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ABSTRACT
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applications to the scieace of iastruction: (1) uaderstasdiag matural
language; (2) learming to read; (3) developing mathematical
c teace; and (4) problem solviag, intelligeace, and learaing
abilities. Major themes emergiag from resesarch ia laaguage processiag
isdicate that prior kaowledge is esseatial ia coastructing meaning
for s nev text and that the coastruction of meaning ceatrally
iavolves infereace. Two main themes in reading research are
emphasised: (1) the active iaterplay betweea expectations amd the
visual stimuli of priated words; and (2) the ceatral role of
automatic processes of word recogaition. Special problems arise when
analyzing mathematics as & domain of cognition and learaing,
iacludiag o izing schemats, recogaizing persistent aad systematic
errors, and liaking syabols and their refereats. Receat work in
problem solviang is focused oa performasce ia ianformation-rich
domaias. There has besn cosmsiderable effort ia receat years to
reanalysze the coastructs of iatelligeance aand aptitudes in terms of
cognitive processes aasd coastructs, iacluding metacogaitive skills.
Directioas for further research are suggested. (LMO)
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ollowing receipt of her undergraduate degree from Radcliffe College,
Lauren B. Resnick earned a master's in Teaching and an EdD in
Research in Instruction from the Harvard Graduate School of Education.
Resnick is currently a Director of the Learning Research and Develop-
ment Center and Professor of Psychology and Education at the Univer-
sity of Pittsburgh. She is past president of the Division of Educational
Psychology of the American Psychological Association {(APA), and a
fellow in the APA's Divisions of Experimental Psychology, Develop-
mental Psychology. Educational Psychology, and thie Experimental Anal-
ysis of Behavior. She also has served as vice president ol the American
Educational Research Association’s Division of Learning and Instruc-
tion, is a fellow ol the American Association for the Advancement of
Science, and is a member of the National Academy of Education.
Resnick’s primary interest is the emerging field ol the cognitive
psychology of instruction, and she is playing an active role in its de.
velopment. Her major current research locuses on the learning of math-
ematics and science. She has also studied reading and other subject-
matter domains. In addition to her research elfforts. Resnick is founder
and editor of Cognition and Instruchion. the major new journal in the
lield.
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LAUREN B. RESNICK

COGNITION AND
INSTRUCTION: RECENT
THEORIES Ot HUMAN

COMPETENCE

Introduction

y goal in this essay is to sketch the current state of knowledge
about how intellectual competence is acquired and to suggest
directions for future research, especially research that promises to im-
prove instruction. My task is more complex and more exciting than it
would have been 10 years ago because the psychology of learning and
development has in that time undergone a profound change. In the past
decade, a number of the assumptions that had guided research on
learning have heen called into question, and a vigurous new “cognitive
science” has taken hold. The implications of this change for conceptions
of human mental functioning are vast and the possibilities for a revi-
talized science of learning and instruction are just beginning to be re-
alized. '
* Until 10 or 15 years ago, psychologists interested in the nature and
acquisition of intellectual competence were faced with some unpalat-
able choices. One set of psychological theornies—those in the associa-
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LAUREN B RESNICK

tiomst and behavionist traditions—offered a ngorous expenmental ap-
proach and an active concern not only for the nature ol changes in
performance but also for the means o nfluence change These theories
provided a strong basis for studymg and prescribing interventions and
were attractive to those who wanted to have an impact on instruction
and education. But the assoctatiomsts and behavionsts had little to say
about the nature of thought processes or the questions of structure,
organization, and meanmg in learnmg In their msistence that overt
behavior was the only proper object of scientific study and therr attempt
to reduce thought to collections of associations, these psychologists
offered no theoretically sensible way of dealing with questions of un-
derstanding and provided little wisdom concerning the nature of intel-
lectual competence or the role of structure and meaning in learning.
On the other hand, structuralist theories (those of Piaget and the
Gestalt psychologists, for example), which did treat meutal life as real
and important, and which offered strong theories about the role of
structured knowledge and meaning in intellectual competence, had very
weak theones of acquisition And they had even less guidance to offer
on how to intervene in acquisition. Despite elegant examples of the
kinds of instructional goals that nught be promoted, neitlier Piagetian
nor Gestaltist analyses proceeded very far in specifying goals for in-
structton in anything like the rigorous detail that learning theorists
offered for the associations or belaviors to be fostered by instruction.
Furthermore, the relative silence, at least for Piagetians, on questions
ol mstruction was further heightened by a kind of mistrust of interven-

tion that was inherent in biologically oriented developniental theories -

(¢f Resnick, 1981a) Psychologists thus were faced with a choice he-
tween (a) theories that were centrally concerned with changes and how
to promote them, but fundamentally unconcerned with thinking and
meaning and (b) theories that were centrally concerned with structures
of thiniking and with understanding, but very vague about mechanisms
of acquisition and disinterested in or even mistrustiul of instruction.

Recent developments in cognitive psychology offer a new set of
perspectives on this troubling dichotomy. The beart of cognitive psy-
cholugy is the centrality given to the Innnan mind and the treatment of
thinking processes as concrete phenomena that can be studied scien-
tifically. Researchers in various branches of psychology have found
common ground . the study of cognition, and they have been joined
by computer scientists, linguists, and philosophers to form a new cog-
nitive science research community. Fhis new interest in cognition has
resulted m (a) a flourishing of research on complex forms of knowledge
and skill, (h) a convergence on some key points between experimental
and strueturalist tradition in psychology, and (¢) the development of a
variety of new methods of research and forms of theorizing that are
gradually developing a new scientific smethod specifically suited to the
study of Intnan mental functioning

[IC - aw T
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COGNIHON AND INSTRUCTION

One of the most important developments m cogiitive scienee has
been the gradual construction of new ways of linking knowledge and
performance. Process theories of cognitive functioning provide precise
statements of how the knowledge that people possess permits them to
perform an certain ways on certain kinds of tasks The interest in pro,-
cesses of thought has led to the refinement of methods that trace se-
quential steps in thinking These methods nclude recording patterns
of reaction times for shmuli or tasks of different complexity. tracking
eye movements as subjects read texts or solve visually presented prob-
lems, and using “think-alowd” protocols m which subjects solve prob-
lems while verbalizing what is going through their minds as they work
Because think-aloud methods seem to share features of the long-dis-
credited introspective methods of psychology, they have evoked a cer-
tain degree of skepticisin. Careful methodological work (e g., Ericsson
& Simon, 1984) has established the limits and powers of these methods.

Study of the relations between processes and content of thought
is further stimulated and strengthened by the active enagagement of
psychologists with computer scientists, especially those interested in
the study and development ol artificial inteltigence. Viewing the com-
puter as a metaphor for the human mind has stimulated cognitive psy-
chology, allowing for more intentional and goal-driven processes than
the older image of the mid as a switchboard, which was so neatly
compatible with associationist theories. However, the real power has
come not from the general metaphor, but rather from the use of com-
puter programs as detailed simulations of hurnan thinking and. thus, as
a way of both energizing and disciplining cognitive theory. When com-
puter programs behave as humans do—making similar mistakes,
pausing at similar points, expressing confusion over the same issues—
it is reasonable to assume that the internal processes ol the human and
the computer are similar, and researchers can treat the programs’ vis-
ible processes as a theory of the invisible processes of humans

lmtially applied to hmited forms of problem-solving task perfor-
mance (Newell & Simon, 1472), computer sinlation as a form of psy-
chological theory has subsequently heen extended to a wide variety ol
tasks and domains, and more recent work provides complex models of
how knowledge is structured and accessed in addition to the proce-
dures and heuristics used in manipulating it. This use of computer
programs as models of human thinking has heen enhanced by important
shifts within artificial intelligence itself (Dehn & Schank, 1982) Artificial
intelligence researchers, finding that truly complex forms of thinking
depend on optimally structured knowledge and heuristic rather than
exhauslive forms of searching this knowledge, are turning more and
more to studies of human intelligence to inform their efforts to build
intelligent machines. In this emerging fiell of cognitive science, it is not
always easy to tell who is a psychologist and who 1s an artificial intel-
ligence specialtsl.

8
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LAUREN B RESNICK

In addition to having an interest in thinking and recogmaing the
central role of structured knowledge in the process of thought, the
modera cognitive science converges with structuralist traditions in psy-
chology in rejecting the long-held tabula rasa assuaptions of American
psychology in favor of what can best be called a construc st assump-
tion. In associationism there was no way to imagine knowledge entering
a human’s mind except from the outside Objects could be perceived,
associations between events noted, and mental bonds gradually built,
These bonds were, it was assumed although often not directly dis-
cussed, direct reflections of the external information to which one was
exposed To learn was to build up more and more of these records and
tomake them more quickly accessible. But to learn was not to construct
new associations and relationships through purely mental activity.

Today's cognitive science, by contrast, gives a central place to
organizing structures and thus provides the termms in which theories of
‘low individuals build new relationships can be developed. Knowledge
is no longer viewed as a reflection of what has heen given Irom the
outside, it is a personal construction in which the individual imposes
meaning by r.lating its of knowledge and experience to some organ-
izing schemata. This constructivist view in cognitive science is not iden-
tical to Piagetian constructivism, but it is close enough in spirit that
psychologists who a decade ago could find little ground for serious
debate can now successfully respond to and wld upon each others'
work. One result has been a rejoinng of forces by certain groups of
developmental and experimental psychologists who had for some de-
cades diverged in their interests.

I will illustrate and elaborate all of these trends and the research
methods on which they are based in the course of this chapter. | will
also stress another important characteristic of recent cognitive re-
search—that is the extent to which it is both relevant to and driven by
questions concerning instruction and ae deliberate modification of
human competence. Partly hecause cognitive scientists are seeking
complex and “ecologically valid” domains of human intellectual func-
tioning in which to develop their theories, and partly because of a drive
toward socially relevant applications of their work, cognitive psychol-
ogists are devoling substantial effort to research on the kinds of tasks
that are studied in school or other educational institutions.

Both the nature of competence in sucli domains and its acquisition
are increasingly central questions in today's research. Instructional ex-
periments, when condicted so as to reveal details of the learning pro-
cess, are a valuable tool in research on processes of acquisition, and
these experiments further tighten the links between fundamental re-
search on learning and thinking and potential applications to a science
of nstrnction To illustrate all of this, 1 will build niy chapter around
four broad topics: understanding written and spoken language; learning
to read; developing mathematical comipetence; and the nature of
Q blem solving, intelligence, and learning abilities. These are all <lo-
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_ COGNITION AND INSTRUCTION

mains m which the convergence of basic and applied research on
human cognition as lughly evident and m which many of the method-
ological tools and theoretical 1ssues of current cognitive science can
be displayed.

Understanding Natural Language

1 will focus hrst on how people understand that most complex of human
intellectual productions, language Tlus question has captured the at-
tention of some of the world’s best psychologists, linguists, and com.
puter scientists over the last 15 years, and the result of their work is a
rich bady of knowledge and theory about how people uiderstand what
they read or what other people tell them

Contrary to certain older views, cogmtive scientists now agree that
the process ol understanding language is not one of absorlung and
recording what is written or said Rather, m tlus process the message
is used to build up a representation n one's mimd of the situation to
winch the message refers ‘Tlus representation 1s simultaneously selec-
tive and elaborative with respect to the message It does not exactly
match the message. Rather, some things that the message says are left
out, and some other information that the message left outis put in The
mentad representation is elaborated by the reader or hstener to include
things not stated exphicitly but necessary to make sense of the message
Information that the receiver construes as not being crucial to the
meaning 1s left out of the receiver's mental representation This process
of constructing representations based on messages highlights a central
feature of natural language understanding. Except i special circnm-
stanc es, 1t 1s not the message itself that is represented, but its reference.
People use language to refer to something external to the language
itself, and the processes of languige interpretation are all aumed at
understanding that external situation. Knowledge of lingwistic conven-
tions as such, while crucial to the process of understanding, is normally
employed to aid understanding of the reference situation rather than
as an end in itsell,

The processes by which the referential meaning of a message 1s
constructed by a reader or listener have been a central concern of
cognitive scientists interested in natural language understanding. Two
major themes emerge from this work First, prior knowledge s essential
in constructing meaning for a new text. Second, the construction of
meaning 1s one that centrally mvolves inference.

The Role of Puor Knowledge i Constructing Representations
Schemata in Language Processing

An example from a now classic experiment in cognitive psychology is
the best way to demonstrate the importance of pnor knowledge n

‘ - - 131 1“




LAUREN B RESNICK

understanding a text Read the text m the followiny paragraph, but do
not look ahead to Figure | as you do so

It the balloons papped the sound wouldn't be able 1o carry
simnce everything would be too far away trom the correct floor A
closed window wouvkd also prevent the sound trom carrymg. since
maost hnldimngs tend to be well msulated Since the whole aperation
depends upon a steadv llow ol electnaty, a break in the nuddle of
the wire watild also cause problems O course, the lellow could
shout but the human voice 1s not loud vnough 1o carry that far An
atkhitional problem is that a string conltd break the instrament 1hen
there could be no accompamment to the message It 1s (lear that
the best situatn would nvolve less distace Then there would
be lewer potential problems Wath lace to face contadt, the least
number ol things could go wrong (Branstord & Johnson.
1972, p 719)

Unless readers know of the Bransfard and Jolmson (1972) expeniment
and thus remember what the text 15 abowut, virtually everyone reading
tlus text has the experience of not understanding. The text seems gar-
bled and senseless Now look at Figure |; it tells you, via a pictorial
tllustration, what the text is about After seeing thus serenade picture,
most people experience a sense of insight concerning the text. They
are ready to say, “"Now | understand ™ The framework provided by the
picture provides a “scaffolding” for interpreting the text.

The 1ext in this study was a particularly amiiguous one, deliber-
ately chosen to show that prior knowledge about the reference situation
is crucial m understanding a text. Yet ne same phenomenon has been
vbserved n far less extreme situations as well Hints provided in ad-
vance by the expenimenter or the reader’s own background have heen
shown to make a difference in what the reader understands u; a text
For example, one study (Anderson, Reynolds, Schallert, & Goetz, 1977)
shows that music students interpret the following passaxe as a descrip-
tion of an evening of playing cliamber music, whereas physical educa-
tion students interpret it as a story about an evening of card playing
This kind of study shows clearly that the background knowledge and
mterpretive schemata that readers bring with them to a text make a
difference in what they understand the text to be saying

kLvery Saturday mght, four good Inends get together When
lerry, Mike, and 1'at arnved, Karen was siting i her hving room
writing some nates She qunckly gathered the cards and stood up
to greet hier inends at the door They tollowed her into the hving:
room. but as usual they couldn’t agree on exactly what to play
Jerry eventually took a stand and sct things up Finally, they began
o play Karen's recorder hiled the room with soft and pleasant

ERIC 132
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~ COGNITION AND INSTRUCTIO

Figure 1. Appropnate context for ambiguous textual passage Repnnted
from Branstord and Johnson (1972) by petmssion

music Farly in the svenmg, Mike noticed Pat's hand and the many
chamonds As the mght prigressed, the tetnpo of play nx reased
Finally. a hull i the actwities necurred Taking advantage ol this,
Jerry pondered the arrangement m front of hun Mike mterrupterd
Jerry's revene and saud, “Let’s hear the score ™ They histened care-
tilly and comimented nn thewr perfprmance When the comnments
were all heard, exhausted but happy, Karew's trieinds went home

o (Andersun, Reynolds, Schaliert, & Goetz, 10177, p 372)

ERIC
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TAUREN B RISNICK

Demonstrations of these kinds, together with many mre forml
expernnents, underlie what has heeome known as e se iemea heoretn
view of language comprelhiension The theory holds that sehemata,
winelr are prototypical versions of a silwation, are slored i people’s
mmils and are ased 1o niterprel new nstances and evenls i iliose
situatums The schemata describe classes of siluastions and specily the
relations between alyects and evenls The specilic evenls and ob-
jects vary accordmg (o the particular case, but the relations specihed
m a e general schiema still hold and are used 1o mterpret (he case
al hand Schemata result Irom a cumulation of pror leatnmg and ex-
perience They are necessary if one 18 1o comprehend new verhal ina-
terial, and thus they are important (o all learning that depends om verhal
presentations Tins schema-based view ol inderstanding goes hack 1o
early work m esperimental ps~chology by Bartlett (1932), wineh showed
that when a text was recalled, elements were defeted or mghhghied
accordmg 1o a directing imterpretive schema Schemala of this ki,
grven varins labels (such as “senpts,” “lrames.” “memory orgamzation
packels”), are al the core of all artihieial intelligence models of language
undersiandmg (see Dehn & Schank, 1982, Schank & Abelsom, 1977, for
discussim of these pomis)

I the serenade example, consider what nigtit have happened 1o
prochice the nitial falure to understand and the sulrequent sense of
uderstaniding withemit dhifficulty. it 1s not the words of the texl ilsell
thal prexhce the disheully, Englist: language readers can allach meanmg
tor eadds word, ail every sentence 15 grammatu afly correet In facl, read
by nsell, each semtence is undesstandable The problem oceurs when
the reader Ines 1o make the sentences il tlogether in a coherent whole.
Parrs of adjacent sentences seemn 10 have no conneclion 1o one another.
Once the context of the serenade 19 known, however, the reader can
infer the connections and the passage makes sense

With ttus simple analysis, | have already wlentiied several elements
oA the process of understanding Readers and isleners must access
previously stoved knowledge alol the meanms of indwidual words,
they murst use their knowledge of syntactse rules and eonventions and
oA the workd o sensibly convert phirases and sevtences i the text o
propositions aboul a situation, and they must hnk the propositioms o
a coherenl representation of a single sitvation An exceflent desenpriion
of the varws kinds of procesoims actvity wsed to comprehend a fext
18 gven by Petletts (i press) Perlett shows hat even n assigrimg
meamng o indvidual words and analyzing sentences o sensible
propesitions about the world (hoth processes that proceed largely au-
tomatically without comscions eflort or attention), prior knowledye
alemit the reference situatim and the conventins of language play a
powertul role Alter the propositions we developed. other processes
anel knervledge are used to hink thern it a cobetent representation of
the reference situatum lor a text

ERIC 13
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Inference and Coherence-Bunlding in Understanding Langnage

Al natural language communcations are imcomplete becase they do
ol specily everythuy about the reference situation that 1s needed kr
a complele and coherent representation To bald a coherent represen-
tatin, readers or hsteners must use therr knowledge to infer links be-
tween mhvidual propositions m a text and 10 provide a framework
which to milerpret specithe miormation supphied 0 the text The work
of Kintsch and vanlik (1978) and their colleagues 1s the most exten-
sively developed theory of the process ol anlding coherence 1 use an
example based on Kunisch (1979) 1o ihlustrate

The briel texi passage that follows tlis paragraph s broken down
nto numerous propositions These propositions are the elementary
pieces of mlormation conveyed Senlences may comtain one or e
propositions A text is said 10 be locally coherent to the extent that
each new proposiion inakes exphicil relerenc e to recently stated prios
propositions. Proposilin sequences 1-4 and 5-11 are fully coherent
because the actor in each propositunm has already been named This
means that these segments are coherent within themselves. However,
the two parts are not coherent 1f the sequences are joined, because
proposition 5 15 not exphicitly linked 10 1ts predecessors To understand
this text the reader must ler a proposihon that will ink proposition
5 to ils predecessors Such a proposition smght e “The Swazi tnbe
had warriors

Text

The Swazn trihe was at war with a neghborning 1ohe bec anse
of a depote over sme cattle Among the warruns were two on-
maried men named Kakra and s younger brother (aim Kakra
was killed 10 battle

Propenstional analysis of 1ewt

1 The Swan) tnibe was ol war

2 The war was with a newhlernw 1ntw

w

The war had 4 (ane
4 The cane was a dispwte over unne Catlle
S5 Thets were warruns

6 The wartuns were two men

RIC =1
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LAUREN B RESNICK

7 The men were unmarried

B The men were named Kakra amnl Gum
9 Gum was the younger hrothes of Kakra
10 Kakra was killed

11 The killing was i a battle (see Kintsch. 1979)

In extensive research on the processes of building local coherence,
Kintsch and vanDijk and their colleagues have shown that features of
the lext, such as the number 0! missing proposilions and the distance
i the text that must be traversed (o find explicit links, affect how long
it takes 10 read the lext and how easy il is 10 understand the ftext.
Kintsch and vanDijk’s theory accounts for a large body of such findings.
This theory assumes—as do other modern information processing
models—that human capacily lor holding information in immediate
(working) memory and for operating on this information is limited. For
this reason, one canmot imagine that in the process of building a rep-
resentation of a text, all propositions that have been read are brought
nto working memory every lime a search for coherence is made. In-
stead, the theory assumes that reading and representation-building
oeeur in cycles, where each cycle represents an attempt lo link one or
more new (just read) propositions (o the representation already buill.
Because of working memery limitations, not al! of the representation
can be held in working memory—and therefore be searched—on a
given cycle.

The ease or difficulty of comprehending and the time that com-
prehension takes depends, therefore, on whether the particular part of
the representation retained 1n working memory or in a given cycle
contains a reference to whicl the next proposition can be linked. If not,
a new choice of propositions will have to be made, which produces
lime delays and at least temporary hesitation and confusion. Immedi-
ately preceding propositions from the text are always likely to be in
working memory, and tlus accounts in part for the fact that when links
can be created hetween adjacent propositions, comprehension pro-
ceeds more smoothly than when links inust be crested with proposi-
tions stated some time earlier For more distant (earlier) propositions,
ease of comprehension will depend on whether the choice of proposi-
tions 1o retain in working memory has been lelicitous. This depends, in
turn, on the extent o which the text provides clues as 1o what infor-
matien 18 most important and the extent 1o which (he reader or listener
is adept at using these clues This brings me 1o the important question
ol how people know, and how texts signal, whal is most important in a
verbal message

15
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Mucrostructures and Frameworks for lnterpretation

For most written texts, readers tend to agree lairly well on which st 'e-
meuts are important or central and which ones are subordinate. ,«r-
haps i iosnng only as elaborations. Meyer ( 1975) has used tlns reg-
ulanty 1o develop a method of codng the statements in a passage for
{hew relative centrahity, other less systematic ways of judging centrahty
have also been developed Using measures of this kind. it has been
possible 10 show that the matenal most likely to be lorgotien or left
ot of a summary 1s the matenal lowest in the hierarchy of importance.
Conversely. il matenal tigh i the hierarchy is not specified in the text,
people will have trouble interpreting the text at all, will tena to nsert
missing high-level propositions i their summaries, aid will spend a
long ime studymg the portion of the passage where the high-level or-
gamzing matenal 1s expected o be (Kieras, 1977) Also, when asked
whether a given stalement was or was not present in the text, people
are hikely 1o assert with great confidence that highly central material
that 18 consonant with the main theme of the text was there—even when
it was pot

Voss and his colleagues (Chiesi, Spilich, & Voss, 1979 Spilich,
Vesonder, Chiesi, & Voss, 1979) have shown that readers’ ability to make
inlerences depends upon what they already know about the topic of the
text Finally, several studies have shown that more competent readers
are better able than weaker readers 10 detect the hierarchy of impor-
tance 1n a text, picking out not only the main idea but also layers ol
supporting argument and detail (Meyer, 1984). | have ‘already shown
that kncrving what a text is about plays a role in understanding it.
However, in ordinary reading—unlike the serenade example—the nec-
essary information about the theme of a text is not provided externally
by a picture, but rather must itsell be inferred in the course of reading.

In the process of successiul comprehension, readers not only build
up Incal coherences between propositioins but also develop a represen-
tation of the gist of the message. A gist representation includes only the
maost important information given in the text, details are dropped oul.
But the gist representation is not just a sinng of important individual
elements. It is itsell organized so that these elements make sense with
respect to one another. Kintsch and vanDijk have called these gist struc-
tures “macrostructures.” to distinguish them from the “microstruc-
tures” that are constructed as individual propositions that are related
1o one another. They have elaborated a theory of how macrostructures
are created by the reader, who uses special operators to pick out and
combine elements of microsiructure. This can successfully be done only
when appropriate schemata already in the readers’ (or listeners’) long-
term memories are jound and applied

Macrostructure representations are bt up gradually in the course
of reading or listeming. If the initial macrostructure provides a sensible
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framework for the entire text, then the macrostructure will be elabor-
ated and refined but not essentially inoditied i the course of under-
standing. Sometimes, however. the Irimework that has been ginding
text interpretation turns out to be mappropriate as more ol the text s
read or heard The tribal war story allows me to lustrate thns pont
and aiso to emphasize again the central and muluple roles that prior
knowledge plays in understanding any verbal commmmcatum For the
part of the story analyzed thus far (propositions | 11), the macrostrac-
ture that is constructed concerns tribal war The iitial sentence would
surely evoke such a theme and subsequent septences do not disturb
sich an interpretation. However, the ac ial text from which the excerpt
1s drawn n fact goes off in another direction Fhe next sentence is-
“According to tribal custom, Kakra wis marred subiequently o the
woman Ami.” A propositional breakdown of ths sentence would mclude
the propositions shown i the lollowing paragraph

Propositional analysis of text

12 Kakra was married

I3 The marriage was alter Kakra was kifled

14 The marriage was l0 a womar

15. The woman was named Ao

16 The marriage was in accord wih inibal custom (see
Kintsch, 1979)

It 1s easy 10 find the ks that make these propositions coherent
al a nicrolevel [t is not even dithcnlt, il only inciolevel coherence
were in question, o hink it 1o the preceding representation Only a
couple of propositions back ther 1s relerend e to the actor 1 the lirst
new proposition, Kakra This, however, cattnot e o tull model of how
humans understamd a text, for all readers nmmediately recognize an
anomaly and refuse the simple linkage ot the propositional level How
can Kakra, who has been killed. now be niarried’ Hlwones of under-
standing must be able to explan how swch anomahes are recogmzed.
All such theories base the recogimtion on prior schema ke knowledge:
People have a schema lor kithng that prixhices an antomatic mference
that Kakra 1s dead, people have a schema for marnage that requires
that husbands be alive This means that Kakra cannot bl the husband
slot m the marnage schema, so o illy «oherent representation of the
text cannot be banit without turther information

There 1s in fact another schemi that, of avarlable, wonld solve the
problem The schema concerns ghost marriage, o tnbal custom i which
the oldest son of a lannly who dies without hewrs 1 subsequently ar-
7 wath us younger brother taking Ina ace il an heir 1s prodaced
¢ ghost marriage schema wonld provide o slot, not for a hve hnshand,
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but for a dead man and a younger hrother Kokra can fill the dead man's
slot, Gum the yeuuger brother's, and now a representation coherent al
a macrolevel of mterpretation can be constncted Tlus new represen-
tation will also contant a new candudate for the orgamaing theme of the
story: it now appears that a suinminary of the story ought 1o include a
ghost marnage, and it might well be that as the text continved, the
theme of tnbal war would disappear at the macrostructure level in favor
of the custom of ghost marnage

| have focused here on a partienlar exainple and on one theory of
how text representations are bt Many other investigators have ex-
plored how high-level orgamzing wformation—that 1s, macrostric-
tures—controls and supports the process of compreliending a text A
particularly well-developed domam for tlus research has been story
understanding Several investigations (see Stemn & Trabasso, 1983) have
shown that there 18 a prototypicar striic ture of narratives that s used
by people to anterpret stornies The ideahized story, in effect a schema
of a story, orgamzes and directs peoples’ interacton with the particular
story they are reading or hearing The story schema specifies the types
of information that should be presented and the types of logical rela-
tonships that should hink the story elements Several categories of in-
formation must occur i order: a sething, an smitiating event, an internal
response, an attempt to obtan a goal, an outcome or consequence, and
a reaction

Some of the categories in this structure are nore central than
others This 1s shown by substantial regularities i the portions of sto-
nes that people omit and the portions they add when asked to retel
stories they have heard Imtiating events, attemipts to achieve a goal,
and consequences are nearly always included, bhut other categuries,
especially internal cogmtive responses of the characters, are hkely to
be onitted (Mandler, 1978; Mandler & Johnson, 1977, Sten & Glenn,
1979; Thorndyke, 1977). Story comprehension and recall are also sen-
sitive (0 the order in which categories of information are presented
People have difficulty recalling stories when mformation is given w an
order other than that specified in the idealized story schema, and they
tend to recall story inforination in the order predicted by the schema
even when the text from winch they learn the story uses a nonstandard
order.

Recent research (see Flunmer & Kintsch, 1982) suygests that the
semantic content, rather than just forin or placement of the mformation
withm the story, may be determinmg recall Attemplts to enlarge re-
search on story understading beyowd the simple demonstration of
story schenata (sometimes called "story granunars™) have been leading
psychologists increasmgly to study the specific kinds of socal knowl-
edye held by cinldren of different ages and stages of development. The
newest researrh on story vnderstanding suggests that widely shared
knowledge abont goals, plans, actions, ontcomes, and motives (e g.,
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Voss. 1984) s at the heart of story understanding Trabasso, Secco. and
van den Broek (1984), for example. present evidence that knowledge
about physical and psychological causality plays a central role in un-
derstanding stories The relative weights and possible interactions be-
tween this kind of general knowledge of the world and knowledge of
rhetonical structures such as story grammars 15 a topic of much debate
in the field today.

One of the features of the Kmtsch and vanijk theory just outlined
15 that the processing of texts is assumed to be more or less sequential,
that is, people build up their representation of the reference situation
of the text bit by Int, as they go along. Tlns means that the process of
Interpretation is continuous People do not hold preces of uninterpreted
text in mind for a period of ime and then later reflect on its meaning.
Another important line of research on reading that has used quite dif-
ferent methods of study confirms this sequentiality. Just and Carpenter
have for a number of years been studying reading, using eye-movement
records as their basic data. They have constructed a model (a computer
simulation program) of the reading process (Thibadeau, Just, & Car-
penter, i press) that accounts for the patterns of eye movements ob-
served in subjects while reading This model, READER, processes the
text in a largely word-by-word fashion As it encounters each new word,
it hinds the meaning of the word and more or less simultaneously uses
schemata and related semantic processing mechanisms to huild up a
representation to that point. It does not. in other words, delay inter-
pretation until a whole phrase or sentence has been read. Furthermore,
it builds 1ts representation using a combination of expectations for what
should appear next hased on the context and the nformation actually
in the printed text

There is a striking degree of convergence hetween the different
kinds of available evidence for how people understand written texts It
appears hirst that what is done automatically can also be done con-
sciously, that is. some portions of think-aloud protocols produce se-
quences of steps that are not very different from those of automatic
processing, in which people make successive links hetween sentences
and store up partial interpretations as they go. However, shen difficul-
lies are encountered in the course of reading, skilled readers seem to
use conscious processes to resoive the problem. In the time-course
studies of reading, these are the puints at which very long delays occur,
and the protocol analysis studies provide a good sense of what is hap-
peming at those points of delay. At these times, there is a considerable
amaount of looking back, of reconstructing, and of forming or accessing
new schemas for interpretation. Thus. the studies that focus on auto-
malic processing and those that locus on conscious processing reveal
sinnlarities that seem to create a plausible account of the reading
process.
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Learning to Read

Research on rea‘hing, construed as a process of mterpreting printed
symbols, has a relatively long tustory in psychology. Scientific research
on the psychology of reading began at least a century ago with the work
of Cattell (1886) Other early scholars included Huey (1908/1968) and
Buswell (1920) Fueled in part by its obvious relevance to a central
educational task of schools, research on reading has continued in an
almost unbroken hne. Much of this research was stimulated by and
played a role in a long-standing debate over ways o teach reading: a
word recognition emphasis versus a contextual meaning emphasis, di-
rect instruction in the grapheme-phoneme mappings of alphabelic jan-
guages (i e, on phonics) versus focusing on words as visual wholes.

In this chapter, | consider these pedagogical debates only indi-
rectly, concentrating instead on a body of cogmtive research that sets
the debates in a somewha! new hght. | develop two main themes: (a)
the active interplay between expectations for what will appear in a text
and the visual stimuli of printed words—that is the interaction of lop-
down and bottom up prucesses in reading, and (b) the central role of
automatic—that is, very fast and nonconscious—processes of word rec-
ognition. Both the top-downvbottom-up interaction and the automaticity
of processing are also important aspects of many other cognitive skills.
Thus, in costsidering the process of learning to read, | am In fact ad-
dressing issues that are central in 1nuch research on the nature of
cognitive skill

Interaction of Top-Down and Bottom-Up Processes in Reading

The descnption of Just and Carpenter's READER maodel of text pro-
cessiing has already introduced the notion that there is an interaction
between expectations for what will appear in a text—expectations
based on the representation of the text's meaning bt to date—and
the actual words that appear in the text. Similar interactions between
expectaiions and actual stimuli occur In the act of recognizing words
as well as in interpreting them To the extent that expectations for what
ought to appear drive the process of word recognition, reading is con-
sidered to be a top-down process To the extent that the printed sym-
bals drive the word recognition process, cognitive scientists speak of
reading as a bottom-up process.

In a purely bottom-up view of reading, lower level processes (1e.,
detecting {eatures of letters, combining features into letters, and com-
bining letters into words) are assumed o occur prior (o and indepen-
dent of higher level processes. First words are recoginzed, then a syn-
tactic processing occrirs, and linally a semantic interpretation is made
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based on the sentence syntax Furthermore, these processes are con-
trolled entirely by the printed mpul. Word recogmtion precedes com-
prehension of meanng. By contrast, m a purely top-down conception
ol reading, lugher level processes. such as making inferences about
meanmg, are assi:med lo controf the sysiem, and lower level processes
are called mnto play only as they are needed. Hypotheses about the
meaning of the text are generated from prior knowledge of the topic,
knowledge of the specific textual context, and a minimal syntactic
parsing and sampling of visual cues Then the printed text is used to
confirm or disconbirm the hypotheses According to an extreme top-
down view, comprehension of meaning precedes recogmtion of words,
and complete encodmg of separate words may not occur at all (cl.
Frederiksen_ 1979).

There 1s ample evidence that hoth top-down and bottom-up pro-
cesses are mvolved in reading Evidence of the influence of semantic
context and prior knowledge—top-down effects—includes the following
kinds of phenomena. Oral reading errors, even in young readers, tend
o be semantically and syntactically appropnate 1o the contert; long
hesitaions or misreadings occur al points in texis where there are
syntactic or semantic anomalies; people are ‘aster at pronouncing a
word in context than when the same word appears in isolation, and
they are faster at pronouncing words when the preceding context is
congruous with the word than when it is incongruous; word recognition
is also faster when the semantic ~ategory to which the word belongs
has been presented in advance (e.g., parakeel is recognized faster after
the word bird than after the word mammal). Finally, letters can be
discriminated more quickly in the context of a word than in isolation
or in an arintrary string of letters. (Resnick, 1981b). There has been less
eflort experimentally to establish the reality of bottom-up effects in
word recognition, because it seems sell-evident that people must be
paying some attention o actual features of the printed stimulus as tney
read, else the process could not properly be called reading.

Recent research on the nature of reading has focused not on
whether bottom-up or top-down processing predominates, but rather,
on how the two kinds of processes interact to produce both word rec-
ognition and comprehension of a wntten text Rumelhart and Mc-
Clelland (1941 ) have developed an influential interactive model of word
recognition In tins madel. hoth features of the written words and ex-
pectations about meaning cause “activation” in the brain The two
sowrrces of activation together, through a complex system of interaction,
eventually determine what word will be “seen” by the reader.

Automaticity

The interactive model of word recogmtion offers an explanation of how
the automatic processing of printed words might occur. It is not an
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accident that psychologists have been seekmg to account for complex
cogniton in terms ol processes that do not depend entirely on con-
scious, planned mental activity. One must asswne that much processing
is automatic not only because people caimot always correctly report
their processing, hut also because there must he compensation for hu-
mans’ limited active memary capacity.

The hmited capacity of human working memory s probably the
earliest fact that emerged from the beginnmgs of cogmtive psychology.
In a seminal work, Miller (1956) suggested that adults have only seven
“slots” (plus or minus two) for holding information in working memory,
which is where active, planned processing must occur. Tins notion of
a himited capacity for mfonnation processing is central to all cogimtive
science. Psychologists are no longer certain that slots in memory is the
best way 1o describe capacity himtaihions, or that there is any reality to
the number 7 ¢+ 2 as the capacily of working memory. Nevertheless,
all cognitive scientists agree that there is some computing work that
has to go on lor thought to proceed, that the capacity for dong this s
liiited, and that this can create a bottleneck. That 1s, if too much
capacity is devoted 10 any one component of a complex learning fask,
then other components will suffer.

Despite this limited processing capacity, people are able 10 perform
complicated tasks How? There are iwo major mechanisms that allow
people 1o avercome memaory capacity .mitations. (a) Certain compo-
nents of a task become automated so that they require very little direct
attention and therefore use up little working capacity, and () infor-
mation 1s “chunked” so that each slot in working memory is flilled with
a cluster of related knowledge. The role of automatic processing in
facilitating complex performances has been investigated mmost heavily
in the context of acquiring basic reading skills. A growing research
terature that contrasts good and pour readers al varinrs stages of
development is identifying particular compunents of reading skill that
distinguish the contrasting skill groups. A consistent finding in this re-
search is that people who read poorly (1 e, who score poorly on stan-
dardized reading compreheision lests) also are generally slower at rec-
ognining words. It 1s speed, rather than accuracy of word recognition,
that seems to be impurtant. Some individuals apparently have large
recognition vocahularies and adequate word recognition skills as long
as they are permitted indefimite ammmis of ime to process each word,
but they seem 1o proceed so slowly that they cannot effectively under-
stand what they are trying 1o read.

In the interactive theores of reading such as those just examimned,
tming is often crucial, for several sources of information must be in-
legrated and thus must he present in working memary at the same time.
Menwory capacity is also crucial. Processes that take vp too much
working memory capacity or ton much direct attention may drive ot
the other processes that are needed o provide all of the necessary

O _formation simultaneously (o the system Automation of the word rec-




LAUREN B RESNICK

ognition component of read:ing may be necessary both for quick and
timely processing of meaning and for reducing the working memory
demands that allow reading to proceed smoaothly.

Establishing a correlation between automatic word recognition and
comprehension skill does not of itsell explain how automalticity is ac-
quired, nor does it necessarily mean that automatic recognition causes
the development of comprehension skill. To the conlrary, practice in
reading and comprehending texts might be the cause of improved au-
tomaticity, or automaticity and comprehension skill might both depend
on some other, as yet umdentilied, process. A recent longitudinal study
helps 1o limit the possibilities. Lesgold and Resnick (1983) lound that
children in the first grade who have large automaticity problems are
very likely to have dilliculties in comprehension a year or two later.
Early comprehension dilliculty, however, does not predict later auto-
maticity dilliculties. This asymmeltric relation<hip allows researchers to
reject the possibility that comprehension ski causes automaticity and
suggests that automalticity difficulties may indeed be helping to cause
difficulties in learning to comprehend wrilten texts.

if automaticity is a prerequisite lor acquiring comprehension skill,
then it should be the case that training in automalicity of word recog-
nition would produce improved comprehension. Does it? In one study
(Fleisher & Jenkins, 1978) it was found that even though speeded prac-
lice can significantly increase speed of rec.xgnizing isolated words, there
is no inwnediate transler to comprehension. This means that compre-
hension skill is not ready and wailing to be “released” by improved
word recognilion automaticily. However, the processes of acquiring
comprehension skill may nevertheless be enhanced by increased rec-
ognition speed. If that is the case, the effects on comprehension per-
formance would be visible only alter some delay, during which time
reading comprehension was practiced. Psychologists do not yet know
the long-term ellects of training in fast word recognition. Furthermore,
training that focuses only on speed, rather than on aspects of word
analysis believed to lunction in highly skilled reading performance, may
dellect learners’ attention from the very features of words that allow
for automated access to meaning. A current research program (Fred-
eriksen, Warren, & Rosebery, in press) is pursuing the hypothesis that
training adolescents with very poor reading skills to quickly recogmze
Irequently recurring spelling patterns will improve their general reading
perlormance These patlerns ars the building blocks of words and ac-
cording 1o some theorists (e.g., Venezky & Massaro, 1979) are the units
in reading that correspond directly o meaning,

Developing Mathematical Competence

When we turn to ofher domains of intellectual competence, many of
G"emlmummmkxmlunlmmmwcmm»g
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again emerge as central. Consider mathematics. Understanding math-
emalics, like understanding natural language, requires that people have
a certain number of particularly powerful schemata that are used as
prototypes (0 interpret specilic expressions and situations. Further, in-
ference processes are central in both learning mathematics and in
solving mathematical problems, just as they are in reading and writing
natural language texts.

In the case of mathemalics, however, there is a special problem of
linking symbols (o their relerents. Like natural language texts, mathe-
matical expressions and mathematical procedures have both a syntax
and a semantics. That is, they obey rules of “well-formedness” that are
equivalent to the grammar of sentences or the rhetorical structures that
constrain the more global lorms of texts. In mathematics, as in formal
logic, there are complex rule systems lor manipulating expressions that
ensure that new expresaions constructed in the course of solving prob-
lems or performing algorithms will be syntactically correct. So much
attention is paid to these syntactic properties of mathematics in the
ordinary course of teaching and learning mathematics that people
sometimes (real mathematical expressions as il they were nothing but
strings of syntactically well-formed symbols.

But mathematicar expressions also have a semantics—they reler
to something external to themselves. These mathemaltical referents are
quantities and relations, and it is these quantities and relations that are
in fact manipulated when one performs operations with mathematical
symbols. People rarely, il ever, think about natural language sentences
as il they were simply sets of syntactically well-structured character
strings. Instead, people treat language automatically as a way of refer-
ring 10 an external situation. In mathematics, by contrast, people some-
times treat mathematical expressions as if they were divorced from any
referent, and this causes difficulty in learning mathematics lor many
people. At the same time, (o be skilled in mathcmatical thinking requires
that the person be able to manipulate the symbol system fluently. There
is thus a special set of problems that arise when one analyzes mathe-
malics as a domain of cognition and learning.

Implicit Understanding of Mathematical Frinciples

| begin with evidence of the role that organizing schemata have in
mathematics learning. Therse is growing evidence that children, and
uneducated adulis as well, possess considerably more knowledge of
certain mathematical principles than is habitually ascribed to them.
This understanding is evident most typically in the kinds of informal
arithmetic methods that they use. When such methods have not been
taught, either lormally in school or inlormally in the cultuse, they can
be used to infer the kind of underlying understanding that people have
of mathematical principles. Herbert Ginsburg and his colleagues (Gins-
burg, 1977, 1983; Houlihan & Ginsburg, 1981) used a variety of interview
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methods 1o document a wide range of numencal problem-solving pro-
cedures thal are used lry youny children and by adults in unschooled
cultures who have nolt had formal insteucthion in specific anthmelic
routines. Similar kinds of mvented procedures have also been docu-
mented by other invesligators using laboratory methods of research.
Invented counting procedures The earliest and apparently most
frequent way that young children solve anthimelic problems if they have
not memonized the answer is 1o use some form of counting. This may
be “counting in the head,” rather than overt counling of physical ob-
jects, as has been demonstrated in a munber of studies of mental ad-
dion and sublraction Groen and Parkman's (1972) research 1s th.e
point of reference for work on sinple mental calculation. T liey tested
a lamily of process models for singre-digit addition. All of the models
assumed that a “counter .in the head” could be sel initially at any
number, then incremented a given nun.ber of times, and finally “read
oul” (see Figure 2) The specific models differed in where the counter
was sel nihally and in the number of increments-by-one required 1o
calculate the sum. For example, the counter can be sel initially al zero,
the first addend counted n by increments of one, and then the second
addend counted in by increments of one. Il one assumes that each
increment needs aboul the same amount of time to count, then
someone doing mental calculation this way ought 1o show a paltern of
reaclion times in which time varies as a function of the sum of the two
addends. This has become knowri as the sum model of mental addition.
A somewhat more eflicient procedure begins by selting the counter
at the fhirst addend and then counting in the second addend by incre-
ments of one. In this case—assuming thal the time for selting the
counter is the same regardiess of where il is set—reaction times would
be a function of the size of the second addend. A slill more efficient
procedure slarls by setling the counter at the larger of the two addends,

Yes Exit with
a+X in
counter

Set counter Xones been

to a =\ sdded?

Increment
— count vr

by one

Figure 2. Schewnatic maodel for mental counting in anthmetic  Adapted
f1om Groen and Parkman (1972) by perrmssun
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regardless of whether 1t1s the birst or the second, and then mcrementing
by the smaller Obvsously, tlus requures fewer mcrements Because tlus
procedure prodices reachion times that are a hind tion of the size ot the
mimmum addend, 1t has becoine known as the rn model
Groen and Parkman evaluated these models (along with some
others thal were logically possible bat psychologically nnptausible ) by
comparmng the predicted and observed patterns ol reaction himes lor
each model. They lorind that the reaction times of cluldren as young
as hrst-graders lit the predictions lor the mm procedure Figure 3 shows
a charactenstic data ~Jot. Note that problems with a s addend
. ol 4 cluster together and take longer than problems with a msnmun
addend of 3, and so on Subsequently, the prevalence of the i medel
has been conhirmed 1 studies that have extended both the range of
problems and the children studied from those aged 4'/2 or so to those
aged 9 or 10 (Groen & Resnick, 1977, Svenson & Broquist, 1975, Svenson
& Hedenborg, 1979, Svenson, Hedenborg, & Lingman, 1976).
Counting models have alsa been applied to other simple arithmetic
tasks, especially subtraction (Svenson et al., 1976; Wouds, Resiick, &
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Figure 3. Reaction times for first graders solving addition problems Parrs
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adding cach pair of numbers




JAURIN B RESIICK

Croen, 1975y wd addition: with one of the addends uninown ((roen &
P, 1973) W the case of sublraction. o least Bwee mental commtmg
procedines ave mathematicaldy covrect One procedvwe. decrementing,
wonkd wvodve watialiamg the: covwtey wv the head at the Llwgey momber
(the mwend) and then decrementmg by one as many unes as widi-
cated by the semaller mumber (the subtrabend) I the decrementmg
modet, recction fames would be & kiction of the smaller noaber I
the sexond procedwwe, mcrementing, the ¢ounter wewld be watiakzed
o the smaller of the two mambers aad be wcremented antl the larger
membey 18 reached The mawmber of merements then would be read as
the amswer Reachiow taes for B merementing moded would be a
e tion of the rexsamder, the rmber representmg the dillevence be-
fween the mmsersd and sublrabend v & pavticularly efficrent proce-
dwe_ chence. exther the decrementng ov the micrewmentmg process s
wsed fw sublraction. dependwg wpon winch reqpawed fewey steps on
the covmter Reactron tanes wordd be 2 fancthion of the smaller of the
subtratend ov the rewawder Thes chence model s what most prwaary
schand chidren we, sthough » few second graders use the siravght
decrementng moried

N 15 dlways rsky 1o stinbute comples processes sucl o3 mw and
chowce 1o peuple enfwety ow the bases of Thew reaction tawe patierns
For M easom. i 16 mpentant to ask d 2wy comvergmg evidewe e exnts
Wat points fo e reality of mental comitmg procedaves Observatwons
of overt commtmg.on strategies for addition by several mvestigators
(e g. Cavpenter, Hiethert, & Moser, 191, Fuson, 1982, Stefle, Thompeow,
& Richards, JIBZ) spgest that Me cormting presomed v these models
15 reall Forttiermore, Svenson and Brogqus? (1975) meervewed thew
sobjeets alter each timed trial and fowd Mat o abowt Aall of Me
problems einidren reported comntimg sp from Kie lavger aumber (by
ones or 1y lavger ymits)

Incented regrompmg procedwes The exstence of prvleged, Dar-
tewlarly well-leamed mumber focss 18 the basis for another class of
mvented procediwes Mat emphasize te regronpng of qrantities. Typ-
wcally. ameng young ehilidren: and onschooled adulls, ant all avmber
facts ave erpaily well known Those mvolvag smaller sumbers are
better knowiv than: those monling kwger ones. penple fend to know
addition facts better Man swbitrac tiow: fiets, and! more people know cer-
fam pravileged types of fac s donbles, tose invniving e addition: of §
or 2, possibly those mvolving e addition or sabtraction of 5. and. for
older ctildren and certan cuituves thrse o ts Iwoiving 10 and mul-
tiples of 10 X person who cannor easidy rotrieve 3 + 5 = % as an
adrhtion: faet might regroup e preblem o take advantad® of & knnwiy
doubles fact and’ wonld solve matead (3 + 3) + 2 In cultures ha* use
& deeamal notetion and coURING SyIeny. reRroupINg PatTerns often ke
special advantage of e deeuwal <tnw ture Here 18 an example, com-
plete with: & characterstic evror. W an interview study of ‘he devel-

QO  ment of devimal mumber snderscanding

RICT 27




COGMITION AND INSTXUCTION

£ Can you sublract 27 Woen 537
StanSyew-oldy 34
£ How &d you hgiwe # ox”

S Well, SO rwrvus 20 19 0 Thew take avway 318 27 and phis 718 34}
(Resowek 1953, p 130y

Sometimes regrouping around privileged number lacis and
countmg are combaned For example, Resmct and Ovnanson (mn press)
have used reaction-time methods o document a proceduwe that somme
chiidren use (0 add a one-dwgt number 10 a two-dvgt number The
procedure is called mun of the uns becamse when people use i, thew
pettern of reaction twnes 18 8 hmcton of the smaller of the two uwis
dwgrts’ in the rumbers 10 be added The person usig thes method de-
composes the two-digt number wio a lens component and a wnls
component, then recombnes the les component with winechever of the
two unils dwgts 1 largey The mental counter 1 set 1o tins seconsinutcd
number and the smaller winis dvgt 18 counted m wcresments of ovie For
exampie, lov 23 + 9. the comwney would be set o 29 and then mcre-
mended 3 times 10 a suew of 32 The regroupwg of numibers lo take
advartage of well-known mumbrer facts 18 also chavaciensixc of people
who are excepionally good ot complcated mental snthmetc (e g . mul-
tiplyng ). however. such mdividuals have a muich wder stove of well-
learned, prvileged facts and show much move flexiwiny m regroupwng
10 use the facts than do yormg ciwidven or wnschonied adults.

Understanding implicit in invented procedures Research of the
kinds pusi desc ribed has now estabiished that people use a considerable
vavsety of mvented anthwnetn: siratepes A concommiand siep has been
10 showe_ tiwough 2ppropriate analyses. the kmds of undersiandwng of
mathernatical prmcples that underhe these mventions The iwst sys-
temalic effort alomg these hines appeased i Gelman and Gallistel's
(1978) work on 1he nature of coumimg competence m very young chw)-
dren They used a number of aspects of preschonl chuideen’'s pertos-
mance t establsh the fact that the chsldren know wnphcitly —although
they are unable to vertalize—ivve prmcples

® The one-to-ome principle Each tern m an atray mwest be lagged
with ove and owiv (e trwease lag

@ The stabie ovder principle The tags used mwnt be deswn from a
stably ordeved st

FThe evvor B ot shet whaeh of B 1w vl degts o 1o be sdded
vl wike b 8 W be sibivar o
T iy deemad metatmn e dhpt i B L g NPTeIeRts s ane emihghes &
By § o nlbton s valer The aet digt represonils T * ane mnlinplrs # by I fo oblaw
lnw Sullarwernt dhgtts represent hundoeds © Wnuneowls * aud sw friiv
LS
T4
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® The cardmal punciple The last tag used for a particular count
represents the cardinal number of the array

® The abstraction principle: Any set of ilems may be collected to-
gethet lor a count

® The order-irelevance principle The order n which iteins in a sel
are tagged is irelevant

Greeno, Riley. and Gelman (1984 ) have described the counting prin-
ciples a= a lorm of concepiual competence that can be mferred from
the perlormance competence that chiidren exhibit on a range ol
counting tasks. Performance competencies are granled when a chnid
can assewble a set of procedures that produce a performance that
adheres to the conceptual principles Conceplual compelence 1s most
clearly revealed when a new variant of a procedure must be invented
For exampie, when the children in Gelman's study were given an array
of obygects (o count and (old 10 “make this one (an object In the middle
ol a strawght-hine array) number one™ or “make (lus one (the object 1n
the normally first-counted position n the array) number three,” the
cluldren adjusted the ~rder in whick they touched the objects but not
the ovder in which they said the numbers. and they still touched each
olnect only once These children thus clearly demmemnstrated command
oA the mder-irrelevance principle, the siable-order principle, and the
one-lo-one principle

Dita and analyses of thus kind make it possible 1o articulate the
presence of implicit knowledge and hence circumvent the need lo have
people stale thew knowledge before granting themn an understanding of
principles. The roie of conceptual understanding that is impiicit in n-
vented procedures is also revealed in work done by Neches (1981 also
Resnuck & Neches, 1984). In this work Neches atiempted (o provide a
lovmal account of the way that chiidren invent the min addition pro-
cedure (descnbed earlier) of counting an from the larger of the two
addends. Neches has constructed a computes simulation program that
beguss by counting up both addends { essentially the sum procedure),
it then modifies itself so that after a nomber of trials. it performs the
nwn proceduse of counting on fsom the lasger number To do this. the
progran must “discover” that settng the counter o a number will
always yreld the same thing as counting the objects specified by a
number (a lorm of quantity conservation), and thal it does it maller
which munber is set in the counter and which s added in (a form of
commmtatinity ).

Neches’'s program makes these discoveries by continually in-
spectng ils own perlormance aond applymg a 3mall set of procedure-
changng heunstics Although the inal version of the program cannot
btsaidlo“hmw‘atnncmmualmtyinlhemdaplanmg ot
behaves as o ¥ undersiond conmmsiatingy. and it does so on the basis
ol us own knowledge construction without having been “10id™ abot
Coummutalsvity. Neches's program s a plausible theory—but not the
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only possible one (cf. Baroody & Gannon, 1984, Resnick, 1983)—that
explains how children might invent the min procedure and what un-
ders*anding it is appropriate o grant them on the basis of thal inven-
fion.

Schemata in mathematical problem solving. Another source of ev-
idence demonstrating the role of implicit knowledge in children’s early
mathematical performances comes from research on how children
solve simple anthmetic problems given in story lorm. Research in sev-
eral countries has demonsirated great regularity in the kinds of addition
and subtraction problems that are hardest (o solve (Caspenter & Moser,
1982; Nesher, 1982, Vergnaud, 1982). Several analyses of this cumulative
bndy of data have converged on an explanation of these regularities
that attributes 10 children an understanding of the principle that math-
ematicians call the "additive composition of number.” This principle
maintains that numbers are composed of other numbers, that the
number 7, lor example, is not only the cardinality of the set that one
can count by lagging objects up to 7, but also a composition of | and
6.2 anJ 5, and so forth (Resnick, 1983). In the analyses of story prob-
lems, additive compos-tion is altributed to children in the form of a
part-whole schemna (Figure 4). The schema specifies that any quantity
(the whole) can be partitioned into the parts as long as the combined
parts neither exceed nor f(all short of the whole. By implication, the
parts make up or are included in the whole. The part-whole schema
thus provides an inlerpretation of number that is quite similar to Pi-
aget’s (1941/1965) definition of an operational number concept.

Figure 4 shows how the fundamental part-whole refation underlies
several classes of story problems as well as number sentences. In each
problem the whole is coded as a dot-filled bar, whether it is a given
quantity or the unknown quantity. Similarly, each part is uniquely
(oued. The relation between pans and whole for all the problems, in-
ciuding the number sentences, is shown in the ceriter display. Any bar
can be omitted and thus become the unknown. Although number sen-
tences and the given words of story problems cannot be mapped di-
rectly onto one another (Nesher & Teubal, 1975), each can be mapped
directly onto a more abstract part-whole representation such as the
bars shown here. The pari-whole schema thus provides an interpretive
structure that can permit the child either to solve certain more diificull
problems directly by the metl-ods of informal arithmetic or 10 convert
them mnto number sentences that can then be solved through proce-
dures taught in school.

Riley. Greeno, anG Heller (1963) have developed a set of compu-
tational modets that explain differences in the difficulty of solving cer.
1ain kinds of addition and subtraction siory problems These mudels
suggest that it 13 the application of the part-whole schema that makes
it possible 10 solve difficult classes of slory problems that children
usually camnol solve until their second or third school year These
include set-change problems with the starting set unknown (e g., “John
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|
l
i
|

[] Peter had some marbles
Dawvd brought him 5 more marbles for thewr game

Now Peter has 7 marbies

How many marbles did Peter have at the start?

Sam had 5 apples
7 chiidren are skaturg | Sorah had 2
5 ae boys E:B How many Jid they have altogether?

D How many are guis?

Carol baked 7 dozen cookies.
John baked 5 dozen cookres
[ tHow many more did Corot bake than John?

|
[ Figure 4. Mapping of stories and niimber sentences 10 a concrete modet
of Part-Whole Reprinted lrom Resnwck (1981) by permssion

had some marbles Michael gave twm 4 more Now he has 7. How many
did he have 1o start?") and various kiuds of comparnson problems (eg.,
“John has 4 marbles Michael has 7 How many more does Michael have
than John?™) For these problems, solution proceeds by mapping the
statements in the problem (o the slots of the part-whole schema. The
numbers in the problem are assigned to either part or whole staltus,
and this permits the unkivwn (o be clearly identilied as a part or a
whole

An alternative stary problem nuxdel by Briars and Larkin (1984)
solves some ol the nwwre dillicult problems by constructing a mental
scrpt that reflects real-world knowledge about combining and sepa-
rating objects, rather than abstract jpart-whole relations. The script
deseribes the actions in the story and allows the system lo keep track
of the sets and submets mvolved Yet in Briars and Larkin's model, too,
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it is possible to solve unknown-lirst problems only by using a part-
whole schema. Both theories show that schematic knowledge about the
reference situations for mathematical problems is essential at even the
simplest level of problem solving.

The Pervasweness of Interence: Invented Errors

Side-by-side with the accumulating evidence of implicit understanding
shown in inlormal arithmelic performances, there is equaily compelling
evidence of the presence of persistent and systematic errors. In fact,
documenting systematic errors exhibited in the course of learning pro-
cedures is a major and pervasive feature of recent research on learning,
These systematic errorful procedures are also invented by iearners, hut
unlike those procedures described in the preceding section, these do
not reflect understanding ol mathematical principles. Although system-
atic errors in arithmetic procedures have been documented lor several
dilterent parts of the schoo! mathcmatics curriculum, the two that have
received the most careful analysis by cognitive scientists are subtrac-
tion with borrowing and algebra. These two example domains provide
contrast in detail, but they support each other with respect to the fun-
damental processes that seem to be involved.

In their analysis of subtraction, J.S. Brown and R. R. Burton (1978;
Burton, 1982) have constructed an extensive catalog of incorrect pro-
cedures that are used by chiidren lor written subtraction with bor-
rowing. These incorrect procedures are variants of the correct ones;
they are analogous to compuler algorithms with "bugs” in them and
have therefore been christened "buggy algorithms.” A finite number of
bugs, which in various combinations make up several dozen buggy al-
gorithms, have been identified lor subtraction. Figure 5 shows a lew of
the most common buggy algorithms identilied in this research.

These examples show that the results of buggy calcuiations tend
to "look right”: Everything is organized into columns, there is only one
digit in each column, there are numbers crossed out and small digits
handwritten in the conventional places, and so lorth. Buggy algorithms
thus look rather sensible and often contain only small departures from
the correct algorithms. It appears that the buggy procedures are con-
structed by childrenn when they encounter an arithmetic problem lor
which they have an approximate, but incomplete, rule. Rather than
giving up, these children try 1o patch and repair the rule su that
appears 10 work

J 5. Brown and K. Vanl.ehn (1982) have developed a lormal theory,
in the lorm of a computer simulation, of the ongin ol bugs in anthmetic
The program invents the same bugs that cluldren do, but not a large
number of other iogicaily possibie onies. It thus constitutes a theory of
the kinds of knowledge and processes that children use when they
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1. Smeler-From Lasger. The student subtracts the smeller diget 1n 8 column lrom the
larger dignt regardiens of which one 1s on top

326 542
=17 =389
2y 2497
2. Borrow-From-Zero. When b ing from & col whotwe 10p digit 18 0, the studem
writes § but does not cominue b g (rom the cok 10 the left of the 0
6.2 eb.2

- -
J%% %06
J. Berrow-Acron-Zero. When the siudent needs 1o borrow from » column whose 10p
duget 13 0, he skips thet column and borrows from the next one (Note: Thisbug must
be combmed with either bug 5 or bug §.) v
50,2 504
-22; -458
23 30¢
4. Sweps-Berrow-At-Zere. The student falls to decrement O, alithough he sdds 10 cor-
rectly to the top digit of the sctive column (Note' Thisbug musnt be combined with
sither bug 5 or bug 8.)
763 804

_-.I.L!,. =37
[} sSo7
5. 0 — N =N Whenever there 18 O on 10p, the dugst 0N the bottom i3 written a¢ the

snewer
709 8008

@ 0 —N=0. Whenever there is O on tep. 0 is written s the snswer.

604 3050
=402 =82
yoa Jolo
7. N =0=0. Whenover there 13 0 on the bettom, 0 is writt :mm
976 [

;.%9.6. =408,

o 407

8 Den'tDosrement-Zere. When berrowing from a colummn 1n which the tep dight is 0,
the student ewvites the 0 88 10, but dees 1ot chenge the 10 te 8 when ncrementing

1he astive column.
Yoz ‘dos

”5 uof
8  Zuwre-innesd O1-Berrow. The student writes O 28 the sntwer 1) snvy column in which
the betiem digit is larger then tho tep.
326 542
a0 d00
10  Borrow-From Bottom insiesd-Of - Zere. (! the 10p digit in the .okumn being borrowed
from is 0, 1he Wudent berrews frem the bettem digit inweed. (Nete: Thisbug must be

combined with either bug § or bug §.)
702 508
- =449
vsy 109

Figure 3. Descriptions and examples of Browt and Burton's (1978)
common subtraction bugs Adapted frotn Resnick (1982) by perintssion

invent buggy subtraction algorithms. The repair theory program 18 a
j‘genera!c and test” problem-solving routine of the kird that charactes-
izes many successiul perlormances in other domains (¢(. Simon, 1976).

ERIC 9
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According to the theory, buggy algonthms anse when the cluld en-
counters an arithmetic problem for which his or her current algonthms
are incomplete or inappropriate. The child, trying to respond, eventually
reaches an impasse, a situation for which no action is available. At tiis
point, the child generates a candidate repair by calling on a list of
aclions to try when a standard action cannot be used. The repair list
includes strategies such as performing the action in a different column,
skipping the action, swapping top and bottom numbers in a column,
and substituting an operation (such as incrementing for decrementing).

The outcome generated through this repair process is then checked
by a set of cntics The critics inspect the resulling solution for con-
formity to some basic critena such as no empty columns, only one digit
per column in the answer, only one decrement per column, and the
like. Note that the generate-and-test problem solution calls on no
knowledge about the quantities that the numerical symbols represent.
This is a crucial charactenstic of buggy arithmetic, and one that | will
return to.

Several researchers (Carry, Lewis, & Bernard, 1980; Davis, 1983;
Greeno, 1983; Sleeman, 1982) have studied the errors (often called mal-
rules) that students make in algebra. When students apply the rules of
transformation that are the basic tools of algebraic problem solving,
these investigators have shown (a) that many errors are nade by be-
ginners as a resull of either incorrect rules or incorrect applicatinns of
correct rules; (b) that these errors persist for a long time, showing up
occasionally even among expert algebra pertormers; (c) that there 13
great systematicity in which errors appear n different students (ie,
only a small number of the logically possible algebra errors actually
tend to be made); and (d) that there 18, nevertheless, a lack of stability
in the performance of any given individual (1 e, learners do not always
apply the same algebra malrule even in what 1s, to the expenmenter at
any rate, the same sitisation).

The best developed theory to date that explains how these malrules
are nvented is one by Matz (1982). Matz's theory, like the Brown and
VanLehn theory of subtraction bugs, ic expressed as a simulation pro-
gram that invents the malrules that were ohserved n algebra solutions;
other possible malrules are not invented. Matz proposes that children
learning algebra construct prototype rules from which they extrapolate
new rules. Although the results are malrules, both the construction of
the prototypes and the extrapolation lollow regular principles. An ex-
ample appears in Figure 6.

The initial rule is the distnbution law that 1s typically taught in a
beginning algebra course. From this correct ard specific rule, a proto-
type is created by generalizing over the operator signs. That is, the
prototype specifies not that multiplication ( x ) can he distnbuted over
addition ( +). but that any operator ({]) can be distributed over any
other operator (A). From this prototype, new but incorrect distribution
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1 The correct rule ee tsught:

ax(b+*c)=(axb)+r(axc)

2. Prototype ciesed by generstising over
operstor signe:

a0(bAc) =(eab)Aa( alzc)

3 incomert rulse cremed from the prototyps.

a+(bxc)=(a+b)x(a+c)

e N

Figure 6. Example of the formation of an algebra malrule. Based on Matz's
(1982) theory

rules can be constructed by substituting specific operations lor the
generalized operators in the prototype. The elegance of Matz's model
does not prove that it is a correct theory of the origin of algebra mal-
rules in human learners, but it does estabiish the conditions lor an
ongoing discussion of the pature of malrule invention (see, e g.,
Sleeman, 1982) that is specific about the knowledge and processes likely
to be involved. Such a discussion is therefore useful both lor under-
standing difficullies in mathematics learning and Inr explicating general
principles of cognitive acquisition.

The prevalence of buggy aigorithms and mainules in mathematical
learning points to a pervasive feature of human cognitive functioming.
It is natural to seek meaning and to draw inferences. People will do this
on the basis of whatever knowledge they have availabie—even if it 1s
incoinplete or incorrect. For this reason, perfecity good inferential and
reasoning processes will sometimes produce errors.

Linking Symbaols and Therr Referents

Buggy algorithms and algebra malrules also point to a special difficulty
that must he overcome whenever lonnal representational and rule sys-
tems are part of the subject matter to be learned. This relation between
1Iumul systems and inluitive or informp} giies is most evident in math-
g - J
—
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ematics, where specialized notational systems and rules for manipu-
lating them amount to a new language, complete with grammatical
rules, that must be mastered. The difficulty is that for 2 language to
function appropriately, its grammar and formal rules must work in con-
cert with its referential system. In technical terms, the syntax and the
semantics of a language system must function together so that sen-
tences are “well-formed” (i.e., they obey the grammar of the language)
and at the same time the referents of the sentences are clear (i.e., they
maintain the semantics of the language). In natural languages, this co-
ordination of syntax and semantics seems to occur without any special
work or attention on a human leamner’s part. In an earlier section of
this chapter, | discussed modeis of text comprehension that show that
people reading or listening to a natural language text naturally and quite
automatically build up a representation of what the text refers to. in
mathematics, syntax and semantics sometimes become separated.

A reconsideration of buggy subtraction can make this point more
clearly. | have already noted that subtraction bugs seem not only to
respect the syntax of written arithmetic, but also to disebey constraints
that would be apparent if the quantity referents were being kept in mind.
For example, consider the second bug, borrow-from-zero, in Figure 5.
At a strictly symbolic level, this procedure seems a reasonable response
to encountering a zero in the course of borrowing. The zero is changed
to 9, which is a lamiliar resuit of borrowing when aeros are present.
H.wever, the bug violates the fundamental principle that the total quan-
tity in the minuend must be conserved during a borrow. Interpreted
semantically—that is, in terms of quantities rather than simply manip-
ulations of symbols—a total of 00 has been added to the minuend, 10
in the units column, and 90 in the tens column, with no compensating
decrement in the hundreds column. The next bug, borrow-across-zero,
shows a similar disregard for the need to conserve the minuend quan-
tity. . he bug respects the syntactic rules lor symbol manipulation that
require that 2 small “1” be written in the active column and that some
other (nonzero) column be decremented. The bug violates the conser-
vation principle, however, by removing 100 from the hundreds column
but returning only 10 to the units column.

This infortual analysis is supported by reexamining Brown's and
VanLehn's repair theory of the origin of subtraction bugs. The repair
theory program produces bugs by generating repairs and checking them
against critics. All of the critics in the program are syntactic in nature;
that is, they reflect rules lor symbol manipulation, but they do not
embody any knowledge of principles of quantity. The fact that repair
theory ma.ches human performance by inventing oniy the bugs that
children do and nui other lngically possibie bugs suggests that children
represent subtraction tv themselves as sets of ruies for translorming
symbois without reference to the quantities that these symbois in fact

are meant to represent.
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Further evidence that symbols take on a life of thewr own, apart
o the gantities that they repreient, comes from a traimwng study
(Resmck & Omanson, m press) in which children who had been diag-
nosed a8 wsng buggy algovithms were taught the cosrect primeiples of
sublrachon just described (€ g, conserving the minuend quantity). Tins
teaciung was done m a form fhat msured that the children's knowledge
of the prmciples was m fact finked by them fo the steps iy the algorithm
ey were bewng taught. Detaled meterviews established with consider-
able certamty that some of the chuldven had fully understood the prin-
ciples and thew application to written subtraction algorithms. Never-
theless. a8 soon as they returned to 2 situation of routine calculation
perlormance, hall of hose children who understood and could apply
the principles returned to their buggy algorithms. That is, they did sub-
trachon 3 way that violated principles they clearly knew This s
further evidence of 2 fendency within mathematics for e syntachic
sysiem (0 become sepavated from its semantic referents even when the
necesaary knowledge of principles is in fact present in the individuat,
Similar evidence of this tendency can be fund s symbolic logic and
algebra problem solving. When this major probiem in human cogwtive
fuinctioning 18 better understood, cognitive scientists may be able to
eliminate it through changed forms uf mstruchon and reaching.

Problem Solving, Intciligence, and Learning Abilities

Problem solviig 1s m 2 very real sense the birthplace of cognitive sci-
ence Efforts that began n the late 1950s and culminated in 1972 with
the publication of Human Problem Soluing by Newell and Simon showed
how intelligent computer programs could reason and solve problems,
not by doing the kind of dumb, exhaustive searching of a very large
memory that was assumed to be the principal capability of computers,
but by using strategies to analyze a problem situation and to sefect
actions most likely to advance toward a specified goal. What 1s inore,
evidence was developed in the course of these efforts to show that the
behavior of the programs using these methods matched n significant
ways the behavior of humans working on suailar problems That s,
when humans solved the problems, “thinking aloud” as they worked,
they showed particular points of hesitation, backtracking, and msight,
and they made typical knds of errors. The computer programs often
showed the same kinds of hesitation, backtracking, and errors The
processes buiit mto the programs could therefore be supposed to he
functiomng in humans as well, although they could not be directly ob-
served in humans.

Ol course, programs never matched human performance exactly,
and mvestigators were careful (o specify what parts of human perfor
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mance were nol well explamed by the computer-expressed theories
Clear Wdemtrfication oi these nommatches was a powerful spur o suc-
cessive stages of research and therwy development. | have alseady pro-
wnded an example of how a nowmatch between a theory and uwnan
peviormance reveals the neert for a dilferent level of theory mn the Kakra
and Gows story. The microcoberence-buildng model of Kmtsch and
VanDwk would have accepled Kakra's masniage alter bis death withowt
hesiation, but human readers (who are not thmkng about ghost mar-
nages) memediately reject ot as mapossible. Thes knd of mesmiaich made
H cieaw that the macrocoherence moded alowe could not account for
how people undersiood lexts, and suggested that 3 macrocoherence
model was needed as well. Notimg swsmatches and using them o dwect
Sorther reseanch s chavaclensic of aRl of the work that uses computer
siwwutation a3 a form of theoriamg about human thwkeg.

General Hewristscs in Problem Soloing

The early research on problems-solvng focused on a set of puzzie-hke
tasks well-suited 10 mitiad efforts The tasks studied mciuded theorem

proving in symbolic loge (2 lask w whnch alf legal expressions and 2l
atowable tramslonmations ave specified and the problem-solver musl
show how K i possible 1o derve 2 lavget expression om a given
expression), crvplarithmetic (a decodmg puazie m which letiers of the
alphabet stami fov digits, and a sobved anthiwiciic problems sets con-
strants on winch letters can hawe which digit values), a vanety of -
tificiat problems (such as the Tower of Hanoi, or Missinnanes and Can-
mbads ), and, fmally, chess With the exception of chess, which has bern
shown (o depend heawvily on extensive knowledge of chess posions,
chess moves, and thew likely eflects, all of the problems studied de-
pended only rummally on knowiedge beyond what could be supphed
w the expenimental situation itsell. fn these knowledge-poor lask en-
virouments, cogutive scientists focused thew efforts on Wentifying gen-
eral processes of problem solving,

Several strategies of problem solving that could be properly called
general methods were identified and elaborated in the course of Hus
work. | have already mentioned some of them: For example, the gen-
erate-and-test method 18 usable whenever there 13 a linwited sef of pos-
sible aperators or objects that can be lested (o see whether they meet
& cutrent gnal  Another general methnd, recumng m many problems-
solving models, is means—ends analysis, a kind of general heunstic that
reduces the length of search through long-term memory I means-
ends anaiynis, the problem solver compares the current sihation with
the gnal situation and dennhifies specific differences between them. A
subgoal is then set to reduce a difference that has heen identified. (A
special set of heuristics governs which subynal to work on first. ) Then
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asearch 13 conducted 1o find the operator that will reduce the dentified
difference. This 15 a very ablweviated seasch, because operalors are
assumned 1o be organized in memory according to the goals they can
serve. It 1s imporiant to note thal means-ends analysis assumes 2
sysicm that has intentions (goals) and actls on them: It is capable of
aalyzing s situation and plasming Hs actions on the basis of goals,
albeit in a very restricted domam The General Problem Solver (GPS)
was one of the first programs 10 instantiate all of these general methods
m a sysiem that solved symbolic logic problems (see Emnst & Newell,
1969, Newell & Samon, 1972).

More recent work mn problem solving has, along with the rest of
copwlive psychology. become much more focused on performance in
miormation-rich domamns. Many of the basic stralegies of heuristic
search, subgoal lormation, and the like tumed out 10 be relevant for
these domains as well. But it has also proved necessary to attinbute (o
the problem-solver, whether biaman or artificial, specific and orgamized
knowiedge about the domain in whnch problem solving is 1o take place.
Some of the best demonstrations of the role of orgamzed knowledge m
problem solving have come m recent sesearch that compares novices
and experts m physics as (hey solve the kinds of problems that are
chasacteristically grven as exercises in college-level physics textbouks.
In these studies, gond beginmng students have been compared with
advasxced students or leachers The studies show that one’s initial un-
derstandimg. even of a sample texthnok problem, depends upon one’s
Jevel of m the field

n one study (Chi, Feltovich, & Glaser, 1981), novices and experts
wer> asked 1o sort physics texthook problems on any basts they wished.
Nevices grouped problems on the basts of the kind of spparatus m-
voived (lever, mchmed plane, balarnd e heam, etc ), he words used m the
problem statement, or the visual features of the diagram presented with
the problem Experis classihed the same problems on the basis of the
underlying physics principle that was needed to sotve the problem (e g,
energy laws. Newton's Second Law) Sime typscal nowice classifications
are sherwn m Figure 7. the contrasting expert classifications are shown
w Frguee B Ciearly. novices are altected more by the way the problem
™ presented. whereas experts heing thew own knowledge of important
principles (o bear 1n a way that reshapes the problem, usually into 2
more solvable form Tlus 13 much hike the way in winch gond readers
use their past knowledge about the topsc or the form of discourse 10
unpose a useful siructure on a text. while heginming readers are much
more victinized by poorly written matenial or mdirect forms of expres-
snn

Wunial differences m the ways that experts and nowices sort and
Classity problems are only the hegineng. however, the process of so-
bt 13 also different. What nowices usually do 1s (0 translale the given
mhormabion disectly mto formmslas They then work on the formulas
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using rules of algebirs Experts. by contrast do not begin by ir slating
mto formulas lustead. they work for a while on re:nterpreting the
problem.and specifying the varous objects and relations m the situation
desenltted. They may draw diagrams to express these relatinns By the
fime they are neady to winte eniations. the experts have vrnually solved
the problem. They dn much less calvidation than nnvices, at least on
the simple pmblems studied <o v in s research. Faperts, i other
wOras. construct a: new versir 1 of the problem for themselves, ane that
accords with e information actuaslly given, bat one that is reformn-
Inted n terms of general prnciples and laws that make the sniutions
more apparent

I have used physirs research to illustrate the lands of differences
that Rave lisen abserved n the problem snlving and reasoning of now -
wes and experts. But these differences occar n other domains as well
Sumilar difterences have heen mund n tasks as divergent as mrerpre-
fation of »-ray photographs by physicians, anthmetic problem solving
by elementary schnnl clitdren, and economce planning by political sci-
ennst In each case the more exvert problem solver does nnt simpiy
respondd o the probliem in the terms presented, but instead remterprets
it in ways that reveal an underiping structure that makes thve solution
sometimes appear self-evident. The snnmilanty of this reformulanon pro-
cess tu the processes mvoived in reading comprehension descnbed
earlier 18 not an accident It 1s a lundamental reflection of the nature of
thuman reasoning and of the constructive character of learming and
Hunking,

Bomom-Up Pracesses in Reasoning and Problem Soluing

There are other ways, as well, m which research on problem solving
echoes themes that | have already discussed n this essay For example,
hoth top-down and bottom-up processes play a role in probiem solving
a8 they dn in reading. The vanous heunstue strategies that | have con-
sulered up to now. such as means—ends analysis and subynal lormation,
are essentially top-dnown jinds of provesses A system using them -
poses a general plan, developed in the conrse of prior problem-solving
expenenve, on the specifie stmli of 1 > problem at hand, and the
stimuli presented are interpreted i tenas of this plan Smularty  the
expert physics problem salvers use their prior kinowledye 10 rearganize
the problem that 18 yiven They are more top-49wn solvers tha are the
nowices The focns an general sroblem-solving methods and on the
directing role of pnor knowledyr has led research attenhian away from
the role of the stmuli and the problem setting itsetl m the soluhon
process

Research carnied ont some years ago in my owh laboratory { Ma
gone, 1977) helps 10 clanfy the role of bottom-up or stmulus-driven
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processung wm problems solvmg I one study. sebyects were ashed lo
solve one of e classic Gestalt problems. Two stnmgs were suspended
some distance apart i & room, and Wie sebyect was ashed 10 tic them
logetier—a simple assipament, except hat the stnags ¢ deliber-
ety made so short Bt 8 was mol possible to reach bee.. of them a8
the same tiwme. Tivee classes of solations io Yus: problem were poassbie:
extension {lyiwng anotiver long object lo Wee siving or extending the arm
by wsing some ngyd, lowg object 1o hook the sirmg m). anchoring
(Dolding owe siving dowe m five swddiie, while walking over 10 reach the
otfiey one). and penduions (putihwng 3 weight om one stymg snd Swwapng
it loward the otiver ). There weve sux obyects available hat could be wsed
o help solve e problems. They were chosen 30 that each owe tended
fo saggest 3 pavticelav clase of solatimm, but sowe could be wsed for
mbmth&ﬂmbubmbmum“
each of e s obyects m successson.

Thre was an waportat diffevence m the way m which e task
msire. fions were gven thatl lended 10 evohie ether lop-dows or
boNom-ap patienns of soleton Some of the subyects i e shady were
asked by Whe expermmenter 10 use the firs? obyext 1o solve e problem
and 10 wse 2 sperific clans of soluton These subjects lended o wse
tie same class of solaton over and over on successwe obyects. some-
times even aang he cbyects s gute wwasual and diicull ways m ovder
o stay with hew preferved solution fype Asottey growp of subjects
weye sumply told 10 wse alk of the obyects. These subyects typecally
preked wp the obiects m the ovder m whach hey il 10 hand and wsed
eacls objext m its mnst chavactensic way They were, s othey words,
obyect-drwen, and thus botlom-up solvers. i s of mievest 1o note hat
e botloms-ep solvers succeeded » solvwng the problews m essentially
108 percent of thew tnes: That s, ey found 2 way 10 wse every obyect
to he Mie two strags together The top-down soivers, by contrast, had
& somewhat lower rate of sucress. They sometirzs tuled 10 see aw
obuviows way of usmg an objert because they were intent on trymg o
make it B wto e op-down soion sirateyy

Insetlrgence and Learnang Alnisves

Over the decades, one of e mnst provocative and Gifcull queshons
faced by peycholopsts is e natwve of telligence and the exte o
whueh ¥ cam e modified Bwnugh icachmyg or other envwonmental -
terventions. The prevows descriphons of research on reasomng and
problem solvwg lead gute natuvally lo the guestion of whether general
reasovmg skills can be laagit and whether us mught saprove people's
eeeral abelity Io lecam. These qrestions ave by a0 sueans new ones. n
one lorm or anntiey, hey have motwated mapy bramches of paycthn-
g 2k researehs and divwded bt peycmlngsts and e public o vge
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(see Curtis & Glaser. 1981, fov 3 usehul discussion of the iwstory and
presenl siatus of research on mtelligence)

The question that has produced the most dissent. because it s s0
tied to soc1al policy. is whether diflerences mn wielligence are mhented
o are acquired a3 a resull of dillerences m expenence. Posed m Gas
w3y, the question has no single answer. and i often evokes social and
political rather tham scientific respinses. The understanding of intelli-
gence becomes much move tractable when one raises more powted
questions abowt what constitutes mtelligence and how schools and
other educational mstitutions can bes? respond to individual differ-
eces These are queshons 10 winch current cognitive research on the
natuve of reasonng, problem solving. and learmng can successiully re-
spond

in 30 doing there are two hmdamental ways of thinking about
micthgence. One s (o treal mtelhgence as somethung that children (or
adult icasmers) brng with them 10 an educational experience. In this
wiew, mielligence and aptitudes set the range and limits of the leaming
that can be expecied Thus wew of miethgence can be held regardiess
of whether one beheves that mielbgence 13 set by heredity or formed
by expenence Whalever the ongins of mdividual dillerences. by the
inne perple present themselves lor 3 particular lesson or cowse of
study. pastwculas aptrtudes may determane what kinds of leaming activ-
ies will be most successiul. and estabhshed capalnlities for leammng
will set boemdanes on what can be expecied in a given period of time.
A lasge amout of recent reseasch has centered on Uying to idawtily
the copmive processes that are mwolved n various kinds of @
periormances. Thes knowledge, it is hoped. will provide the basss for
muwe eflectively adapting mstruction and teaching 1o the mielleciual
capaciies and propensities that people bring 1o school with them.

The second new of muefligence and aptitude is that they ase pro-
cesses of thmkmg and reasorng that can be formmed by mstruction Thes
wew need not anply & total rejection of a hereditary basis Jov individual
differences It only requires a beiief that environmental factors. n-
cludmg mstruction. can make some sigfzcant difierence m subsequent
abnlstws 10 leasns and reason. Although the hope of snprovng mtelli-
gerce and learmng siills through delsberate cultivation of certan ways
of hwhkwg 15 an old one—wiiness a long Inslory of programs for wn-
provmg memory. problem solving. and other learmg abshties—and one
that has ofien heen disappomied. recent research on the naiure of
skified lcarmmng and periormance m many domawms 1s buildng 2 more
screnirhc lasis lor these eflorts. Although 2 magic potion for cunng
fashwes 0 lwwnan learmng and mitelligence is hardly m the olfing, cur-
rend Lowes of mwveshigaton ase refocusing the issue n profitable ways,
mnmunmhnrmmmdxumwm

ments that will extend the luvsts of lmxnan learmeng capacilies
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Intelligence Brought 1o School Aptitude-Treatment Interactions

If intelligence and learning ability are viewed as capacities already
iormed in people belore they enroli 1In an educational program, what
education can besi do is adapt to intelligence—that is, provide lorms
of instruction that are optimally maiched to the aptitudes the individual
already has. This is a very old and honarable ambition of educatorss,
although viewpoints on effective and appropriate ways of adapting to
individual diiferences have shifted over lime in response (o both polit-
ical and social pressures on the educational system and (o available
ical theory about the nature of individual differences.

The first deliberate effort to adapt educational offerings 10 indi-
vidual differences was made by separating (i.e., tracking) children into
groups according 1o their different ability leveis. The general idea sup-
porting such practices was that people differed in the speed at which
they could leamn and perhaps also in the highest levels of abstraction
to which they could aspire. By grouping faster leamners with laster and
slower with slower, both groups could proceed at a pace suited (o their
natural abilities. This, it was proposed, would produce optimal—but not
necessarily equal-—outcomes for each group. This theory of grouping
and tracking was toftally consonant with theories of intelligence and
aptitude that were dominant from the end of the 19%th century through
at least the 1920s. intelligence was viewed as a largely fixed trait. hardly
modifiable by experience. and as a unitary trait: general intelligence
was what determined speed and ease of learning in all domains. Binet's
intelligence test and its various offspring, some still in use today, are
based on this view of intelligence, as are many of the landmark research
studies on inteiligence and school leaming of the early part of this
century (see Casroll, 1982, for this history).

Beginning in the 1939s a more differentiated view of intelligence
and mental abilities became predominant among psychologists, who
had. through factor analysis and related techniques, identified a variety
of diffesential upiitudes in which people might vary. The new viewpoint
was that specific aptitudes, rother than general intelligence, were what
suited people for specific forms of learning and job performance. This
view of intelligence fit well with a new social and political mood that
became dominant after World War Il. People began to question the
susiability of an educational system that more or less permanently clas-
sified children as either fast or siow learners and thus limited the po-
teutial aspirations of those charactenzed as slower. Further. increasing
sexisitvity (o ethnic and cultural vanations in the Amenican population
beg=.: ‘o nroduce the view that recogmazing different aptitudes and ap-
proaches to learning, rather than emphasizing deficits 1n general intel-
ligence, would be a mure suitable way (0 optimize educational out-
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comes Glaser (1977) called this a shult lrom a selective theory ol ed-
ucation to an adaptive one

The shift to an adaplive theory of education and a more difleren-
tiated concept of aptitude and atelligence has produced a search for
quaiitatively dillerent instnictional treatinents that would be optimally
malched o learners with dilferent characteristics. The result has been
research on aptitude-treatment interas ions (ATIS). This research seeks
situations 1In which a given istructional treatment produces dilferent
outcomes 1 people of dillerent aptitucdes Optimaily, one would hope
lor interactions that allow oie to choose a treatment for each individual
that will produce the highest level of perksrmance possible in a domain,
thus eliminating overall dillerences in performance. In fact, such ideal
mnteractions are almost never lound

The most typical tinding n ATl research 1s one n which a single
aptitude measure—asome lorm «of a general intelligence measure—in-
teracts with two broad classes «of instructional approaches. Highly struc-
tured trealments (e g., careful sequencing of instructional materials,
required responding at specilied points, teacher control, and instruc-
tions (0 process in a particular way) reduce the correlation between
general intelligence and achievemment. whereas unstructured treatments
(e.g.. much student control ol sequenc e and pace, "discovery-learning”
conditions, and open-ended problem setting) maintain a correlation
that lavors high general intelligence siudents. That is, low intelligence
students do better under struciured conditions, which are interpreted
as reducing the burden of inlormation processing lor the learner (Snow,
1976). Many theories (e g, Cronbach, 1970) suggest that high general
intelligence students should do less well under these circumstances.
Only a lew studies, however, show such a suppression. This may be due
lo the fact that the tests used t0 assess learming often do not permit -
high intelligence students 10 demonstrate the additional knowledge or
skill that they have in fact acquired in the less-structured teaching
conditions.

it should not be surpnsing, on reflection, that the ATl enterpnise
as traditionally conducted has not resulted in the kind of strong basis
for adapting instruction to aptitudes that had been sought. The near-
(otal dependence in ATI research, until very recently, on standardized
tests as measures of intelligence and aptitude has meant that the re-
search attempted to malch aptitudes whose characteristics were ill-
understood to instructional treatments defined only in very global terms
(structured versus unstructured, for example). To break this logjam,
and to discover whether there are in lact ways ol adapting instruction
to specilic rather than general capacities lor learning, it is necessary to
understand better what mental processes are actually involved in the
vanous traits called aptitudes, and what kinds of processes are actually
called upon in the various instructional treatments In other words,
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cogmtive analyses of both aptitudes and instructional treatments are
required.

Cognutive Analyses of Aptiudes

Respondiny to this need, there has been considerable effort in recent
years 0 reanalyze the constructs of intelhgence and aptitude in terms
of cognilive processes and constructs (Friedman, Das, & ()'Connor,
1980; Resnick, 1976, Snow, Federico, & Montague, 1980, Siernberg &
Detterman, 1979). Most of this new work began with traditional aptitude
tests (for which there is a considerable validation history, based largely
n lactor-analylic research) and sought to redescribe these aptitudes in
terms of current cognilive constructs and parameters. Pellegrino and
Glaser (1979) have made a useful distinclion between a cognntive cor-
relates approach and a cogniive components approach t- the study of
intelligence. The correlates approach uses an aplitude test as a criterion
measure and seeks more elementary cognitive processes that are highly
corre' ted v:ith the test criterion. The cognitive components approach
uses the test items as tasks to be analyzed in a search for the component
processes of test performance itsell.

Cognuwe correlates of apttude Much research is being done to
identify basic cognitive processes that distinguish between high and
low scorers on a particular aptitude test. The primitive processing pa-
rameters for study are drawn from the mainstream of basic research
on cognilive processes, especially memory processes. This line of re-
search was initiated by Hunt (1978), who suggested that verbal perfor-
mance requires both the specilic verhal knowledge that is called upon
by the task and the exercise ol certain mechanistic processes by which
nformation is manipulated. According to Hunt's theory, individuals with
less elficient mechamistic processes have to work harder at learning
tasks nvolving verbal information. Over lime this handicap produces
relat vely large individual dilferences in verbal skill and knowledge.

The theoretical argument s buttressed by data from studies that
have investigated the relations between perfonmance on laboratory in-
lormation-processing tasks and scores on global imeasures of aptitude,
such as 1Q tests and college adimissions tests. Although early ellorts
(e g., Hunt, Frost, & Lunneborg, 1973) were atteinpts to find associations
with quantitative as well as verbal ability, the mmamn findings have shown
carrelations with tests of verbal aptitude or general intelligence mea-
sures that are heavily verbal in characier.

The most robust inding in this literature reveals differences n the
amount of time that various people need to access naine codes in long-
term memory. Code access time 1S inlerred from the dillerence hetween
the time it takes a persun lo decide whether two stimuh that look
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dillerent have the same naine and the time it takes the person to decide
that two other stimuli are physically identical For example, a subyect
might be shown a lowercase a and an uppercase A (different physical .
lorm, bui same name). On a subsequent tnal, the subject nught be
shown two uppercase As (same physical form). The subject will take
longer to decide that the pair of stimuli with dillerent physical (orms
nevertheless has the same name than to decide that the other pair of
stimuli has the same lorm. The longer time 1s needed to access the
name code in memory. The extent of the difference in the ime required
lor the two decisions correlates with verbal aptitude. Across a number
ol studies, the time dillerence tends to increase as one inoves from
highly verbal university students 1o young adults iot in a umiversity, to
normal elementary school children, and finaily to inildly retarded
school chuldren (cl., Bisanz, Danner, & Resnick, 1979; Hunt, 1978). Sev-
eral other tasks, all requinng speed in particular kinds of micropro-
cesses, have also been shown to discniminate lugh and low scorers on
verbal aptitude tests.

All told, there seems to be enough evidence of individual and age
dillerences in prinntive parameters of mental processing to make plau-
sibie Hunt's notion that small dilferences m mechamistic processes
could cumulate over time to produce considerable differences in verbal
skill and knowledge. It 1s important to note, however, that a large por-
tion of the lindings clearly associating these parameters with individual
differences comes from Hunt's own laboratory Wider replication is
needed belore strong conclusions about specific associations are
drawn. A recent sumimary and uselul critique of this research appears
in Cooper and Regan (1982).

Cogmitie components of auptitude Carroll (1976) and Simon (1976)
lirst suggested the analysis of test items as cognitive tasks, and several
research programs subsequently focused on uncovering the processes
that are required in actually performing the items in ntelligence and
aptitude lests. Perhaps the most ambitious program in terms of the
range of tasks studied is Sternberg's work on what he calls a “compo-
nential analysis” of intelligence (1977a, 1977h, 1980). Sternberg's anal-
yses begin with a specification of the components that are hypothesized
to be invalved in the performance of a test item. Several models are
then defined that differ in the components called on, the sequence of
the components, the number ol times each component needs to be
executed, and the inanner of execution (e.g., exhaustive or sell-terim-
nating searches ). These madels permit predictions of reaction ime and
error patterns uder varying conditions of stimulus structure and task
presentation

Empirical tests of inodels generated lor analogies, for example,
have identified a “hest it el and provided estimates of winch pro-
cesses absorbed inost of the processing time For verbal analogies. en-
codiy of the stimulus tenus accounted for about hall of the solution
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time, while 30 percent of the time was spent on attribite comparison
operations. For geometnic analogies, attribute companisons iook longer,
both as a percentage of total ime (57 percent) and n absolute terms.
Sternberg has extended the analysis of analogies to children, making it
possible to chast developmental changes in the various components.
The most important developmental observation has been that children
have a greater tendency to rely on associations hetween the words 0
the analogy than to analyze all of the refations

Other research on analogies performance is largely in agreement
with Sternberg’s findings on the importance of encoding. Smine of the
studies have analyzed the encoding process itsell liurther, with partic-
ular attention paid 10 which aspects of the stimuli are encoded. For
example, Mulholland, Pellegrino. and Glaser (1980)) showed that in geo-
metric analogies, individuals analyze stimuli n a systematic serial
manner, so that latency ol responding is a function of both the number
ol elements that must be encoded and the number of transtonnations
that must be performed on each element. They found a sharp increase
in both reaction time and errors when multiple transformations on iml-
tiple stimuli had to be processed, suggesting that working memory lim-
itations are important in analogy processing. For verbal analogies.
studies by Pellegrino and Glaser (1980) and Sternberg (1977a, 1977))
all show that individuals with tugh aptitude test scores specity more
precisely he set of semantic leatures that relate the word pairs in an
analogy, and that the extra time they spend on this process allows thetn
to spend less tune on subsequent decision and response processes.

Other test-like tasks that have been subjected to similar analysis
include series completion, syllogistic reasoning and transitive inference,
spatial aoilities tasks such as mental rotation and visual companison,
block designs, and tasks lrom the Ravens Progressive Matrices test Not
all of this work has been explicitly oriented toward detecting inchividual
ditferences. Instead, much has been inspired by the Piaget-generated
debates over how and when various logical abuiities develop in children,
and over whether language or spalial representations are central {see
Resnick, 1981a lor a review).

It seems likely that as efforts to understand performance on such
tasks proceed, individual dilferences will have to be considered 1l the
data are (o be sensibly interpreted. An interesting case in point is Coop-
er's (1980) research on visual comparison, in which subjects separate
naturally into two quite different subgroups, one using a holistic and
one an analytic comparison strategy. The two strategies produced very
dilferent patterns ol latencies, and the groups responded in predictably
dilferent ways o variations of task instructions and of stimuli. Cooper
anl Regan (1982) have suggested that diflerences in preferred strategy
for various tasks. verbal as well as visual, inay account for aptitudes
even inare strongly than across-the-board ditferences in speed of basi
processes. Thewr discussion suggests ways in which correlational al

48

169




LAUREN B RESNICK

componential approaches (o the analysis ol aptitude may have o be
jmned belore really adequate thearies of the nature of individual dif-
ierences In lest performance can be developed.

Intelligence Shaped by School: Teachung Learning Shulls

Il one views intelligence and aplitude as a set ol capacities that are
formed partly by instruction, one 1s led 10 pose (wo questions. First,
what skills of learning are sufficiently pervasive and general (that 1s,
not limited to specific subject matters or specilic situations of appli-
cation) that they warranl concerted attention as the goals of educa-
tional programs? Second. how are these skills acquired, and correla-
tively, how mught they be most directly taught? The search lor general
skilis of learming has been a long one, and il has been pursued (rom
many points of view. Before proceeding to a consideration of particular
skills of learning and their acquisition, it is worth pausing o ask whether
it is likely that such generalizable abilities exist at all.

Skepucism about the existence of general abulines There are two
bodies ol evidence, one old and established, one quite recent, that ynust
lead 10 skepticism toward the claim that cognitive abililies are really
very general. The lirst set ol evidence is the repeated failure, over de-
cades of trying, t0 produce convincing demonstrations ol widespread
transier of learning from one domain to another. The second 1s evidence
of the central role ol specilic knowledge in intelligence performance
and in leamning.

There has been a recurrent view that certain school subjects would
“discipline the mind” and should therefore be taught not so much lor
their inherent value as for their value in lacilitating other learning. Latin
was defended lor many years in these terms; mathematics and {ormal
logic are olten so defended today. Most recently, learning to program
compulers has been ollered as a way to develop general problem-
solving and reasoning abilities, appropriate even when no computers
are available or applicable to the situation at hand (Papert, 1980), and
a variety ol courses and programs claiming o teach reasoning and
problem-solving abilities have been developed and promoted (see
Segal, Chipman, & Glaser, in press; Nickerson, Salter, Shepard, & Hermn-
stein, 1984). This view ol transfer from a particularly powerful or nodal
knowledge lias never been supported emprrically. In the 1920s, Thorn-
dike (1922) studied (ranster among school subject matters and lound
that it was always inore eflicient to study the subject of interest directly
(English vocabulary, lor example) than to study some other subject
(Latin, lor exampie) that “prepared” one's imind. Subsequent reviews ol
research on transfer of school subject matter have reconfirmed Thorn-
dike’s flinding, and there is as yet no empirical evidence ol transfer (o
other activilies from specilic kinds of problem-solving courses or from

O arning to program computers.
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he second source of evidence thiat weakess clanns lor generahzed
abilities 1s the research yielding repeated demonstrations tat specilic
knowledge plays a central role i reasoning, thmking, and leang of
all kinds. Several exanmiptes ol the role of specific knowledge have heen
developed n the course of thus essay For example, specific knowledge
abont the topic of a text affects the processes of langnage comprehien-
sion, and specific, acquired schemata inderlie problem-solving pertor-
mances as vaner as those w prmary school anthmetic and college-
levet physics and political science Glaser (1984) further deserbed ev-
idence of the role of domam-specific knawledge m a vanety of tasks
that have traditionally been viewed as mdicators of aptitude o untetli-
gence,

Belief i the reality of general shulls Despite the evidence that op-
poses transler and that (avors the unportance of domam-specilic knowl-
edge, there are some equally compelling lactors that have sustamed
psychologists’ helief in the reality of general competencies in learning,
First, there is a positive correlation between alniost any two cogintive
performances that liave ever heen measnred, except when lests have
been specilically designed nat to correlate with IQ (as, far example,
certan creativity tests ). This positie manifold 1s the basss for the factor
analytic tradition in intelligence researclr; Factor analysis uses patterns
ol covariance to infer what varnions tests inay have in common, and thus
what the basic dimensions of human aptitud= are. Tests that are posi-
tively correlated—that is, that share vanance—also presumably share
undertying processes. The fact that most tests correlate positively with
each other, and that a general factor can always be found 1l the statis-
tical methods used do not insist on completely uncorrelated factors,
sugyiests that all tests have sone processes in commmon. These common
processes are, presumably, general abulities.

Second, when cogmitive scientists do information-processing anal-
yses of comiplex skills, they (ind that the same kinds of basic problem-
solving processes are nsed in task alter task. Several examples of thus
have come up in the course of tius essay. For example, aithongh the
ongmal General Problem Solver (GPS), built to solve symbulic logic
problents, was not 1n fact very general in the range of problems it conld
solve, the kinds of processes used by GPS appear over and over agam
h sunutations of human performances on compliex tasks. For example,
means-ends analysis, generate-and-test rontines, subgaal formation,
and other kinds of planmng are used in tasks as varied as inventing
buggy arithmetic routines, plaming compositions, constructing geom-
etry proois, and troublestiooting electronic devices. The reason that a
single artificial intelligence program cannot solve a wide vanety ol
problems is apparently not that the fundanental processes 1t applies
are widely different across domams, but rather that the program mnst
apply these processes to very specific, organized hodies ol knowledge.
Each simulation must build in the relevant knowledge, and so 1t De-
O mes specilic to its knvwiedge base (see Dehn & Schank, 1942).
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Third. a vanety ol basic processes such as perceiving stnuli, en-
codiny, clasmitying, generating responses. ald execibing responses are
quite obviously 1voived 0 a number of different cogmtive perfur-
mances. These are the hwiding block prvesses of mtelliyence and
aptitude of the kind studied by Hunt and other stwdents of the cogmtive
correlates of mtelligence. Sone years ajo. Sunon (1976), conmidenng
what nlormation processing analyses of vanous tasks nught suggest
about the nature of mtelligence, suggested that very low-ievel compo-
nents (such as the building blocks) and very high-level ones (such as
means-ends analysis and the like) are shared across many tasks and
are therefore general abilities. The specific knowledye varies from task
10 task, however. producing the domaim-specificity of cogmtive abilities.

Finally, in some ol the most recent and provocative work on the
nature ol intelligence, an apparently common body of “executive” or
sell-regulatory processes have been identified. Processes such as
keeping track ol one’s owa understanding or knowledge, mtiating re-
view or rehearsal activities when needed. deliberately organizing one’s
attention and other resources in order to leam something, or planning
a set ol actions so as 1o meet goals within the limits ol certain con-
straints are all activities that have been shown to be charactenstic of
ellective learners, good readers ol texts, gnod writers, and strong
problem solvers. These processes are relatively absent in younger or
less ntelligent individuals. These higher order or metacogmitive skills,
as they are often called. have become the ohject ol an important recent
line ol research.

Sell-Monitoring and Metacogmtion

Metacogmtion 1s surely one ol the “boom” fields ol recent cogmtive
psychology The term metacognuion is a relatively new one, whose lield
ol reference has sn exploded in just a lew years that thoughtful scholars
(cl., A. L. Brows:, Bransford, Ferrara, & Campione, 1943) are beginmng
to suggest that it be abandoned as coninsing, and that more spetific
terms such as self-momitoning and sell-reguianon should be substituted.
The broad domain of metacogmition includes (a) knowiedge about cog-
mtion in general, (h) knowledge about one’s own knowledge or cogm-
tive strategies, and (c) application of these two kinds of knowledye to
the plamung and execution of appropniate olental activiies in learming
and problem-solving situations.

Several mvestigators have docnmented the fact that know!edye
about cogmition mcreases with age. and that older children are hetter
ahle hin younger ones to descnbe what one onght to do to remember
somettung—lor example. how to remember to take one’s skates to
schonl the next day There 18 also a small budy of ewiderice showing

Q "iat younger ciuldren and the “developmentally young” (1., the re-
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tarded) are less able than older children to assess when they have
understond a message, when they are ready for 2 test, and the like.
Convergent with this set of findings s a line of research showing that
much of the deficit of retarded people in umple learming tasks, surh as
mesnorization, comes from thewr failure to apply well-known stratepies
such as rehearsal or information of mnemonics.

A number of studies have shown impressive gans n immediate
performance on such tasks by simply mstructing individuals to rehearse
or tu engage in verbal elaboration. In these studies, however, there was
aimost complete lack of transfer even to only slightly modified tashs.
This led to & search for superordinate ( Boimont, Butterfield, & Ferretti,
1982) or metacogmitive shills (A.L. Brown, 1978), sxch as assesswng
one's own readiness for a test, apgortionng study time, or deciding
when to use rehearsal, imagery, or seif-intermgation siratepes that
might promote general improvement Some modest successes hawe
been reported, but not enough for cognitive scientists to be convinced
yet hat even muild retardation can be overrome by ivaining in superor-
dinate skills of the lund studied thus far.

Most of the initial research on metacognitive training locused on
memonzation tasks that require very specialized kinds of strategies and
that may have only a limited function outside of the laberatory and
certain very specialiaed lunds of scheel leaming (e.g., vocabulacy lists),
Recent research on memory, showing the power of chunked and or-
ganized knowledye in extending memory power (Chi, 1978), cails nto
question the extent to which strategies for artificial memonzing are
likely to be an optimal approach to take even in simple schonl learming.
A very recent shift toward the study of pmcesses of self-eontrol and
seil-regulation in mere complex kinds of leaming and perinrmance,
ranging from reading comprehension to wnting compositions to
learning new subject-matter domains, offers a more promusing per-
spective on the development of learning abilities and the improvement
of & variety of learning competencies.

Effects of reciprocal reaching. To illustrate this ncw perspective, [
describe a recent trasming shudy which embodies many of the deas
under consideration in the field. The experiments were conducted by
Palincsar and Brown (1984) with middie school ctuldren who had ex
tremely weak reading comprehension siulls The cluidren were divided
into small groups, and with an aduit, each group engaged 1n a pereess
called “reciprocal teaching.” The chiidren took lumns posing queshons
about and summarizing short texts that they read. The other members
of the group commented on the quality of the queshons or simwnanes
and Iried to help formulate better quiestions or summanes. Reciprocal
teaclnng sessions were conducted dasly for several weeks. During the
ntervention. there were daily assessments in which childven individhs-
ally read passages and answered questions about them. Assessinents
continued for several generalization days after the intervention ended,
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and there also were 3 days of assessinent alter an % week Iresk 0
additumn there were some generahizations mul transier tests [n the gen-
eralization tests students read social shuhes anxd sceme texts m their
reqular classrooms and answered comprehension questions about
them The children were not aware that these tests had anything to do
with the expenmental lteactung m whach they had participated

Table | contams some protocol segmernts from reciprocal teacthung
sessions with one of the weaker readers m the shudy In these segments.
there 1s 2 very greal shift apparent wy the child s abwiity to pose ques-
hons about the texts Al brst the civid cannit oirmuiate questions at
al and does ot even produce Rill sente.aces [ater the child 1s abie to
prae coherent queshons and by Day 15 s able o lormeslate 2 ungle
queshon that addresses the mam powt of the passage The protoced
clearly shoyws the role of the aduit wv thes provess At the heginning the
teac her actually formeslates the questuar and the child does hittle nwwe
than repeat them Later the adelt provides portions of the questons,
often the initiat words of a2 sentence that will produce an sppropriate
question By the end the ~huld has taken over the rilire procezs Notwce

Table )
Protocol Excerpts Showing the Acquistion of Question-Ashing by 2
Seventh-Grade Student (C) With Reciprocal Teaching

Dav |
TRXT The water moccasin, somewhat lneger than the cnpperhead. is

found 10 the southeasiern siates it ives in swampy regions it be-
longs as dn alse the copperhead and the rattiesnakes. to a group
of pisonous shakes called pit wipers They hawe pis between therr
eyes and thewr nostnis which. because they are sensitive to heat
help the shakies tell when they are near a3 warm-blonded anumal
Another name or the waler moccasin 18 “coftonmoath * This name
comes from the white hning of the snake's mouth

( What i3 found n the southeastern snakes also the copperhead.
rattlesnakes vipers—they have I'm not donyg this nght

T Al nght Do you want to kivow sheust the pit vipers®

[ Yeah

T What would be 3 gl question st the it vipers Hat starts with
the word ‘why'™

( 1 Ne) response )

T How about "“Why are the sikes < alterd pit vipers'

( Why der they want to kinsw that they are Called put vipers?

I Try it agiin

( Why do ey pif vipers i » pat*

r How about “Why do they « il the wwhes (ut vipers'™

t Why do ey call the snakes pt vipers’

I There yon g Gond e you

O
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Tobbe i continoed
Dav 7
11311 Perhaps yvws age wonnlening wheve the Lava and oiher vole ans jend.
s Comwe froan Deep withen ossr carth theve are poa kets of nudten
tock cailed magma Firced upwasd m part by gas pressure. ihes
medten rock conimually 1nes 0 reach the surtace Fventually— by
means of cTacks i the crustal rocks o some svwlas 200ve of weak-
ness—the magma may break ol of the grimmnd It then Raws lrom
the vend as lava o spews skyward as dense chands of lava particles
C Herw does the pressuse from below push the mass of hot Tk
aanl the openwng® ks that o”
T Nt quate Start youw queston wath “What happens when
( What happens wiwn the pressame from Leborw prrshes the mass of
ot 1ok agaanst the operwg”
T (srd b vy’ Cawud pits

wer Seientsls also come 1o the South Pole to shudy the sirange trehits
that Prw oxerhwad duving the Antarc i nght (I's a cold and kmely
wirid oy the lew hardy people whe “winter over™ the prdas neght )
These “semthern hghts ™ are caused by the Farth sthing hike a
maget on elecince partacies n the aw They are chaes that may
help us undersiand the Earth's core and the U Y exiges of ils
HSanket of ar

C Why do scwninsls come 10 the seuith pride 1o stinty?
T Excellent questom’ That s what this parcgraph s 4il atwmt

Nete T - rearher ¢ shatrrd - { hastes - Acapbov] oam Potene sar arwl Froners 1 198 : by
peramtsmn

also that the standards lor what the aduit accepts as a good question
from the child keep changing. stiffer requirements are apphed loward
the end than in the first days of the reciprocal teaching

According In various measures tlis process greatly aflecled
reading comprehension Figure 9 shows increases n the percentage of
assessment questions answered corrertly hy several stndents dunng
the varioars phases of the hirst experiment Fre .n a preinterventon base-
ine measurement of very lew queshons answered correctly. must of
the cluldren moved up 16 alwwil an M) percent corrert response rale,
and they remained there alter an §-week hreak Several control groups
showed no increase :n correct assessment responding dunng the same
peniod Figure 10 shows the effects of the tramng on the generalizalion
lasks in regular classtooms Agan_ the reciproxcal teaching expenence
was shown 1o have a poweriul effect on comprehensam in a very dif-
ferent pherswal sethng and under (uite different measurement conds-
twns The experiment was repix ated wider mure ordinary s honl con-
ditions. as part of the regular instruction offered by the teacher n
@ " whing Very sinular resulls were otbtaned
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Figave 10. Percent correct on the classroom genevahzation probes of
Study | for the Reciprocal Teachmg (RT) and untreated contyol (C) groups m
botk science and social studies classes. Reprinted from Palincsar and Brown
(1984) by permsmon.

Tive Palincsar and Brown study s not only a dramalic success siory
iw ediscational intervention. & also diustrates many of the ssues beng
studied i today s research on self-mondornng and copwive sirategy
leasning. First, the sinils in question ashing and susnmarinng that the
cildven i the study practiced are probably not disectly called upon
irs skitled reading The automatic mature of many reading comprehen-
sion processes, the speed at which reading proceeds, 3¢ .3 sequenhal
mature make it inplausible that m the normal course of  olled readhng,
people actually pose questions or creale summanes lor themseives
There 15, tien, only a indivect relation between the stralepres taughl
and what was probably involved m the cheidven’'s subsequent relatively
shulled reading performance. Tius indivect relaion between siralepes
taught ..1d siuiled pesformance s also charactersiic of ndings m other
metacopulive rainang reseasch.

This yuses the question of how mstruction thal incuses on overt,
self-conscinus strategies that are net components of skilled perfor-
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mand e meght improve processes that progress quite antomalically. The
answer smay be i the fact that when readers use self-questvming and
simmiar strateges. they evoke processes of inference and interpretation
that eventually evilve into the automaled inlormation processing char-
acterishic of skilled readers This would mean thal metacognitive stral-
epes ae betier undersiond as aspects of cogmisvr sknll acquisition than
as aspects of cogmtive skill expertise With this assumphion, researchers
would be less interested m identifymg compaaents of siulled perfor-
mance. and more mteresied in directly stisdymg processes of learning.
There 15 m lact a growing nterest within cognitive science in the pro-
cesses of cogmlive acqusilion (see Anderson, 1981) and some hikeli-
hond that ttus will become a domunar® concern I the next decade,
further Imking developmental and experimental psychologsts (¢f. A L.
Brown et al . 19%3).

Annther possibality 1s that the stralegres taught do not promete
aciunng slulled processes so much as they activale or release capac-
iies already available The relalive speed with which reading skill 1m-
priwved with recrprocal teaching suggests that this may be at least par-
tally the case As shown i Figure 10, correct answers 10 assessment
(mestions mcreased very quuckly alter only a lew sessions of reciprocal
leaching for most of the students Very rapsd change n perforinance 1s
also chasactensisc of the memuory strategy training studies mentioned
carhier To the extent that sirategy iraiming releases rather than builds
processing capanlity. one would expect this kind of instruction 10 be
efiective only il the relevant capalnl=s were already present.

There 1s some evidence that cer  forms of metacogmtive training
can aclually suppress performance, at least lemporanly, if the knowl-
edge or slulls necessasy 10 use new inkrmation 1s not already present.
Scardamaha and Pans (1n press ) tanght children to recogneze and iden-
tuly certam rhetoncal devices thal are known to aftect the self-mom-
toning perfonnance of skilled writers This training increased the sty-
dents’ use of these rhetoncal devices n therr written compusilions
However, no improvement. and even some depression in overall or-
gamizalvm and coherence of the compositions resulled  Scardamahia
and Pans aitributed thus to a tundamental strategy that clskiren use for
compusing, onme they call “knowledge tething™ The strategy involves
Mtle planmng and the child writes down in sequence everything he or
she Thinks of relating to the topic Because there was oo averall plan
ning. the chikdren could not use these rhetori al devices 1o tons the
ramework b a well-orgamzed argument as adult writers woukd do

A thrd important pont 1s that reciprocal b aclung s a special form
of somal interacton that may n fact be cent: ' 1o the acquisition of
generahized cogmuive skill Traditional views . the way 1n which social
ntera hon affects learming 'ocus on the adull as provider of new infor-
matbion, as a muxleler of correct performance, and as a selechive remn-
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lercer of children’s tries at producing the perkrmance. The reciprocal
teaching of the Palincsar and Brown study was inspired by a different
view of social processes in leamning that is atiracting increased attention
among cognitive psychologists interested in the development of general
cognitive competence. The Soviet psychologist Vygotsky (1978; see also
Wertsch, 1978) has argued that cognition begins in social situations in
which a child shares responsibility for producing a complete perfor-
mance with an adult. The child does what he or she can, the adult the
rest. In this way, practice on components occurs in the context of the
lull performance. In naturally occurring interactions of this kind, the
adult will gradually increase expectations of how much of the jull per-
lormance the child can be responsible for.

It should be clear that the Palincsar and Brown experiments should
properly be regarded as more provocative than definitive. Their success
in teaching a socially valuable skill, after many failures over the years,
1s stimulating. However, cognitive scientists do not really know what
component in the reciprocal teaching method actually produced the
success. 50 many elements of instruction were combined that it is im-
possible to determine from this study alone which parts of the instruc-
tion were essential. Further, it is not clear exactly what was taught. It
13 obvious that the children learned to ask questions and (0 summarize
However, the true target skill was neither of these, but rather skilliul
reading comprehension, ard it is not completely clear why practice in
asking questions and summarizing should produce that skill

None of this is said in the spirit of criticizing the Palincsar and
Brown experiments. Rather, it is said in order to emphasize that re-
search on seli-monitoring and metacognitive skills is at this time a
highly promising but still largely unexpiored domain It 1s attracting
considerable attention because there is some broad theory that sug-
gests that 1t ought to work, and because a few studies such as the one
cited have produced some dramatic successes. However, considerable
caution in interpretation and in expectations for the future 1s necessary
or psychologists risk anuther round of enthusiastic faddism.

Conclusion: Learning in the Future

The examples of cognitive research ox1 learming and thinking developed
in the course of this essay have been intended to convey the sense of
excitement and of open possibilities that now pervade many branches
of cognitive psychology A major feature of current cognitive research
15 1ts focus on complex forms of intellectual competence. This has the
effect ol making large segments of fundamental research more imme-
diately relevant to questions of instruc.io: than has usually been the
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' case lor psychological research on leaninng. As a resuit, a new cognitive
nstructional psychology 18 growing up as a special branch of cognilive
psychology.

The etnergence of instruction as an arena ol concern lor cognitive
psychology 1s helping to locus the held's attention on questions of cog-

l nilive change Instructional psychology seeks to lormulate principles
that can guide interventions designed 10 help people to leam. People
learn, however, even when they are not taught, and so instruction must
be construed as interventions 1n a learner’s ongoing processes of knowl-
edge acquisition. To develop principles ol intervention, therefore, it is
essential that we know what these acquisition processes are like. For
this reason instructional psychology requires strong theories of the
processes involved in cognitive change.

For a considerable perind of time cognitive psychologists had given
up the long-standing interest of experimental psychologists in questions
of how changes in performance and competence come about. During
this period, cognitive psychology focused instead on building detailed
descriplions of given states of cogmtive competence. Expert and novice
states were oiten compared, but little was done to explain how people
might pass from one state to the ather This nattention to processes
of change is ending In fact, the tapic of learming 1s high on today's
cogmlive science agenda amd will probably draw more and niore at-
tention in the next few years

Most cognitive research on learning up to now has been concerned
with accounting lor changes in perlormance skills—that is, for devel-
oping speed and accuracy in donng things like solving algebra equations
or programming camputers Sane elegant and highly plausible theories
ol how early siates of competence are transformed in the course of
practice now exist Hawever, there has heen little attention thus far to
the question ol how conceptual knowledge 15 acquired. Cognitive sci-
entists can show haw schemata influence learning from texts, for ex-
ample, but their models ol how the schemata themselves are learned
are poorly developed. This lacuna in knowledge is widely recognized
among cognitive scientists and some are now beginning to turn their
altenhion to questions associated with the acquisition processes of con-
ceptual learning. Psychologists can probably expect a new generation
of cognitive leamning theories to emerge in the next lew years that will
substantially modify the theoretical landscape. As this happens instruc-
tional questics are likely to become even more visible and central in
cognilive psychology.
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