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followed to further its development are among the questions expléred.
A brief h1storg is presented of psychological theories of instruction

Skinner, Gestalt
psychology, and Piaget: It is pointed out that a cognitive theory of
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works and why it does not) and prescriptive_ (suggesting what teo do
next time for better results). Within this framework; three
components of such_a_theory of instruction are described and_ _.
analyzed: (1) specification of capabilities to be acquired; (2)
description of the acquisition processes; and (3) principles of
intervention. (JD)
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Toward a Cognitive Theory of
Instruction

Lauren B. Resnick
Learning Research and Devefapment Center
University of Pittsburgh

We are ﬁéiii well accustomed to noting the cognitive * ‘revolution™ that has

rediscovered, or at least rcaffirmcd n:asomng,a,nd thogght are central objccs of
scientific study: and the nature of human cognitive abilities is being examined in
fresh ways. It seems evident that the new coiiceptions of human cowripetence that
are emerging ought to affect thie practice of education—that a cogiiitive theory of
instructicn ought to be emerging alongside our increasingly elaborated theories
of cognitive perforimarice aid development. Whit would siich a theory look like,
how close are We to having orie. and what directions must be fcllowed to fﬁrurcr
is dcvclopmcnt These are the questions e'(plomd in this chapter. The goal of

this inquiry is tw build an agenda for research that will resuit in a cognitive theory

of instruction capable of informing educational practice and at the same ume

extending the limits of our knowledge about how people leam and develop.

bct us bcgm \Vlth somc dcﬁnmons thax \mll scrvc to set rhc boundancs of thc

someone eLse acqutre a new capability. Tius is an mtcnnonauv broad dcﬁmnon

lt mns thax znsu-ucuon |s not hmued to tradmonal tw:hcr H msks such as

mlly quahﬁes as instruction. I thmk it wul become clear as ttﬁ: élﬁptcr procwd””" s
why tis broad definition of instruction | essential—indeed is dictated by-—the

view of hrmran lurnmg that is being efaborated by current cognitive psychology:

With this view of instruction as a point of departure; we can now consider the

elements of a theory of instruction: Such a theory must be both descriptive;

7 5
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6 RESNICK

explaining why instrucnon worl:s and why 1t does not; and prescnpuvc suggest-

ing what to do the next ume for better results. For these purposes thires require-

ments must be met. First. a theory of instruction must spccxf; the new ca-
pabilities that we are trying 10 help somcbody acquxrc—that 1s: the goal of the
instructional effonn Second. it must provide a theoretical account of how peopie
acquire these desired capabilities. Finally, ar instructional theorv must Spccxf‘v
how something done by an instructor interacts with the individual's processes of
acquisition so that something new is acquired. These are, then. three components
tc a theory of instruction: (1) specification of capabilines to be acquired; (2)
description of acquisition processes; and (3) principles of intervention.

A BRIEF HISTORY OF PSYCHOLOGICAL THEORIES OF
INSTRUCTION

The effort to build a theory of instrucuon is rcso&:d in today's cognitive psychol-

ogy and poses a new challenge; but this is by no means the first time that

psvchologists have addressed this task. A brief review of _some past efforts at

drawing pstructional implications from psychological theory will help us to

appreciate both the goals and the potential pirfalls of our new venrure:

E: & Thorndike and the Theory of Bonds

Our account begins with Edward L. Thorndike, the prominent American associa-

tonist Thorndike had a well-developed instructional theory that grew directly
out of his general associationist theory of how the human mind works. For

ﬂmmkc new capabilities to be acquired could be described as collections of
‘bonds —-(hat 15 assocxatmns befwccn sumulx or bctwccn sumuh and re-

these terms that he acumlly und‘crtook an analysis of school sub)ect matter. In
!€Pg he pubhsha! a book entitled The Pn chotogv of Amhmenc which contains

many lists of the bonds he thought made ap the SllbjECt matter of arithmetic. The

book thus essentially offered whar we might now call a rask analysis of arithme-

tic; in terms consonant with asSOCIALIONISt leammg theory: In k:eepmg with

associationist principles; there was minumal orgamization mmposed on the lists of
bonds. Thorndike implicitly recognized some deeper structure than that refiected
m a simpie collecuon of bonds: he proposed that bonds that ° go togcthcr
should be taught together. Thus, he clustered addiuon bonds in one list and
subtraction bonds in another. and so forth. lerge!v following common sense
views of arithmetic content. But his book offered little guidance as to what made
things go together.

Despite this iimitaton. Thorndike's task ana!ysm pmved very powcrful ThlS
Wwas in |arge part becaiise it was accompanied by a strongly articulated theory of

S



1. TCWARD A COGNITIVE THEORY OF INSTRUCTION 7

acquisition. This theory specified that one acquires new bonds through a tnal-
and-error process in whxch associations that are rewarded become stronger.
whereas those that are punished or mnoncd graduallv die ott. This is the *“law of
effect:’” The lav. of effect pointed in tumn to a very clear theory of instructional
mtcrvcntxon An instractor should organize practice in a way that would strenigthi-

en correr” . by reward. and weaken incorrect ones. This theoty led to

sever~'  _aes of research in mathematics education in Whlch investigators tried

to  .crmine empirically which bonds were easiest o form and which were

Lardest. so that practice could be organized from easiest to hardest: Such practice

would give maximum opportunities for rewarding correct amswers ard thuos
strcngthcmng correct bonds

computer-assisted drill-and-practice instruction can be vu:wed as a sophxsucatcd
mamfestation of Thorndike's theory. The Stanford CAl (computer-assisted in-
struction} programs for math (Suppes & Momingstar, 1972). for cxamplc fit
that theory very well even though there is no menton in any of the program
descnipuions of association thzory. Thus the Thomdikian theory of instruction has
hiad a real influence on educational practice.

Skinner and 6béféﬁt Conditioning
Another pSycholomst who has had a profound 1mpacr on the theorv and practice

of instruction Is B F Skinner (Gl:rscr 1978 Skinner. 1958) Hm effect was o

lead instruction even further away from a central concern with tie structure of

knowledge and its interreiatedness. Skinner and other rxhc:d bchxvtonsts dEmed

that a science of mental life was possible because mental events were not open (o

public cbservation. With respect to instuction: the radical behawviorist position

dictated a defimuon of the capabulities to be taught entirely 1n terms of observ-
able performances This has led 10 an entire technology of behavioral objectives
(ct Mazcr 1961) snll one of the more powerful influences on cumiculum

Mmouxzn thc Skmncnan formulanon was cxphcu about thc terms in which
capabilities to be induced through instruction should be stated. Skinner himself
never did the kind of detailed work on the analysis of instructional subject marter
that Thorndike d:d Thus there were no guidelines in Skinner’s own wrniting

cxpimnma how to armve at the content of objectives or how © ofder them.

Robert Gagné's theorv of cumulative learning (Gagné. 1962 1968) and the

methods of task analysis and leamning hierarchy specification based on it (cf.

Resnick: 1972) filied this gap. providing a method of task analvsis that is still
very influenual. S
As was the case with associationism. there was a strong acquisition theory

associated with the Skinnenan view of learning. Much was shared with Thormn-
dike. since leaming was seen 0 be the result of patterns of reinforcement; or

5



8 RESNICK

reward. Bu: Skinner weant bcyond Thorndike: He pnopos;d that v.rbng TESponses

produce such negative side effects in lcarmng that 1t would be bes! to avoid them

completely. He and his associates (e.g.; Terrace: 1963) showed that * cn-nricss

learming’™ was possible through shapmg of behavior by small successive approx-

i'ri’iétib"ris Thxs lcd naturall\ 0 an mu:rcst m a tcchnolog\ of tcacmng b\« 6rgamz.

uanl» acquires the clcmans of a new and complex performance without ma}um:
wrony rcsponscs en route Thts was translated for school use iato ' programmed
instruction” —a form or mszrucnon chamcncnzcd b~ vcn small s1cps hcavx

toward abxlm to perforn the Spccxﬁcd bchav»ora] objecnvcs Mcanwmfc the
same generdl principles were applied o methods of orgadizing and maintaining
desired social behavior in the classroum and keeping children’s atiention on the
assigned work: This line of applicatuon became xnown as ~*behavior mod:fica-

uon " (Kazdin: 1981):

Both associauonism and behavionsm: then: pmwdcd a cohmnt theorv of

instruction that included methods of spccvamg the capabxhucs 10 be t}mght

general theory of acquisition: and principles for intervenuon. Neither; however!

offercd 2 thorough analysis of thinking or knowledge: and so both were often

judged inadequate by educators and psychologists intercsted in promoting rea-

soning and understanding. These groups found the theones of Piaget and oth;r
psychologists. such as those of the Gestalt school. more compauble with their
concerns. We tumn next to these early cogninve psvchologists.

Gestalt Psychology and the Structures of Thinking
-\lthough thcv do fiot cormie to mmd lmmcdxatc]y as mstrucnonal :bconsu Ge-
sralr psvchologxsts—cspccxalh Mm ch.hcxmcr t 1965 1959 L—wcre in facx very

theory of education thar would prt)mOIE proauc"vc thmmng and ° mcamne-

fui™ iczmmszr Gompartd with the formulauoris offered by associationists and

behaviorists: the instrucoonai theon that can be mduced fmm V-crthexmc' 3

Wriling s very sketchy. Nevertheless: It represents an carly cogminve cory of

instruction and thus 1is of considerable interest to our present inquin:

For Wertheimer: the important capabiliues to be promoted through instruction
were principles and structured knowliedge rather than unordered coliections of
bonds or benaviors specified without reference to the thoughts behind them. The
essential character of Gestalt thought on educauon 1s well illustrated by reference
to Wertheimer's famous parallelogram problem. Wertheimer reports going 1nto a
'clisi&'rtidi'ri 6f 'cb'il'dfci-i \th’ci had tiecn 'uiiigh’i ib ﬁi-id &ib én:a 6f é pé.i-&]lélbgiﬁiﬁ b’i
of lbc pamllciogram Pt'fonnzmcc onruurs task was cxccllcm as lo,ng as,khc
paraliciogram was presented i the standaid way . as showti in the top of Fig. 1.1.
But when Wertheimer asked the class to find the area of a parallelogram in a

P
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1. TOWARD A COGNITIVE THEORY OF INSTRUCTION 9

Standard algorithm

/Jvlmud‘

Jase

Wérthelmer 'S
paral/siogram pmb/em

AG. 1.1 F'mdmgmelmofa p:nllelogram usmgfbcsxi'ﬁirdilgfmihm Childres were confused

when appiving it o Wertheimer's problem figure. (From Resnick and Ford. 198!. Repnnied with
permission.)

different position (as in the bottom of the figure) the typical response was
“*That's not fair"> or *"We haven't had that yet'’—from teacher as well as
children! The difficuity was thar the standard formula did not seem to apply with
the '‘up-ended”’ figure when a perpendicular was dropped from a top angle.

Wertheimer used this negative example to point ic what one ought not 10 seek
as an educational outcome—ote leaming of procedures and answers—and 0 an
dlternative goal. He wis interested in instruction that would Jead children to
recogriize the principles- that lay lichiiid protcdura so thar thev could soive
probieris thar WETE fiot 1dcnth*al to those they had already encounmn‘d Fbr the

parallelogram. this would mean recognizing: (1) that © ‘area’” refers to the num-

ber of unit squares that car: be superimposed on a figure: but that this requm:s a

figure that has right angies: (2) that nonrectangular figures can be converted into

rectangular ones by cutting and repiecing figures: and (3) thar the added perpen-
dicular 1n the standard formula for the parallelogram is simply a convenient way
of simulanng the effects of this cutting and repiecing. Recognition of these three
pnnc:plcs is what Wertheimer would have viewed as essential to a °“stoructural®”
solution to the parallelogram problem. It was that kind of striictiiral knowledge
that he proposed as ttie appropriate objective of instruction.

Wcrthcuner thus proposed the terms in which cxpm)ﬂmes for imstruction

should be analyzed: t'nfonunawiy bowever; the orher portions of a theorv of

instruction—a theory of acquisition and a theory of intervention—are largeily

5



10 RESNICK

missing in the Gestaltist formulation. For the Gestaltists. structural knowledge
was essentially either present or absent. Linle attention was paid to how it
developed.

Wlt.h r:spcct to lntcrvcnnon Lhe Gcsxal( cmphasu on undchrLg struc:turcs of

that if one dxscowcred somcthmg ratber than bemg told of sbown it. then thc
undz:rlvmg principies rather than just a performance partern would bc acquired.
This theme wis directly pursued in work by Katona (1940/1967). who tried in a
number of experiments © show that learning by memonzing actually mtcrfcrsd

with the recogmuou of prmcrple< and organized structures The theme of dxscov-

ery learning was also picked up by a number of educational psvchoiogxsts (see

Shi.liman & Keislar: 1966). However: a close anstns of a number of the

discovery immg -xpcnmcnu suggests that it was not the discovery merhods of

teaching so much as the different conrenr made availabie to students that accounts

for different learning outcomes tsee Resnick & Ford: 1981. pp. 144146},
. A more robust principle of intervention that can be drawn from Gestalt theorv
1s thc lmportancc of prOVldmg mstmcnonal represemanon.: zhaz hxghhgm thc

plc-——wcll lllusrrawd bv thc vancrv of stmctum] mncnals for u:achmg mathe-

matics that were developed during the 1950s and 19605——15 also in accord with
developmentil theories of instruction offered by Bruner (1960, 1966) and by

Piaget.

Piaget
One can hardly z:ons:der the poss:bilma for a cogmuve instructional thcory

without mndmg 10 Piaget. Piager himseif had little to say about instruction: yet

despite this: there lave been numerous efforts to draw educational xmphcanons

from his work: and a variety of different educanonal programs have been labeied

) angcnan (Collis: 1975: Furth & Wachs; 1975; Kamii & DeVnes; 1977). Is

there a coherent instructional theory to be found bencath the label? The answer
requires a look at'the work of a number of psychologists and educators who
consider themselves to be applying Piagetian theory.

_ Consider first the question of the capabilities io be fostc'ed through ipstruc-
tion. A central core of Piaget's work has been concerned with characterizing the
emergence in children of the general logical deductive capacities that are the
smxcnnil 555&5 6f tbiiikjiig ThiS lbd STOm? Cdii'Cil"‘YS' Cspétiélly iii ltE ﬂi"ﬁ ﬂUSh

assessed by the various ngénan tasks™* such as conservation—as the goal of
inswriiction (e.2.. Kamii, 1972: Lavaeelli, 1970; chkm Rogers. Adcock, &

McClelland 1971). Lrnpmverm:ut of perfommnce on various vactrzn scales,

which mve themselves based on the tasks used in Piaget's studies; has sometimes

been proposed as a criterion of effective education even when the actual instruc-

5
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tion focuses on traditional school subject matter (Almy. 1970). Others have pro-
posed Piagetian reinterpretations of school subject matter. especially in mathe-
matcs {e.g.. Lovell. 1971) and science (Lawson. this volume): or early
education programis aimed at general forms of operational thmkxng {e.g.. Furth
& Wachs 1975: Kamii & DeVries, 1977). Often. however. it is not very clear in
what sense the goals are specifically Piagetidn, since the concepts o be taught
have not bcen smdiéd b) Pidget. In any case. this kind of interpretive analvsis of

subject matter is quite differsnt from the very detailed instructional task analyses

of Thorndike or Gagms
The dxfﬁmjltv in making clcar connections bctwecn P1agcuan thcorv zmd the

tasks of school insguction persists when we consider the question of acquisition.
Piaget does; of course; offer a broad theory of dcvclopment and hence of the
acquisition of capabilites: (Sce Gallagher & Reid. 1981. for an introduction to

Piaget's theory of leamning: see Inhelder: Sinclair: & Bovet; 1974 for some

Gcncvan mstrucnonaJ studx&s ) Thc kcy clcmcntsrm this rhcor) are Weracnon

endowment interacts with thc environment so that a chiid gmwmg ap in its

dppropriate socio-ccological niche will develop in certain directions: Equilibra-

tion refers o the complementary processes of assimilation and accommodation
by which the child constructs successively more complex and powcrful schernes

that are used to interpret the stimuli encountered in the environment. The process

af cqunhbrauon is spaiked by cognitive conflict. or the noting of contradictions.
Clearly. there is 4 good deal more of an acquisition theory here than in the
Gestalit work. Nevertheless. the Piagetian acquisition theory remains quite gener- ;

al: The acmm processes involved in assimilatior ind accommodation are not

spcciﬁed so the narare of the orpanism—environment interaction is not made

As a result; Piagetian theory prowdcs a very weak gmdc for mstructxona]

etforts. This becornes apparent as one altempts [0 derive an intervention theory

fror Piaget's - miting. Oniy some very general pnncxplcs are forthcommsz Set up

an environment in which the child can interact and be acuvely engaged with

thiags. with other children. and with adults. Piomote the nztural actuvines of

children in interacuon with théir enviror.ments. Do not do t0o much drill and

pract:.ce is this leaves htr.lc room for the consruction of ideas and relationships

by the thld [zave room for invention and discovery. Point out contradictions
and )fl: the ckild work on resolving them.
It 15. for the moment, very hard to derive anvthmg more lhm these general

pnncmlcs from the Piagetian view! f\]though the principles have been inspinng

‘o many educators: they have pmvcd difficulr 1o translare into specific practices

for the classroom. Again: we see a rontrast with the explicit prescripuons of

behavioral and associanonist theone . of instruction:
These. then. are some of the ;mdcccssors we have to build upon as we

approach the task of developing a cogmidve theory of instrucrion: As w& hive

30
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12 RESNICK

seen the theories that are Strong on prescribing interventions are theones that do
not fildve mich to say about thought processes. Even worse. they are theones that
almos: entirely ignore structure, organization. and meaning as central aspects of
learding. On the other tﬁnd the more cognitive Lhd)ncs——thosc that treat mental
life s real and Imporant and that are CDnCEmEd with the saucture of knowl-
aigc--havc been very weak]y d:vcloped as instructional theones. Despice 501me

clegamt examples of the kinds of instructional goals that might be promoted:

nexther GeSta:kxst nor ngenan analyses havc  proceeded very far in specifying

these outcomes: Further. we can draw only very general theories of acquisition
or xmc‘}gntxon from Pigget: and virtually none from Wertheimer and the

Gesualosts:  _
Is this choice between cognition and a v1gorous instructiona; theory neces-

sarv? Or can we envisage a strong theory of acquisition and imtervention based on
cogpitive analyses of instructionally relevant tasks? That is the question ad-
dressed in the remainder of this chapter. | will consider the charactenstics of
cwrrent cognitive sciance research as they bear on these instructionally relevant
us&s m ordcr to suggcst duemons for a eogmnvc sc:cncc of mstrucnon My
then turns to thc lmpllcauons of mformzmon ~processing theories for cognmvc
" theories of Acquisition and iitervenition.

COGNITIVE TASK ANALYSIS: NEW DEFINITIONS OF
CAPABILITIES TO BE DEVELOPED THROUGH
INSTRUCTION

A cenral concern of "ogmu\'e science today is the analysis of complex task

pcnormances AS basic pnnciples. of cognitive processing have become estab-
lished: largely through work on simple. laboratory-like tasks. cogniuve scienusts
tincluding psychologists; linguists. and computer scientists: have increasingly
turmed their attention t0 the more complex tasks that occur in the real world.
4\mong Lhc kmds of tasxs now undc' study am: compmhcnsxon of cxcndcd

problems ranging from sxmplc anthmcuc to geomey and a)gcbra programming
computers. repaifing elecincal equipment. reading X-ray films, and performing
medical diagnoses. All these tasks are the kinds that form pant of school, univer-
sitv, or technical curricula. Because cognitive analyses of performance oo in-
structionally relevant tasks automatically afford d:st*ipt:ons of capabilites 1o be

fostered by instruction, it is possible o characterize a lzrgé part of cwTent

mnSteam cognitive psychology as directly conmibuting w a theory of instruc-

'DE ﬁ;vor of the research on cognitive sk analysis; and the kinds of ca-

pabilities thet are being identified; can best be conveyed by considenng exam-

11



1. TOWARD A COGNITIVE THEORY OF INSTRUCTION 13

plcs of this research. 1 focus here on threc domams from the schoo! curniculum—
reading comprehension, science. and mathematics.

Reading Comprehension
There is no mstrucucuzlly relevant domam of lnvcsugauon that has cxpcnenccd

as spectacular a growth in the past several years as reading comprehension.

Furthermore; work on the undcrsamdmg and comprehension of natural language

points to some of the major themes i in cognitive theory. Thus. this is a good place

in which to begm a consideration of CORMitive task analysis. Cum:nt ‘work on text

comprehension represents a blending of questions and methods from at least

three disciplines: psychology, lingwistics; and artificial intelligence. My exarm-

ples come largely from psychology; but it is a psychology that is by now heavily

influenced by and influential in the other two fields; the sources of infliience anid

points of collaboration are mentioned as I proceed.
Thmmaprthcmcscanbedewcwdmdnctmcmhneofmscarchonundcr

standing and learning from text. These are: (1) the importance of prior knowl-

&dge in understanding a text passage, (2) the central roie of inference in reading,

and (3) the flexibility of the reading process—its adaptation to local conditions
and demands. Each of these is considered in turn.

Prior Knawfadge Ln 1972. Bransford and Johnson oi’r red a dramatic ex-

ample of the extent to which texts become comprehensible by virtue of being

assimuilated into existing coguitive structures. To make the demonstration, they

showed that cermain especially zmbnguous passages could noc be undersiood at all

until some hint of what they were “"about’ was provided. For example, the

passage wn Fig. 1.2 is incomprehensible antil a picture rejated o thc story is seen
(Fig. 1.5
Following Bransford and Johnson; thcrc came a number of other dcmonstra-

vons thar ambiguous {(but pcrhaps not so towally obscure) passages ook on

meaning either according to hints provided in advance by the experimenter or

accordirig to the subjects’ predilections. Anderson: Re;moids Schallent, and

Goetz (1977), for example. showed that music students interpreted 3 passage as

dfstnbmg an evening of playing music. whereas physical education students

interprered the same passage as an evening of piaving cards. Others showed that

the conwexr in which information ifi 4 passage was conveved could influence what

was remembered from the passage and how the memory was organized. For

example. in research by Anderson, Spiro, and Anderson ( 1978) a **restaurant’”

story pm&uced a dxffmnt pattern of recail for an identical set of food iters than

did a “‘supermarket’’ story:

These various demonstratons of the role of organizing scherhata on under-

standmg and recail echoed an eartier line of work, by Ausubel (1968), on

“"advance organizers.'” Ausubel had published a series of studies that showed
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If the balloons popped the sound wouldn't be able to carry
since everything would be too far away from the correct
floor: A closed window would also prevent the sound from
carrying, since most buidings tend to be well insulated.
Since the whole operation depends upon a steady flow of
electricity, a break in the middie of the wire would also
cause problems. Of course; the fellow could shout, b the
human voice is not loud enough to carry that far. An addi-
tional problem is that a string could break on the instru-
ment. Then there could be no accompaniment to the
message. 1t is clear *hat the best situation would involve less
distance. Then there would be fewer potential problems.
With face to face contact, the least number of thinigs could

gO wrong.

AG: 12 Aribiguous exiial passae. {From Bransford & Johmion. 1572 Repringed wih permission.

that learning of information from text could be improved if. in advance of
reading the text; students were provided with an organization or striicture within
which to interpret it. Recent reviews and experiments (e.g.. Maver. 1979 have

toade it clear that advance organizers are an sdvantage when certain conditions

hold: (1) the leamer does not aiready know enough about the topic to provide the

organizer for himsclf or berself: (2) the organizer is at Jeast somewhat more
““abstraci’’ than the text itself. so that it provides a general soructure. rather than

just a preview of what is to come: (3) the material 10 be learned does not itself
cotiain the necessary organizing and anchoring ideas: i4) the test comes long
enough after the exposiire to organizer and text thai the learner annor recall the
material directly but st create an interpreted version.

Work on *'story grammiars' is a particularly well-developed exampie of how
prior knowledge works in the process of understanding. Dealing with a particular

kind of text. the narrarive story. a number of investigaiors (Mandler. 1978: Seem
& Glenn. 1979: Thomdyke, 1977) have shown that stoties have a prototypical
sructure in which several categories of information miist occiir in order a

seting. an initiating event, an mternal response, an attemipt (10 obtoin a goal), 20
outcome or consequence; and a reaction: Some of the calegories in this structure
are more central than others. This is shown by substantial regularities in which
portions of storics people omit in their retellings or in the stories they make up

{Goldman, 1979). Story grammars represent an antempt to develop a domiain-

1
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spccrﬁc theorv of text undcrstzmdmg That is; it is proposcd Lhal in order to

understand stories pcoplc must aiready have an 1dez of what a story is supposed

to be like: This idealized story—a “*schemna’’ of a story—organizes and directs

their interacuon with the parmula;r storv they are now reading or hearing.

The 1dea that a protofypic version of a situation is used to mtzrprct specxﬁc

instances 1s shared by much of the recent aruficial mtclhgcncc (AD work on

nacural Ianzuagc understanding (Schank & Abelson: 1977). A number of com-

puter programs have been constructed that are capable of “*understanding ” and

answering questions about texts on a number of topics. Much of the ability of

these Al programs (o understand derives from their domain specificity, which
aJlows thcm 10 usc previously stored knoWchgc ‘o mLcrprct the new text. But the

Inference. The most comprehensive atiempt to build a generalized model of
text understanding is that of Kintsch and van Dijk (1978). Their efforts are, in a
senise. the riecessary complements (o models of processing that depend on repre-
senting an individual’s knowledge of a particular domain. Their theorv focuses
on the extent to whxch a text is internally ““coherent’” {i.e., explicitly intercon-
ndfléd) and on the priwesses required for 3@ reader to infer connections that are
not exphcu in the &Xt. A ©xt is coherent in the Kmrsch :md vae Dijk analysis t
the extent that each neWw propositon | (e rtor-—acuon-obvcu sequence! makes

explicit rt!crchc 1o pnOr Drooosmons in Fxg 1.4, for example. propositions

1—3 and 5~ 11 are fully coherent because the acror (sub)cct) in em:h proposition

has already beer named in a close prior proposmon Line 5 1s not explicidy

coherent with 1ts prtdcccssors however. To understand tne rcxx—{hm is.

construct a fully coherent rr:prcscntauon of it—the reader musl mfer a .mkmg

pmposmon for c:amplc "'hc Swazx mbc had wamors ) 'ﬂ1e numbcr of

mcmor} dc'nands it makcs. Toq much locaJ mcohcr:ncc can render a tex! in-
“omprehensible. but a commpietely explicii text would be uninteresting—like a
primer. Opumai texts thus require " “just the right amount'’ of inferentiai work by
the reader—as if there wer€ ap imiplicit contract betwween the writer dnd the
reader

The Km&h and van Buk theorv hmhhghts the central role of inference in

Undc-sundmg a text. Ths is a fearure of comprchcns:on that Smergess in vu‘tually

every cogmtive analvsis. Texts and oral messages are rarelv: if ever: complétc in

specifying everything that has to be known to make sensc of the situarion de-
scribed or the argument being made. It is the task of the reader w fill in the gaps:
To do tis. when one reads a text one builds up in the mind a knowledge scucrure
that fits the situation 1n the text. This knowledge structure 1S not a direct maich to
the text: it leaves out 50me things that the text mention: and adds some thmgs

14



16  RESNICK

FIG. 1.3, Approprle contex: for ambiguous passage (From Bransford & Johnson. 1972, Copynght

1972 by Academic Press Reprimted with permission. )
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Text:

The Swazi tribe was at war with a neighboring tribe because of a
dxspuzc over some cattle. Among the warriors were two unmarried
men named Kakra and his younger brother Gum. Kakra was killed in
a battle. . .

: Proposmona.l ana.lvsxs of text:

. The Swaz; tribe was at war.

. The war was with a neighboring tribe.

. The war had a cause.

. The cause was a dispute over some cattle.

L RTA NI S RECI

. Thare were warriors:
: The warriors were two men.
: The men were anmarried:

The men were named Kakra and Gam:

9. Gom was the younger brother of Kakra;

10. Kakra was killed.
11. The killing was in a battle.

FIG. 1.4. A text and s propositions. (Adapied from Kintsch. 1979.)

zgn:\u‘m‘m‘

that the text does not mention. What it leaves out is what the reader construes as
not being imporntant or central to the main argument of the text. What it adds are
things that the text has faiied to specify but which "have to’" be tue if the
situation being represented 1s to make sense.
_The ability to detect and use centrality to a thcme is an unportant part of the
mfcrcncc process. For a given story line or line of argument. readers tend 0
agree fairly well on what statements are important or ceritral and which ones are
subordmatc pcrhaps funcdoning only 3s elaborations. Mever (1975) has used
Lh:s reguiarity to develop a method for coding the statemerts in a passage for
therr rejatve cemmlltv other iess systematic ways of judging éemrailty have aiso

been developed. Using measures of this kind: it has been possibie to show that

the material most likely to be forgotten or left out of a summary is the material

lowest in the fuerarchy of importance. Conversely, if material high in the hier-
archy is not spccmcd in the text. peopie will have ouble interpreting the text at
all, will tend to inser® missing l-ugh-lcvcl propositions in their summaries; and
y.vxll spend a long time *"studying’® the portion of the passage where the high-
level organizing matenial iS expected to be (Kieras. 1977). Also, when asked
whether a given statemetit was or was not present ir. the text. people are likeiv to
assert with great confidence that highly central material that is consonant with the
gist of the text was there—even whed it was not. In a series of studies thit further

16
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link the Kintsch general coberence-plus-inference model with schema theoties.

Voss and his colleagues (Chiesi: Spilich; & Voss; 1979: Spilich; Vesonder,

Chiesi. & Voss, 1979) have shown that readers’ ability 10 make inferences
dcpcnds on what they alrcady know about the topic of the text:

Flexibiliry:  Varioms srudies ha\-é shown t.ha! skilled readers adapt thcxr n:ad

ng to ocal features of the text as well as to their own purpose for reading. For

cxampic reading rates are slower and there is more che king back at points in a

text where ambiguous:. wnconsistent: or mcoherent m’onnanon is ericountered

(Kieras, 1977). Eye-movement data demonstrate addinonal processinig acavity at

poinis where information from important clauses must be integrated and in-

ferences made (Just & Carpenter; 1981); and on parts of the text that are relcvan

10 a particular kind of information the reader is trying to get from a passage

‘Rothkopf & Billington, 1979:. Skilled readers also adjust their reading rates to
the generadl readability of the text (Bassin & Marun, 1976; Coke. 19761 and to
the kinds of information they seek to acquire (McConkie; Ravner, & Wilson;
1973; Saruels & Dahl, 1975). Fma.llv the number and types of inferences made
d‘cpcnd on the purpose for wh:ch a textis read.
Although this flexibility on the part of skilled rx:adcrs ﬁas been ".:qucndy
docnmémcd the processes underlying it have only recently begun to be studied.
This recent resedrch has miade it clear that the likelibiood of using varie2 pro-

ccssc‘ ander norrnal rfﬂ'mg conditions must depend on individuals® abilities to

monitor thetr own comprcheﬁsmn .Brbwn 1980). These * ‘metacomprehension”’

abilites: which are at least partly & function of age, seem to depend critically on

sensitivity to important relationships among the propositions in a text. Thus

flexibility: like inference; depends on prior knowledge of the topic of the text:

Science and Mathematics

A growmg bod» of work in thc 1cm-mng and perfommmz of science and mathe-

mancs tasks 1S poINUNE o some general characteristics of performance in these

domains that accords well with the emphasis on prior knowiedge. inferences. and

flexible strategies in reading comprehension. In particular; research on science

and problem solving suggests that the knowledge structures of individuals who
are highly skilled in a domain are different in kind from the knowledge structures
of novices. As a result. experts solve problems in different ways from novices.
and:wc mav conjccmrc—(hcy go about lcarnmg ncw mformanon m thclr do-
very Voung c,hlldrcn,mvrcm thoncs mat all,ow,thcm to construct proccdmal and
predictve ruies in Simpie mathematics and science domains.

Novice—Expert Differences in Physics. Chi, Feltovich. and Gleser (1981)
have shown that the initial representation of a problem in mechanics is different
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for expert physicists (ad\anced zraduaté students) than for nowcc< ‘undergradu-

ate students). When asked 10 sort and classify problems: the novices did so on the

basis of the kmd of apparatus involved (lever: inclined piane: balance beam:

etc.). the acrual terms used in the problem statement: or the surface charactens-

tics of the dxagmm prcscmcd Expcrts however: classified problcms according

© the tmdfrlymg ph)sxcs principie needed to solve them (e: g Energy Laws:

Newton's Second Law): Some typical novice classifications are shown in Fig.

1:5: the conmasting expert classifications are shown in Fig. 1.6.

l:arkin. Mchmrott. Sxmon ~and Sl!TIOl'l (1980) in a ~omplcmcmarv set of

cxpcrts The novices seem to directly translate thc given information into for-

Duagrams Depicted from Problemis_Categorized Nowicer” Explanationt for Thetr Similarity
by Noves watiun the Same Groups Groupings
Probiem 10 {11) . Novice 2. “Angular velocity. momenmum,
RS L oreder tua”
— ) Novice 3: “"Rotanonal kinemstiaa. angular

s

wnd: nu-ula velocitier”

lems that have 10Metming
ramnn( wv‘ukr 10eed”

Nowice 6:

Prooiem 11 139)

Novice 1: “Thew gesl with blocks on an
inchine plane”

Wonke 3 “inclined plne nodlerm,
coetficent of fncnon”

Problem 7 123)

Nowmce 6: “Blocks_on inchined planes
with sngles™

Protiem 7 (3S)

FIG. 1.5, Diagrams dCPlC!td from two pairs of problems calegonized bv novices as similar and
sampies of three fovicEs” explanatons for their simulanry. Problem numbers given epresent c'up(e:
followed by probiem numper from Halliaay and Resnick. 1974, iFrom Chi et al . [981. Copynght

198! bv Ablex Pubuistung Corp Reprioted with permussion. )
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bumm: Drp-ctrd fmon hoblmu Catmnztd Expons’ Expl Jor Their Si al
5y Experrs wathuin the Same Groups Groupings
Prodiem 8 (21) Expert 2 “Conservarion of Enerpy™
Bm Expert 3: “Work-Enerly Theorem.
K Mrn/ml ;]' They are all siraig.. forward
poul e ~ probiems.*
5 - . Experr 4; “These can be done from wnergy
8m conuderations. Either you should
equilibrium know the Principle of Conservanon
of Energy. or work is lost
PTu;m; 7 iJS) somewhers. ™’

Probiem 5 {39

Experr 2: Thesa can be soived by Newron’™
Second Law™

Experr 3 “F = ma: Newiony S«aﬂ Law**

Expert 4° “Largry. wa F = ma; Nowron §
Second Law™

Prooiem 12 123}

FIG. 1.6, Disgrams depictsc from pairs of problems caiegorized by expers as similat and samoies
of three experts” explanations for theu simalanry. Probiem numbers given represent chamesr . followed
by probtem number from Halliday and Resnick. 1974 («From Chi &t a1:; 1981 Copynight 198! by

Abiex Pubiishing Cocp. Repninied with permrussion.

mulas and then work more or less dgcbmcaﬂy on the formulas. lo*o*l’un"g for

substitutions and transformations that will yieid the required answer to the prob-

lem Experts. by contrast. do a fair amount of interpretation that allows tiem o

represent the problems as instances of certain general laws of phvsics and to

restructure the relationships berween elements of the probiem. As a result: they
uscally have only one or two cquations to write and the probiem is virwally
solved by the time thev figure our what it is about. A general characterizanion of
Larkin's finding is that the novices behave as if they are doing puzzles in which
the terrns o be manipulated have little external reference—their protocois look
very much like those of people Solving cryptanthmetic and other puzzielike

; 15
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problems (Newell & Simon. 1972). They are characterized by what has Some to

be called “"means—end analysis,”” in which they work backward from a goal

Exptr's by contrast. seem to be working forward from the information given in
the problcm

Invented Rounnes and Ruie-Dnven Beha\ ror. Exammauon of school text-
Books does not reveal in any direct way what chxldncn actually do when they

perform arithmetic tasks. This is revealed in a striking way bv considerarion of

simple: simzic-dxgu addmon and subtraction. Textbooks typically .cach addition

as a process of counting out thc two named subsets and then recounting the

combined set. and cveryone expects children rather quxckly to give up any kind

of counung in favor of memorizing the addition "*facts." * However. experiments

have now revealed that there is an intermediate pcnod during which children

conunue to soive addition problems by coﬁntmg——bm not by the method initiallv

taught in school. Instead. they use a procedure that seems o imply an under-

stzeding_of commutativity and that is clegandy simpler than the procedure

taught. This procedure. rypical of 6-year-olds and up; is known as the min

rwodel. because the smaller {minimum) of the two addends is added to the other

in a counting-on procedure. For example. to add 3 = 5: the child starts @t § (even
though it 15 ii.i.ed second) and counts on: S . . . 6, 7. 8."° This pmccdurc has
been docufierited in reaction-time and interview studxcs of a number of chiidren
in dlffcrcm courntries a.nd of dxffcrcm mcasurcd mental abxlmcs (Grocn & Park-

Rcsmck (!97‘) shows that Lhc mitn proccdurc can bc mvcnwd by 4 and 5- -year-

old chiidren:

A similar story can be toid for subtraction. Thc textbooks dcmonstratc either 2

counting-out procedure in which the minuend set is established, a specified

number of objects is removed: and the renmndép Cournted: or a matching pro-

cedure in whick sets to represent the minuend and the subtrahend are established.

objects from these sets are paired one-for-one: and the remaining unmaiched

objects are counted. However. after practice; children do something rather dif-

{erent from either of these: .2y either count down from the minuend or count up

from the subtmhcnd whichever will ake the fzwesr counts. Thus for 9 — 2 they
say. **9 . 8.7 bm for 9 — 7, thev sav, . 8.9 (Svenson & Heden-

borg: 19"9 Woods, Resnick. & Gioen, l97<) Chxldrcn who invent these pro-

cedures behave s if they understand the commutativity principle of addition and

the comolcmcmzmrv of addition and subtraction. Howcvcr it is nor vet clear now

explicit such tindcrszzndlmz mmallv is (cf. Resnick. in pre-<).

These inventions by children are no doubt hearterin: .of those who would

apply a constructivist theory of learming and d:cveiopmcx 10 education by leaving

children free to explore and discover within only loosely defined botinidaries. Bur

the presence of inventons tells only part of the story: for not ail inventions are

mathemancally successiul. Several invesugators iBmWn & Burton. 1978,
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Ginsburg. 1977: Lankford. 1972) have shown that children’s errors on slightly
more complex anthmetic tasks (e:g:. multidigit writien sibtraction) are actually
Systematic applications of the wrong algorithmic procediire. ratber than random
failures 1o recall the appropriate **facts.* These wrong procedures art vanants of
" the correct ones: they are analogous o computer algorithrms with *‘bugs' in
them and have thus been christened “‘buggy algorithms.”* A finite number of
Bugs. which in various combinations make up several dozen buggy ajgorithms.
have been identified for subtracion—which is the most often studied arithmetic
domain so far. The children who display these buggy algorithms are svstemat.
ically applying rules that no one could have taught them (for fic one would
deliberately teach a wrong rule). Buggy algorithms are thius clear examiples of
inventions that are unsuccessful. o )

Despite their failure as rules of calculanon: buggy algorithms demonstrate an

dfe various.ificorrect algorithms tiat have been obse rved amnong children makes

ft clear that most of them are rather sensible and often quite small departures

from the correct algorithm. A the examples in Fig. 1.7 reveal they tend to
“look right”" and to obev a large number of the important rules for written
caiculation: The digit structire i§ respected. there is only a singic digit per
column: all the columns are filled. and o forth. In the sense of being an orderly

and reasonable response o 3 new Situation. the buggy algonthm looks quite
sensible. S - —
To 1llustrate this point; consider the third bug shown in Fig. 1.7. The wrinea

response looks more or Jess correct and follows most of the rules for written
subtraction. such as operating on each column onlv once. having omly a single
digit in each column; and showing 2 borrow digit with a crossed-out and decre-

mented digit. The syntax of the procedure is miore or less correct. Yei the

algonthm violates some fundamental mathematicai constrairits. In particiilar. it

behaves as if its inventor docs not understand that the borrow digit adds uriits via
an exchange with another column. and that the exchange mus: maiitin equiv-

alence of the overal! guanuty. This knowledge: 1f applicd: would not permit what
this particular buggy algorithm does: It **borrows™ {30 but “‘returns™ only 10.

Ocher bugs. 100. have the character of respecung much of the syntax of written

anthmetic but vioiating the **Semantics' —or underiving meaning (Resnick.
1982): D
A similar emphasis on the sensible. nile-driven character of “wrong " re-

sponses appears in Siegler's (1978) work on the balarice beam and other simiiar
tasks. In the balance task various nutmbers of weights can be hung at various
distances from the fuicrum: the child must predict which. if either. side will go
down. Children do not completely solve this problers siccessfully until adoles-
cence. Sicgler showed. however: that at each of several preceding stapes chil-
drer. actually follow aigorithmic rujes for deciding which side of the balasce will

g0 down. The rules that are foljowed become successively richer. not only in the
amount of informiauon that children call on but in the extent to which thev v are
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1. Smciier Fromi.arger The studenl subuacts lhe smalter dlgut in a column from the
larger digit regardless of which one is on top.

326 542
-117 -389
z 247

2. Barrow r;om Zero When borrowmg from a column whose 1op digit i asO lhe studem
writes 9 but does not connnue borrowing from the column- to the left of the 0.

B2 85,
-437 =396
3¢5 506

3. Borrow-Across-Zero. When the student needs to borrow from a column whose top

be combmed with éither Bugs or bug 6.)

%02
=327
- - - - T35 3o¢
4. Staps-Borrow-At-Zero. The studént lanls to decrement O, although he adds 10 cor-
. rectly to _the 1op digit of the active column. (Note: This bug must be combined with
either bug 5 or bug6.)
703 60,4
—-6128 -387
_ U . LTS 3071,
5. 0 -N=N. Whenever there is 0 on top; the dlglt on the bottom is written as the
answer.
709 6008
—352 327
- J57 . I QBJL
6. 0 - N=0. Whenever there is 0 on top Ois wnnen as the answer
804 050
-462 —_621
: . _doa 30306
7. N —0-=0. Whenever there is O on the bottom, O is writtery as the answer.
876 856
-302 -409
o . oY 407 . _ _
8. D rement-Zero,  When borrowing from a column_in which_the top dugn Is O
es the O as 10 but does not change the 10 10 3 when incrementing
- -
02 ‘405
—300. =_35
e 34y 1106
9. Zero- -Of-Borrow. The student writes O as the answer in any column in which
the bottem digit is larger than the tap. R
326
=%
. — - 210--

10. Borrow-From- Bonom-lnstead Of.2ero. li the top algat in the column being borrowed
from 15 0, the student horraws_from the bottom digit instead. {Note: Thisbug miist be
combined with either bug 5 or bug 6.}

7.0.2 508
‘/3‘/ 109

FIG: 1:7; Simples of Bmwn md Biiifoii's’ l 10’78) buggy suntﬂcﬁon alsonthms inveiited by chnfdmn

{Adapeed from Resaick. 1982. Copynght 1982 by Lawrence Eribeum Associases. Reprnied by

able to coordinate that information: The early ruies consider either weight or
distance alone; the child seems o be unable to consider both at once. Subse-
quently, weight and distance are combined: but, at first. not in an accurate
computation of torque on the balance beam. Nevertheiess. the rules are systemat-
ic and produce predictable patterns of responses. Here. to0. is evidence for the
Pﬁifgii:iled character even of efrors. ) 7 7

__The preceding sketch of the statis of cognitive task analvsis provides convinc-
ing evidence that one part of the agenda of building a cognitive theory of

22
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instruction is well under wayv. Analyses of the kind that have been described are

capable of providing ngbrdus and formal statements of instructional objecuves

. concerned with meaning and understanding and their relation to performance
- skills. We no longer have to accept the choice between the nigor of behavioral
objectives and our desire for explicit recognition of cognitive structures and
thought. We are moving closer to being able to make useful specifications of
cogninve objectives for insuuction (cf. Greeno. 1976).

COGNITIVE THEORIES OF ACQUISITION

When we mmove to @ consideration of the other parts of the instructional theory
agenda. however, we are on less well-developed ground. The reemergence of
coghition in Amenican psvchology was accomnpanied by a Joss of interesi in
learing and acquisition processes. Until very recently, cognitive psvchologists
have bafn Vfcéusmg almost exéluswcly ot the issue of cognitive performarce
while ignoring the issue of how these ;Erfommnczs are acquued In contrast,

the older lc:{rnmg theories—those represented by Thorndike and Skmncr for

example—were deeply interested in transitions. Their !heones were largcl\

intended to accounr for changes in performance as a result of certain kinds of

expenences in the environment:
Althougn work toward cognmvc theories of acqulsmon is rclanvcly recent;

soch work is now recogmzed by many cognitive scientists as a major agenda for

the field (see, e.g2.. Anderson; 1981). Further; the research on cognitive task
analysis—some of which 1 have reviewed here—points both to the standards of
rigor to be expected in eventual cognitive learning theories and fo some of the
broad charactenstics that hese theories are likely to have. I consider some of
these charactenistics in the following section.

Constructivism _
Even a clirsors consideration of the emerging findings from cognitive task analv-
ses makc< it clear that our new “eonies of icquisition wiil have to take accotnt of

the important role of mental cony ructions and inteErpretations by the learner. The
central role of inference in text HmErstzndmg the evidence for inventions of

maghcxmmc:ﬂ procedures and the characterizauon of expert probleri‘ solvers as

mndividuals who reformulate problgms before begmnmg o work on them t}i

point toward the active role that the learner himseif plays in acquiring new

knowledge. For those who have been committed to cognitive imerpretations of
development, this emphasis on active construction of knowledge by the iearner is
mot new. It has been a central theme in Piager's work and theory: for decades and
has been much emphasized n many of the most sensit.«¢ and influential explora-
twons of the implications of Piaget's work for educadon {Duckworth, 1979:
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this ¢ ntral thcmc has been httlc claborazcd even within cozmu»e dz»elopmcnt.

theorv. As noted earlier. Piaget's theory of constriction of new schemes v

assurmijation and accommodation provides only a skeleton of a thcon of acquis

tion. It has not been fleshed out, nor “as 1t beer. dcvclopcd for any particul:

domain of knowledge to a degree sufficien' to prondc a usefui examplie of ho

the processes might actually work in the course of cognitive construction:

S?ns:bie Constructions on L xmued Dam A ceniral fea ature of the construc
nons tht characterize acquisition is that thev opcrmc without complete informz
ton: Rathcr than waiting until all the evidence is in. people seem to work t

make sense of the world on the basis of the information thev have. The researc

on buggx algorithms. on rﬁlé bascd dcvclopmcntaj sequences. and on inferenc

in text comprehension all point to the fact that people seek sznsible solutions an

explanauons withun the limits of their knowledgs.

A close consideration of buggy arithmetic algoritheis and their origin high
lights this pomt Brown and Vantehn (1982) have dévelopcd a formal theory, ii

the form of a compuu:r simulation; of the origin of bugs in arithmetic. Accordin

to their “‘repair’” theory. buggy algonthms arise when 3 ar arithmetic probiem i

encountered for which the child’s current algorithms are incompiete or inap

propriate. The child. oying to respond: eventually reaches an impasse; a situa

ton for which no action is available. At this pomt the child cails or a list o

“'repairs’'—-ections to ry when the standard action cannot be used. The repai
list includes strategies such as performing the action in a different column
sﬁippme the action. swapping top dnd bodom_nuinbers in a cotumn, znd sub-
strming an operdtion (such ds incrementing for decreménting). The outcome

zcneraxed d’imugh this repair process is then checked bv 2 set of “"critics’* tha

inspect the resulting solution for conformity to some basic critsria. such as nc

empry columns; only one digit per column in the answer., only obe decremient pei

column; and the like:

Togcthcr the repair and critic lists consntutr thc key clcmcnts in a- gencratc

and test”” problem-solving roatine: This is the same kind of ° mteux sent’” prob-

lem salvirg that characterizes many successful pcrfommnca in other domams

tef. Simon, 1976. pp. 65-98). With buggy aigorithms; the trouble seems to lie

Aot in the reasoning processes but in the madcquam dara base apphed inspection

of the repatr anc critic lists makes it clear that the gcncranou and the test rules in

this particular system can all be viewed as “"synractic.”” That is. they ail concem

the surface structure of the procedure and do not necessarily reflect what we can

call the “semantics’’ of subtraction (Resnick. 1982). .
) 7R€pmr theory is. in fact, a defailed theory of acqulsmon for a small domain of
anthmeric: Its broader implications for cognitive theories of acquisition 1s that

these theories must recognize people’s tendency to organize and strucnire what-

cver information they have—even though the information may be grossly in-
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complete or downright imaccurate: They do not simply acquire information pas-

sively until there is enough of it for *“correct’ rules and explanations to emerge.
This tendency to consuuct ordered explanaticns and routines even in the absence
of adeguate information can account at least partly for another phenomenon.
obscrved thus far mainly in science leaming: robust peliefs that are resistant to
change even when insauction (and thus better information) does come along. We

will consider this phenomenon again; in the context of coherence and intzgration
w lcé.mmg

Coherence in Learning: The Integration of Old and

New Knowledge
As we bave seen. research on reading comprehension makes it clear that the job

of the reader is to conncet new information in a text to the old: and it shows how
comprehension falters when these *‘given-new™ (cf. Clark & Haviland: 1977)
links are diffictlt to establish. Ap exiension of these¢ notons of coherence-
bullding suggests that we viev: the acquisition of new capabilities as a process of
building appropriate links between kniowledge already beld and new knowledge.
Staled this way, the role of coherence in leaming sounds deceptively simple. The

established behaviorist notion of building new performances oit of the compo-
nents of old ones: stated most elegantly in Gagné's (1962) theory of prerequisites
and cumulative learning: appears to describe its role almost completely. It might
Secm that all that is needed (o exend the cobererice principle to a cognitive
theory of acquisition are the detailed task analyses that would allow us to specify
the mental structures that are (o be extended at the paxt stage of learning. Even

this would be no small task. but there js evidence that the problem of coberence
will prove cven more complicated than cumulanve learning theory would
suggest. = _ e

A growing body of evidence, mostly collected ia studies of science learning,

is now showing how prior knowledge can actually interfere with new learning. A
recurrent finding in studies of physics instruction is tha: people bring with them

w e study of physics a quite powerful set of beliefs about how the physical
world works. These beliefs are robust and resistani to the new data and theoreti-
cal_principles that are taughs in physics courses (Champagne. Gunstore. &
Kiopfer, in press; Selman. Krupa. Stone. & Jaquette. in press: Viennot. 1979).

Their *“paive”" beliefs allow people to constrict explanations of various phe-

nomena that accord quite well with their perceived experiences. The difficulty is
that these beliefs do not march well with the Newtonian principles taught in
physics courses. yet they are not always abandoned as the result of instriction in
Newionian physics. Some Students can perform adequately on the textbook
problems in a high school or college physics course, yet when given practical
probiems that are not easily recognized as applications of the textbook for-

lelas—-—pifbblcms that force them to construct their own representation of the
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situation—they will revert to the conceptions they had before the colirse begani.
These students show evidence of having well-integrated knowledge structures
that will have 10 be given up or altered radically before they can acquire Newio-

Thcsc ﬁndmgs force us to broadcn our ttunk:mz abour th\, relauons between
established and new kniowledge in the course of _acquisiuon. We miust thirik not
only about the cumulation and lmkmz of knowlcdzc structures. but also about
what kind of confrontation beraeen old coriceptions and new ones may be
needed for thc new (o take hold If schema theories of dxscoursc comprehcnsnon

and the performances of cxpcrt physicists point toward the positive role that prior

Encwledge can piay in performance and learning; these studies of difficulties in

phvsxcs wachimg reveal its negauve role: This is a far more sabtie role for

“‘entering capabilines’ than was allowed in the Gagné analyses of prerequisites.

Now that the phenomenon has been demonstrated.: the task ahead is to analyze it.
How: precisely. do atready held schemata drive artention gway from competing
interpretations? Is the process simply preemptive. or is there a more complex
relanonship between the two schema systems to be uncovered? And what hap-
pens 1o old schemata as new ones take over? Are they simply "‘left behind™* or
are they incorporated into a new framework? As answers {o questions like these
begin to take shape, we will have a theory of acquisition capable of more directly
guiding instruction in these complex subject maiters. '

The Nature of Theory Change: Insight Versus
Incremental Change
Thc preceding discussion sugchLs thar it may be useful to view cogmt[vc ac-

quisition as a process of knowledge restrucruring. a defmition that immediately

brings to mind both Gestalt and Piagetian theory. These structuralist theanes

both stressed the role of nvention and insight in the process of such restructur-

ing. The notion that insight, prcsumabiv n:sulnng in an irunediate restructuring

of knowledge: is characteristic of learning contrasts sharply with tradinonal
theones of leaming in which acquisttion is described as a gradual and incremen-
tal process—a function of extended practice. Debates among learning theorists
concerning incrernental versus *‘all-or-none”” learming of Simiple discriminations
can. in fact. be viewed as one of the important predecessors of the cognitive
revolution in experimental psvchology. Given this history. it is not surprising
that there Has been a generdl tenideficy W equdle cogiitive theonies of hurmati
behavior with insight-oriented theories of acquisition . In fact: a cognitive view of
education has up to now alimost always carried the xmpucanon that leammg does

not proceed in smooth steps. but instead is marked by occasional moments of

insight resulting in immediate qualitative differences in the nature of thinking.

It 15 no longer so | likely. however. that cognitive theones of acqms:uon will

emphasize momentary insightful restructurings rather than the gradual acquisition
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of new understanding. A number of cogmuvc scientists ;r: now m"mne thcxr
anention 10 the question of acquisiuon. A recent edited volume (Anderson; 1981)

provides an excellent overview of the direction that one major cl:rss of these

theories—the ones commitied to formalization through computcr simulanon—is

tak.ng. Work of this kind by Neches (1981} is directly reievant to the cxamplcs of
task anah sts_presented earlier in this chapter and illustrates well the power of
incrermental theories. Neches has construcied a computer program that invents t thc
min mode! of mcntaJ addition. That is, it begins with a procedure for addition in
\anuh both addends arc counted in the order presented: but after a period of
practice on addition problems, it performs by ‘“naming " the larger addend and
then counting up by thie amount of the smaller. The conversion is accomplished by
a set of mechanisms that seek performance efficiency by eliminating redundant

SI:pS and b sircngthenmg responses that are made while weakening potenually

sompeung responses: The program is self-miodifving, all Hansiormations of

knowledge are 1ts own: it makes a major transformation in its procediire. yet there

is no sinzlc moment of msrght lndced it is Dot clear thii the sysiem needs to
““understand '’ commutativity in order to behave in accord with it.

The Neches program. like other self-modifying systems. provides a plausible

account of now acquxsmon mlgh proceed. But the account is only that plausi-

ble. but by no means proven. One difficulty with this line Of work is that up o

aow it has proceeded with only a limited amoum of data on the actuz. human

processes that are being modeled. Typically: as with Neches: there exists strong

evidence for a parncular_ ininal pcrformance and a finai one: However: there is

usually no observation of the acquisition process itseif. As a resuit: mc theorist is

free 1o build a seif-modifyving svstem without the requirement that any pamcuiar

feanires of the acquisition sequence itself be matched. Intriguing as the current

xclf-modlrnng programs are. then, we must withhold acceptance of them as
acroal dcscnpnonﬁ of cognitive activity untl they can be morc fully constrained

\r‘vc mast not. nowzver, assums ;hat as a more <ubslanua1cd Lhcorv ofa acquisi-

got 1s dr:vcxoped 1 wm necessariv suppon insight as opposed to incremental

accourts of acqais'tion: Ovar the past 3 vears my colleagues and | nave spent

several hundred hours smdvmg pmtocols takefi on a small number of chiidren as

thev were xaught subtraction using a method intended to induce understanding of

the meaning of the varous scratch marks and mzmipulanons involved in subtrac-

uon with borrowing. This instruction emphasizes the anaiogy berween two dif-

ferent representations of subtraction—one: the symbols ased in smndzrd written

notation and the other. a concrete representauon using blocks dcsxgned © high-

light the guantitative meaning of place value. The child is required © rrmkc

altermauing moves in the two representatons, in order to build a mental mapping

between operations in each. This procedure helps the child o applv his or her

undcrstandmz of the blocks action to the writing. The procedure is summarized

in Fniz
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Problem: 300 — 139 Blocks Action or Writing Action

30 Thechild:.. .. . . L
/ Q 1. Displays largsr number in blocks.

-739 .

2. Writes problem in column-aligned format.

Trades i hundrad biock for 10 tens bioeks.

b

Aoo
-/ 39 4. Notates the trade.
-

;?"5 5. Trades 1 ten block for 10 units biocks,
3

o R -
9 -2739 6. Notates ita irade
5

of

. in sach denomination removes the nur

o blocks specified in the bottom number.
” - 739

R
o

8. In sach column natates the number remaining,

FIG. 1.8. Instructional procediire for mapping blocks action (0 wriing in teaching subiract: . 41t

borrowing. (From Resnick. 1982, Copynght 1982 by Lawrence Erlbaum Associates. Reprinted by
permission. ) 5
We have paid special attention to the case of one child. Molly: who quite

clearly experienced a moment of insight in the course of this insucuon. She told
us so by her exclamation. **Oh: neat! Now 1 getit,”" at Step 2 (Fig: 1:8). and an

accompanying change in the pace and rhythm of her working through the remain-
ing steps. Recently; impelled by the need to begin serious work on a theory of
acquisition for this domain of mathematics understanding;, we have begun to
recxamine this child’s protocol. There is no doubt that Molly fel: that she had
undersiood something new at the moment of her exclamation. But on cioser
&xamination it 1s oot at all clear what it was that she really “*got.*” She certainly

28
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did not suddcnl\ know the correct algomhm io use, nor did shc automatically
and quxcklv generate correct deseriptions of the operations she was doing. In

fact: it took a delay of several weeks and anothcr hiour or so of probing for Molly

10 generale an cxpianauon of written subtraction that convmced us that she

undcrsxood nh\ t.hc wnncn subtractmn aleonthm worked Thcrr: was m

wnsight.
Yet somcthxng clearly happened at that moment. What? Our bcsx current

mtcrprcmtxon is that at the moment of insight: Molly learned where to nook for

explanations. That is. she learned that the blocks and the writing are analogous

and thus. perhaps. the schemata she had for biocks might also apply to writing.

This insight allowed her to inspect the two routines and to a;:pl\ her understand-

ing of one to the other—a process, however. that was to take considerable tirme
beyond the actual moment of xns:ghl
The story of Molis"s msight is. for the moment: more a conjecture than a

theory. | offer it now . despite its very tentative status; to make two points: First.

thc feclmz of having an insight does not necessarily mean that 2 complcu:

resgructuring of knowledge has taken place: it may only mark a2 moment in which

some clue as o how to g aboiit the process of 1 restructuring becomes apparent:

Second: our smdv of Mollv highlights the kind of detailed observations—freed

of assumptlons aboat insight and immediate mental restructuring as the founda-

tion of acquxsmon——thal we are going to nieed as we build a cognitive theory of
acquisition.

A COGNITIVE THEORY OF INTERVENTION

We come finally to the question of ma:rventlon If Lhc route has been lonz

think it has not been unnecessarily circuitous: For t© propose principles of

intervention in the absence of a stmng theory of acguisition is to operate in the

kind of theoreticas vacuum that can only produce an endless series of empirical

expenments on different instructional methods: with no basis for interpretation.

It should not be surprising that with a cogmtnic ‘theory of acquisition only

bcmnnmz 10 emerge. we can hardly point to a vigorous cognitive theory of

inervention at this time. Nevertheless. the developments outlined in the course

of this ;haptcr sun:lv Suggest the kind of instructional theory that we can cxpcct

o bmid Spcc:ﬁcallv the accumulated body of cognitive task analysis and the
emerging work on cognitive theories of acquisition clearly signal the need for a

constructivist theorv of instruction. It now seems absolutely certain thar our task

is 10 develop a theory of intervention that places the learner's active mental

construction at the very heart of the instructional exchange. Instriction cannot
sampn pul knowledgc and skill into pcople s heads. Instead. effective instruction

must aim to place iearners in situations where the constructions that they naru-
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rnle and mcumnh make as they try o make sense of their worlds are correct as
well as xnsnblc ones.

A constmcuwst theory of 1 mstrucuon need not avoid prcscnpuons for mter-

»cnnon nor need 1t spcc:fi« only a very general environmental arrangement: as in

some of the Piagetian proporsa;is for dcs:gmnz schools and classrooms: Instead: a

constructivist intervention thcory must address all the traditional concerns of
nstructional design: how to present new informauon to students; what kinds of
responses to demand from students. how to sequence and schedule leaming
episodes. and what kinds of feedback to provide at what points in the leaming
sequence. These traditional insauctional concerns take on new substance and
dii'Ectikjii Whéﬁ zip'pi'iizichEd fﬁjﬁi zi 'cb'iistﬁi'c'tii iét péﬁpétiiQE Althbiigﬁ the EiiiEi'-'

possxbl; o s[cctc.jh some of the qugsuons that wlrll, ne:d i be addn:sscd as work
proceeds. I do this in the concluding pages of this chapter.

Instructional Representations
Orne of the central qucsuons for any thcory of mstrucuonaj intervention concerns
the form in which mfonmmon is best convcyed to thz learner. In traditional

instructional dtsngn it was tacitly assumed that a task zmzrlysxs that specnﬁed the

pcrformancc or knowledge of skilled pcoplc in a domain would automaucally

yvieid not only * ob)ccnw)cs for instruction in that domain bart an outline of the

form 1n which mfonnauonrshould be presented to learners. lmphcxt in Lhas

assumption was the notidn that wnstruction should communicate as directlv as

possible the **mature®” or "‘expert’s’’ form of a concept or skill. Research of the
kind discussed in this chapter. however. makes it clear that this assumption does
not adequately recognize the work of the leamner in consrructing the mamure form
of knowledge. Novice—expert contrastive studies have shown that the mental
representations o. beginners differ qualitatively from those of peoble more expe-
rienced in a domain of knowledge. Futthertore, there are hints that novices may
not be able to assimilate or use the categories and representations of experts when
these are directly presented: vet we know that extensive practice allows people
who bégm as novices to discover the representations and skiliful pcrfomxanccs of

experts. If this is so, then the msk of the instructor is not to search for ways of

presenting information that directly match the thought or performance patterns of

experts. Rather; it is to find instructional representations that allow leamers ©

gradually construct those expert representations for themselves.

Untl quite recently; the question of representations for instrucnon has been
the almost exclusive concern of curriculum developers and pedagogical subject-
marter specialists. Mathematics educators, for exampie. have developed an ex-
itﬁﬁi\?éﬁrcpcrt'ﬁf”o’ ire of concrete and pictorial representations of mathematical con-
cepts (Resnick & Ford, 1981, chap. 5). Only recently have psychologists begun
to analyze these materiais and their function in the learning process. In an earlier

1
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paper (Resnick: 1976); | suggested that mstuctional rcprtscmzucns mus-: ‘H

represent the conccpr or idea 10 be acquircd in a veridical: if snmphﬁed way, (2)

be ‘"transparent’’ to the learner (i.c. + represent relauonships in an easily ap-

prv:bendcd 1ot or decompose ’sroccdurcs into managcablc units): (3) map well
onto expert modes of understancing and skill. As an example: ,D,'F'f,s,,b,lo‘?i‘f (of
the kind displayed in Fig. 1.8) seem to meet these requirements micely for the

principles of place value. They represent the relations among numbers that are
embedded in place value notation. and they are in a form that is easy for children
to recognize and manipulate. The ten-for-one relauonship between adjacent de-
nominations is visible and physically verifiabie by superimposition or ahgnmcnt
of the blocks. and exchanges between denominations can be made in a way that

pma:bcis the steps in calcuiation algorithms. Ir another domain of leaming.
Genmer ¢ 10801 has been analvzing the role of analogxcs in leamning and teaching
scientfiz TONCEpLS. Research on instuctional representations in a vanery of
subtect maners should eventually lead to a generalizable theory of representa-

nons for teaching that is capable of guiding instructional design efforts. Such a

theory will need to take expiicit account of how learners interpret representations

and hew they build mental represenations and procedures from the instrictional

matenals that are presented:

interventions That Take Account of Previous
Knowledge

As | have noted carlier. the theme of building on past learning is an old one in

instructional psychology. In behavioral theories: it has generally been Issmmfd

tha: previous knowledge. when prcscht facilitated subsequent jearning: That 1s:

new capabilities were to be built of the components of older ones. and knowledge

anc skill would thus cumulate hierarchically. As we have seen. however. pnor
Rnowlcdzc can also interfere Wwith acquiring new concepts. This means that
instructional methods are needed that explicitly take this interference inio ac-

couat. A theory of intervention quite different from the one denved from
cumalauve leamning iheory will be needed to guide instruction of this kind. As a
pomt of déparmrc the anzcuan notion that cognitive growth occurs as tne result

of confiict bcrrrwr_en competing schemes might be elaborated in the context of

imstructionai subject maners and perhaps linked more explicitly to schema-driven -

thearies of cémprchcnsxon and acquisition: This could provide one basis for

intervention studies that explore different appmazbes 10 relating new lcammg to

old. What ;s best: 1gnonng prior incompatibie conceprions and rzlpmg students

construct strong new ones; or directly confronting the conflicts berween dﬁ old

and the pew conceptions? These kinds of questions have rarely been rarsed in the

context of instruction. except by people exploring the educational implicauons of

ngct (e.g.. Duckworth. 1979). Thcy will surcl) have to be addressed in the
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A New Theory of Practice in Learning .
The time is also ripe for a new look at an old instructional question: the role of
practice in learning. It is interesting to conu-ast our current views of practice with
those of Thornd)ke For Thomdxke the mle Of practice was straightforward and

xlf—evxdtm It stampcd in"" correct associations through reward. The assump-

uon; mammmcd ir. subscquem associationist and behaviorist instructional theo-

res. was that competencies did not change in any fundamental quahtmvc way as

a result of pracuce: they merely became stronger. faster and more reliabie: The

itive research is that practice aiso provides the occa-

evidence from recent cos
sion for productive cognmvc inventions and that skill and understanding mayv

undergo qualitative changes in the course of practice. This: 1 believe: forces a

reconsideration of the role of practice in learning. Why does pmcncc sometimes
lead to productive inventions. and sometimes to the kind of rigid. “*distorted"”
thought deplored by Wertheimer? A recent paper by Anderson. Greeno. Kline.
and Neves (1981} suggests that the same mechanisms that account for the ac-
quisition of skill in constructing high school geomewv proofs may also explain
phenomena such as set and functional fixedness. We do not know how general
such a "“trade-off"" between the benefits of smooth and skillful performance and
the disadvantages of rigid performance sequences may be. Anderson’s theory
accounts micely for ddta on the. developing abilities of a group of high school
students in a traditional geometry course in which daily practice in proving

theorems of a fairly standard type is provided. However. this does not mean that

forms of instruction znd practice might not be devised that would foster skiil

acquisition without promoting set or funcrional fixedness:

If practice 1s to provide the occasion——and perhaps the motivation—for the

invention and testing of new procedures: then the traditional distinction berween
skill acquisition and understanding may need to be substantiaily modified. Prac-
tice. leading to skillful performance. mity mrm out to be necessary to the develop-
ment of deep understanding. at least in certain domains of learning. Piaget’s
ih’éié’téh"cé 6ﬁ i-éﬂEkiVE ibétféttibﬁ ziiid hi§ dé'riib'riéii-étibﬁ 'th'ét §iibcE§Sﬁ.il pEi"rb"r.
suggest such a_possibility, as do our own demonswations of p,roce,durm in-
ventions by children (Groen & Resnick. 1977). Surely the kinds of practice
afforded by instriiction afid the ways in which procediirdl practice is interspersed
wnh invitations to reflect and construct explanations will influence the develop-
mem of understandmg Here. then is another set of questions about practice that

a constructivist theory of intervendon will have to address.

Assessing Understanding: The Links Between

Knowledge and Performance
Assessment of students’ cntcnng capabllmcs and of the results of their learming

efforts is an integral part of an instructional intervention. A cognitive theory of
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intervenuon must therefore include principles for assessment that are capabie of
revediing a leamer's stale of knowledge. Although the necd for diagnostic as-
sessment has long been recognized by instructional and test theonsts (Ulaser.
1981. Greeno. this volume) existing tests {all far short of permitting strong
iﬁfmﬁCCS about U‘if Cbgﬁjtj\?b “ﬁifc 6f ltii’ﬁbfi Ti’idititﬁlﬁ] QCHiCVCfﬁéﬁi fcﬁi:ﬁ ﬁj’é

dsc*rpuons of mdmdual competence. Mcanwhx]c content- rtfcrtnccd tests
(Glaser. 1963). which are intended to reveal directly the learner’s capab:lxtx:s
lack any prmc:pléd trasrs for lmkmg observations of performarice to unferences

about cognitive comperence. This 15 hardly surprising when onie considets the

behavioral roots of the comcm-refertnced } wsting movement. Acfcordin'g to strict

behavioral theones: a person’s cornpetence is nothmg more than the sum of that

person’s performances. There was thus no reason to oy to develop a method for

inicmng underlying knowledge from the observed performances:

A cognitive theory of instruction: by contrast; requires cxacﬂy such 1 method:

By fecusing on the knowledge to be inferred; rather than on the pcrfonnanccs per
sc. the objectives of instruction are likely to change—in directions that promote
ransfer and further learning (cf. Greeno. 1976. this volume). Principled bases
for infermng that knowledge from performance must therefore be developed.
Cognitive psvchologists regularly make such inferences in their laboratories.-But
the effort is usually intensely individual and ad hoc: Those inferences survive
that. after inspection of a large amount of data and research findings of other
sciefitists, remain plausible. For instrictional assessment. tasks and aliowable
inferences about underlying competence will need o be specified more svstemat-
ically. The translation of metbods of cognitive analysis into forms usable for
1muoual Assessment constitutes another major agenda for a cognitive theory
of intervention:

CONCLUSION

I have tmed In this chapter to sketch an *mcrgmg revolution in the psxcr:goliqm of

mstruction. The cognitive perspective that now permeates psychology aid its
n:Laxzd dxscxphncs has pmfound nmplxcanons for mc wavs m wmch we ouzht m

the l&mcx as an acuyc constructor of knowie,dgc forces a dccp reconsndcrauon of
many of the assumptions of the instructional theories we have been living with.
Some of the directions in which the new constrictivist assumptions may lead
insguctional th=ory have been suggested in the finai section of the chapter. But
tse particular questions addrcsscd there are only czrly examples of the ways in
whrh the radiuonal concems of msu-ucnonal theory can be expected to take on
new substance as work toward a cognitive theory of instruction gathers momen-
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Onc of the more important mﬂuences on thc d: rection of research m cognition
is the camulaung evidence for the central and complicated role of prior knowl-
edge in performance and learning: As this phenomcnon has been recognized it

has had the effect of directing the efforts of cognitive scientists toward intensiss

study of human performarnice m p:zmcular domans of skill or know lcdzc lnstéad

of xirchmz for zeneral laws of leaming or development many cognitive scien-

usts are now déiiotxnz attenuon to the analysis of specific task domains—includ-
ing many that are of direct interest to the eddcé(o ‘Although this has the effect of
making large segments of basi ience immediately relevant to the
sk of developing an instructional theory:. it also renders the task more complex
than it might have secmed in the past. If we are to find general laws of cognitive

lé:i.rrilhé thét Czih bE ép;iliéd td ihéiiﬁbﬁbh. it Mil b? 6ri]V t}iibiiﬁﬁ r.hE déﬁiiéﬂ

ible to understand How knowlcdgc accumulatcs and influences new cognitive
constructions.
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