.=3 N .
e - by. S?LIT 8 -<>'0 + 8 o L o .'
s Lo . and'.ATTRACT, ‘move the:8 over, P
; T' - ’ Y - tv switcg}ng s&gn, o e
S :_ Y yielding (5) R 2%.8 =0 Py v
B and: SPLIT.5) < \intg’ (ax+b) (¥x+d) = 0 + )
. ;'f" : by: (actg;ing {(5) v o v
) - :5 - T yielding (6): ?x;Z).fx-g) {?b -;?‘ L.
) vf’and. use the product-zero rule - , - . T s S
. © Y yieldingMT): (x42) = 0 or (x-4) =0 L
and solye, the linear.yquations. < *k. " - o .

A

!:: -~ ’ 4
But ‘wthat kind of reasoniqg/stﬂategies did we, “use to synthesize
this deep’ struature t;ace‘from steps y through 7,of)the solution?

L4 . - -
-
-y <

[y
+
LY
]

E . i
N (e . o R ‘3.1- - >R

-

P knowledgel that might have been used for solving Example 1, and a more '
:,' , detailed example of the deep structure trace for Example 2. . T
qul ﬂ’ - For Example 1; we may briefly note that steps . 6 reflect tée’ﬁ
5. *auccessful application of the planning rule for Isolation. This H&S

- we were able to express, our quadratic as ax2 +bx “{c = 0 and then,-'

‘complete - the square. So the deep;sxructure trace underl ing 4-7 is .

3 . — . ’
o !’ . . 26 . . . '7. .
. - B * e - -




"q'”. .Note ﬁthe three patterns cited.in the above deep structure trace.
S 7 r(x#.g(x) Og,ax bx+c and (ax+b).(cx+d). 3 Each of these patterns is
;:' relatedz#to a sma}l chunk’ of basiec algebraic knowledge that specifies
- what basic operations and truths can be linked to this patterm, such
Y%, /'theqmgroduct zero rule: £(x).g{x) =0 ==> £{x) = 0 orLg(x) = 0.
i%it Tﬁ%se*ﬁaiterns play_a pivotal role in thatfiﬂﬁiﬁgink fragments of the

} deep ‘structure trace fo elements in the ‘ surface structure trace via
T hxpgiﬁgsgs that thevunderstander forms. For ?nstance, “when one sees
‘i .[by . comparing ‘the right-hand sides of (4)§%nd (5)]1 that one side of
1., -the equation is hging*magg_zgrgz ane might be able to apply the
Pro@uet-zero “rule which splits the ~equation into two - simpler
} equations. Thts rule requires some instantiatidh ,0f the }attern
'\ f(x) g(x) = 0 which is found whqh it is searched for further. down the
k line of +the proof identifying (6) as an important glgge‘in ““our
reconstruction of the deep structure trace, since it confirms our
Jhypothesis that.this particular kind of split was attempted.

AL differeng\ from (4) and how apd’ why it got that way. (We indent;one
. level in -the deep structure trace--Figure 2--since this is a subtask )
| (4) 1is a guadratic which means it}fis a' close relative of a
_' three-termed polynomial in --ax2+bx+c.. This mini7hypothesis s
\.easily confirmed (all the terms of LA) are of the form axa or bx or
g), "but. it is cruecial to making sense of (6) because aﬁe of the many
| waysf§ to express a quadratie is the next pivotal
apat€E$n--(px+b).(cx¥g). This3pat%erﬁ matches (6), S0 we now. know that
‘the Jump from. (4) to (6) included p13g1ng_ngyggxgtig_in_thg_jgzm
: Lazihléig;:il. And that is/another basie knowledge schema, for .it
tells the understandeér that’ gng_ggnxgx&g_axz_:Lz_:g_jn&g_igz:hl;igx&ﬂl
hxzé_g_t_o_r_ing (provided the roots exist). ,
Now there 1is a ﬂreasog to look for axz_ihL;LQ In the surface
structure trace, which we find at excerpt element CS).G Note that not

-

}~ every proposed surface structure element ‘mist be visible ‘in forming a
»" ‘hypothesis'v often a little basic.knowledge is needed to, see that what
one is looking for is implied:gﬁ wha% was .there explicitly {e.8., a

few steps were skipped,. or the - repreSentation giVen is not in L

. canonical'form, etc.)h'This is what the understander will have to do

.
" - -

- '.“ ' . l, - ) " -2§_;‘!‘ N ' .\ - ‘ . (
* P i Tx R

I Our next hypothesis formation -subtask i;kto determine how (63 is
i

bl 3

4

-
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;;i ¢note‘that the 8 came from the right, hand ‘side to get a zero, therebyj
™. .splitting 8 into 0+8 - “K\ ’ - * - *

~4«; but. still possible,, the troubled reader might never have learned the

11_,,pghether the jump from/(5), to (6)‘7as valid.’ But in this.case’ he was
o 2

- respectively. From thisjpypothesis growing and merging process, we

p°.

s o F , /. . -—‘-TJ-
L 3 ..' - . a' - ., ¢ Iy >‘
2 T % : t “ » - . - '
v Vi and when he exp ores Just how the expression nas’factored and

e fortunate to flpd ax bx-4+¢ directly. The understander has only to

N
14

"  The overall process/at “work here for handling the understander's

.é hypotheses is controlied by a _gnpup of strategies for taking
information from the- s”fution path " that dictates possihle néw;
hypotheses,.and for connecting existing hypotheSes together in. ways
that areg consistent with basie mathematical kneyledge and planning
:;knoulpdge for_algebra. These are hg;&gn_nn and jgp,ﬂggn activities,

¢can construct .a model of how the problem was solved,,what motivation

lay bebind selecting each step, and what the overall plan was behind

H ”the problem”s solution. oo v

K 0f course, the purpose of this planning knowledge is usually -to .,
.hel solve, a problem rather than enhanée _one's understanding of a
panticuiar,solution; hpweier,'without recourse to it, understanding
tie 'solytion .path is nearly impossible. This top-down/bottomqup
hypothesis formation process;is indeed‘a complein one--one’ that may
seem.more difficult than solving the problem in the first place. That
, this . is, s¢ 'indicétesihow‘little experience we hﬁve in "readingf and
< understand{ng novel nsthematical‘solutions~(or proofs). Tl

How Does This Relate to the Stoné Soup Fable? S :

- If a reader has trouble understanding the "pqint" of the Stone -
ﬂiﬁn.fable, it is apt to be because he fails to pebceive the existence
fr struhture of the .- planpzng knowledge used by the global

problem-solving strategies being invoked by the beggar; Less likelﬁ,

planning knowledge comprising the "social® plans and < methods
underlying each particular Isclated action of the %eggar.‘ In story
understandihg, the individual schémas oT pranning knowledge, the plans

4

nnd.methods, are more apt to be recognized in a piecemeal fashion than
. the global hypothesis~-handling strategy that weaves these schemas into
.a coherent model of what is really happening in the story.

. - . -
E] - - .

. &

»
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~ hen

*

'khowl

’ unaware,‘ of

solving

unaware of either=the—existence,

Howemer, in- unders%Snding (or~generating) the solution path for'

an the’ troubled

equation, tudent is apt to be completely

content, or, use' of the planning

ge (in the..form of,
lineg'of the solution path and that provides the rationale
the 4individual ,steps
this
formation/re#ision

for
together into ‘a coherent plan. .By being both
br; the hypothesis
strategies that use it, the. student is'deprived of
the basic apparatus to make gense proof~ (a
neceSsary_ but not a sufficient condition)'. He is therefbre likely to

beliewve that understanding math is'a difficult and mysterious prqcess,

higher-order knowledge ‘and

out of a solution or

even after he has mastered all the basic knohledge of math, (i.e,,
the transformations are applicable and how. they @re done). The
iend result is that whaktever mathematical knowledge he does manage to

A

absorb is the

memorizes ‘and mechanically applies in order to solve

An, form of heavily encoded procedures that he rotely

special’ classes
“of problems.° As he is likely to experience it, learning mathematics
consists of categorizing or }inking prgblem characteristies to rotely
mWemorized .procedures that -"solve" é%i g

ho;’each individual procedure ‘naturally follows Sfrom . applying some.
simple higher-order knowledge,~\e has-littfe hasis for understanding
the of the reliably
generalize or apply the procedure to slightly different problems. ’

To the of this section,

- - O
semanties procedur;, and therefore cannot

summarize point we have seen that the

i cognitive procegs of understanding elementary mathematics does conform

» to our regularities:

_steps thatfmgre made;

rf,body

results

‘(1) There is a
of applications : of -mathematical
‘(2) there is '3 deep that
understander's best guess as to Hhat‘motivated the

surface structure trace
' the
transformations and laws;

“the

from sequence

structnre. trace
redapitulates
of basié
and the

structure

(3) there is~a well-known literature

kﬁowledge, consisting of axioms, rnotations,. transformat ons,

liket that serves to degine the composition of, the

urface

trace by saying what may’ follow directly from wha ’ and to suggest all

say, Bundy rulesL tbat lies between the,‘
tying, o

Lacking the.insight to see: .’

that

the

intermediate steps

possibde ways

of _planning
doncepts for types

that .the surface structure trace

when a Jump has been made;

knowledge,

and

consisting in part of

may b
(1).
Bundy

e extended to

there 'ia//a

-style rules,'

of equations given as patterns that may be matchedt

. 4
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Tq,‘ These, 36 e .to’, define the interrelations among trace _elements , «

(@articularly those involving trace elements that don't appear in the g ”éf
- surface structure trace, e.g., the - schema for completihg- the square),¢ /
:i; ) and to .8 ggest further bases foc constructing hypotheses that “would’

9

ﬂgi;r connéct up with those the understander -has found so far. ) ;

-% s s

. The fundamental coin of .math_ understanding is the body of -
5;'— hxng&heaeg:about the Qng structure trace. Teachers don't . ever talk
;5’? " about them, bu hey reflect the mental steps that every student takesfr
}as' he reads the. lines of a proof and trigs to piece i;.together. Theb o
- q&rategiga t;L student uses, (whieh threads to pursue hefore otKers, ’,;f
;% a which logically-hased predictions to make from the ones he accepts), N
» _as well as the different tools for handling hypotheses--how to confirm ) “?
B . one, hc& to extend one, how to suggest one--are something teachable, S
( like alli “study habdts,“ and are surely something most people could t
’ import uholesale from’ their deep familiarity with social attrihution
_; . an planning. We think it might even be the case that some p?ople,dq
Jﬁ! , .
mathematics: | ‘: ' B Lo o S
He. think that(.peop;e haven't thought of math this wai be?bre;
that if they.had, a teaching methodology _that cites the planniﬁg
knouledge explicitly and gives practice in its application would have

that,” once they grasp the planning knowledge underlying

- *evolved and ameliorated the mathematical iiliteracy that Jpresently ,“
offers " “such ‘a‘ stark contrast to people's. familiarity with the .

analogousgy structured knowledge for socigl goals -and aftribuytion.
AIthough most peop{e find mathematics hard to understand (as compared
g;;ﬁ with fahles and other stories), its formal nature enables us to he
substantially more precise about the planning knowledge, hypothesea

formation strategies, etc., underlwing the, act of understanding than

¢ - ::»
in the domain of general text understanding. - . . €
ol - ‘ : -
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+In the last £ 6 sections we illustrated 'séme of t?e important .

I

theoretioal construct and\processes involved }n understanding some

eventh, story, or athematical _solution, etc., while stnéssing the* | <

-

surprisingly invari nt nature of these concepts and processes over tvo \%i
2

'radically diverse omains. It might seen to be belaboring this point

by delving into’ ygt-a third knqwledge areafrunderstanding electronic 57

. + &
circuits., Howeyer, it was -from witnessing .student technicians

'began to wonder what higher-order kapwledge--knouledge besides basiec .

»

(Al 8

\.[

stnuggling ~and /failing -to “understand" a novel circuit that we , ?irst

*

technician to. wundersfand a new circuit well enough to troubleshoot
it on his own. ."As we'. began ,to explore this issue by explicitly
representing ‘the tacit knowledge that a skilled troubleshootenr uses ;n

”comprehepding“ a " new circuit schematic and then . analyzing the

Ny protocoks of 'both expert and student technicians using this knoulehge,

He'discovered the strong Similarity between this activity and that {of
story‘ comprehension In fact, comprehending a circuit,schenatic is -

a slow and conscious ‘effort, with eye fixations conplementingj verbal

;
|
]
|
electronic laWS and concepts -- were actually needed ‘to enable a ;gl
.

i
4

|
|
i

]

|
|
1

«

protocols jhus we had an unparalleled experimental setting for

probing the “understanoing process. ~ After discovering thé~ *strong

N
_correspondence, between these two diverse domains of knowledge--story _}

technicsl details only when absolutely . nesessary, ;and

" understanding: . . R PR

understanding and~circuit schematic understanding--we questioned: (l[
1f other domains,, equally diverse;‘would support _this Fbrrequndenoe . 1
{and hence we began to examire the process of - understanding -
maihematical solutions) and €2) if, these l‘comprehensi‘i’m" skills iege *

sufficiently domain-independent to “enable us to find ways to‘teach -
them to technicians using the more intuitively understandable domain“
- of, say, stories, and then 'transferring then to the domain of
electronic troubleshooting (edmittedly a bizarre idea). - T

) Just as with student technfcians, post of us Hfll find thé'gzrgon
and technioal underpinnings of .. electronics rather unnatural. ) v
Therefore, in‘itne refiainder of ‘this ‘section We shall lapse into- .

’ gfocus our. ,'}\

attention primarily o} the relationships betneen this domain and story

*

B . - P
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’31?‘-2 " ;In _ story understandiﬁg the basic elements of the surfacge
,j_? structure were easy*to identify since an element of the surface
‘ ‘struéfure Has basically _a' line or <group of iines in the text.

;g', Identifying thq basic ‘elements - in the circuit schematic Anvolves

,_oonstitments (e g., 3 transistor with its biasing network) Sometiaes
) this segmentation is explicitly indicated with functiqnal block
?ef;;-diégraas sqperinposed on top of the scheaatic.' —

w

.7 Ay ‘eircuits' deep strugture trace, which i3 the result.of the

.1»_ﬁ;pnderstanding process; captures the underlying teleo}ogy or causal
h nechanisns of * the circuit. ‘It should contain the information
7} Anecessa?y to expXain how the eircuit worksnani why 1it- works as it

oes, with each conponent of the scheaa? (or constituent of the

circuit, Initially, .one would expect the deep structure trace of a
- fable, for- exanple, .to have 1little in common with that of an
ele tronic’ device. Boéeyer, such 1is not the’case. One of the key

c ceptual processes used in ”reading between <the lines' of a stor?

s

. ' gonsists of the ﬁkillful application of, social attribution theory--a

R theory of social plans, motives, intentions--for providing the grist
for filling in the plot of the story. .

We have begun to appreciate that schenatic underastanding has its

'—own attrivuytion tbeorg.’ The mental glue used for cementing the

eonstithents of a circyit schematic are the desig?er's plans.

- -,COnstructing“an undersfind;ng of_a circuit scheéatic'requires-one to
e realize 'a sequencé of plans and subeplans Hnere fulfilling each pilece
x of a higher-order pf;n generates a sub-plan. Theretore, nnderstanding

a novel schematic involves recapitulating, to a limited degree, the

- prohlen-solviné activity that hypothetically went into designing it.
Each funciidn block ,or cosponent becomes associated with a piece of a
&\\fpe planning tree untff*i top-level plan is reached. This plan
accounts for all of th components in the “circuit--much iike the aoral

AE%V plan )ﬁhich in .turn, is a piéce of a higher-order plan, continuing up .,

”segnenting tﬁé two-dimensional diagram into its prinitive functional :i?

surface structure) playing some role in the,purposeful design of the

C

-

s

exp){fates the Yable. UnSerstanding scheaatics, therefore, requires'

- access to both the plad’ ng kndﬁ%edge and the problem~solving
'strategies that expand and refine these pIans, just hs unﬁerstanding

. stories requires access to,’ for example, what is invblved in a COB.

S .32 - ~
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}reeursively each element can be cq?structed from one of a set of

¢+ In ;he last several years there has been a flurry of activity in

éhe ddscoverx, the representation and use gf Pliqs Ih eircuit design,
eircuit understanding, and teaching (A. Brown (76), Sussman (73),
DeKleef (77), Rich and "Shrobe (76), Goldstein (7%4,76), J§.S. Brown °
{76)). A det;iled discussion of this knowledge is beyond . this paper, ’
but to- give the reader some jdea of its scope, we will illustrate some . -
of the planniug knowledge underlying onJ class of circuits -~ o

’ regulated power suppliea. For our purpose 'here, this planning

¢
ce .

knowledge is neant ‘only to Cfacilitate un&erstaading cireuits, as

¥ -

opposedeyte designing them from scratch, and therefore there 18 1ittle’

e

toR

need for extensive mathematical detail. What is sore ‘iaportant here

are those aspects ¢f the planning knowledge that provide guidance in
uncovering which particular plan underlies a' given ecircuit (sueh as —:
the’ knowledge about a CON that helps us nggggnizg a variant of a COR

as gpposed to performing a CoN) .. /- ’

-

An active regulated power supply 1is eost‘_like;y to be g

constructed from ome of ‘three Top-Level Plans Types: -

1
. 2
3.

. Series-Regulated- Plan i . -
. Shunt Regulated Plan v
. Switching Regulated Plan N

-

Edch one specifies T a connected set of ecircuit oplan "eieaenis“;

I

sub-pldn types. ’ R A ' T
in Figﬂre 3a we present a diagram of the-sgt of connected

. eleaents in Lthe Series- Regulated Plan. The top&level plan 1is, by
'definition, abstract, It specifies the top-level functional elements,

theirt interrelationships, and the éarious eonstraints ~that each ="
element must meet relative to the design goals of'the top-level plan.. .-

. Since there are many ways to realize eacb of these eleaents, the plan .

at this level, of abstraction covers a large variety of
series-regulated power supplies.. An actual circuft appears only when .
‘each of the tbp-level functional elements is expanded according to a
repertoire of loger'level plans for realizing that element (see Figure .
3b). . : '

Plans at'\ any level of absiraction are ‘multisfaceted

specifications embodying several other kinds of knowledge. ?hese can

PO ¢ N . oo
< ’
»
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4
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*These, in ‘turn; are instantiated by still lower-level plaps,

’,"-/ :‘v';'i -
. i - 2
/ . ' N
- f - . - 1y -
! RS : 3
A LS e 4
3 ' Pigure 3b. Lower Level Subplans - ° -
. ; “
Various posuble expansions £or each of the functional elements of the top level plan,
Only the circuit form is stown here; r.he annotacions gre otait:t:ed for simplicity.
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- P T g = -
-« ~ . S 7 i ’ /: ‘ ,17"
“ Steredtype Form:  ° DU ?;
S T - CONTROL ' ~
. A - . o~ . . . ~ < .
-~ Inpgt/Optput: . a . The currént through the in-out line chenges‘as,a/’/ :
- ; : o function of the control input.
o .. Vievpoints: . . 1. May.be seen’sas electronically controlled.yariable i ;E
e . - resistance forming, together with the load, a o
= . _ : . h : voltage divider across the power, source. * l=%
e : S Y 2. By including the load fesistance, may be seen aé
~ . ‘ . ,an emitter follower as shown below: ©

o

. . i . ‘
S ®-. - S . Q . s .
= RN . .
e ) ’ ’ : -
. . : : -,
’ . ‘ - ~ ,4
; . . . .
.

‘Kecégnition'Features Transistor is in series with the load in a closed
_ {(for parsing a schematic) : path across the power source. There are no other
; : . . < . signifikant impedances in this path.
) Commentary: . Ttansiptor must be operating,in its actiQe_regibn..
;‘§ » N . s
; " Typical Faults and their Example: - Contfol terminal open would cause the

Manifestations: ° current referenced in "the 170 behavior" slot .
’ - to bé independent of the Control. (Note that the
global symptems of the fault are then determined.

C‘.f .:iﬂ. - by "1ifting" the altered I/Oabehavior up through the i
. ‘ teleology of the higher-order plans.) .

L Knowledge and metaphors‘ The regulating element has an input driven by the .
for Undergtanﬁing the - power gource and an output delivering curremnt to
Teleology of the Plan: " the load. The control input mediates power~flow

K - similar to how a'valve medidtes flow in a pipe.
Boundary Conditions: ' Surrounding circuits must‘provide sufficient curfent .
co ) - to ‘control input and maintain emitter base junction .
o , forward-biased and collector base junction reverse- .
_ . biased."Thete is a lower bound qn output current below -
\ which the element ceases to Qperate. :
’ ‘ Teleology': * {Basically none since this plan has only one component

L - ’ s -, unless i "e discuss -the junctions in the “transistor.] _
Ordinarily, tefeology would describe how the elements of
. * the plan function together so as to achieve the "Lfo °
¢ yj\' “ : ' behavior . Por example, in the plan scheme of the
v Series-Regulated Plan the teleology %ould specify how -
: the elements furction together as a feedback control =
t ' = system to aclrieve thg goals of the "I1/0" slot whereas
y ) the "Knowledge to Understand...’ ' slot contains the . )
. . . » conceptual knowledge about feedback. . .

- v
- . . . -
:} v N * . o~

g - ¢

‘. Fig. 5. A simplified example nf the kinds of knowled;e in the Regulating
(sub) Plan Schema of the Regllating Element contained in the Series-

G“ _ Regﬁiéted Plan. ,
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y_;i element” Gf thef Series-Regulated plan 'shown in Figure 4, If otheb
_alternative realizations of this element existed, then each would

brought together to form a nlgn;gghgmﬁf"The kinds of knowledge in
pigﬁ schema are illustrated in 'a sub-plan schema for the ”regulatiﬂg

so hdve a corresponding plan schema ..0f course, these p1ans may
nsist of_ functional descriptions that requine a still lower level

pansion before an actugl, series .regulated power supply becomes fully a

ecified.’ : *
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According tb qur. theory, understanding a circuit _schedatic*

volves using this planning knowledge to propose a sequence of designﬁi;i_

roblem solving3 steps that will eventually culminate in the given
hematic., This planning knowledge, whicb is so tightly structured

at it wcould even be viewed as,a plgnging_gzanman(z) (much like a -

ory gramma7) captures the set of abstract plans . and methods that:
uld be ed to construct (up to some level of detail) any one of a
tentiallyyjnfinite(number of circuitg pertaining to some gen2£104
ass of electronic devices. The cfallenge of understanding? a
rticular ecircuit schematic involves discovering a sequence of plans

nd sub-plans, ‘ad infinitum) that will eventually account for the .

y‘that each surface structure fragment becomes an integral part of .,

e overall plan, . i . —

o\ Without knowing this planning grammar for the generic device
ing examined, the. process of .ﬁndfrstanding a  schematic is‘_as
fficult as understanding a fablée from a foreign culfure, By Knowing
is planning grammar, the understanding pnocess becomes one of
amiping the schematic in a bottomrup way, isolatipg fragments of the
hematic and guessing what part of a lower level plan it might match. :
is bottom-up process constantly interacts with the top-down process

r. conjecturing the nature of the high level plan. The process is

mplete and the circuit understood when the two "meet," accounting -

r all gge components in the™schematic. LS

¢

’

8

Strategies for facilitating.this compréhensipgprocess not only

w\ 0 Ad .

ncern how tdo apply the Higher-order knowledge iﬁ he form of plans
. € ; -

-
v

e ,‘(2
pr

EKC‘

Y & concept originally used by Goldsfein (1976) to formalee basic
oblem-solving methods as augmented transition networks.
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bht' alsq how £o coordinate and allocate processing resources betwé€;A

. top-doun hxpothesizing about a possible global plan and botton:up
to coordinate these two approaehes is eritical, since it- i; often
diffieult to know how to interpret a fragment of the schematie uithout
the advantage of using a conjecture about how to view it which finally
,s%emé from some, top-Ievelc plan. The person trying to understand a
‘fcircuit must often ‘be willing to make educated guessea“about how some

7}j‘§~fragment of the circuit might be functioning iﬁ terms'of some hizh

order plan, and then attempt to either verify or reject that guess.

An "Understanding® Scenario . : . - — ¢

Rather than provide: a theoretical description;of? the hygothehia
formation ’and revision process, we have included below an annotated
protoeol of ; subject, having aeeess to the planning. knpowledge,
describing his process of understanding a particular voltage regulated
power supply. The protocol .has been described in a way that
(hopefully) the casual reader can skim, gleaning the flavor of the
process to sufficient depth so as -to be able to perdeije fts

rel;ﬂlonship.to the understanding prozess for fables, etec.

-—

Kxgni_l. An initial scan is made of the schematic (see Flgure 5)

and immediately the pair of transistors Q3,Q4 Teaps out as an instance .

.of the Daﬁlington plan. (The Darlington transistor pair is such a

eommo? deviee that it's not unreasonable for an electronics technician
to be able to pick Jt out nearly instantly ) Thls leads to the
- eonjeeture that 'this pair of transistors is an- instance of a

.ebarllngton +schema -whieh“ functions as- the Regulating Element in fhe

Series-ﬁegulated plan for Feedbaek/Regulated power supplies.

‘ This eo?jeeture follows from two facts: ‘the first is that we
A know this circuit/is some kind of regulated power suppl{ and
~ the second is th the onl top~level ©plan of thre hree

: - (i.e. "SRP SP S¥P) .whic uses a Darl in ton-
; sub- n as an element is the Series- egulated Plan
’ Addi support fobr this conjecture comes from the fact

Ehat the Darlington pair lies along a path in <“series _with
-~ a clue sought for in the recognibion knowledg
" -part of the plan schema; as well as sat isfﬁing e

opologieal constrainta imposed by the Series-Regulated
plan.- .
131gn1_2. Continuingﬁto-sean the Echemat;e, zener CRHYis detected%

in'series with. the resistor R10. This grouping satisfies one of the

L a33"
. : . d8

- -

processing of the data contained in, the schematic. Understanding how
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’ intermediate level plans for a nbn-feedback Constant Voltage Source
,5%; and is therefore conjectured to be the Voltage Reference Element under | .

. ;1the hypothesize¢ Series-Regulated plan. T T f‘,l‘i';;
VaoT ' Note how the ‘initial h pothesis bout the ko -level lan is .
T “'3 ’beginning o affect hgw a low laVel elemen pis intsgpreted‘ ;;;

o e T P » .
. . L

) Eg§n£’3. Next, the gair of transistors Q8 Q9 are S“Pe"ficiany

- %

examined and suessed to be the kernel of the plan’ for a differential o

, gplifier._ - - ' ‘ . BNt
;3?( ) This. loy 1level conjecture séems reasonable since the. - .
L D Series~Regulated plan calls for- a Comparing , Blement which T
¢ - can be realized by a Differential Anplif er p an.“ _ -

W

- .
-

Bxgn&;&i Believing this, the bank of resistons R16 R17, 318 is '>i :
guessed to be an insqance of a vOltage bivider plan which serves as nl}:

é-" the Sampling-Element ﬁn\the Series-Regulated plan. e, . - e frf
S : . This again seems reasonable except for the fineivoltage . -
i contro whiech 1is not: ex ect as 2 'component in the fl
: 2 Sam ling -Element. But ghjegtigf a piece of—,.
T, congrad ctory evidence is temporar ignored gerhag S
- ) . . bécause there is a coarse vboltage adjusting element which 1s o
i not connecéted to the fine control in an obvious way (i.e.,
- " *+ -.no known plan-schemas, account for this). . o
. ,ExﬁnLJi" At .this point all active coiionents (e 8.y tfﬂbsistors,
. diodes) .have been accounted for in the schématic eXcept "for zener CR5.
o and transistors Q6,Q7. Hence, tnere could: be something amiss. There
- is’ cnly one element of the Series-Régulator splan, thab is still .
- unfulfilled, namely the Control<ﬁlament, and since transistors Q6 ,anQ ]
QT don't appear to be topologically close, it seems doubtful that’ they N
can  be made tJ instantiate any of ‘the potential dontrol Elément
Yo plans. ' . - , 3 e ;
[ Note "the- use of heurastic knowled%e about topolog{ to,accrue =
e more evidence that Something might be wrong with he current 2
S .dee& structure .trace-hypothesis' .. . g

‘g . ,
’ ﬁ‘ . ‘-

. Ezgn;_ﬁ. This causes a re-examination of what.h@s been accounted" -
for thus far by thescuﬁrent hypothesis (which is. a prelude~xto ‘a -
f;jﬁl hypothesis revision step).‘ It seems that interpreting cau*ﬁ1c ‘as ‘the
;-; ) Voltage ‘R ference Element cannot possibly be correct since it doesn't
‘feed intp ‘the Comparing Element as dictated %y the top-lpvel ,jfi

< ééries-Begulated plan. Further examination,?reveals an .even mdre

<

. important clagh: under. the above interpretstion, one side of ;ye;fif*
‘f'_ -7§I?§erential Amplifier plan has no input .and the other side has _two- ,ii

o
-

A}

: con’ adiéting inputs. D A o - . . p
o . ISR )

_9?:" PRI R B . N . :_ ot - _.- - ] i N
s haradl e 35 ;




7Ml$ N o, B e, R
R . ' = ' - . " [ { ’_t‘:',zf
Enough evidence has cartainly been accrued to call f r f“fej

e ,' 'revision of the Surrent hypothesis but . should the ole ..
L hypothesis be abandoned and if . not,-what/ parts of it can be .
'i‘A‘,saved and the remainder. intelligently rev sed? L

o ST L . = . -fu,1;4
i?afjg B Exgnt_la‘ Feeling confident that “the conjecturen&bout the role of"

Q8, (he feeld he can save this part), Q9 is correct a decision rs_hfij
e made .to ,geconsider "the two inputs of the pomparing Element. (Note’; ]
g that ‘he  _determines ﬁhere the, two' inputs should be . from the f?:ﬁ:
ff?jf Differential Ampliriefe—plan ) There 1is little “doubt- that_ the1§% f ]
: ‘level conjecture about instantiating the Sanpling Element witE

‘R16,R17,R18° is correct since :this string of resistoPs’is such a ugual ,:;

- .

‘?;l;<realization of that element. Loy 2 - n’{ T ) ,;
S " E¥ent 8. A match is ,attempted of the- ﬁﬁnrecognized,‘active_ ts

H—Qevices —fopologically Fonnected . to Q8. In fect, CRS,Q7ftriviallx
‘matches a low-level plan for constant, voltage sources wnicﬁ‘"only

~ leaves Q6,CRY4 unexplained. it g L
T This process combiﬁboth a bottom-ug d’é‘fa;-driven grouping
. -with a locdal top«ﬂo h?pothesis expec atiows - P

- . - - ]

_ Evemt 9. . Hopefully,‘these remaining devices will sétisfy-onérof__
“the Control Element plans. Since the 'hypothesized output of the"
Differential Amplifier is. directly connected té the inputnof'the
Regulating Element, that rules out viewing the Con;rol Element as a°
: 'Matcher (one of the possiﬁip plans for the Control Element) ~ Henge
P this leads to viewing it as a Cgnstant Current Source {1.e. the other ~ 7
- known plan -for_ the Control Element).\ . . o -

EY

If this doesn't work then anorﬁer major revision is called . .
for.. But now after he  ._concerntrated all his ’processing

- . -%  pegources on this goal, it becomes clear how to match these _
. reflaining components to one of several possible plans for a -]
X -t ; stant Current Source. -

- ¢ LN - .

e _/’ . EBvent 10. Now all the active components nave » Been grouped s
- - \ -

together and_ Hansistently interpreted as elements in sub~plans Within
thggbon%ext of the overall S€riestegulator plan. g ’

?:~f ~  The resultin% deep st?SZtﬁFE trace/hggothesi can now tie’
o ' together all he knowiedge associated with each’'Plan schenma

- yieldin§ teleological model (structured by the top-level. -
. ot glén how the circuit’works and how to troubleshoot 1it.- :
X or examgle now that devices (CR5,Q7) have been successfull ’
. . accounte for as instantiating one of the Constant Curren
Source plans, the gurgose of CR5 can be determined
, from ad itionql know dge n the given plan.,/ o .
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- _This scenario eapturesfthe essence of how- one person made sense fﬁ
B of a- :novel achematic. It .does not 'describe very much = of ’the ] -
problem-solving effort that uent into fulfilling etch plan in terﬁs of ’
2jf:f satisfying any-c9nstraints required by the 1laws of eleotronies. ;'f -
f?i:i,ﬂather it focussed on satisfying topological constradnts 'dictated by i ;;
f;;, the plans themselves. In part, this was to show how this higher-order .
;g:i plannins knowledge can, in fact, De useful “to technicians (who don’t iﬁ
. have the electronie theory needed by circuit designers) and, . in j‘a;
#;;> part, it was to show that the problen solving required to handle: these -
:sfl, issues goes beyond our means-ends analysis scheme and involves a
o cqﬂlection of more sophisticated problem solving strategies, b o 5¢V
7 In concluding_this sectidn, it might be of interest to note thst"'ﬁ
‘the above-mentioned understanding process involving a hypotheticgl L
* recapitulation of a sequence.of design/plan steps has been‘used as thet ”'f
i primary explanatory methodology for teaching student technfcians why a ~ :
#- gizgn piece of equipment works, i.e., what its underlying teleological - .
oo model is (Brown et al., '1976). In this scenario, we first present a )
simplified model/design— of the circuit, e;\hine why this simplified )
= eircuit fails to perform-satisfactorily, and then examine how that .

Py

. failure might be patched or modified amd s0 on un%il this "hypothetical .,
- . - sequence of design patches finally yields thefiiven circuit. (3) -1n
. . this way, the student understands what each component's ‘?ole is;
either in terms of its role in the simplified circuit model, “8r as a’
pateh around some understood shortcoming ‘of that model.
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examined what kinds

v.,a‘In ﬁbe 1ast three Lsections' we Have

knowledge ag&' strategies are used in the understanding process over.

::;three d;yerse doﬁains. Although each doma;n has its onn idiosyncratic‘
‘,and donain,apecific knouledge, there is a fair amount of 1nvarianee +

i~

e

. over the domains. Ié this” section -ue suﬂmarize the underlying
?.

iT,i concepts in-this theory of ”undeﬁ?ﬁandingk 7 B oL T

i

L h -

_ is 2 ‘sequence’ of the eported or described elements of the behavior to-
»2be‘ understood Since one ecan never describe everything about a
f’behavi y there will alwaye be gaps in the information that® the

surface- strocture trace provides; one of . the measures of how ~

thoroughly the behavior has been understood will be " the abflity'gto

LY ~

éfiil in these gaps. * - : .
- “The gggp_gtnng;nng_;zagg is an information strueture that, spells

L]

’ The gyzzgge_gtzggtane_;zacg is "an information structure that
spel 8 out what actually mappens in the story, solution path, etc. It .

of";j:

+
-

out the decisions fhat were made and that résulted in tﬁe particular o

behawior. It is composed recuf%ively out of: v

. Qgglgy-deséred situations, usually descfibed .in the same terms as

gepavior. 4 goal always occurs in a deep structure trace in .

contraet” with ranother actual situation. This contratt is
‘.factorizf into .drfferences that 'the decision makKer hopes to
. reduceﬁa Hence, thed deep. structure trace also contains-'. -

ngltggzg;-geducible difference categories. The- +reason ° a
difﬂ%rqpce. is 4bstracted as a category and-given a, deltact name

_ff

: ie‘that,}he understander knows some: . j' ¢ .
>::~~" :]hg;ﬁpiﬁp-hoa var\ous things may be achi'eved; the.means to- an~end
AR .. Hethoda are attached to one, or more Deltacts, ¢=To get lesa
i{: ' . ’ hungry [deltact] try eaggné [method] ") Methods are where the. -
S recursion con in. A method may consist ’of \reducing certain
i;' : oifferencee or adopting certaih btherg goals, as well as sbge
o w fq;ly gpecified behavior. . By having methods that use éoals and
:"fziiil; deltaf a wide range of poésible behaviore»ﬁay be regarded_ae .
P pursui particular method.. - T b .
- ;L: The deep structure 4race , is ,anf eip&anation of the surfaoe
_?nf ?§§“7ture- trace, onevfof‘ the measures of how thoroughly it haa been
T e T --38- e T " .
- ) .‘ . o - ’t i e T . - ’
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understood uill ‘be  the plausibility and completeness ‘of this

et
explanation. It is an information. structure, and the4§rocesses that o
proguce it nay be quite different in form from the problen solviqgs

*ﬂ_ fprocess‘ it ¢race/. " We believe that understanding proceeds by

’;;i,assenbling,h otheses about the two traees of behavior and ‘ 6f probl

S
- P

- v -
—

. - We uge  the term_ neans:ends__analxeie__taiiﬁk__stnue&nne for‘h -
-, 3 . _, - * ] i
fanilias pattern of deép™structure trace elements used in building up .

~hypotheses. 'Heans-ends analisiaﬂ describes the purposive aspect o£' A

solving.

. the' deep_ structure trace. The tgrget structure ~guides the
. construstion of the 'deep structure trace, filling in for certain '
, .parts. of the pattenn Hith known ﬁehavior from” .the "surface structure

“trace or with other (presuaably confirmed) hypotheses., (The partthat
is//_llled in 1is called a “slot ") Thus, ‘the means-ends ihalysis
"_target structure yields a gggig;hzng;ﬁggzgliiouu the deep” structure
trace that may be revised in light of other details. ’ - e )
* Hhen revising a hypothesized deep structure trace, there are.
constraints on, what may be changed and on what must be changed, in
addition to decidlng which ¥ind of-~change should be aade. We will use

the ters planning__xngﬁlgggg, for the pruyles that specify how deep”
structure trace elements ray be combined. The plenning knowledge

s - -

defines the target structure fors £1) understanding .the behavior as

a unified whole; (2) the plausibility of\Ihe deep structure trace; and

‘{3)'the-habits as to which (}Aﬁbinations to try and which basic
’sPhypotheses.tg;sugéest. . . -,

14 < -

The, understander must have ¥a feel for the problep soliving

processes that will explain or generate tﬁe behavior; that is he*eust
" know those processes involved in finding possible soluty in order

to solve the problen by hisseff. In efféct the understander is being

-

asked to\“catch' up” with * the plans and motives ’‘underlying some
._behayior that has} already happened. Thus he must have a sastery of
the hzngthggis_ﬂgzaﬁtig& processés that-are available. These are his
* tools - for getting froe behavior to explagnation. They ezhele_hin to
know the range of ofher possible behaviors -and plans; Sto fill in
choices in " the deep structure trace thdt appear to have been glossed
ozer; to understand and profit from conventioﬂs or restrictions in -

. . the planful behavior for a given doaain, to select major deep
N ‘;"‘ b -




struoture elenents to ﬂoninate tne hypothesis- and‘_%o. ineorﬁorate

detaila into a hypothesis (either by substitutiom or by oonpqaition),,

- :-1, etc, -~ . . " . .. . ;\" -
- - Y -—_—

o Since these hypofhesiz/ foraation tools —arg incomplete fganﬁz
7 inperteet {to say nothing_gf tha inforsation they aay be given to ﬂork -;'
3;; bn), ~3ig is equallY“izvortant ‘that the understand@® have a aastery 6

ineonsistent, alternative hypotheae@; to choose from. Some of tire
" devices and ériteria for making sueh “a choiee are: 4{1) the-integrity,
wholenezs, or appng\fiateness of a plan; (2) its formal plausibility;
(3) ita*consisteney with the situations contrasted in the various ‘goal
‘ slements; (8) the ease with which the planning knowledge (gramzar)
..can spliee it into larger, accepted structures; (5) the.presence of .
confirming behavior for a plan; (6) predictions And eonseqnenees for -
further Dbehavior; an& (7) whethec or not two hypothesis elements can
be. interckfinged or combifed. i

- - -5 . — —. -

" An incorrect hypothesis canm be salvaged: It may have been aTXmost —

-~

right, or the detailed understanding of most of its evidence zay, h%&,’
been eorreet. -Fon' this reason, we have introduced the ggtion bf
revising tns hypothesis fq eonfo}a to the , eYidence, Bevising a

—

’hypotheais consists of "fooussing critloiea and responding * with

proposed improvements. - ’

o

. e .
- The bypothesis formation and elaboration ﬁrocess is dominated 1in

T a *top-down® way by a tazgeg_gtzggznne or Bodel, "such as_is given by
§eans-enda' analysis, the planning knowledge, the ‘hypothesis
manipulation: procedyres, and the Dbasic deductive étrategies taken
togetﬂei. The hypothesis 'propésai, confirsatipn, and revision
pnzeesses are neeessarily drieen ’9nward by the actual evidence
’} available--the elements of the two kinds of trace--in a "bottom-up”®

J is from

way, for the fundamental direction of information flow
\./behavior narrative to complete explanation. &hese two, one pulling,
one pushing, strike a .balance in the understanding of purposive
'hehafior that_we ea11 top-down/bottom-up processing. .
Herein lies the beauty of- the ggﬂgl_ notion and its potential

. nelevanee ‘t0 learning strategies. ﬁithout.gueasing in advance what

-

A each - new piece of'evidence to drive his deduction forward while using
= . .‘ -’1"0- 46 i -

T -~

~ the erentual explanation is going to be, the understander can use .

.
' . v '
oy e

R

o the_ ihxggthggig__gglgg;ign _process, since thére will always. be .
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?{ ~_ the largely,intsggional target structure provided by the model fo
. fogus his efforts toward the most viable explanation. Given the nighé
Qistribution of , knowledge between the representational framework and
- .- _the.principal target 'structure representation, . the, basie strategies
- ean be expressed in a domain-independent way.. , .
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:'ThﬁshArar We /éave exaﬁﬁned the understanding pzocggﬁ over threeA

diﬁerse donains, d scribing the processes, Strateg es and conceptual_

7\i gtruotures for ehch, and the invariances o¥er thdse domains. Within

7t_§ach domain we ~_have focussed on the ,eorirespondence between., the 7
:' kho?}edgeésneede for problem solving and.the -ovledge need@ﬂifor

;nﬁcerstanding.‘ Without explicit awareness of |the largely “tacit
‘ yianning and*"tratééic. knowledge inherent in |each domain, it is
difficult for a person to 'make sens€ of' many seq ences of behavior
as described hy a story, a set of imstructions, a problea sdlution, a
ltcotplez systes, ete. eur premise was that before opne could begin to
'roraulate new learning strategies tor enhancing a pBtudent*s abilities
" to acquire an understanding of some new piece of,kn wledge (as opposed
to just rofely memorizing it), these processes’ ahd tacit knowledge
" had to be made more explicit., Having partially o] aplished this, the
question naturally arises as to uhat iapact this . has - on the
formulation and teaching of learning strategies. We.suggest tpatf‘the
aﬂbve +« ‘theory be used ' to- make as explicit as”ﬂpossibie how
'understanding' is an active process reqniring' the ondersténder to

hesize, verify, and refine a deep structure trace or hypothesis
about the undenlying aotives, plams, ang intentions that fit each
separate piece of the 'puzzle* into a coherent structure. Teachiag
this process can probably best be accogplished by focussing on the
domain of kngyledge the * student *“is’ to specialize in. The teacher
should articulate for that domain the higher-order planning knowledge
and the strategic knowledge for forsulating and revising hypotheses
about what something means. By carefully choosing a set of situations
for the student to’ understacd, each strategic rule can be
instantiated, providing hiz with practice in the coordination of the
top~-down, bottos-up hypothesis foraation and revision processl Sone
situations might bé devised tobe inherently ‘gar%ﬂn path® where the
:,student's most likely’ first guess of the under&;ing meaning is 3pt to
be wromg, requiring hims to .focus' on ‘how he detects that his guess is
Wrong. and how .he then intelligently goes. about’ revising it,
Since this hypothesis ;ornation/revision process ‘is .s0 complex,

it night be useful to construct a hypothetical undersf’nder in'a film

4812~




an nationf wbo ﬁhows thgfgrooess in an expert's head (1n slow notion)
o as he goes about understanding some novel situation. At Ehe very
*f;, least, this will suggest bo the student that understanding is not a .
leif sinpaefirocess, but rather a complex and very active one., 3 ’
:%“,: ) After a student has begun to master strategies for oonstrnoting
‘j; -and revising deep structure traces over the given knowledge domain,
‘}f~"§13 attention,oould be drawn to this ‘same process as it applies to
fA?tony, conprehension. "In’ this way, He ecould ‘begin to witneos the
generality of what he has been taugbt, especially since. “the planning
knowledge needed in story ooaprehension is usually well sunderstood
(albeit’ 1aoitly), as are the rudisentary strategies aﬁd prooesses of
weaving together “’the lines of a story into a oober nt explanatory
o struotug/. . o ' ./
- There 1is one new ‘kind of instructional. teéchnology we .are
developing “that might provide, a unique capability for _eiﬁosing
stdﬂents to the hnderlying’gro&}es-s

ng strategies and knowledge
for a donain in a way. that is apt 'to be entiqing‘and,neaningful.
Reeently we have been designing an "Articulate Expert™- instruetional
iooapu;er systesn that . explicitly contains all of the planning
knowledge, basic knowledge, Eeans-ends problem~-solving strategies, as
wel;fgés a limited ciass of hypothesis revision (debugging) strategies
¢+ — necessary for solving on its own a yide‘,olass of student- generated
problens. The expert's articulateness is qspeoially signifieant' not
. only can it solve a problem, but it Pan also explaim (at various
lqvels of detail) why 1t performed each step. It can explain its
‘o}erall plan of attack, how it forsmulated ttat plan, and #hy it did

not do it some other way. . g )
In other words, the student can pose a problem to -this systen and
Hitnesa all the inner thigking, mistakes and false attempts that an

expert makes, thereby exposing the student/ to strategies and knowledge

ao&rces that are hidden by looking only at the final solution to a
probleu. We .believe that by letting the student pose his own problens
to the Articulate Expert and Having him witness the unfolding of the
plans of a -.problem solver, he is Qn bJs.way‘to appreciating what he
“must £i11 in when he tries tohfff;i.qg?he of a"}robleﬁFgﬁlﬁtaon, .
. A _ S
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