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3 Cognitive Structure
and Process in Highly
Competent
Performance

Mitchell Rabinowitz
University1 of Illinois at Chicago
Robert Glaser
University of Pittsblirgh

The study of the gifted is a relatively uncharted area of cognitive psy-
chology. Although there is a fairly long history of research investigating
the nattre of intelligence and superior intellect, there have been _few
attempts by cognitive psychologists to understand the processing char-
acteristics of people at ithe upper end of the intelhgence/performance
continuum. In general 1éducational practice, certain_ people are considered
gifted_because they exhibit extremely skilled or competent performance;
This is illustrated by the several definitions of giftedness in the first two
chapters of this volume; including that of former U.S. Commissioner of
Education Sidney P. Marland, who described gifted and talented children
as exhibiting "high performance" and "demonstrated achievement" (Mar-
land, 1972).

In this chapter, consistent with this orientation, we ask the question:
What allows people to perform in highly competent ways and to exhibit
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76 RABINOWITZ & GLASER

the very skilled perfortheriCe that is apparent in highly gifted people?
From_ a psychothetric Point of view, this ability is often attributed to
a high level of general intelligence (g) as indexed by high scores on
tests of mental abilities or by assessments of various factors of intel-
ligenceRecent attempts to understand the Cognitive mechanisms in-
volved utilize an information=proceSSing approach that _characterizes
factors of intelligence and aptitude in terms of_ component processes.
Variations in_ intelligence and aptitude test performance have been
related to variatio& in Speed of processing (Hunt, 1976, 1978; Keating
& Bobbitt, 1978; Vernon,_1983), to variations inproblem representation
and `Insight7 skills_(Sternberg & Davidson,' 1983), to differences in
accessible knowledge (Pellegrino & GlaSer, 1982), and to variationsiin
the flexible use of strategies (Cathpione, Brown; & Ferrara; 1982).
There has also been considerable discussion of variations in metacogc
nitive skills Such AS_ planning, questioning; and solution _iflonitoting
(13tOwn, 1978;-_ Sternberg; 1981). In general, research indicateSi that
people who exhibit higliy competent performance have easy and fast
access to relevant information, are able to view_problem situations_in
qualitatively distinct ways, tan use Strategies effectively and flexibly,
and have better metacognitiVe Skilla.

To help us better tinderatand_the performance of the gifted and de-
limit the importance fectors that characterize competent performance, in
this chapter We reVieW research in cognitive and developmental psy,
chology in WhiCh skilled performance has been toinpared to less skilled
performance. In much of the research Comparing children with learning
problems to more typical children, young Children to_older children or
adults,_ and novices to experts, reSearthers have taken this approach.
These comparative studieS have .Shown that an important determinant
of skilled perfOrniande, related te the components of competence just liSted,
is the knowledge that PeciPle bring to a task. That available organized
knowledge exerta 6 Considerable influence on performance characteristica
is no longer debated within cognitive anddevelopthental psychology. For
example, recent research on developmental differences in memory per-
formance emphasizes the role of knowledge (Chi, in press). Developmental
differences in memory performance are dramatically reduced when the
familiarity of-the Material§ to be learned is taken into account (Bjorklithd
& Zeman, 1982; RiChman, Nida; &Pittman; 1976). These difference§ can
even be reverSed When the younger group is more farniliar with the
stimulus thaterials than is the older population (Chi; 1978; Lindberg,
1980).

_ The work retiorted in thig paper was supported in part by the_Learning Research and
Development Center,-_ with funds from the National Itittittite of Education (NIE),Ilnited
States Department of Education; and *at also iiipportediby the Personnel and Training
Research Programs, P4*-chblogical Sciences Division, Office of Naval Isearch, under Con-trAii No. N00014-79-C-0215.
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ruGNITIVE STRCVTCHE AND PR()CESS 77

In a similar vein, research in exports and novices are compared
in domains such (is littsehail ( Chi v Spilih & Voss, 19791, bridge Char-
ness; 1979 t;_ chess (de (iroot; 1965;, Chase & Simon, 1973); physics_ (Chi;
Feltovich; & Glaser; 1981; Simon & Simon. 1978, 1 and medical diagnosis
(Lesgold; 1984), to name just a few, clearly shows that domain-specific
knowledge has significant influence on cognitive skills. In addition, theft
has been a growing shift in emphasis within various computer _sitthila-
tions of cognitive performance_ from specifying general procedures or
strategies to describing the underlying _knowledge structure in a given
domain (Anderson; 1983a; Chi, Glaser, & Rees, 1982; Minsky & Papert;
1971).

In this review, our intention is not to nresent_this discussion so that
future theorists will list knowledge as yet another separate factor that
needs to be considered in the discussion of the gifted. Rather, We reVieW
theories and experimental findings from cognitiye and idevelopmental
psychology that suggest that the operation ofa well-organized knowledge
base provides a framework in which to discuss and understand the various
components of highly competent behavior and the interrelationships among
them.

Knowledge as an Associative Network

Prior to discussing_the consequences of possessing awell-organized knowl-
edge base for performance. we need to expand upon what we mean by
knoWledge andisome aspects ofits architecture; One way in vhich knowl=
edge has been theoretically described is in terms ofan associative netivork
(Anderson & Bower; 1973; Collins & Quillian, 1969; Norman &
hart; 1975). Within an associative network, concepts are represented as
the nodes of the riot, who-eas relations between concepts serve as asso-
ciative links. Three Of the properties of associative links are as follows.
They gpecify the relaticn among concepts; such as "belongs to the category
bf," Or "has a certain property:** Assoc:ative links can vary in Strength=
some concepts are strongly associated with each other, whereas others
are only weakly associated. Associative links can be either excitatöiY or
inhibitory.

This aSSOtiatit'e network is conceptualized to operate on the basis of
the `'automatie spread of activation along associative links ( Ander-
Son,1983b; Collins & Loftus; 1975); Spread of activation operates such
that when a word is encountered, the concept in memory _corresponding
to it is excited. When a node receives_ excitation, its level of actiVation
rises, eventually reaching a threshold point, at which time_activation
spreads to related toticepts. This spread of activation to related concepts
is terined sëcOñdarv activation. The amount of secondary activation gen-
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78 R.Th,tni 1.-12 GLASER

Crated depends upon the level of activation of the originally activated
bode and the Strength of the associative links between concepts. A node
spreads activation in proportion to its level of activation, and stronger
associations lead to stronger secondary activations. Excitatory links in-
crease the level of activation of a_ related node, whereas inhibitory links
decrease the level of activation of associated nodes.

A ebtlaideratidh Of hOw such ah associative netwiiik might vary among
ihdividuaI Must include at least three aspects: First; there are issues of
Ciudiitity; that is; the number of specific concepts available to a person.
An expert in a given domain is thought to have a greater amount:of
declarative knowledge (knowledge of concepts andifacts) about that do-
main than does anovice. Similarly, an adult might be considered to have
more conceptual knowledge than a young child. Similar comparisons can
be triade abOiit metaknowledgeknowledge of one's own processing ca-
pabilitieS and regulation of_processing: In this architecture, then, know--
edge Might be indexed theoretically by estimating the number of nodes
within memory:

Second, at a different level, are issues of organization, that is, how
one piece of information relates to another. Developmental issues of or,
ganization have emphaSiZed a shift from a thematic organization; in which
thioo go together because they occur together in space or time; to a
taithii6inic organization; inwhich things go together because they belong
t6 the same conceptual categories (see Mandler, 1983, for a review of this
literature): Similarly; experts in a field might organize information ac-
cording to different conceptual categories than do novices (Chi: et al.;
1981). This knowledge might be indexed Within a semantic net through
variations in the associative links that connect pieces of information:

The poStillated differi:ni.:::s within node-link structures for individuals
at different leVels of competence are illustrated in Figures 1 and 2 (Chi,
Glaser; & Rees; 2t982): Two kinds of subjects, experts and novices _in
physics; were asked to tell all they could about a physics problem- in-
volving an inclined plane. The subjects categorited the problem according
to how _they would _solve it. The experimenters translated the_ subjects'
protocols iht0 node-link networks and compared the structures of experts
and novices.

InSpection_of these_ two_figures reveals interesting differences ih both
the content and_ _organization of these representations. For the novice
(Figure 1); the representation consists primarily of surface features, such
as the_presence of a plane, the angle at which the plane is inclined with
respect to the horizontal, the height and mass of the block, and whether
or not it has friction. For the expert (Figure 2), the structure is related
to and organized around basic laws of physics; such as principles of me,
thaniCS, conservation of energy: and Newton's laws of force. At the lowest
level Of the representation are the structural, or surface features of the
problem. The novice represented at least as many surface features of the

7



COGNITIVE STRUCTURE AND PROCESS 79

Figure 1. Network representation of a novice's schema of an in-
clined plane. Reprinted from Chi, Glaser, and Rees (1982) by permis-
sion.

problem as did the expert. For the novice, however, these features are
not subordinate to basic physics principles but, in fact, appear to be more
salient than the principles that are so important to the expert. In addition,
the_ expert's knowledge includes not only principles bilt also an under-
standing of the conditions of their use (see dotted-line enclosures). The
novice's knowledge fails to include these conditions

Associative networks can also differ according to the accessibility of
information, that is, how easy it is to retrieve a concept or a relation.
Thus, a concept might be available, in that there is a node representing
that concept in memory, but be relatively inaccessible, in that it receives
very little activation from related concepts. Theoretically, one can say
whether knowledge of a given concept is available or not- Is there a node
representing this concept in the knowledge base? Is there an associative
link connecting these two concepts? However, available knowledge might
bo differentially accessible. Whereas it might require quite a bit of effort
to access one piece of available knowledge, other information might be-
come_ accessible with little or no effort1 being _made. In this chapter, we
will conceive of differences in accessibility as being related to variations
in the strength of the associative links.

These three ways of describing variations in knowledgeamount;
organization, and accessibilityare obviously interrelated. In fact; it is
probably impossible to consider one without alao taking account of the
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Figure 2 Network representation of an expert's:schema of aniin=
dined plane. Reprinted Chi, Glaser, and Rees (1982) by permission.
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COGNITIVE STRUCTURE AND PROCESS 81

others. With this_ interrelationship in mind, we will discuss the conse-
quences of having a well-organized knowledge base. Our particular em-
phasis is on the consequences of variations in accessibility of knowledge
as a significant feature of cognitive skill and gifted performance.

The Retrievability of Knowledge

In some situations people seem to have ready access to information, and
in other situations _p-_eople need_to work in a controlled way at deriving
such information. There are also_ large individual and developmental
differences in neople's ability to access information, and competent per-
formance is often indexed by the ability to retrieve information easily.
People who exhibit expertise within a domain of knowledge are able to
access information rapidly. Furthermore, Keating and Bobbitt (1978) found
that children of above-average ability search memory more rapidly than
do those of average ability._ An important question is how the ability to
quickly access information develops. What are the factors that determine
when information is rapidly retrieved and when it must be derived more
slowly?

For most tasks there is more than one way to obtain information.
There are a variety of problems for which we all seem to have the ability
to arrive at an answer in an automatic manner. To taketwo very simple
examples, when asked their name or current address; most people have
answers available almost immediately: There is little sense of doing any-
thing special to obtain the answer; the information is automatically ac-
cessible. As a matter of fact, there is probably no way one can prevent
answers to such questions from coming briefly into awareness.

On other problems, there seems to be a need to run through some
procedure in order to derive the answer. Take the question, "How many
windows are there in the place where you are currently living?" Most
people probably do not have this information encoded in such a way that
it can be readily retrieved. A person can derive this information, however,
by picturing him- or herself walking through the house counting the
number of windows. This procedure requires a person's attention in order
to be carried out and can be started or stopped at any point prior to
obtaining the answer.

One important aspect of the development of competent performance
is a shift from the reliance on conscious controlled processing to derive
an answer to the automatic and fast access of an answer. Controlled
processing is:generally characterized as a slow, primarily serial, effortful,
capacity-limited, subject-controlled process. Alternatively, automatic pro-
cessing is a fast, parallel, fairly effortless process that is not limited by
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82 RABINOWITZ & GLASER

processing capacity constraints and is not under direct conscious control
(Neely; 1976; 1977; Schneider & Shiffrin, 1977).

One perception of competence is deriVed frain observing the proce-
dures people use. For example, given the Problem 7 + 2; you might access
a store of facts and retrieVe the answer 9. Alternately, you can generate
the answer by first counting to 7; then counting tsvo more and observing
the end result. Adults and older children are able simply to retrieve the
anSwer 9 in an automatic fashion, withno awarefieSS ea to how the answer
iS generated; they simply know that 7 + 2 equalS 9. Children beginning
elementary school, however, have to generate most answers by using one
of a variety of procedures. Froin thiS Point of view, most people would
judge the adult or older child to be more proficient in arithmetic com-
putation than is the younger child; even though the younger child may
be proficient in generating a procedure to produce the anSWer.

Simple addition is a good task with which to inveStigate the devel-
opment of competence. The methods by Whibh People perform addition
show a clear developmental progreSSion from using procedures (such as
counting) for generating anSWerS_(AShCiaft, 1982; Groen & Parkman,
1972; Resnick, 1982; Siegler & Robinson,_1982) to having the ability to
access the _information easilY._ Recent research on young children's ad-
dition performance has emphasized the derivative nature of children's
processing; Groen and Parkman (1972) found_that the striallest number
Within an_addition problem was the best predictor of solution times for
the children. On this basis, they set forth a Min model; proposing _that
children add by selecting the larger Of t*6 addends and counting up from
it the number of times indicated bY the smaller addend. Similarly, Gins-
burg (1977) found that_ children often alluded to counting=on from the
larger number when verbalizing about the solution prricesS. Resnick (1982)
illustrated other procedures that children use tb generate answers to
addition:problems. For example, given the prOblern 3 + 4,a child might
Change theproblem to 3 +3, access the anSWer, and then add 1 to it. Each
of these examples shows that children Must derive answers to addition
problems in a controlled way.

Adults, however, appear te perform simple addition by simply re,
trieving the answers (Ashcraft; 1982; Ashcraft & Battaglia, 1978; Groen

Parkman, 1972,). For example; in order for Groen and Parkman's data
dn adults to fit the min model, the incrementing precess used by adults
would need to be faster than any other: knOWri eleMentary process. On
thobasis of their results, they postulated that adults retrieve the answer
95 percent of the time and use the Min ProCesSonly 5 percent of the time-.
Thus-, on this taskithere iS a developmental progression 6f competence
from having to derive the answer _to simply retrieving the information;

Within this developmental trend away from the uSe Of strategies to
derive answers, Siegler and Robinson (1982) bbseticed, in Viewing video-
tapes of four- and five-year-old children working on addition problems;

11



COGNITIVE STRUCTURE AND PROCESS 83

Figur 3. Distribution of associations for problems 1+1 and 3 +4.

that competence varied from problem to problem. Children overtly used
strategies to solve many of the problems, but sometimes they were able
simply to retrieve the answer. On retrieval trials, there was no visible
or audible intervening behavior and their_solution times were fasten _To
account for this difference, Siegler and Robinson assumed that the rep-
resentation of addition knowledge consists of associations of varying
strengths between each problem and possible answers. From normative
data, they were able to estimate the associative weights. Figure 3 shows
the resulting distribution_ for two problems, 1+ 1 _and 3 + 4, The distil=
bution of responses from the problem 1+ 1 to possible answersispeaked
toward_theanswer 2,Peaked distributions are those in which the strength
of the associative links from the problem to possible answers is much
greater for one answer than for other answers. On problem 3 + 4, the
distribution of the associative weights from problem to possible answers
was more even.

Children tended to access the anmer (rather than deriving the an-
swer) on problems for which there was a peaked distribution of associa-

12



84 RABINOMTZ & GLASER

tions. Furthermore; as the peakedness of the distribution in-et-eased, solution
timas on retrieval trials decreased. Oh problems for which the strength
Of the asswintive links between the probleth arid answers was more evenly
distributed over a variety of Ana Wei* ehildren tended to _use a procedure
tO derive the answer. Using Such data; Siegler and Shrager (1984) pro..
Posed a learning model by which gradually increasing the peakedness of
the_distributions from addition problems to answers predicted behavior
much more_similar to that of adults. Within this model, then; learning
is assumed to be the strengthening and Weakening of associative weights
between pieces of information. :

The ability to access inibliiiatiOri easilY also affects compaence on
inore complex forms of problem Solving. We have suggested that an im-
Portant component of competent and skilled behavior is the ability itO
have easy and rapid access to:information. One way tb think about the
issue of accessibility .1s in relation to the atitatiatit Spread of activation
along associative pathways in_a knowledge athieture. If the assoeiatiVe
links are weak and few, then the rise ih the level of activation of related
knowledge will be negligible, and the infOrmation_shOuld still be rela-
tively inaccessible. In siiCh eases:Sp-el-son would need to use a procedure
to derive information. The greater the amount of excitation a node:is
reeeiving-,_ either through_stronger or a greater number of inputs, the
higher the level of activation will be arid thus the EWA* aecessible the
information becomes. Accessibility, then; tati be Viewed along a contiri,
uum. Weak associative linkSpovide little input to allow_ information to
betome automatically accesSible. AS the Siciread of activation increases,
dile :to strong( r associatiVe linkselated information becomes more ac-
cessible, To the extent; then; that giftedness is indexed by rapid_ access
to relevant knowledge; gifted people might be characterized:as having
knowledge with stronr associative links tonhetting related pieces_of in-
formation. Future research needs tts focus -Oh how such kno_wledge is
acquired. This issue is raised again in the last seetion of this chapter.

Accessibility, Representation, and
Problem Solving

Variability in access to relevant information also influences competence
in complex forms of problem solving. ConSider the following example:

A block of mass MI is put-on top of mass M2. In Order to cause the
top block to slip on the bottom one, a horimntal thrte Fl muSt be
applied to the top block. Assume a frictionless table. Find the maxi-
intim force F2 which can be applied to the lower block so that both
blocks will move together.

13



COGNITI VE STRUCTURE AND PROCESS 85

Experts and novices show substantial qualitative diarences in ithe cog-
nitive structures and processes that compose their ability to solve such
problems. With problems of _this iltind, a person must firstnnderstand
what the problem entailswhat the important concepts presented in the
problem are and how they are related.ln_this initial encoding; a person
builds a cognitive representation or mental model of the problem. Some
of the information used to construct this representation is explicitly stated
in the problem, statement;_other information is inferred. Understanding
and insight into the problem comes from the interaction between the
information explicitly stated in the problem and a perm, ; prior expe-
riences and knowledge. Variations in the accessibility of relevant infor-
mation affect the structure and content of the person's initial understanding
or mental representation of the problem. The quality of this represen-
tation; in turn, has a large impact on determining the efficiency, elegance,
and precision of subsequent processing needed for solving the problem
(Gentner & Gentner, 1983; Greeno & Simon, in press; Johnson-Laird,
1982, 1983; Larkin, in press).

Finding the Problem

Problem representations are created very rapidly upon presentation of a
problem. For example, Hinsley, Hayes, and Simon (1978) found that when
college students were asked to categorize alg,ebra word problems into
types, they did so _very quicklysometimes after reading just the first
phrase of the problem statement. Similarly, 131ii etaL(1981) found_that
experts and novices in physics both were able to categorize physics prob.
lemavery quickly, although the specific content of the categories differed
markedly.

There is much evidence to suggest that variations in the problem
representations that are constructed occur because of differences in the
ability_to perceive the relationships among materials rather than through
variations in the strategies with which peopLe approach or solve the
task. The_now classic studies ask Groot (1965) and Chase and Simon
11973) showed that players at different levels of chess skill were es-
sentially alike in the number of moves they considered, in the depth
of thei,- search for move sequences, and in similar measures obtained
from spoken protocols, but that substantial differences occurred in their
perception of the problem configurations. The chess master is thus sesn
as a superior probLem recognizer rather than, a deep thinker; and this
theoretical position accounts for some of the extremely competent per-
formance of expert chess player& "It explains how a chess master is
able to defeat dozens of weaker players in simultaneous play: because
for the most part he simply relies on his pattern recognition abilities
his so called "chess intuition"to generate potentially good moves"
(Chase & Chi, 1981, p. 115).

14



86 RABINownz & GLASER

Thils,_aS a perSon gains increased knowledge and familiarity within
a &Main, hiS di her representation or understanding of probleiris changes.
AS alreadY indicated; in the study of physics problem solving, Chi et al.
(1981) found that experts and novices began their _prablem representa-
tions with specifiably different problem Categories. When asked to classify
problems on the busis of how they would solve them; novices tended to
sort physics pi,ohleiti8 Oh the basis of surface characteristics of the prob-
lem similar ObjeCtS (Stich as a spring ur an inclined plane), key words
(Such a§ maSS ar friction); or the interaction of several Object components
(SUCh as a_bloCk on an inclined plane) as depicted in Figure 1. In addition,
the novices verbal explanations of their categorieS emphasized these
structural characteristics. By tehtrast, experts tended to classify the prob-
lems according ta inajori physics principles (or fundaMental laws) gov7
erning the sOliititsh of ea-ch problem, as illustrated in Figure 2._ The verbal
protocalS of eXpertS alSo confirm the basis of these groupings In a similar
vein, E&ii and Sehwartz t1979) found differences between _experts and
novices ut electronics in the way they reconstructed_ symbolic drawings
of circuit diagrams. Skilled technicians utilited the functional nature of
the elements in the circuit, guth as _amplifiers, rectifiers; and filters,
whereas novice technicians produced chunks based more upon the spatial
proximity _of the_elements.

A Major difference between_ experts and novices in these studies is
that the representations of the novice are based primarily on information
that isexplicitly presented in the problem statethentobjeCts, key words;
visual proximity. Experts, however,,are able to base their representations
on higher-level principlesinferniatiOn that is not explicitly stated within
the problem. They tail quickly retrieve fruntmemory functional or prin7
cipled relatiOns among the concepts_ This ability of the expert tan be
attributed to the eicistence and accessibility of structures of prototypical
knoWledge -sir problem schemata that unify superficially disparate prob-
lems, In_ line with general schemata theory (Rumelhart, 1981); these
schemata provide information structure§ that Can be rapidly accessed to
make apparent the infet.enceS needed concerning the relations in the
information presented iri the problem.

Choosing a Strategy

On _thebasis_of different mental representationS Of problems and_differr
ential_accessibility to _information, people -can Usé markedly different
strategies to work ori a problem. Again, Clear examplesare offered within
the context Of expert=novite differencesin physics-problem salving (Lar-
kin McDermott, Simon, & Simon; 1980; Simon & Simon, 1978). Some_ of
these-difiétériCeSiare:6Videncedin_quantitative measures of_ problem solv-
ing. Siman and Simon (1978) noticed a 4 to 1 differenCe between their
experts and novices in the speed with whith probleins were solved. Also,

15
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Larkin (1979) has claimed that experts were able to retrieve a number
of physics equations in successive chunks with very small interresponse
intervals followed by a longer pause. The novices did not exhibit this
pattern of pause times in equation retrieval

The most substantial differences _between experts and novices are
evidenced in the qualitative ways in whichthey appear to solve problems.
While working on physics problems; the expert appears to use a "working
forward" strategy; whereas the novice uses a "working backward" strat-
egy. The expert works from the variables given in the problem using the
fundamental principles relevant to the problem to suggest which equa-
tions should be used. The expert can then successively_generate and solve
equationsifrom the given information. The novice; on the other hand,
starts with an_equation containing the unknown of the problem. If it
contains a variable that is not among the givens, then the novice selects
another equation to solve for it, and so on, using essentially a general
means-ends strategy (Newell & Simon, 1972) by which each equationis
compared with the desired final state of the problem._ The_ nolrice then
reduces deviations from this desired final state by generating equations
to solve for new unknowns._ The initial mental representation strongly
influences the choice of strategy that is used. When the problem becomes
difficult; experts switch from the forward working strategy to a sophis-
ticated means-end analysis, and this occurs, it_appears, when they cannot
construct an elaborate representation for such problems (Larkin,_1a77).

The nature of one's mental representation of &problem has also been
shown to affect the ability to use _such problem-solving skills as ques-
tioning, predicting outcomes; and deriving _the main points. Such skills
are applicable to a variety of domains; and skilled thinkers have been
shown to use them in solving problems, whereas less skilled thinkers do
not (Brown, 1978; Sternberg, 1981, 1984). Miyake and Norman (1919)
have shown that the ability to spontaneously ask questions about a body
of knowledge depends upon one's existing knowledge of the material. They
asked people who had different _amounts_ of expertise in computer text
editing to work on two editing tasks. People who exhibited high compe-
tence and had considerable experience with computer test editing asked
more questions about the task when the editing task was difficult. Nov-
ices, however, asked many more questions with the easy task, Therewere
no differences between the two groups in the number of questions asked
about a baseline task where there were no linowledge differences. Thus,
the tendency to spontaneously ask questions regarding the editing task
was dependent upon the level of knowledge they possessed when they
came to the task. The novice exposed to expert level material does not
have a problem representation that is detailed enough to suggest what
sorts of questions should be asked and therefore cannot obtain_needed
information. Asking a question implies a proper structure of knowledge
with which to formulate the question. It is: on difficult tasks that corn-
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petent people seem to ask the most questions, suggeSting that. they have
more elaborate, better defined repreSentationS of situations.

The _ability to predict outcomeS orto supply additional information
has also been shown to vary with knowledge_ Larkin (in press) presented
an eicpert and a novice with problems in reduced forms, in which only
the key termaof the problems; such as objects (e.g., blocks, planes,MOW,
attributes (e,g,, velocity, heigh!,), and values were preSented. The taSk
was to predict what the original problem Staterrient Was. The expert was
much better at this task than the novice and was able to construct the
problems so that milting the ConStructed problem was equivalent to solv-
ing the original probleni. In most cases the novice was unable to derive
these problems.
_ _ Similarly; Chiesi et al. (1979) tested people for knowledge of the game
of baseball. They identified a group of subjectS (high-knowledge) who
knew quite a bit about the strategieS Of the _game, and a second group
(low-knowledge) who knew the baSit rifles of the game and a bit about
which professional tesiMS Were eiirrently doing well; but little about the
game's finer points. Subjects were_ asked to write clown all the possible
outcomes they_could think of for specific baseball situations. High=knowl=
edge individuals knew more possible outcomes and could better Specify
which ones were likOy to occur. More impOrtarit, hoiVer, than the num-
ber of outcomes people were able to predict was that high-knowledge
individuals were ft:We likely to produCe basic action sequences involving
strategic, goal-oriented plays. ThuS, iii both of these examples; the ability
to predict appeared to be dependent upon the ability to access an elabo-
rated representation of the domain.

Even skills that lead to extraordinary memory perforthance haye
been shown to be knowledge dependent. Recent research conducted by
Chase and his associates has sUpported this view (Chase &Ericsson; 1981;
Ericsson, Chase, & FalOon, 1980). A Student; SF,_whohad average mem-
ory abilities and average intelligencefor a college student; spent a year
and a half_engaged in long-term practice on a memory-span task. Over
this time; SF was able to increase his memory span from 7 td 79 digits.
(Memory span for most people is approximately 7.) The protocols obtained
by the experimenters indicated that during this extensive practice, SF,
a good long-distance runner, deViSed the:strategy of recoding digits into
running times. For example,SF recoded 3492_ as "3:49:2near world-
record time for the mile,"_whichfor him was a single chunk. Since SF
had many running times stored in memory; he could easily chunk most
eases of four digits. In those cases in which he could not, SF recoded the
four digits into a familiar date or age. In addition, SF had numerous
categories_ of running times, ranging from half-mile times to marathon
times., and many subcategorieS Within each category, for example; near
world-record time,_ very poor mile time; average mile time for the mar-
athon; and average work-out mile time: By organizing the running times
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hierarchically, SF was able to exhibit large memory spans for digits.
However, SF's ability to memorize wasiimitedto digits; when he was
switched from digits to_letters, his memory span returned to 7. In this
situation; SF was not able to use his knowledge to chunk and recode the
items. His knowledge of running times was thus an enabling condition
for an amazing feat of memory._

In sumrnary, competent behavior is associated with elaborate rep,
resentations in which many relations not explicitly stated_ in a problem
are rapidly accessed. The initial representation that brie constructs during
a task is an important determinant of performance characteristics. These
initial representations are formed very quickly upon presentation of the
problem, and initial variations in these representations arise btcause of
differences in the ability to perceive automatically the relations implicit
within the problem. Variations in the initial representation allow people
tumor* en problems in qualitatively different ways_and enable them to
use various types of strategies. Presumably; individuals with outstanding
abilities develop representational competence that leads to high-quality
performance and to abilities that enable them to predict, derive questions,
and quickly get to main points.

The Interactive Development of Automaticity
afid Controlled Processing

We have emphasized that highly competent performance seems to in,
volve a good deal of fast and unconscious processing and the ability to
perform complex operations with little apparent attention to funda-
mental details. It appears that rapid accessibility of inforrnation, as a
function of spread of activation, allows for this ability. In addition,
highly organized knowledge structures allow for a richer, more elab-
orate mental representation of the problem context and for the use of
conscious _control led_ processing _when required for _complex cognitive
effort. Many investigators have recognized the importance of the shift
from controlled to automatic processing in enabling skilled perfor-
mance (Lesgold, 1984; Perfetti & Lesgold, 1978; Schneider & Shiffrin,
1977; Sternberg & Wagner, 1982). This shift in processing is considered
important for two primary reasons. First, it-frees attentional resources
that_can theri_be used fer_otber preeessing. Second; it allows for a more
complex representation of a problem.

Because people have limited attentional resources for processing in-
formation, competition for these attentional resources can cause a bottle-
neck that limits performance capabilities. The implications of this shift
in mode of processing were discussed by Schneider and Fisk (1982):
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If every prucessing task reduces atteritiOndl resources by a fixed; task,
specific amount then_maximul perforniance Should be a function of
subject resources available and resume costa of the -cony-anent tasks . . .

If task resource costs are reduced with practice, theri the iipperhound
on the number_ of tasks that can be combined intreaset with taSk
practice. If, With practice, component tasks can be developed to the
point that they re-qiiire no attentional resources, then human pro-
cessing capacity may have an effectively unlimited upper bound. (p. 261)

The nevessity of relying on controlled processing fOr a Substantial portion
of Lognitive_effort imposes a limit Oft the aril-dui-it of information with
which people can work. This- limiting factor &light_ be one way to account
for poor performance or, alterhatelY, a wayto consider one aspect of highly
competent performance. For eicample, Sternbergi and Wagner (1982), ih
reference to specific learning disabilities; suggested:

Learning _disabilities ;r1 general insy reStilt from the absence of es-
sential basicskills, but the oreserit author§ believe that many specific
learning disabilities derive film slot*/ br limited automatization of
skills. In particular; the learning disabled indiVithial COntinues to have
to perform in_ a controlled way (i:e.with eunseilitiS attention) tasks
that_ a normallyi functioning individual will long ago have automa,
died . PrUcessing resources that in others have been freed and Used
to master new tasks are in the disabled person devoted to tasks that
others have already master&d. (p. 2)

hi a discussion on reading, Perfetti and Lesgold (1978) suggested that
capacity during reading comprehension iS lithited by momentary data-
handling requirements. They_prOgOSed three Components in reading that,
when not fully develoK.d, could inCrease themorking-memory bottleneck:
(a) access to long-tern-1 MeinorY,_(b) automation of decoding, and (c) ef=
ficiency of reading strategies. Having to work COnSticitiSly: On any one of
these components diverts attentional resources that -could be applied to
other processing. By automatizing each of theSe Component processes as
much as possible, the reader has More reSoUrces to_ apply to the other
components or to higher 16,0 SkillS,eifch as using context, prior knowl-
edge, and inference to aid Comprehension.

The need_ to rely on controlled processing, then, might inhibit corn,
Petent performance Some of the processing differenteS found between
experts ana novices can be inteipreted with the Constraint_of limited
attentional resources in mind. TO ?eturii to the Physics problem, for ex-
ample, novices use most of their titteUtional resources on a working back .
wards strategy; their attentiOn is invested in generating equations and
solving for unknowns. Experts, however; use a working forward strategy
and put lesseffort into generating and sulving equations, thereby allow-
ing other types of processing to octUr. In fact, SirtiOn arid Simon (197B)
round that experts made many attire Metaccignitive statements than did
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novices and that theY Commented_ _more often on observations of errors,
thephysical_Meahing af an equation; statements of plans and intentions,
and self-eValnitiOns: It appears that automatic accessibility tb releirant
information helps to ease the bottleneck ih attentional reSources; freeing
them for other processing componeritt that increase performance com-
petence.

Increases in automaticity also allow for a more elaborate mental
representation of a Sitiiation; and _the construction of such a represen=
tation enables Certain processing to occur: For example, in order to im-
prove a novice's performance, one might suggest that the noVite merely
weds to be taught_ to use the working fomard Strategy. Unfortunately;
this approach is unlikely to Stitteed hétaiiSé the Working forward strategy
requires a sufficient representation Of the problem so_that straightforward
inferences can lead to Solution; A working backwards strategy, however,
requires a less SoPhisticated_ representation, For a novice, at each_ step,
there is a_list of things which; if known, would result in the ability to
solve the problem: Less elaborated kriawledgc_iS reqiiired to use such a
strategy. Thus, an expert's representation Of the problem _appears to be
a necessary condition for the iiSe of the working forward strategy: This
is not a problem of limited :CaPacity; siven less limited attentional re-
sources, it is still Unlikely that a novice would be able to construct the
expert's probleiii representation: Rather, it is a matter of having easy
access_to the relevant knowledge needed to support the iiSe of a given
strategy:

The automatic_ accessibility to- releVaiit information_also enables the
use of more_genei al strategieS, Stith aS questioning and predicting. In the
Chiesi et al._ (1979) StUdY, novices in baseball were less able to prediet
goal-oriented or strategic autcomes for a specific baseball situation._ThiS
is not necessarily a reflection of the novice's general prediction skills
Rather; in this context they were not able to COnattutt A Sufficient mental
representation that would_ enable them tO Use Sikh Skills, A similar ex-
planation could account also for _Larkih'S (in press) finding that novices
were not able to reconstrutt problemsfrom_the key wards of the problem.

In this section We haVe emphasized the role that the development of
automaticity_plays in enabling skilled performance. The effettS
creased automaticity are twofold. First, it provides flit eagy atteSsibility
to relevant knowledge, which allows an elaborate Mental representation
of_a problem, context to be conStriitted. TheSe initial mental represen-
tations have_been shown ta influence subsequent processing during prob-
lem solving. &condi indeasing automaticity frees up attentional regources
that can then be directed toward other aspects of the task. Both of these
aspects, autornatic accessibility to information and the teduttion of the
battleneck to attentional resources, are COmpOnentS that depend on well-
organized and highly structured ktiOWlo ' ThiS increase in automati-icity, n turn, allows for increases in Skil. rformance:
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The Stfuetuie of Knowledge and
Competent Performemee

In this chapter we have suggested_that certain component processes of
highly competent performance tan be vieWed within a framework of the
development of organized and cOhesive knowledge structures._The ability
to retrieve information raPidly, the manner in which a mental represen-
tation of a problem situationis formed, and the ability to use cognitive
strategies vary with _differences in knowledge. More specifically, each of
these skills has been shown to vary with the relative accesSibility of
information. Thus, knowledge structure in spetifiC &Mains appears to
be an important_ determinant Of Competence. Support for these claims
comes from developmental reSearch and from comparative research on
the cognitive abilities _of eXPerta and novices in various domains.

Althougli_we have illustrated that knowledge is an important_tori=
straint on allowing competent performance, we have not addreSSed the
issue of how that knowledge is acquired and Utilited. Many researchers
have shown that there are wide individual differences among people in
their tendency to use general Cognitive strategieaor metacognitive skills
for promoting skilled performance (BransfOrd et al:, 1982; Brown, 1978;
Sternberk, 1981;1984): Even with sufficient knowledge, not all .eop_le
use the _skills that may _be available to them. Thus, knowledge might
enable, but not necessitate, the use of such skills. In ffict, trainingiin the
use of such skills often noticeably improveS performance (Brown, Brans-
ford, Ferrara, & Campione, 1983;:PalitiCSar & Brown,_ 19841. This ap-
proach leads to conceptions of intelligence that emphasize general skills,
rather than domain,specifiC knowledge, and it may be that gifted people
are gifted because they are more likely to use such skills to build up- and
use their knowledge (Sternberg, 1981, 1984; Sternberg & DavidSon, 1983)._

Knowledge plays a role in accounting for variability in the use of
general:strategies, for example, AS airesult of mental representations of
a task. Knowledge not onVenables the use of such skills; but might also
affect how much effort one_must apply to use them. Imaginea hypothetical
situation in which question-asking behavior is observed for four people
who vary in their degree of knowledge of a domain, from expett to novice,
and who are presented with a problem. TheSe four people will gererate
mental representationaof the thateriali that vary indetail._ Person A, an
ekpert, studies the problem and generates a very detailed mental rep-
resentation of it so _that there are few gaps or inconsistencies to be filled.
lilthis_context;_person A does not ask many questions. Person B has less
knowledge than does person A, but is able to construct A fairly elaborate-
mental representation of the problem. HOwever, in this_ representation,
there are gaps that need to be filled. TheSe gaps are relatively obvious
from the problem representation so that with the exercise of controlled
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Monitoring skills,The questions that need to be asked are derived. PerSdn
C has less_knowledge of the domain than does person B. Person C is able
to construct a representation of the problem, but the specific information
needed to suggest what questions should be asked it not immediately
accessible, In such a situation, person C needs first to build up the mental
representation, through controlled processing, before asking useful ques=
tiOnS. Perion D has Very little knowledge of that domain and thus cannot
bliild a rnèaningfüi representation at all. Consequently, the representa-
tion cannot suggest what types of questions should be asked, and the
person does not have enough knowledge to consciously build the repre-
sentation to the point where it will.

The mdst intereStihg contrast in this example is that between person
B and _perSon C. TheY have the knowiedge necessary to enable them to
aSk relevant questions of the materials and thus to improve their un=
derstanding of the problem. Person _B can do this rather _effortlessly by
generating questions from_ the problem representation. Person C, how-
ever, must consciously and skillfully elaborate the problem representa-
tion before asking questions. To exhibit the same performance, person C
hat td apply more effort than_ does person R Competent performance in
thiS Case iS a joint function of accessible knowledge and available general
cognitive skills.

Rabinowitz and Chi (in press) have made a distinction between gen-
eral-context and specific=context StrategieS that is relevant here. A gen-
eral-context strategy is one that is exhibited in situations in which a
person chooses _to use a:strategy primarily _on the basis of the general
tori§ttaiht§ of the_ task. In this situation; the person makes the decision
to use_ the_ strategy at the start of the task, that is, !Mike the_ attual
materia's are viewed: An example of such a strategy, in the caSe of study-
ing behavior, might be the use of an outlining Strategy, such as to glance
quickly over the material td get an Outline of what might_be discussed:
The decision to uSe such Strategy is made prior_to_looking at the specific
nature Of the Materials. The specific information presented in the passage,
dr lid* that informationis related to prior knowledge, cannot influence
the decision to use the strategy. It seems that the important prerequisite
for the use of such a strategy is metacognitive knowledgeknowledge of
the general aims of the task and knowledge of Which strategies might be
applicable.

Alternately, the decision to initiate a specific-context strategy is made
in reSpenie to a specific; rather than the general, situation. This usually
entails neticing similarities, differences, or gaps in knowledge. The de-
cision to use a specific-context strategy ig hot made at the start of the
task. For example, the question=asking strategy studied by Miyake and
Norman (1979) Can be considered tO be a specific-context strategy: Sub-
jects used thit Strategy only in response to _certain specific situations, and
the ability td ifotice these specific situations was based on prior knowl=
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edge. Similarly, the_ working forward and working backward strategies
used by experts and novices during physics problem solving were gen-
erat&I in response ta accessing specific information form the materials.
The ability to_access such information was determined by the knowledge
that the subject had of the domain. Notice that experts switched ta
different _strategy when less knowledge_ Of the problem was accessible.
Thus, although the exhibition Of general=conteict Strategies depends pri-
marily on metacognitive skill§, the eichibition _of specific-context strate-
gie§ seems to depend to a large, eitenton domain-specific knowledge.

Although the decision to use a general-context strategy may be made
independently of domain-specific knowledge, the effects of using such a
strategy might be to help increase knowledge. For eXample, the use of
the outlining strategy discussed earlier might lead to better acquisition
and thus greater knowledge. The ability to u§e Such strategiesmay be a
Significant component of giftedness (Campione et al.; 1982; Sternberg &
Davidson, 19831. _

HOW can such strategies be acquired? One way is for them to be
explicitly taught at some time (Palincsar & Brown, 1984). By ekplicitly
teaching such strategies, people's metacognitive knowledge would iM-
prove and such strategies would then be applied in a variety ofsituations.
froWever, general,context strategies cah also evolve from specific-context
§trategies. Through experience with a specific task; a person might come
to expect some regularities in the stimulus situation. Thus, strategies
that were initially a response to some specific context might come to be
employed at the beginning of the task with the eicpectatiori that it Will,
in fact, be a _useful ttrategy. It it alto poSSible that strategies used in
several specific contexts become deconteictualized so_ that they_might be
ethployed in a variety of tasks. Thus, specific-context strategies could
become_general-context strategies and subsequently be used to build up
knowledge in a variety of domains. In this case the ability to use_the
strategy initially, the specific-context strategy, wag strongly dependent
upon knowledge. Thus, the acquisition of general Strategies, based on
this view, is derivative af domain-specifit knowledge.

We have emphasized that khoWledge can be a framework for under-
standing highly_competent performance. But how the interactive devel-
opment and use of general cognitive strategies and knowledge=based
processes account for gifted performance is an open questiOn (Glater,
1984; Glaser,_in press; Sternberg, in press). TO What extent is outstanding
competence dependent upon knoWledge Structure§ that _rapidly provide
releVant information and generate representations?_In addition; how is
such performance dependent_upon skills that enable people to build up
and use such knowledge bases? What are the task conditions that differ-
entially call upon these abilities? Clearly, research needs to be conducted
on the differences between gifted and average people in the acquisition
of knowledge and related cognitive Skill§, in the accessibility of infor-
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mation, in the representations of problem situations; and on how such
differences determine the properties of outstanding performance. Such
research could contribute a great deal, not only to our understanding of
gifted people and to methods_ of nurturing their talents, but also to ed-
ucational practices for raising the general level of cognitive competence
and intelkctual skill.
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