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WHO IS A NUMBER EXPERT?

When Catherine Suphman first asked me to comment on these chapters, I began
wondering about what essential quality of mine she was seeking to exploit. So i
took a look at the list of discussants from the previous 17 Carnegre Cognition
Symposta it order to determine what common attributes they all shared. I dis-
covered that past discussants have usually, but not always, combined such fea-
tures as charm, grace, good looks, cultivated tastes, entertaining style, and an air
of casual hilarty. Included n the collection of several dozen discussants were
aging gures. old friends, stand-up comedians, ncsive critics, departmental
loterers, and even retired bailplayers.,

However, the defimng criterion {or previous discussants—and the one that |
hope Catherine used—s capertise. It secins pretty clear that one chooses a
discussant by fooking for someone who 1s an expert in the area.

Having concluded that expertise was the key factor here. the next step was o
determine whether or not number development 1s one of my arcas of expertise.
How can | be sure of that? How do you decide what you flunk you are an expert
in’? Although there 15 a lot of research (much of it done here 1n Pittsburgh) about
how experts think, there 15 not much known about self-deflined expertisc.

Lacking any rigorous approach, | decided to use my favorite defimition of
expertise. 1t comes from a friend of mme with a world-wide reputation 1n a
discipline uarelated 1o psychology. He once told me that when attempting to
draw the boundaries of his own arcas of expertise he used the following ertenion:

i you hear a fact about area X, and if you arc embuarrassed that you do not already
know that fact, then you consider yoursell an expert i arca X.
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This defimtion, together with the chapters m this section, confirm my hunch
(hat number development i once of my arcas of expertise. Strauss, Curtis,
Cooper, Miller, Shrager, and Siegler presented us with new ideas i theory, n
methodology, and in empirical results, and [ blush not to have known them all in

the first place. flence the utle of this commentary: An Embarrassment of

Number.

Perhaps 1 can extricate myself from total mortification by providing a struc-
(ure within which we might evaluate the vanous contributions. Rather than list
fatal flaws and brilliant breakthroughs for each chapter, I outline a research
agenda on the development of number skills. In doing so,  will try to get those of
you outside the area of number development to sec the world through the lens of
those committed to solving some of its problems, and to appreciate the difficul-
hes we face. My questions about these chapters are orgamzed around three
related topies: (1) the number concept; (2) developmental processes: and (3
information-processing models.

WHAT'S SO SPECIAL ABOUT “NUMBER"?

Why do we study the number concept? What makes number different from. say,
shape, or color, or heaviness? We do study the perceptual basis for color, but not
the color concept as such. **Conservation of color’ 1s just not an 1ssuc in
developmental psychology. Why 1s that? After all, we do have a clear set of well-
established color constancies. We generally do not expect color 1o change
abruptly, and when it does, we nfer a color-changing transformation. What
then, 15 so special about number?

I will try to answer the question indirectly, by focusing on a few key issues
about number. Some of what I have to say 1s speculative, but speculation 15
absolutely necessary if we are to construct theories of quantitative development.
It does my heart good to see such careful experimentalists as the authors of these
chapters—some of them the best n the business—beginming to postulate devel-
upmental mechanisms. Nevertheless. i am aware that proximity to speculation
clicits bizarre behavior from many psychologsts, ranging from apology to apo-
plexy, so nstead of speculation, | call these comments design criteria for a
model of quantitative development.

DESIGNING A NUMBER CONCEIVER

One way to appreciale the issues here is to ask the following question: If you
were to build a system that “*had’’ the number concept, with what properties
would you endow it? Contrastively, how would 1t differ (rom a system that
facked the number concept?
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Formulating ssues n terms of the design of an mlormation-processing system
1 not just a rhetorical device. It forees the conceptual clarification of issues that
otherwise remain ambiguous and 1t suggests appropriate experimental investiga-
tions. For example. the most fundamental decision 1n the design of a system that
““has’” quanbitative knowledge 15 how to represent quantity. As [ ry to illustrate
1 the next section, even this basic 1ssue ts not yet resolved.

What is a Quantitative Symbol?

There are two senses in which we may talk about quantitative symbols. In the
first, quantiative symbol refers to the internal representation produced by encod-
g processes operating on any quanttative features of the environment. Early
verstons of quantitative symbols may be iaccurate, or they may have only
partial information about all the quantitative aspeets of the external situation they
purportedly represent. In thes first sense, then. a quantitative symbol is whatever
gets produced by processes that attempt to encode quantity. Cooper’s *"subtized
states”” arc an example of this use of the concept of a quantitative symbaol.

The second sense of quantitative symboi applies to internal symbols that have
all the essential properties of quanuty. Most importantly. the case of number,
quantitative symbols i the second sense have both cardinal and ordinal proper-
ties. That 1s. given two such quantitative symbols, the system can determine thewr
relative magnitudes. Otherwise, the system can only determine their sameness or
differentness. Thus, it can determine that three 1 less than four, but only that red
1s not the same as blue or long or three.

What 15 11 about the internal representation for the things we call quantities 1n
gencral, and numbers i particufar, that makes them special, that endows them
with properues ualike other symbols? And how does such a represeatation devel-
op? More specifically, how does guanniainve symbol in the first sense develop
into quantitative symbol n the second? Ten years ago, Wallace and § addressed
these questions (Klahr & Wallace, 1973), but our proposed answers seem to have
sunk like stones. However, | have not since seen any other serious proposals, 5o
tet me resurrect some of our ideas here.

{ propose a specific form for representing discrete quantity, and then, 1 this
section and subsequent ones, | describe some possibie developmental conse-
quences of this assumption. Consider the early representation for a pair of identi-
cal objects, shown in A of Fig. 10.1. The total collection X is represented by two
identical symbol structures, cach comprised of some elementary symbols that
completely characterize the objects. If the objects beng represented here were.
say, fingers, we could think of this early representation for two fingers as "a
finger and a finger.”

This 15 a redundant and nefficient representation, and at some later stage, the
system adopts an alternative representation for a set of identical objects. B i Fig.
10. 1 shows one possibility. The complete object 1s represented only once, and 1ts
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FIG. 10.1.  Hypothencal fusms for representing discrete gquantaty. i Rudinmen-
tary and redundant representation for a pur of specific objects: b) More efficient
and abstract eepresentation for 3 speeific stems; ¢ Most abstract representasion for
any three stems.

other occurrences are represented by a kind of internal *'ditto” mark. In the
representation for three things shown here, we have something like: a finger and
another and another. For quute some ume, the infant may maintain many differ-
ent object-specific representatons for small sets of identical objects, particularly
the enes he or she frequently encounters. This idea 1s claborated by Strauss and
Curtis’ notion of ttem specificity and number specificity, Even as adults, we
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have several ways of expressing two things, depending on what those things arc:
pair, couple, set. team, twin, brace, and so on.

Eventually, the system exploits the structural similanty between the represen-
fations for the same amount of different things, and develops a representation for
cardinal number that 1s independent of the thing bemng quantified. Such a repre-
sentation for *“threeness™ might be just the simple list of null markers shown in
C of Fip. 10.1. This representation differs from the previous one 1n the same way
that ““three™” difters from *“three dolls.™

All that 1 have described so far 1s a representation for cardinality, not or-
dinality. As Cooper notes, these carly representattons for number, or *‘subtized
states”” as he calls them, are initally unordered. However, as we will see, or-
dinality 1s nherent in the symbols. and their particular form plays a crucial role
i guanutative relations.

Extracting Ordinality from Cardinality

Strauss and Curtis have a very interesting idea on thus. First, they endow the baby
with an innate ability to detect magnitude differences. Then they suggest that the
covarmtion of discrete and continuous guantities enables the infant to order the
numerical symbols according to the ordering of the corresponding continuous,
nonnumerical representations of physical dimensions.

I think that there are two problems with ths idea. First, it seems unlikely that
the required cooccurrences are really there. In general, covariation of continuous
ordinal and discrete cardinal quantities are quate rare. In the standard conserva-
von situation, length, density, and number do not cooperate. In the infant’s
world, two hands remain two hands no matter how far apart or close they are,
fingers spread and close and yet reman the same in number. two blocks and
three blocks can be fit nto the same space, and so on.

Strauss and Curtis, seated 1n their armchairs opposite mine, disagree: *In the
natural environment, differences in discrete quantities naturally covary with
differences n continuous guantities.” This difference of opinion illustrates the
importance to any developmental theory of 2 good account of the environmental
nputs to the developing system. | return to this pomt later. It also underscores
the need for detailed naturalistic studies of infants’ transactions with thesr quan-
titative environments (c.{. Langer, 1980).

The sccond problem with the Strauss and Curtis idea 1s that it finesses the
issue of what 1t means to make ordinal judgments about continuous quantity.
because we can ask of continuous quantity the same question that Strauss and
Curtis ask of number: How do we know that infants are responding to order and
not just to difference tn magnitude? What does 1t mean 1o know that one sound 15
touder than another rather than just different from another? Even if we are surc
that an ordinal judgment 15 being made. how can we represent that mternatty” Of
course. we can build mn ordinality with respect to contimuous quantity and then
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just transfer it to discrete guantity, but that scems to take a ot of the fun out of
the eadeavor.

Cooper has a different proposal. one that 18 1n some respects quite similur o
my own view, but different 1o important ways. His proposal s similar n the
extent to which it emphasizes the importance of the mfunt's ability (0 encode
quantity before and after transformations, and to detect regulanties under differ-
ent classes of transformations. (Although Miller’s subjects were older than those
bewng discussed here, his careful analysis of children’s understanding of the
relevance of different transformations is quite smportant and might be adapted for
assessing younger children's transformational knowledge.) However, Cooper
does not go quite fuar enough tn explaining how he would account for ordinality
solely on the basts of transformational correspondences. If it were that sumple,
then why do other, nonnumerical domains not acquire an inherent ordering of
therr own? For example, the baby mught notice that pouring milk mnto water
makes the water turn white. Why do the symbols for white and clear not get
ordered via the milk-pouring transformation?

Cooper alludes to an answer, one that [ would like to take a bt further. | think
that the form of the quantitative symbols, such as the ones shown earlier, enables
the system (o generate ordinal mformation. There are two unique properties of
quanttative symbols that produce an implicit ordinality in representations for
cardinglity. The first property denves from the form of the symbols. When the
mnate symbol-processing routines compare two such symbols for sameness or
differentness, they get a litle more nformation than they need. If the symbols
are different, that difference is represented by the actual structure of the residual
symbol. This residual is itself a quantitative symbol, capable of being matched to
another, and this provides the rudiments of mternally gencrated ordinal knowl-
edge. Once this knowledge 1s available, then the system can use the results of
transformations m the manner suggested by Cooper.

The second source of ordinality derives from another umgue property of the
encoding of small, discrete quantities: multiple representation. When three ob-
Jects are encoded, so are subsets of two and onc. This multple activation of
“detectors’ or subitizers occurs asymunetnically, however, When three items are
encaded, symbeols are gencrated for two and one as well as for three, but, of
course, when two items are present, there is no encoding of three. This inherent
asymmetry of cardinality encoders provides the data base for the ultimate repre-
sentation of ordinality via ternal analysis of correspondences. (See Wallace,
Klahr, & Bluff, n press, for a full explication of the process. i

The Role of Counting in Childhood and Infancy

What is the role of counting i the development of number concepts tn general
and 10 anthmete computation particular?

‘ First, let us consider young children, and then we will look at infants. As
Siegler and Shrager's work indicates, children apprecuate the tremendous wtility
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of finger counting. In fact. children’s use of finger counting shows an miterestng
correspondence with the cognutive skills of primitive cuitures. Although an-
thropological analogies are considered bad form 1 psychology. | cannot resist
quoting from Bantzig’s (1954) book. first published nearly 50 years ago, on the
history, of number:

wherever a counting techmgue., worthy of the name, exists at all, finger counting
has been found {o cither precede it or accompany . And in his fingers man
possesses a device wiuch permits hum to puss imperceptibly from cardinal 1o
ordinal numbcer. Should he want to idicate that a certasn collectton contams four
ohjects he will ruse or tum down four fingers ymidumeousty; should he want 1o
count the same collection, he will rarse or turn down these fingers i succession. In
the first case he s usimg hus fingers as a cardinal madel, 1n the second as an ordinal
system. Only a few hundred years ago, finger counting was such a widespread
custom in western Europe that no manual of arithmetic was complete ualess it gave
full wnstructions 1in the method {p. 111

Before you get too smug at the idea of adults counting on therr fingers, try the
following excraise: Sit on your hands and then figure out what month it witl be 7
months rom today.

lt 15 clear from the work of Siegler and Shrager that preschoolers are quite
sophisticated 1n the deployment of their counting technology. What about (-
fants? The important 1ssue here s the role of counting n the development of the
number concept. Is counting the basis of true quantitative thinking, or 15 it a
reflection of it, an acquired technology to extend already-developed quantitative
processes and representations nto higher numbers, with increased speed and
accuracy?

In their excellent summary of the empincal work on infant quantification,
Strauss and Curtis make a convineing critique of Gelman's view of the primacy
of counting. As they note, st seems implausible that infants have the capacity to
systematically scan visual arrays. to coordinate an internal tagging process with
that scan, to purtition the array into tagged and untagged ems, and to use the
“eardimality principle™” to label the set with the last of the ordered tags. Cooper's
bricl-exposine studies further discredit the notion that infants count.

On One-to-One Correspondence

The role of one-to-one correspondence i quantitative development s still con-
troversial, My own view is that it 1s a relatively late acquisition {c.f. Klahr &
Wallace. 1976, pp. 76-80). but 1 do not have space to elaborate that view here.!

FWiewing ute-to-one comespondence as s Brle aeqaisition 1s not sconsistent with the asssniption
of innate processes that underlie the secount of isternat symbol comparson deseribed earlier. One-to-
one. commespondence s a high-leve] strategy for producing or comparing extermal collections with
specific ordinalities. 1t requires novaag, marking., tigging, and so on. The comparson of intersal
symbols s & fow kevell automatic, mnate process.
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Rather, | want to argue for an alternative inferpretation of Miller's results. His
clever procedure for getting Kids to generate *“lawr™ distributions may or may not
actually index thewr understanding of one-le-one correspondences. for they may
simply be executing a distributional procedure that has been socually transmitied
without any real appreciation of its quantitative basis. That s, for the youngest
children, the one-for-you, ene-for-me procedure may simply be a ritual associ-
ated with the eliciting conditions of **fairness.”* Miller argues aganst the ritu-
alistic copying view by noting that parents rarely attempt to fool children by
confusing number of pieces with total amount. but one could equally arguc that
there are many occastons 1n which children must accept that equal number 15
cquivalent to equal amount (as in preces of pie, lruil, ete., with obvious variztion
in size).> As Miller notes, 1t 1s clear that children are treating the thing that s
equitably distributed as number of preces, rather than total amount, but do they
really believe that each turtle has the same amount to eat? If children could
chease which snack to consume, would they be indifferent to the **fair”* distribu-
tions they have created?

Nevertheless, although I quibble over some of his interpretations. | think that
Miller’s idea of assessing children's abilities to produce specific quantitative
outcomes, rather than just assess them, has begun to add important information
to our understanding of quantitative development, and tt is worthy of extension.
In particufar, his procedure for assessing children’s abiiity to judge arca—in
which children count out a specific number of tiles to “*cover” an arca-—pro-
vides a challenging alternative to N. H. Anderson’s (1974) information-integra-
tion model.

ON DEVELOPMENTAL PROCESSES

A complete account of the development of some skill should take 2 posilion on
three 1ssues:

I. What 15 the wnnate kernel of processes and structures with which the
system 15 endowed?

= What are the developmental mechanisms—that 1s. the self-modification
processes?

3. What are the environmental experiences that, in combination with the
innate kernel. provide grist for the developmental mill?

I 1 could control the format of all the chapters i this volume {or, while | am
fantasizing, o/l publications about cogmtive development) | would require au-
—

My disugrecenent with Mister 18 another example of argameats based on assumptions shout the
n:.slliraity vecermng quantititive expeniences of the child {c.f, my carlicr comments en Stragss and
(__lims!. Fhe only way 1o resobve sech differences af apinten 15 to observe what really happens. as i
Siegler's study of pareniat mnput of addition probiems.
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thors to indicate clearly what they have to say about each of these ssues. My
own summary of how the four chapters address the three questions s as Tollows:

Strauss and Curtis make a clear statement of thewr posttion on what 15 not
necessarily innate. They systematically rule out some of the knowledge struc-
tures that mght, at first blush, seem to underlic children’s numerical perfor-
mances. Such properties are thus climinated from contention as necessary mem-
bers of the innate kernel, They then suggest that **very possibly ™ there are innate
cardinality detectors. but that these have, at first, no ordinal properties. Howev-
cr, ordinality 1s inherent 1 innate magmitude-discrimination processes that oper-
ale on continuous pereeptual dimensions such as size, brightness, length, and so
on.

With respect to developmental mechamsms, Strauss and Curtis simply men-
tion that infants” **ability to make Jordinal] judgments with continuous quantity
may serve as the foundation for both therr eventual knowledge of discrete ordinal
concepts and their knowledge of how discrete cardinal and ordinal properties are
retated. ™™ Implied but not specified m their account are processes that can actu-
ally build on this foundation. The crucial environmental expenience for this
(umplict) process to operate s the covanation of differences m continuous and
discrete quantity mentioned earlier,

Miller alludes to a notion that humans may be endowed with self-teaching
mechamsms that are sensitive to specific mformation. One such mnate mecha-
msm nught be sensitive to the resufts of expenimentation with measurement
procedures. Miller also seems to view rudimentary forms of counting as **spon-
tuncous.”” Rudimentary counting provides the requisite stability for the detection
of quantitative constancics.

This, tn turn, provides the basis for Miller's madel of the developmental
process, which consists of the *“gradual elaboration and refinement”” of measure-
ment procedures. Finally, according to Miller, the myyor environmental experi-
ence that drives all of this 1s the child's practical need to construct and evaluate
guantitanve equivalences.

Like Strauss and Curtis, Cooper also posits an npate mechanism, a *‘numer-
osity detector, ™ that provides cardinal information. He proposes that this base of
unorganized *‘subitized states’’ undergoes an extensive and subtle bootstrappmg
process that 15 sensitive to quanhtative transformations and their effects on nu-
merosity. His series of decision trees represents a modest step toward a process
model of how this bootstrapping mught take place. The requisite environmental
expenences, in Cooper’s account, are repeated occurrences of transformations
mvolving small (in both set size and increment) discrete quantities. [ have to give
Cooper high marks for the way 11 which he has clearly stated his position on the
three key issues. In particular. his entire rescarch program s commendably
motivated by relatively well-specified working hypotheses about developmentai
mechanisms.

The Siegiler and Shrager chapter 1s harder to evaluate. On the one hand, their
model for performance on the addition task uself, and for the learning of the
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interitem assocrmbions, 1$ more precise, better articulated, and better supported
empinically than anything clse we have in this set of chapters. They also propose
an important environmental regularity—parental mput—to account for nimal
(but not mnate!) nteritem assocrations. On the other hand, with respect to both
the innate kernel and the general developmental mechamisms that affect the
strategy-chotce process, they have less to say. Nevertheless, given the unam-
biguous way 1n which they have cast thewr performance model, they are in a good
position 1o address the other 1ssues with equal precision,

ON INFORMATION-PROCESSING PSYCHOLOGY

This final section of my commentary has to do with the potentially rich interplay
between the central 1ssues 1a cognitive development, and the concepts and meth-
ods of what is generally Known as mformation-processing (IP) psvelology. |
itlustrate a few ways i which recurting ssues 1n cognitive development migh‘t be
resolved by constructing systems that exhibit the phenomena of imterest, and |
suggest that current [P models require substantial extension before they can fully
caplure some of these phenomena.

On Tacit Knowledge

Developmentalists, including many of those writing 1 this volume, seem com-
pelled to talk of children’s tacit knowledge. How 15 tacit knowledge expressed in
mformation-processing models?

. Doces a caleulator have tact knowledge of the principles of anthmenc?
. Does a system that knows the ““addition facts'” have tacit knowledge of
the “*multiplication facts’™

Does an adult have tacit knowledge that cach letter appears only once 1n
the alphabet?

g s

ol

In order to construct an information-processing model that has tacit knowl-

t‘:.dgr: o‘f some domain, we have to decide which of several possible definitions of
{act’ is mtended.

. TACITI: Derivable by examnation of internal structures, but not explicut
before such examination. {The alphabet example.}

2. TACIT2: Computable indirectly from current processes and data struc-
tures, or directly if there is memory for results of past processing. (The
multiplication example.)

3. TACIT3: Consistent with that knowledge, but nowhere derivable withowt
external mtelligence. (Calculator example. i '

10. COMMENTARY: AN EMBARBASSMENT OF NUMBERS 305

Here are some examples from number development; 1 leave the mappig of
these examples onto the set of definitions as an exercise for the reader.

I. 1 proposed catlier that ordinal knowledge was tacit in the representation for
cardinality.

3. In Siegler and Shrager's model the associative strengths reveal some sur-
prising tacit knowledge m children’s own assessments of therr confidence. Recall
that the associative strength 1s used in two very different ways. lts primary use s
1o determine the likelihood of producimg a tentative answer. But it also 15 com-
pared with the criterion. In this second use, 1t 1s as it the child, having produced
an answer with some likelihood, 15 now asking, “Is this answer sufliciently
likely for me to say it with confidence?”” It seems that wrth adults, one could test
this multiple use directly by geting confidence ratings of some of their retrievals.
Note that this form of tacit knowledge 15 often swdied by developmentalists
under the rubne of “metacognition.”” Siegler and Shrager’s concluding com-
ments about metacognition and strategy choice shed some welcome light on this
often murky area.

3, Miller also deals with tacit knowledge. He concludes from children's
performances on his equivalence-creation task that they have tacit knowledge
about measurement in general and one-to-one correspondence in particular. He
argues that *children can access mvanant information about quantity without
possessing any more general awareness or understanding of invanance. ™

Strategy Choice

How do we know what 10 do? This sort of question 1s so {undamental that most
psychologists would rather not ruise 11, but 11 the core of Siegler und Shrager’s
work on strategy chowce. They have made a series of [ascinating discoveries
about children's arithmetic skills, and such discoveries are clearly relevant to the
full development of number concepts.* Sicgler and Shrager hope to extend their
basic 1deas mio domams unrelated to anthmetic n particular or to number
general. Thus, | comment oaly on the general implicabions that their work nught
have for informanon-processing models of cogmitive functioning.

The basic questton s how you decide what to do. As [ noted earlier, ot ts
unusual for psychologists to confront this guestion so directly. Stegler and

‘Those vt you whao are familins with Siegler's previous work may be surprised to find fum
working in the general ases of number development, hut, 1a fuct, be has been interested m number ter
quite some ttme, This fong-tern interest 1s best reveated by louking at the titles of afew of his papers
published over the past several years: **Three Aspects of Copnitive Develupment”” (Siegles. 19761
“Seven Generalizanions about Cognitsve Development™ (Siegler, 1981); “Five Generalizatons
abost Cognitive Development™ (Siegher. 1983)0 The Bevelopment wf Two Concepts (Siegler &
Richards, 19833, The cfticiency of Sicgler's research program s evidenced by the fuct thae he has
focused. thus far, exclussvely o prune sumbers.
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Shrager have not only confronted 1, they have provided 4 remarkably complete
and empirically supported model of how children make a specific decision, The
completeness of their answer derives m part from therr cansiderable mgenuity,
and m part from the limied scope that they have placed on the general question,
Rather than address the general 1ssue of “what to do,” they have focused on a
sumpler one: How do you decide whether to retrieve or recompute something?
However, they have great asprrations for ths model,

{ suspect that as Siegler and Shrager generalize their model to work m other
domams, 1t will start to approach the form that people m artificial mtelligence use
to characterize the same general question. In antificial mtelligence these issues go
under the rubric of methad selection. Given the full set of weak and strong
methods than one might use to solve a problem, how docs one design a system to
make the choice mtelligently? Recent work by Laird and Newell on ““Universal
Subgoaling™ and “'A Umiversal Weak Method" may be relevant here (Lanrd &
Newell, 1983a, Laird & Newell, 1983b;,

A key idea in artificial intelligence is that ntelligent behavior consists of
search through & problem space from an titial State to a goal state. The general
scarch problem (search m the artificial mtelligence sense, not in the more specif-
te use of Siegler and Shrager) s to find operstors and apply them, evaluating
progress toward the goal. In the addition case. Siegler and Shrager propose a few
aperators: direct retrieval, external representation, and internal representation.
What Siegler and Shrager call search 15 Just one particular type of application of
the retrieval operator. At some pomnt, elegantly und fully specified by Siegler and
Shrager, the retrieval operator s abandoned and the other operators get their shot
al producing a solution.

Siegler and Shrager focus on stable facts, acquired over 3 protracted period,
such as the “*additon combinations, ™ They give other examples of similar
decssions abowt compute versus recall, such as spelling a word. They might have
focused on a wide variety of similar situations, such as those i Table 10. 1. Each
cxample shows a setuation in which you would be likely to use retrieval, and one

TABLE 10.1
Operator Selection for Memory
Tasks
Retrieval Other
1+ 2 4+ 5

ICount fingers]

What comes after AT What comes before H?
[Start at A, search forward]

Pittsburgh pepulation Wilinerding papulation
[Use almunuc)

Lunch Today Easnch fasg Sunday
{Direcied Associtions
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m which you would be likely 10 use some other operator (as mdicated 1n
brackets) 1o compute the answer.

Note that the last example does not refer t stable knowledge, but rather to a
temporary value of a state vaniable, Nevertheless, it seems that people make the
same Kind of recall versus compute deciston for this sort of transitory knowledge
as they do for stable facts like the addition combinations,

The Role of Development in Informa!éon—Processing
Psychology

In closing, T would like to make a few comments on the appropriateness of
having these papers about developmental 1ssues form the core of the Carnegie
Symposwum on Cogmnon,

Thes volume 15 based on the 18th Symposium 1n the scries. 1t ig the third one
devoted to cognitive development (Farnham-Diggory, 1972; Sicgler. 1978). 1r
you compare the volume from the (972 Symposium with the chapters in this
volume, 1t 15 clear that the miervemng decade has produced substantial advances
i the quality of research in cognitive development: m the sophistication of the
yucstions bemg addressed. i the analytic power of the methodology being used,
and 1 the conceptualization of the theories being proposed,

One common attribution for the source of this rapid advance in research in
cogmitive development s the "iﬂ['{)rmuxmn-pmccssxng revolution™ in adult psy-
chology. Most cognitive psychologists who study adult behavior are of the
eptnion that (quoting one of my colleagues) **the theoretical ssues in devefop.
mental psychology are usually defined by the theories of adult performance.”” If
this 1s the case, then 1t 15 only @ matter of time until developmental psychologists
adapt the adult theories and paradigms for use with chiidren,

I think that such a viewpout s incorrect. One cannot fully understand the
adult system wathout understanding first ity developmental history. This s per-
haps the one common theme in the diverse contributions of such profoundly
influential psychologists as Freud, Piaget, and Skinner. A strong case for the
prmacy of a good developmental theory has been well stated by Don Norman
{1980

i the study of adult cognition there seems 1o be the implicit assumption that
once we come to understand adults, children will simply be seen 1o be at various
stages along the pathway toward the adult, Perhaps. But perhaps also that the
complexity and cxperience of the adult will forever mask some properties. Aufo-
matic behavior masks the underiying structure, pushtng things beneath the con-
scwus surface to the inaccessibility of subconscious pracesses. Well established
belief and krowledge systems mask their content [p. 18]

The primacy of developmental tssues 15 nowhere more evident than m the
challenge that development presents to theortes of self-modification 1 hava fro-
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been an advocate of the relevance to developmental theory of self-moditymg
mformation-processing models (c.f. Anderson, Kline, & Beasley, §980: Lan-
gley, m press, Lewis, 1978; Waterman, 1975} Nevertheless, 1t 1s still the case
that the models currently available are mmadequate to explain many fundamental
developmental phenomena. Although they can often account for taking u system
from state N to N + 1, they fuil the crucial induction step: They have not (yet)
addressed the question of the innate kernel of information processes. “Iilazfl.Is,
many of the currently available models have little developmental tractibility,
although they may provide a reasonable account of the learming mechanisms in
an already well-developed system. ,

There is no reason to believe that this 1s an inherent imutation of the approach,
but there are still some difficult problems to solve. The construction of truly
developmental models requires advances in two areas.

L. First, we need theoretical advances n the area of mformation-processing
models, especially m the area of system architectures. Right now it s very
difficuit to figure out how to start a system with very little—with an nnate
kernei—and have it evolve into an mtelligent system. Even il we solved the
conceptual issucs, we are currently limited by the tools at our disposal. A serious
mformation-processing model of development—that 15, onc that actually went
through an important developmental process—requires more speed and storage
capacity than is currently available on any of the machines around. However,
withun a few years, we may see specialized production-system machines that run
1000 umes faster and that can support systems of 100,000 productions. With
such toois at our disposal, we are likely to see some exciing advances in
information-processing models of development.

2. Second, we need a more robust empirical foundation. The work described
m these chapters exemplifies just the sort of necessary theory-driven methodol-
ogy. The results from such studies help to constrmn and cevaluate the proposed
models.

It should be clear that the creation of information-processing theories of

cognitive development will have a profound effect on theories of adult cogmition.
As the chapters n this part and 1n the rest of this volume attest, developmentalists
do their best work not when they attempt to harvest the niches of work m adult
cognition, but rather when they plow therr own rows, and sow their own ntellec-
tual seeds. ’

I'fook forward to some very embarrassing moments 1 the years 1o come.
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