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in the ways thaly children, ages 5 to 1?. perform a scientific
. ipduction task. A variant of Plaget's Balance scale prediction '
/  problem was chosen\as the experimental tdsk; a formal model for
different levels of\¢children's knowledge about how to do the task was
<f constructed. Experimdpt I was conducted to assess the validity of
this model. Bxperimenf\II examined some instgyctional issues and
revealed some limitations of the initial rep tation. The fhsults
indicated that older and\younger children who w initially
classified by the model as\having identical task-s ific knowledge,
showed a striking differenc® in responsiveness to insfruaction. This
finding led .to revising the ogtiginal representation by an zing the
problem-by-problem performance of two children during a traifting
sequence and.using this informa¥jon to foramulate a detailed
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Tuh as’a computer sinula fon and a‘comparison of the computer result
with the childts performance suggestkd that the 1nit1§1fehcoding of
the stimulus may -account for the perffjrmance differences between .
0lder and younger children: Experiment\III was qﬁggucted to test this
encoding hypothesis. Finally, the types\and levels of knowledge that
might be important in instructional inve-nigation were discussed. ‘\\\\
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THE REPRESENTAT[ON OF CHILDREN'S KNOWLEDGE
David Klahr & Robert S. Slegler
. Carnegue-MelIo University

Irf this paper we will discuss two related issues. One issue concerns the ways
that chitdsen from S to 17 years. perfdrm a scientific induction task. We will summarize
a series of experiments designe to investigate questions about ‘initial
knowledge, instructional effectivengss, and individual differences in both initial
performance and responsiveness {9 instruction The second issue is methodological:

" its focus is not on what we can say about children's knowledge of a task, but rather

L.

on how we can say it. That is, tHe second issue we address is the representation
of children’s knowledge. .

The two issues are’related pimply begause ‘the researcher’s decigion about how
to represent knowledge plays a jcentral rcﬁe in guiding both the kind of theory that
gets formulated and the kind "of experiment that gets run. We have found this to be
the case in our own studies, and we believe that it might be worthwhile to direct

attention to  some properhes ofi differen represenlalwns ard criteria for choosing-

among them.

Our discussion will movél back and forth between ‘general conceptual Issues
and some very specific exanples of both empirical technigues and theoretical
statements. This will give the paper 2 rather complex organization, so we will
sketch the structure at the outget: ;}

rl
* 4

-

-

1. From Behavioral to Cognitive Obiective'sl ‘

First we describe the historical lrerd in instructional psychology that has made

the representation of knowledge a centraf issue. L

|
|

i1. Some Criteria for Choosing a Representation.

Then we introduce  criteria that we believe migh! be useful in choosing and
evaiualing different rdpresentations. In addition to a set of evaluative criteria, we list
five central questions for research in developmental and instructional psychology.

J . . . o

'Ill. The Balance Scalé Task.

- ]
Next we introduce a specific tash that has interesting psychological and
instructional properties: a variant of Piagel’s balance scale prediction problem. We
present a formal model ~ uslng a particuler representation -~ for different levels of

3
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\ knowledge that children might have about how to do the task, The task provides the
concrete reterence for the remainder of our paper.
Iv. Experiment 1: Assessing Initial Knowledge.

. Having described the lormal properties of the task, and some predictions about
the performance of different aged children on it, we then- describe our first
experiment. Based upon the results of the experiment, we are able to evaluate the °
: jinilial hypotheses, as well as to examine the merits and limitations of the

representation in which the initpl models are stated.
V. Experiment 2: Training on the Balance Scale Task . @

P

The initial representation and the associated experiment enable us to make
certain predictions about the effects of an instructional sequence. In the “second
£xperiment we explore some instructional issues, and this in turn reveals some

. _limitations of the initial represenlation. In parlicular, we find thal older and younger

. children who are initially ctassified by our models as having identical task-specific
knowledge, show a striking ditterential responsiveness to instruction. This presents a
serious challenge to our initial representation of children’'s knowledge. It is clear
thal thg initial formulation does not tell the whole story about differences in task --
specilictknowledge.’ ' ]

i . . ) . (i/ f

s;- -

V1. Révised representations for balance scale Knowledge.
Y

A‘

fevels ‘i.?

- nerallp
gﬁalysisl
sequenc ll
one of the

troduced. The representation is a produclion system, and some of the

{)erties of production systems are discussed. Then we present an

the problem-by-problem performance of |wo children-during a training

d formulate a more detailed production system medel of the knowledge of

(l The model is actually run as & computer simulation and its fesults

~ are compufgd with the child's performance. This fine grained analysis suggests
that the linilial encoding of the stimulus may be a crucial diflerence between older
and youngét "thitdren, and that- this ‘may account for the results of Experiment 2.

b
Vil Experiﬂ!iL . 3: The encoding hypothesis -
i ] . .
® The g" , iflerential responsiveness to (training
_between 5"ank 8 year old children is due 1o differences in the way Ihat they encod

R the balancel & le dimensions. The explanatory Rower of the hypothesis is tested |
- detail in.ExpéﬁfﬁQEnl 3.

.&\i“'ised representation of the knqwledge required to perform ‘at different

—

3 L
.

IR N ) .
VIIL Types of kndwledge in the human information processing system.

We concludle with a brief discussion of the se
knowledge that might be “important in instructional invesh
of apgregation of both model and data are obviously app
scientific questions. The direct and explicit consideration of some ways to repro
knowledge provides useful guidelines for furfher empirical work.

R 3 . ’
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From Behavioral to CoP,nilive,BBiecliggqg

-~ The goal of any instructional eflort is the prdduction of ndw knowledge in the
learmer. Over the last 15 years of instructional research there has been anincreasing
emphasis on stating such goals as clearly as possible. “The trend was to move 1fom

. an emphasis on scmply describing educational means - the sequence of instructional
- activities - to a prior 'statement of the desired ends .of&nslruchon. The elabor ation
ol behavioral. objectives was perhaps the most extensive formalization ot this.
trend(Mager, 1962). Behavior® were typically specitied in great detail, although
the underlying processes were nol. However, even behavioral objectives have
impticit In them an underlying cognitive theory: behawor is simply an observable
indicator of underlying cognlhve procesgses.
One well-known normalive odel tor instruction {Glaser, 1968) stresses the -
need to determine the learp@r’s initial* state-as well as the desired end state. [n
the original formulations oflhis approach, both initial and final Iqarner" states were
describedprimarily in terms of tasks and subtasks .arranged in a Gagne'-fike
hierarchy. There was little mention ot how one might characterize the underlying
psychological processes that acted upon them to produce the task behavior in
question. As that approach has developed, however, tit has focused increasingly upon -
such cognitive representations (see Resnick 1976, for a summary of this trend in the -
area of elementary mathemalics instruction).

Perhaps the strongest statement ot the desirability and teasibility of
describing. -the learner in terms of internal psychological representations is Greeno’s
view of “cognitive gbjectives”. {1976} argues that cognitive psychology
has now developed powerful -a exible® methods for the representation of
knowledger Using an example om instruction in elementary fractions,

‘o Greeno shows how two diflerent views ot the conceptual content of the subject
galier can be represented explicitly by two quite distinct cognitive structures,

hich in turn lead to differential predictions about problem ditlicuity, problem solving

- stratégies, and optimal procedures for instruction. Without such a representation,

these bredrchons might have never been made.
S

This is essentially the same ponnI sl’ressed by, Klahr & Wallace (1976) with :
respect to the need for explicit and precise models in cognitive development: "a
theory of transition can be no better than the associated theory of what it ls that is
undergoing that transition” According to this view, the ftirst step in  the
formulation of developmental theories is the creation of a precise model of the
initiat and final form of the cognitive process under investigation. Studies by Baylor
-& Gascon(1974), Youngli973), and Kiahr & Waltace (1976) provide developmental
- modets of this type. ~ ’ :

In the area of adult problem solving, a similar emphasis on the importagce of a
good representation is made by Simon (1975). He provides an information processing
analysis of adult performance on a simple tack (the Tower of Hanoi puzzle) in order o
demonstrate that several. distinct strategies are all plausible models of task
poMormance. Without an appropriate representational system, the precise dlsllnchons
among the strategies could not have been made.

(93!
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. Some Criteria for Choosing_a Representalion

What coneiderallons might guide us in the thoice of -a representalio!n
What ~ kinds of represenlahons are avaikable, and what are their relative merits?
Knowledge representalion has become an important topic in:lhe emeérging fisld of
“cognitive .science” (Bobrow & Colling, 1975) and some initial attempts lo address it -
can be found in Bobru,ng?S), Bocker-{1975), Moote & Newell (1974), and Reddy &
Newell (1974). These efforts conslitute the first. steps toward a full fledged
theory of representation, and they have already yielded a reasonable sst of
dimensions with whith to characterize ditferent repressntations. '

Although such taxonomic systems - allow us to chassify representations,
‘they do not make any statements about their reiative merits. -Regardless of the final
location of a representalion along the dimensions of impoftance, the ultimale
evaluation of thé\qualily of a representation depends upon the set of Guestions being

addressed. / .
- ~J
We believe that in the area of ‘instruction and development the importanl
questions are: .- . & .
Ql. What are lhe dlflerences in knowledge thal underlle different Ievels
of task performance" ' .
.. Q2. What are the alternalive strategies that might-result in any given level
of task performance?
. 03 for a given level of performance, what is the optimal level of
dlfflcully tor an instructionat sequence?
Q4. What are the critical fealuresLof an instructionat,, sequence that
enable it to have any effect?
Q5. When and why will two learners at the same initial performance level )
learn differently from the same instructional sequ/eJce?
Or,,to summarize our concerns: what do children know about a lask, how do they
learn about it, and why do some know more and/or leacn more then olhors?
Given this set of questions, there are four criloria lhaI we believo to be most
imporlanliln choosing a represenlation: . - bt
~a. The "represenlalion must be- suf{ic’ien‘ to account for behgvior. Thus, it
must have a clear mapping onto the empirical base il ig supposed to account for. !

b. It should be amenable to multiple level analyges. That is, it should be easy
to aggregate and disaggregate the grain of explanalion. For the design of well
controlled exp 'mgfnls or curriculum design, the representatlon will have to be
stated in Ienﬁs}::' averages across many subjectsi it musf be a modat form. For
deli_:iied‘ study of individual strategies and tomponent processes, it must bs capable
of disaggregbtion without drattic revision.

o

+
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c. The representation should conform to the relevant properties of the human
information proecessing system #s determined. by laboratory studies of hUmen
- processing capacities, = k

d The represenfafion showd have “developmental tractability"{Klahe
& Wallace, 1970). It shodid allow us to state both early and later forms of
competence and provide an easy interprelalion of each fMmodel as both a
precursor and successor ot other models in a developmental sequence {se¢ Resnick,
1976, for a simijar viewpoint). . \_J .

P}
. -

A
The Balance Scale Task /

The. type of balance scale "used throughoul our investigation consisted  of a
twb-arm balance, wilh several pegs .located at equal inlervals along each arm. Small
tircular disks, all of equal weight, were placed onthe pegs in various configurations
{as shown in Table 1), while the balance was prevenled from tipping. The subjects’
basic task was to predict the direction in which the balance scale would move if it
were allowed to. In order to answer some.of the questions listed above, severat
veriations on this basic theme were ‘introduced, These included asking children to
explain their predictions, allowing the_ _scale to move to its equilibriug
" position{thus providing feedbadk about Ihe accuracy of the prediclions), observing an
experimenter-controlled series of configurations and their effects, constructing one’s
own configurations, and reconslructing initial configurations from memory {the
details of these expenmenls are presented in Siegler, 1976).

The basic physical concept that underlies the operation of the balance scale
is tork\ue: the scale will rotate in the direction of the grealer of the two sorques
acting ‘on its arms. The total torque_on each arm is*delermined by sOmming the
individu% torques produced by 1he weights on the pegs, and the individual torques

t

are in &wmputed by multiplying each weight by its distance from the fulcrum.

Since the pegs are. al equal intervals from the fulcfum, and the weights are all equal,

a simpler calculalion is possible. }t consisls of computing the.sum of the products of
number. of weights on 8 peg times the ordinal posilion of the peg from the fulcrim.
This is done for each side, and the “side wilh the greater sum of products is the side
that ‘will go down (if théy are equal,lhe scaie will balance).

The components of this knowledgq are acquired over a remarkably long

. span of experience and educetion; even 5-year olds oflen know that balances such

as teeter-totters tend to fall toward the side with more weight,-while many 16-year-
olds do nol know ihe appropriffe arithmetic tomputations for determining the
" balance™ behavior (Jackson, 1965; Lee,#971; Lovell, 1961). it even seems likely that
most collegg educaled adults could not easily state the physical principles that
underlie the sum-of-producis aigorithm. Furlhermore, for many configurations, there
are shoriculs that eliminale the need to do any arithmetic computalion {e.g.identical
configurations on each arm will balance; if bolh weight and distance are greater on one
side, that side will go down).

- 3
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Note Ihat the balance scaie task shares a common property of many scientiflc
problems: the universal rule for ge‘nerahng correct predictions is easy to
describe, and once known, il is easily remembered and execuledz However, the

. formolation of the rule - either by induction from empirical examples‘or by deduction
from general physical prmuples is quule difficult,

- . ) .
A represeniation of chilgren‘s knowledpe about the balance scale

The knowledge that chiidren at ditferent levels, of perlormance have
about this task can be represenled in the form of.a binary decision irée, as shown“
. —%n Figure 1. The model of mature knowledge (Mode! IV) was suggested by oo
rational task aMalysis Of balance-scale probtems (cl. Resnick,1976); the models of
less sophisticaled owledge (Models 1 - 1II) were derived from the empirical N
results of Inhelder and Piaget{1958) and Lee (1971), and from our own plot studies.
A child using Model 1_aftends only to the number of weights on each side: it they are,
the same, the chlld\prédlcls balance, otherwise he predicts that the side with “the
greater weight will go down. For a Model li child, a- ditference in weight still
dominates, but it weight is equal, then a difference in distance is sought. If it axists,
the greatetr distance determines which side will go down, otherwise the prediction is
balance. A child using Model Il tests both weight and distance in all cases. If both
are equal, the child predicts’ balance; if only one is equal, then the other one
determines the outcome; if they ate botff unequal, bul on the same side with respect to
* their ineqyality,then that side is predicted lo go down. However, in a situation in which
one side has the greajer weight, while the other has the greater distance, 2 Model 11I
child, a!lhougﬁ recognizing,the conflict, does not have a consistent way to resolve it.
This child simply "muddies through” by making & “rendom prediction. Model IV
represents "mature” knowledge of the task: since it includes the sum-of-prbduct
celeulation, children using it will always make the correct prediction. Note, however,
that it they can base their prediction on simpler tests, they will do so.

-

Figure { abolyt here

Assessing the accuracy of the representations

We can détermine which - it any - of these four models accurately characterizes
e child's knowledge abeut lhe balance scale task by examining his pattern of
-predictions for six types of probiems (see Table 1 for an example of each lype): e
1) Batance problems, wilh the same contiguration of Weighls on pegs on b
each side of the balance,
2) Weight problems, with unequal amounts of weight equidistant from
the fulcrum. - . ‘
3) Distance problems, with equal amounts of weight dlfierept distances
from the tulcrum,

. / \\ '
5 | _ 8 i
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14} Conllict-weight problems, with more weight on one side and "more
distance” (i.e. occupied pegs further trom the fulcrum} on the other, and
the configuration such that lhe side with more weight goes down,
LY
5) COnflncl distance problems. similar to conflict- weight, except thal lhe ' ,
sldo with more distance goes down.
M r
6) Confiict-balance problems. like- other conllicl problems, except that

the el‘»caie remains balanced. . . ‘ - . K

.4 N Table | about here

- —— o

Children whose knowledge 'corresponded to different models would display
dramatically. different patterns of predictions on the six types of\ problems -just .
listed. Those using Model | would consistently make correct ~predictions on
balance, weight, and confiict-weight problpms, and they would never be correct
wn the other three problem types. Children using Model Il would behave similarly
to those using Model | on five of the six problem lypes, but thoy would correcﬂy/
sdlve distance problems. Those following Mode! [JI would consistently make accurate '
predictions op weight, balance, and diftance problems, and would perform at a rou
chance level  on all conflict tasks. Those using Model IV would solve all problemg?;

“all types: | ‘

" To the extent that there is a correlation between age and the level of the
model which best represents a child’s knowledge, there should be clear developmental
patterns for each problem type. The most Inleresting is the predicted decrement in
performance on conflict weight problems. Children using Models 1 or 11 will get these
problems right even though they do not see them as conflict problems, whereas
children using Modei Il will atlend to the contiicling cues ot welght and distance,
but they "will have to muddle through, and their resuiting predictions will be at a
chance tevetl of performance. Another prediction, shown in Table 1, is that .distance
problems should show a dramatic improvement with age. The youngest subjects -
using Model [ - will get them ail wrong, while children using Modets 11, III, or [V will get
virtually none wrong. By a similar iogic each of the preblem lypes yields a predicted
developmental course, the results of which are shown in Table 1 (see Siegler, 1976,

for a complete analysis).
)

Experiment 1: Assessin_Indial Knowledre

Ll
.

The purpose of Experiment [ was to as’sess the validity of the IOregoing
ana!ysis for a group of children spanning a wide' age range

.

-

thod -
Subjects were 120 female students from a private school lg Pitlsburgh.
A ",{ ~ ’ “
. 9 *
- .
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Fitteen sltudents from*each of B grade levels were grouped as shown at the top of
Table 2.

Materials included a wooden balance scale, 10 different-colored metal welghts,
and 2 wood blogks. "The baIam;e scale’s arm was 32 inches long, with 4.pegs on sach
side of the fulcrum. The first peg on each side was three inches from the fulcrum and
-@ach subsequent peg was three inches from the peg before it. The arm could swing
ireely from the paint of attachment to the fulcrum, four inches above the fulcrum’s
base. Each metal weight weighed 1.4 ounces, measured 1 inch in diameler, and had a
Jole.in its - middle so that it would fit on the pegsi as many as 6 weights could be
placed on any one peg. The two blocks_of wood, each four and one-half inches 'high,
could be placed under the arm of the balance scale to prevent it from moving
regardless of the configuration of the metai weights on the pegs. .

Chlldren’s knowledge was assessed lhrough a 30 item test, On each problem the
experimenter started with an emply balance, the arms of which were supportéd by the
two wooden blocks. Then the metal weights were placed on the pegs on the two sides
of the balance scale, and the child was asked lo predict which side wolld go down or
whether the scale would balance if the'two wogdon blocks, underneath the arins of the
balance, were not there. Amorg the 30 items were 4 balance, 4 welght, 4 distance, 6
contlict-weight, 6 conflict-distance, and 6 contlict-balance tasks of the types shown In
Table 1.

Children were tesled Individually in a quiet r00m- in their schopl. The
experimenter's initial inslructions were: -
et - K ' -
"Today we are going to play with this balance scale. The balance. scale
has these pieces of wood that are all the same distance from each other
_ (pointing to the pegs) and these pieces of melal that pll weigh the same.”

At this point the children were encouraged to hold the weights to see -that they
weighed Ihf.: same amount and lo observe the equal distances between adjacent pegs.
-~
Children's k’nowledge was then assessed by presenting them with The 30 -
problems -described above. The problems were introduced with the following-
instructions: '

Let’s see what you know about Ihe balance scale. I'll put the weights on

the pegs in dilferent ways and you tell me whether this side would go

down.or this side would go down or they would both stay like they are

now if I-look the wood blocks away. #The balancé scale won't actually

move, but you téli me how the scale would go if the pieces of wood were "

not there. '

. LN

Following Ihis test, children were asked to explain their responsés. Chlldren spent
between 15 and 30 minutes on the entire task. '

e e eesessss-—-—— i
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The ‘percent correct ,prﬁedictions for each problem’ type by each age group is

shown in table 2. A 4lage) by 6lproblem lype) ANOVA revealed that both main
etfects and lheii‘f interaction were significant (p < ,001). Note that. the’
_developmental patterns are very close to those predicled in Table L. In particula!’
v there Is” a dramatis” improvement in distance 'prol?1ems and a decrement in
conflict~weight problems. The conflict-weight problems never did show an ‘upturn,
although performance appears to have |eveled off for the older age groups. .

e
"

Y Not shown In Table 2 is the substantial copsistency that existed-in performance
n items. within each problem lype. Only on cEn_ﬂict-weight problems did acturate”
iedictipn decrease’ with age, and within this category such tiscrements occurred on all
5ix prob‘re ms. The magnilude of the improvement over nﬁon the 4 distance problems,
was unmatched by lhal ¢n any of the 26 other items. On all elght of the balance and
weight.items, but on no other tashs, was the deveiopmental trend minimal, .

Wilh one class of exceplions, the four models make exact predictions about
which.of the three possible responses (Inft down, right down, balance} the subject
will make on ecach one of the 30 problemy (the exception class contains the 18
conflict problems for Model 1II; here the prediction is a lack of consistency, ie,
essentially chance responding). Thus, we can compare the response pattern of each

/child to the predicted patterns for each- of the models, and classify the child
ccording to which, if any rule she was using in making her predictions. Using a
very strict criterion - one that would misclassify a random responder less than one
time in a billion for-rules LII, or IV, or tess than once in ten thousand for rule IIf,
we were able to classify 107 of the 120 children. The resul.ls are shown in Table 3. - ,

Table 3 about here ) ' "

~

- 3
Children’s explanalions were also used lo determine wg::\ model the child
was using. The criteria for classifying according to explanations were derived from
a literal interpretation of the models. Altogether, 117 of the 120 children’s- -
explanations fit one of |lhé four models. As shown in Table 4, the two classifications - -
\ _ one derived from children’s prediclions, the other from their .explanations - were
highly correlated {r = .89, p < .001). All of the 23 children '-jl.}dgt_!d g be using Model [

h

N by the prediclions data were judged as using Model | by the explanations criterion -
" and all 8 of the children:classified as using Model IV on the predictions -measure - and
only those eight - were classified as using Model IV on the explanations measure as
well. On the other hand,, many children were classified as Gsing Model I by the N
predictions measure who wére ptaced in Model It by the explanations measure. .
. / “'.. ~ Table 4 about here. - .

- T —
.

One interpretation of this discrepancy between thé -explanations’ and predictions

= - ]
-
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'criteriﬁﬂ)lhal there were some children who used Modet IIl tests, but consistently
resolved the conflict by relying on the weight cue. Further evidenc that chitdren
knew more about {he balance-scale than is revealed by the preditions
classification comes fr. m an anélysrs of the confent of their explanations. Fully

one-third of the n advanging Il  explamations cited ‘the ratio
property of confllct— nce proble one.on the thitd peg equals threé .on the
first peg), but no! the composutlon rule necessary {for a Model IV placetﬁenl.

. W

o« Evaluation of decision-lree represenfations . . e

How well do the decision ttrees used in Figure 1 represent children's
knowtedge on the balance scaie 1ask? It appears to fare well on the first and last of
the four crderia listed earlier. It is clearly adequate to account for the predictions
data. The problem type by model analysis provided an exhaustive, an
unamb1guops mapping between behavior and theory. The formal relationship
between the models is one of strict inclusion: Model, | tests are included in Modat

W, ete. This logical struclure _predicts  an invariant developmental sequence

(although we could not test this directly in a cross-sectional study).

-

On the other two criteria -. mulliple level anglysis and integration of
psychological parameters - the merlls of the represertation are fess clear. The
data can be »ggregaled and disaggregated belween group and individual levels, but-
only two kinds of analyses -+ prediction and explanation -- are described. Additionally,
no statements “about psychological - as opposed to logical - propérties of the
knowledge required to do the task have yel been advanced. . ’

Another orienlation from which 1o evaluate the representation is 10" ask how welt
it answers the 5 questions abovl Inslruction and development that were listet above.
Thustar, it has oniy answered Ql: the difference between high and low
pertormers is représenied by differences among the four. models. The models are
silent on Q2, which addresses' the issue of allernative paths to the same

-performance. This tnadequacy -was most noticeable in our. discussion of the
idiosyncracies that are masked by the “muddle through® category onuModel, !k
Since the models dp not have any represenlahon for lheir own . |nducf|‘0n. they are
unable to say anything aboul Q4, ‘which asks aboul critical features of the
instructionat sequence. However, the mod do\ suggest some straightfoward
ways 10 empirically investigale Q3 ( how (thfficult should an instructional sequence

be?), and they imply thal there should \be no differences in responsiveness lo -
= instruction, |hus providing an assertion\ thal refutes. thq, premise of-Q5. In

Experiment 2, -we addressed these issues suggested by Q3 and B5.

-~

Experiment 2: Training on the Balance ‘Scale "Task r
. .

jn lrne. second experiment, five- and eight-year olds wére equaled for
performing at a level not beyond Mode! 1. Then {hey.were provided with experience
on either dislance or contlict problems, or wifh one ot two control procedures.

. 12
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Distance propiem experlence focused on the type of problems solvable by Rule I but
e I it thus was geared one step above the learners™ initial leve!. \Confllcl

b
wb xperience, n'phaSlzlng problems not understood even qualitatively until Rule
-ll!, intended to e two or more steps advanced. According fo. Piagetian lheorg(, '
_the tit between a child's exisling knowledge and the new information presented is a
. critical determinant of when, how mueh, and what kind " of learning  will obm\\
(Piaget, 1971) Support for this view has been found by Turiel (1966) -and Blatt
(1971) in the areaof moral development, and by Kuhn (1972) in class- inclusion \\

- training. Therefore, we predicted that our Mode!. 1 children would benefit from .
distance problems, while they would learn fittle, if anything, from conflict problems.

As-we already"noted. there is nothing lfi\the models that would predict
differe ntial responsuwt instruction ,of older and\ younger children. -But both

intuition and emplrlcal evtdence;t;S—Me not@n Ihat older children are more
adept than youpger ones at mastering \many novel .proplems on which task- -specific’
knowledge is equally “tacking {c¥ & Liebert, 19711 -1 Sieg!er. 1975). Thus

ge dlﬂ{ences in

we had no Iear grounds on-which to base a predlct!on abeo
response too traumng sequentes. .

: : . .
thod - | S

’ Experiment 2 included three

. . v
Pretest.

gments: pre‘iest, experie.nce,’ and':posilesl.

-

"The pretest consisted of eight ‘items: two weight, two distance, two
conflict-weight, and two conflict-distance. ~The-tasks and apparatus were. similar to
those used in the posllesl in Experiment 1; on each ftrial, the child was shown”a
configuration and asked to predict which of the three possible outcomgs would occur if -
the wood blocks were rehfowed There was no feedback during the pretest, !

. Exgerience AII experiential conditions except the bias control (See below)

" included 16 trials on which children wese presented a randomized sedquence of various
types of balance scale problems. Children.wege asked to predict what would happen
and why they thought so; ¥hen the wood blosks supporting the scale were removed soO

" that the prediction~ was confirmed or disconfirmed. After a 10 second interval the
weights were revaed and p!aced on the scdle in a different arrangement :

Confllcl problem experlence involved presentation of 6 confllct -weight, 6
conﬂlct—-dlstance. 1 -distance, ‘2 halance, and 1 weight problem. - Distance problem
experience included 12 distance, 2 balance, andl 2 weight problems. Thus, each

~experiential condition included -2 problems of the type being emphasized; the
additional 4 problems of other types were intended to prevent children from acquiring
strategies too narrowly suited to the demands of the ma]orlty of items.

_ Within the control condition there were two sub-groups: de exposure control
and the bias control. The. exposure condition was designed to control for the

possibility that any experience with the balance scale could improve performance;

chifdren in this condition -were presented a sequence composed of 14 weight and 2

balance items that would familiarize them with the balance scale’s workings but would

'..' ' zii': - ?
F - . .
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' , not directly engender knowledge of Models Ii or IIl. However, this control procedyre
\\\ ~_ might itself bias children toward a greater eliance on Mot than if they had been -
! \\ - feft untutored. Thel’eIOreg a bias controt| was included in* which children simply - -
. received the pretest and postlest. Within each age group’s control condition, one-half . —

\ of the children were asssgned to the e*posur .control and one-halt to Theé bias contro).

N
Posttest, The posttest includ@d a—rando y ordered, np-feﬂack p?esenfahorr e — ;
A of\E items, items, 4 each of batance, weight, : nfhct-w ight,. cbiflict-distance, aﬁd.,_,

' ..conflict-balance types. The Rreté}t\took appfoxi . inutes, the e arignce 26 1 ", .
minutes, and fthe posttest. 15 minutes. Eight-year=olds Vel given the Il:%;fs,in :
succession; five-year-olds were given the pretest‘,&h da arid. the experiencé an

- postlesl in a second session \mlhm the next 48 hours. I T T e

N arglgpant Pretests were given to 109 chsldren, 56 kindergarteners (five- _
-olds) and 53 third graders (eight-year-olds), attending \a mrddlfﬂa%:chool- in .
Ban Plltsburg .. To equate the initial knoﬁledge of parhd’pants, childfeh whose AN
s were consistent with the distance cue’on both distance tasks or on more N e
the six distance and conflict items were excluded from further parliupz:)n . f

. in the. experiient. This eliminated 21 children--1 male and | female five~year-olds, 8\
male and 11 female elght-year-olds An additional 28 children--17 female and 7 male
_five=year-olds, and 4 female eight-year-olds--were excluded randomly from
“experiential and,posttest phases in order to equate, age and sex characteristics of the \

_ age and treatment groups.: These children dlflered inno syslematic way from their

* peers who did participates Finally, the remaining 60 children, 30 five-year- -olds and 3\

w

eight-year-olds, were randomly assigned within age and sex ta the three treatment
groups. All groups had equal numbers of males and females except for the eight-year-
otd'controt group that included "4 boys and 6 girls. The mean .CA of kindergarteners

-~ -was 70 months (range = 66-75 months), while the mean-CA ofthird graders was 106 ' \<
months (range = 1Q1-117 months), The experlmenter, a 22 -year=gld female research
assistant,served fo all chlldren e - . ‘\'
‘ - - PR
‘Results ‘ ¥

Responses to the 24 item posttest were classified according to a scheme similar -
- to the one used in Experiment 1. (There were no differences between.the two control
groups, s0 all control data has been. aggregated over EDTE:Q(. them). As shown.in Table .
~. 5, 45 of the-60 children behaved according 1o the models: 21 using Model 1, 17 using
MQdel 11, and 7 using Modet 1II. A Chi Square est indicaled that significant differences
. werk presenl in the type of rules used by ‘children in the six age by perience
. ——gEoups (X2 = 4554, df = 1, p-< .001). More specific analyses revealed that five-year- . ™~
olds more often used Model | and eight-year-olds gore often Models II or }I] (X2 =
12.91, df = 1, p <001}, and that children éxposed to the control procedure more oftén
used Mo'del | .while ihose exposed to conflict or to distance” problems more often used
Model 11 or 111 (X2 = 13.20; df = 19p < 001)

An interactive relal|0nshfp belween type of experience .and age was also -

apparenl Fisher Exact tests indicated thal among five-year-olds, experignce ‘with -
distance problems Ted to more adoptions of Models II and IIl than did experience with

"

iy

Iy




~_“conthitkproblenis or the control conditions (p < O1), As can b&‘seen in Table 5, the . d
) “effect was almost exclusively to promote attainment of Model I; no condition led, to -
\i'?l ny children aﬁhaining Model IIL ' Among the eight-year-olds, however, both distance =~ - -

. an “gpntli&t@roblem experience led to more adoptions of Medels II and Il than did the
"=~ goNtrol procedures {(p < .001) a?lc%:flic’t‘problem experience led to greater use of
' , H lh‘an' did the distance probléms and control conditions (p <.01). ’ :

’_ . .
3

Table 5 about-here

7. . - AN
. Iﬁtsumrr‘\'ary then, lable-5 shows—us—that - béfﬁ\ age groups can learn from
. + training that is only one} level beyond theit. current level (ie, distance training).
e -+ However, given training-that is two levels beyond.(i.e. conflict training), the B-year-old "
2 . children ldarned nothing, While the 8-year-olds benefitled substantially, Thus it is
. ‘ _clear that ! older and youhger children derived different.lessons from the same L g
' ° \.experlence,'\even when theylhad identical initial predictive knowtedge about the task. ~ K \
. . ™

)

v

\ +
entations for Balance Scale Knowledge

These empirical resulls raise questions that -reveal some of the limitations of
the decision tree representation used.thustar to represent children’s knowledge of - .
. balance scale fasks. Since the four models purport to represent all of what a child
knows about the task, they predict that children classified according to one of the
"models should be identical on all task related performance, including learning
about the task. Thus, they ‘predict that the differential respoOnsiveness to
- .experience with conflict problems that we observed between 5's and &'s should not
~have occurred, Of course, the models make this prediction by - defaultsince. they
Wayq_ no represen\é’lfén of the learning process as such. That is, they contain no
represeptation of the way that positive and negalive infarmation obtained during the.-
training sequence is treated, nor about the ways in which the models might undergo
Aransformation™com one level to-the next. o

Another limitation of the representation is that it allows no way to describe
the many different means utilized by our subjects-to arrive at the same end, We have .
already alluded to this in our discussion of the Model 11l explanations data, and now it
is time to address it directly. : :

~ ‘We:need a representation that can account for not only the logical form of the
decision rules used to make predictions, but also the psychological properties of the
rules. That is, we need a representation that> enables us to _clearly indicate the

- perceptoal and mnemonic demands of actually using the decision rules. In this section
we will introduce such a representation for childrens’ knowledge about-this task, and

. we will present examples of the kinds of questions the representation enables us to
ask, Then, in the next section, we will describe an experiment that provides «ome
snswers to these questions. ~

N\ B A - ~
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A production system rebresentation . ) L
) In, Figure 2 we have restaled ¥ four models of Figute 1 as productior

systems (see Newel), 1973 for an extensive introduction, and Klahr, 1976b, for so
- examples from cognitive development.) A ‘production system consists of a set o rules -
R m."\xhgfiled productions - writlen in the form of condition - action -pairs, the conditions are
. sythbolic expressions for elements of knowledge that mighf be present at some instant.
A production system operates via a recognize - act cycle. During the recognitign
R cxcle, all the condition sides of all the productions are compared with the current
: cottents of the knowledge state. The knowledge state can be viewed ag”short term
. memogy, or the currently activated portion of long term memory, or fsimply as the '
" currenk state Jof awareness of the system. The productions whose conditions are
true of \the knowledge state are placed into the conflict set, a conflict resolution
. principle is\applied, and one production fires. The act cycle executes the actions
1 - that arg as: Qciated with the fired production. Then the next 'recognitioq cycle
commentes, AN o

4 \

a

: Thus the condi}i,o\ns are” tests on the moomentary state of short term memory
- (STM). A sequence of condition elements on the left side of a prodiction is Interpreted
: as a test for*the simultaneous existence of the conjunction of the individual
: . knowledge elements. "H, for a given production, all the condition elements bhappen
R . to be frue at some instant, we say that the production is. “satistied”. 1f only cne
: ) ‘production is satisfied, then it "fires”™ the actions associated with it, written to the .
- : right of the arrow (see Figure 2) are taken.-These actions can modify the knowledge
. state by adding, deleting, or changing existing elements in it, or they gan correspond
to interactions with the environment - either ‘perceptual or motor.

If more than one production is satisfied at a given moment, then the system
needs to invoke some conflict resolution principle. In the systems shown here all
conflicts are assumed to be resolved such that special cases have priorily over.
general cases. For. example, suppose that the two productions in the conflict set are:

. A PONE{ a b -->cd) '
P.TWO:b --> { g).

!

" P.ONE is a special case of P.TWO, since P.TWO is satisfied whenever element "b” is in
the knowledge state, but PONE is only satisfied if “b” plus additional information - in
this case "a" - is also in the knowledge slate. Thus, P.ONE will be chosen to fire. : .
P.TWO will fire only when b, but not a, is true of the knowledge state. {(Extensive
discussions of production systems can be found in Newell, 1972, Newell & McDermotlt,

" and Rychener, 1976).

b

Figure 2 about here -

Consider, for example, Model 11 in Figure 2. It {s a production system consisting
-of three productions. The epndition elements in this system are all tests for sameness
or \difference in weight or distance. The actions all refer to behavioral responses.

!

16
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f—l\l’oﬁa of the models ih Figure 2 contai‘p a representation for any finer gyain knowledge,
\ such as the actual amaunt of weight or distance, or the means used §o encode thal
Jnformation. Nor is the any explicit representation of how the system actuslly
broduces the final verbaT\oulpul. It is simply assumed that the system has access
té encoded represenlaliOns\b( the relationa! information stated in the conditions. We
‘will return below to further congideration of the way that this information becomes
available to the system. Returning™p Model I, notice that on any recognize cycle, only
one production will fire. If the weighls are unequal, then P2 will fire; if the weights
are equal and the distances are not,Jhen~hoth Pl and P3 will be satisfied, but since F3
is a special case of Pl, the conflict resolutidg principle will choose P3 to fire; finally, if

both™weights and distances are equal, then onlyx P1 will be satisfied and it will fire.

The production system vérsions of the othér three models are also shown in
Figure 2. [The numbers altachec‘]- to the_productions (eg. P1, P2, elc) are not
supposed to have any psychological meaning, They serve simply as labels for the
reader; note that a production maintains its label .across the four models.]

We can compare the four modéls to d;\ermi'n_é the task facing a transition
model. At the level of productions the -requisite rﬁ'odifICatiOns_are straighlfoward:

' a2 transition from Motlel 1 to Model Il requires the addition of P3; from II to 1Il, the

addition of P4 and P5; and from Il to IV, the addition of P5 and P7, and tha
+ modification of P4 tor PAA (this modification changes the action side from random
muddling through to "get,torque®). '

We can compare the four models at a finer level of analysis by looking at the
implicit requirements for encoding and \comparing the important quantitles in the
environment. Model | tests for sameness or difference in weight. Thus it requites
‘an  gncoding process that either directly encodes relative weight, or encodes an
absolute amount of each and then inputs those representations into a comparison
process, Whatever the form of the comparison process, it must be -able to produce
not only a same-or-different symbol, but if there is a difference, it must be able to
keep track of which side is greater. Modetl Il requires the additional capacity to
make these decisions about distance as well as welght. This might constitute a
completely separate  encoding and comparison system  for  distance
representations, or it might be the same system except for the interface with the

" environment. '
L * .

. Mode! 1II needs no additional operators at this level, Thus it differs from Il

‘?\:’:Iy in the way it utilizes information that is already accessible to Mode! Il Model
requires a much more poworful sel of guantitative operators than dhy of the
preceding models. In order to determine relative torque, it must first determine the

absolute lorque on each side of the scale, and lhis in turn requires exact numerical -

g ‘representation of weight and distance. In addition, the torque computation would
require access 0 the necessary arilhmelic production systems to actually db the sum
of products calculalions. . )

Atthough' we have compared the four imodels atb two distintt levels -
-productions and operators - the levels "are not really that easily separated. Missing
from these models are a get of productions which would inglicale the

17
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- interdependgnce: productions that explicitly determine which encoding the sysfe
will make. That is, in these models, there are almost no productions of the form: (wi
to compare weights) --> (attend to stimulus and nofice weight). The sole exceplion{
this occurs in P4A in Model 1V, When this model 15 confronled with a non-con ;:'

it is a conflict probleml lhen PaA flres, and the syslem attempts to "get torghe”.
The result of this unmodeted acllon, as descrlbed above, would be to prod

’ _ Evaluation of the Production SvstTe\m Representation

Each of the four production system models in Figure 2 makes precisely the
prediction as its esunterpart in the decision treg rcprcsenlallon ofsFigure 1. Thu on v
the fiest of the evaluative criteria listed above -- accounting for behavior - 'l

. production system modgel fares as well as the decision tree model. W!l‘h respecl
second criterion -- nwltiple level analysis \-- and the f#ourth. -- developny

tractability -- Ihe producllon systems ‘have sonle advaﬁlages over the decision |

also clayify the dqvelopmenlal differences between models in terms of these tw¢g kinds ]
. .of entities: _Although the production systems in Figure 2 are modahvfornts,
demonstrate below lﬁe“:;se with which they can be recast in order to accou
single subject's perfor ces - . g X .
The major advantaje “of the productlon system rbpresentahon liesy
-Integration of general. psychological Prlﬁcupies -~ the third of our evalual'ﬁe £
Prpductiorl systems of the type used here incorporate a theory of the
structure and general reprBSEnlallon that underlics a broad- range of human pRoblem
solving ability (Newel! & Simon, 1972). ‘As Newel (1973) puts i}:
-

—The _production system itself has become the carrier of the basic '
psychological assumptions.-- the system architecture of ..[the productien
systent] is taken to be the syslem archﬂeclure of the human information
processing system {516). - :

Thus, models writlen in this form can be viewed as variants within a general

- psychological theory, and to the extent that such a general theory s cons‘slenl with

’ , ~ the empirical. results - from -experimental psychology, -then- these models. are also

\ consistent with them. . . : .
. ‘ ‘ .

) With rcspccl fo the five questions Iislel.(;arlier, the uction systems have
enabled us to be very explicit about Q1 {differences Ihal'und;:?f?er\-tormance}, and in
particular about the important role of encoding operators. They have indicated some
potential sources of variation for each level of performance (Q2), although since they
ere writlen as modal types, thissis mErely suggestive at this point. Similar comparisons |
of the relative eflicacy of the two lorms of representations for -answering the other —
three questions yield the same result. Thus, while the new representation does not

[
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. provide much of an advénlage over the old for understanding the results of
Experiment 2,'it do€'s prowde some Euidance about where lo look for an explanation: in
lhe encodlng of the slinulus. .

In order to model the conditions: under ,which one or another aspec!s of the
stimulus are allended tq and encoded, we would need to augment the models in
Figure 2 _\ﬂm_p_p_dughﬂns_itke P4A, These productions would transform the models
from sinpie .d\c‘f\;irgnalim nets, into active problem solders, and they would enable
us lo make pre iCtions about such things' as eye-movements and solution latencies for
different classes of “problems. However, before we can make such-an exlengion, we
must first determineé the vareties of possible encoding schemes that subjecls are

. actualyf” using. As a first step ip that-direction, we undertook a detailed examination of
<\?g roblem by problem protocols of a féw children in a training sequence. - |
. _ »

~

Several children, ranging in age from 5 to 10 years were unsysiematicaily
to be  run individually in a conflict lralnlng sequence. They were given
nstructions about the balance scale and about |he fact that there were rules
underlying the balance-scale's behavior that they could discover if they "watched
carefully and lhought about it". In addition, following their prediction on each trial,
they were asked to state their_ 'reasons for the prediction. Then the. blocks were
removed, the children observed the scale's movement and if they were incorrect, they
were again asked "Why do you think that happenned?”
-

These entirg 'sessions were video- -laped, and then ail the verbal comments, as
well *as major physical activities wero lranscribed into’ the form shown in
Appendix A. At |he beginning of each problem, there is an indication of the

. problery number, fhe configurstion, and the eiapsed time {in minutes and seconds)
since the start of the session. Problem numbors Tl, T3, etc, correspond to ilems

. from’ the training sequence, and problem numbers E7, E8, elc, (see lines 11000, and
14400) are from an exploralory session which followed the training sequence. -In

the exploratory session, the children were encouraged to build interesting
probiems,or to explain 1o the experimenter whal kinds of problems would achieve

certain putcomes. The problem configuration is indicated by a numerical code that is a_

near-pictorial representation of the problen. In T1 {line 100) the code 0001/2000
indicates one weiﬁht on lhe irgt peg {from the fulcrum} on the left side, and two
welghts on the first peg on the right side. In T3 {line 1900), thé code 0100/1000
indicates a single weight on the third peg on the lefl, and @ single weight on the
first peg on the right.

Excerpls from the-protocol of Anna, a five ydar old female, gre shown in
Appendix A. The protocol provides a rich data source from which to' select
"ohservations”. However, in this discussion we will focus only on those aspects that
indicale the kind o) encoding of distance and weight that Anna appears to use,

Anna‘ was first given the standard instfictions and pretest described
earlier. Hor 'rbe‘.pOnse_ pattern did not cohform to any of the four mbdels._l—bwevor, if

B .
. - . *
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Madel 1 were modified such that heavy things went up instead of down, then she was
-a perfect Model I subject. The first problem in the training sequence confirms this
interpretation (lines 10Q - 1700). Anna knows which side has more weight, but her
prediction is based-upon the assumplion thal more weight goes up. However, when
confronted with the contrary evi‘dence,\ she changes the "sign” of the correlation
between weight and direction of tipping. This single feedback trial was sufficient: for
the remainder-of this half hour session, she never again errs in her understanding
of the direction of the effect of weight differences. As we will see, the correét
encoding of distance and its effect required a much longer series of trials.

The  second training problem (not shown) was a balance problem, so T3
(010071000} was the first instance in which Anna received feedback indicating that
equality of weight is not' a reliable predictor. Her own verbalization of the-

- problem captures her puzzlement: "Well why are they both the same thing [same
: weight] and one's up and one’s down?(tine 3000) '

Another distance  problem followed .immediately (T4: 0020700203, and
Anna's first response is to say balance, but she quickly corrects herself, having
detected the distance difference. Her encoding of distance is correct in that it is
based on the fulcrum, rather. than ‘the endpoinls, as the zero reference point
{lines 4100 - 4200). However she incorrectly associates greater distance with the
‘side that goes up rather than the opposite, in the same way that she initally had
the sign. wrong for weight effects. This is her first attempt to utillze disfance
information, and she "gets negative feedback. At this point she might abandon distance
as a useful cue, or she might - as she did with weight - simply change the 5ign of tha
relation. As we' will see, she does neither. N

TS was a complex distance problem (0I01/1100}, and T6 (0102/2010) a balance
problem, niether one of which yielded a useful ptolocol. In ™ (0200/2000) we
return t0 a distance problem. It is clear from the protocol that Anna is still
attempting to use distance (lines 9000 - 10600). ~She still encodes direction of
distance from the fulcrum correclly, but she has not chenged her erroneops
assumplion about the effect of this difference. Note also that she has not yet e
eny stalement about absolute amount of distance; all Rer statements are out

" relative distance. ’ )
. In order 10 focus on the issue of distances encoding, we skip over about 15
T . minutes of conflict training in which the problems were mainly complex conflict
) weight and conflict distence (ie. two or more pegs occupied on each slde) from which
— -no-clear pattern emergedWe -pick-up the.protocol again in an excerpt from the
exploratory phase in which®Anna was allowed o construct Problems actofding to
various experimenter requests or hints. In E7 {lines 11000 - 14100), she has been
ashed !0 construct some problems such that she will not be quite sure whal the result
will be. In general, Anna does no such thing, and instead tends to construét
problems about which she i3 very confidenty Thus, her initial configuration is
0003/0004, a problem in which both weight. and distance indicate that the right side -
will down. Then the experimenter modifies it o a distance problem (0004/0004),
+and Anna apparently forgets . all about distance differences,. reverting to @ Model !
prediction of "balance™ (lnes 11700 - }13000). With & littte prompting from the

L]
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experimenter {lines 13200 - 13700), she inbokes; a (post hoc) distance explanation

(lines 13800- - 13900). Notice that the distance description is not just a retative

judgement, but instead is stated in terms of two absolute {albeit epproximate)

quanlities.

It eppears that, even after almost 30 minutes of experience with the balance
scale, Anna knows that distance ,is an imporiant factor, but she has not yet
developed a reliable rule about the effect of distance differences. Then, over the
next two minute period, she begins to demonstrate a stabilizing grasp of this concept.
First she creates a baldnce problem and makes the correct prediction {lines 14400
- 15600). Then a new experimenter enters, and féigning ignorance, asks how
the scale works. Anna cre ates (0003/0003) and predicts correctly, and for the right

_reasons {lines 16500 - 17400). Then, at the experimenter's request, she correctly

7

" instances of both of these Kinds of learning in the protocol. 5 The

creates a batance problem (0003/3000). It is interesting that she does this in the
“easiest” way, given the configuration from which she was starting, but it is
also the case that this is the same balance configuration that was used in the
preceding probfem. Then .she creates a distance problem such that the scale tips
in a desired direction (18700 - 19100} and gives the correct explanation, and
finally, she iniliates yet another balance problem, one unlike any she has ever seen
before {3000/0003).
¥

Recall thal lhis protocol analysis was .underlaken after a discussion of the
_production system representation of knowledge about the balance scale (Figure 2). In
" that rapresentation, we tried to emphasize’ the differences between the encoding of
information abou! the environment {the undefined operators) and the combination
rules [cf. Gelman's {1972 ab) operator-estimator distinction, and Klahr & Wallace,
1973, operator-rule dichotomies).. for acling on that information {the productions).
~~—sFhe protocols tell us something about the nature of the representations that are
belng used by the child, and hence something about the encoding operators that
produce them. It is clear that Anna extracts information from the training series that
will enable her to improve both the encoding operators and the combination rules.
With respect to weight, she has no difficulty in formulating an appropriate
encoding based. on counting the number of weights. Although there is_an initial
error with res}*l fo the* relation between weight differences and the direction
of the scale, this istquickly corrgcled and remains stable for the rest of the sessiony

' Distancg encoding follows quite a different course. Initislly it Is ignored. Then
differences in distance are noted, but their effect is quile unstable In the face af
negative leedback, and as we saw, they are occasionally ignored weil into the
training sequence. However, it appears thal by the very end .of the exploratory

.trials, an_appropriate encoding of distance, and a concomilantly appropriate rule for

utilizing. it (at least on distance prublems_) has been formulated. 5

Learning abou! the balance scale then, would seem to require much more than
is suggested by a comparison of adjacent models in Figure 1. The production
system representation of Figure 2 has enabled us to make explicit the difference
between encoding operators and decision rules, and il has guided pur search for
analysis
suggested that there is a point in the development of knowledge aliout this task

+
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during which the dimenslons may be encoded in idiosyncratically incorrect

ways, and that the form of the encodlng may depend upon trial to trial feedback. In
the next section we will introduce 2 model that attempts to. captura thesp
phenomena for an individual subject. . )

Thusfar, the productian syslgm representation has been used only to suggest
some of the complexities of learhing about the task. In this section we wil] work
toward the crealion of a productionsystem model of a single child's behavior durlng
a training sequence. The representation will be more than suggeslive, for it will
be specific enough to run as a compuler sumulallon The simulation will séfve iwo,
purposes. First, it will demonstrate The sufhcuency of the model to account for the
data It purporls to explain. Second, the particular simulation language in which the
model is stated is based upon. and incorporates in its structure, very specific
assumptions about the nature of the human information processing system. Thus, the
model to be described here is a particular ms!ance ‘bf a8 much broadér. theory of
human problem solving, . v ST

Our subject - Pam - was a female second-grader, age 7 years,11 ,months. Her
performence on an 8-item pretest and a '16-item training seriesis shown in Table 6.

* In Table 6, each row corresponds to a problem. The columns indicate, respectively,

problem number, problem configuration, problem type {Distance, Balance, Conflict-
Weight, Weight, etc.), Pam's response (Lefl or Right down, Balance), feedback from the
scale (if the subject’s prediction was inconsistent with what the scale dig, it is
indicated by a ">"), predictions from.three of the previously described models (IV,
I, and 1), and finally, Iwo columns corresponding .to the mode! to be described in

this section. The first of these columns - JlI-A - contains the model’s prediction,

and the second containg the value of a variable criterion that is used to make the
prediction. For example, Problem 7 has 3 weights on the first peg on the left and 2
weights on the third peg on the *%ghl; it is a conflict-distance problem. Pam predicted
that the left side would go down ut as Mode! 1V {which is always correct) predicted,

the right side wen! down so the subject got negative feedback. The other three

models shown here (1], 1, and III-A) all make the same prediction as the subject: left-

down. The numbers at the bottom of the four model columns show the number Of

= e

mismatchgs belween Pam's predictions and Ihe model’s, =

- -
. r

Table 6 about here

Pam’s s responses lo the pre-test make her a -perfect Model Il subject. Her
responses during the training sequence provide a poor fit to models I, II, and V.
Recall that the criterion for fitting Model 11l was that the responses be essentially
random for conflict problems. Thus, allhough the "muddle through” prediction of Model
l1] does not make an exacl prediction on any lrial, it predicts the absence of a
consistent patlern over the set of conflict problems. And indeed, this is what we
find in Table 6: on five of the eleven conflict problems Pam responds as H she
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were rely’ing on the weigh'l ' cue, and on the other six, she conforms to the distance
cue.'Thus, we could simply classilx Pam as a Model Il subject and leave it at.that,

Such an interpretation has several deficiencies. Firsh, the classification $cheme’
itsetf is unsatisfactory when compared to the pothers. Modet 1II subjeCls get so
classitied as a residual category - by the, absence of any pattern in their’ responses
to conftict probiems, whereas all other classificatipn is based on the occurrence of
things that were predicted to happen, rather lhan the absence of things that
shoutd not. In addition to this "taxoromic” weakness, Modet Iil’s "muddle through”,’
prediction tells us nothing about the psychologieat processes that actually's
operate when subjects detect conflict but do not yet know how to deal with it
correctly,. We have already cited some of thg idiosyncratic strategies that different
subjects bring to bear on this situation. Finally, it is imporlant to emphasize that

Table & represents responses during a training sequence, a situation in which the

child was presumably attempling o integrate the feedback from the balarite~scale’s
actually behavior with her current hypothesis aboul how it worked. None of the four
models described thusfar have any mechanism to represent and ulilize such
information. Thus, the model o be descrlbed represents first steps in remedying
these deficiencies.

Pa'm was run. under the same conditions as Anna, pnd an analysls of her trial by
triat explanations movided the initial evidence for the model that we eventually

formulated. The most striking feature of her comments was.the way- she appeared

to represent distance and weight on conflict problems. Both of them were treated as

dichotomOus: more than two weights was treated as "big", otherw weighl was
"little”, and if the third or fourth peg were Occupied, then dist and "big",
otherwise it was "litlle”. Rather than present another lengthy protocol analyms here,

- we wifl ShOw just two exampies of this dichotomous encodlng of dls!an(:e

T
On prablem °12 {0013/1020), the child predlcls left down; upon seemg the rest.ﬂl
she says: ‘

e

ow I think | know why.... Ithink | know because,.. it’s  supposed
to™Be a rule that they usually go down more if  they're on that,
sl (pointing to the extreme right of the balance scale). So that  one
went: down cause it’s 2 there (pointing far right) and none . there
{pdinting far left).

I we ehcode each arm of the balance scéle into a near ‘segmenl {pegs 1 and 2) and

a far segment {pegs 3 and 4), then this protoco! is easify interpreted. “"They
usually g0 down more if lhey're on that side” means that if the far segment is
occupied ("big distance”) then the scale will tip in that direction. "Two there and
none there” means that the tar segment on the right is occupied by two Weigh!s,
whereas the far segment on the left is unoccupied.

The second example comes from problem 14 (0200/1300), just before the
child ge'® feedback. She says:

 This sldo’s gonna go down (pointing left).. Even though this one has 4
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{pointing right)- and this one only has 2 (pointing left).. Even
though this one has {pointing rlghl) twice as much as this {(pointing

left), that means that because this one’s more [waves to far  left] over,

and that’s (pointing right) all on tha} side.

In this case, we garner support for the dichotomous distance encoding from the
comment that the weights on the right arm of the scale are "all on that side”. "That
side” of what? By odr interpetation, they are on "thal side” of.the mid-point of the
right arm, thus making distance "litlle", ralher than "big" on the right.

-

In order to determine whelher this interpretation of the protocols is valid, we , ~
need to conslruct a mode! that is consistenl with Pam’s actual predictions on each lrlal

as well as her explaxlons Based upon many - such comments and our
interpretalions of them, constructed the model whose’ predictions are shown in
Table 6. In order to prowde a clear overview of the moddel we will describe It first’

In terms of a binary decision tree, plus a few ad hoc mechanisms. Then we V-;l”
present a running produclion syslem for. a more complete model based on the same
underlying logic. -

i

Figore 3 shows the binary decision tree representation for. Model-111-A; Pam’s
performande on the training sequence is shown in Table 6. The numbers under the
terminal nodes correspond to thd problents from Table 6 that are sorted to tho
nodes. The first three tesls are lhe same as those in Model 111 (Figure 1), and the
account for balance, weight and distance problems. If neither weight nor di

is “same”, lhen the model begins to test for "big” values. If either weight or
distance - but not both - is big, then the side with the big value determines the’
prediclion. If bolh are big, lhen-Model 1I1-A favors whichever one is currently its_
criterion value. The ‘criterion value slarls as weight, but whenever negative feedback
is received lhe criterion switlches from one value to the other. The state of the
criterion value is indicated in the lasl column in Table 6. Note that it changes after
any negalive feedback, nol just on conflict trials with negalive feedback (The
_terminal node labeled "?" in Figure 3 is never reached by the set of problems in Table
6. Such a problem would be. a conllict problem wilh neither weight nor distance
"big”. We have no evidence upon which tp base a prediction about what lhe subject
would do with such a problem.}

Figure 3 about here

-

.A_production system for Pam (Moclel {1-a)

The produclion system for Pam is shown in Figure 4. The representation
contains the actual compuler listing Wilh a few inessential detailepot shawn) for the
production system, which is writlen in a special language called PSG (Newell &
McDormott, 1974). Appendix B contains a trace of this mode! running on a sequence of:
four problems from Table 6; one of them - Problem 5 - is also shown in Figure 5. .
Before we embark on a detailed descriplion of the model, we will meke a few

-

/
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commenls about lhe properties of this rather detailed representation f0r knowledge

about Ihe balance scale task.

-

s Figure A about here

%

The m0d91 “enables us to represent explicitly all task relevant knowledge in
a homogeneous and integrated manner. This model uhhzes, in-one way or another,
representations of knowledge about:
1
which side has more weight or distance,
" which side has a big weight or distance,
what the current criterion value is,
whal the scale was expecled to do,
 whal the scale actually did,
whether. the prediction was correct or incorrect. - .
The model cohtains rules for when and how to encode the environmept. It also
Indlcates the number and nature of pieces of information to which the subject must
be responsive during the course of the experiment,
N -

Production sy‘.slem interpretation ' . /

Some general properties of producltion systems were described earlier. In this
section we wi|l add a few more details about how the model in Figure 4 operates.
Recall that the basit cycle for a production system ic recognize-act. During a
re cognition cycle, all the productipns compare their condition elements with an ordered
list of lements in STM {short term memory). The trace ir Figure 5 shows the state of
STM after cach cycle. For example at the beginning of the second cycle in Figure 5,
we see that STM has 4 elements in it: ¥DST MORE RIGHT), (WGT MORE LEFT)}, (PRED},

_and {CRITERION WGT). An examination o the productions in Figure & reveals that the

Pl is only production whose condilion elements are completely matched by STM

elemenls, so-in’ this case, it fires (ic., it is "TRUE"B.{n Fig. 5). We can interpret a--

produclion, P:{A B C --> D E), as "If you know A and B' and C (j.e. if lhey are currqnlly

in STM), then do actions D and E. W s o

There are two conflict resolution principles. The first one to be ‘applied T
_special case order - has already been describe<l. I, after applying special case order,

there are still two or more productions in the conflict setthen a second resolution”

principle - STM order - is applied. ' This prnncrp!z« chooges the productions with the

frontmost element in STM. New information always enters the "front” of STM, pushing
atf else down a "noth™ Furthermore, when a production hrys. its evohing elements
are*moved to lhe front of STM (aulOmahc rehearsal). Thus the STM order conflict
resolution principle says, in effect, "when in doubt, respond to the ‘most recenlly
inj)Orlant' information. {In Figure' 5, and Appendix B,special case order is usually
atpguate to resolve conflicts. Al inslances where STMZorder is also used are
explicitly indicated in the-trace). :

S
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There are several different types of actions. 8) STM additions. The,;,e-

simply add new elements to the front of STM. For example, if E3 fired, (result wrong)
would be added to the front of STM ~Other sources of new intormation aie the
. encoding gperators (described below).. :
) STM modifications. Elements in STM can be: altered directly. The
. . sction {A ===> B) changes symbol A to symbol B in the second &lement in STM, The
- ’ action (X #s) changes the first elemenl In STM from a to (X (&), [e.g. from {DOG) to
(OLD (DOGM] . . C) :
i . 2
£} - Output. These actions are surrogates for action on the external
’ envu’onmenl The ‘only one's used here are say'b (say "balance”) and say.d (say leﬂ or %

. right down). S ) . _ i »
. \ %crimipn of model {Fig. 4} ’ oo -

There aré three major functional groups of productions.

1} Pn. These cerrespond to lhé\major‘_nﬁdes in %*he - decision

'tree representation. P1 - P4 are essentially 1he same es P1 -P4 In

~Figure 2. P5P6,P7 correspond to the tests for Big things in Figure 3.

Some of the productlons use variables that can be wmatched by specific

values in STM elements.  For example, D1 and D2 can be matched by
elther WGT or DST, while X1 and X2 can be ‘matched by enything.

. ! 3

2)En. These control the model’s viéwlng of the balance. scale,
-~ after it lips, and compare what it expected to cee with what it actually,
sees. : ’ ’ :

3)SWn. These change the criterion whenever “the system

determines (via the E productions) that it” has made an Incorrect .
prediction.

o, [
Thcre are three encocling -oporalors None are modeled but thelr

conditions of' evotation are explicit, as ig the form of, the encodlng 1hey prodUco
Attend. qus initial encoding ol weight and distance.  This
operatgr can detect sameness or difference of weight or distance and
cah indicate the side on which weight or distance is greater. Thus, It s
only an encoding of _relative quantity. The Model assumes that irf the
firs! instance lhls is -all lhﬂl is encodad .

~

2) Find.big. Encodes big wgt or dst and. side’ on which they occur
(If they occur). .

, :
. 3) LOok. Encodes direction g4 lipping of scale.

¢
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Tb{general procedure is as follows. First wenght and dlslance ditferences, if

.any, are encoded. lf there is no conflict, then a prediction is made, an expectation is
formed, and the scale’s actual behavior is Observed. If it is inconsistent with the

“prediction, then the criterion is changed. f initial encoding reveals no clear prediction,
" then a second encoding ip effected, this time in terms of big distance of weight. Then
" .the rest of the process foliows exactly as in the case of a single eficoding. :

.--"""J - ) ) .

~ Figure 5 contains a trace of the model working on one of the. problems from
Appendix B. The trace shows the state of STM at the start of each cycle, as well as

which production fired. Conflicts are shown when they oceur, as are the results of the

encoding operators.

The syélem starts with an element in $TM (PRED) indicating that it has a goal of
making a -prediction, and another element irepresenting the current value of -the

criterion. Since there is no element representing weight or distance, the only.

production whose conditions are completeiy satisfied is P&; which tests for (PRED)} and
the absence (ABS) of a weight or distance etement (D1). ATTEND, P8's only action, is
an- encoding operator that is modelled only #p to the point of its input/output
spec:flcalIOns this- case the input is presumed to be the physical arrangement of
© disks on pegs’in the configuration {(0003/0020), and the outputs, as shown in the trace,
““are two comparative symbols indicating: more ,weight on the fett and more distance on
-the right. They are directly provided by Ihe' model bmlder

. s

. Thus, at the- Qeglnnlng of Cycle 2, STM contains four elements, and these -

elements satisfy both P4 and P2 (see Fig. 4). ‘P4 is a special case of P2, so it fires. It
recognizes that. neither ‘weight nor distance are equal, so il attempts a second
encoding (FIND.BIG) determine some absolute amounts of distance andfor weight.
Once ‘again, an Unn’u;&i\e;ed encoding operator is assumed fo produce two elements,
indicating a big distance on the right and a big welghf Qn the Iefl The resuits are
shown at the start of the third cycle. . -

Five produchons are satisfied by the efements l@w in STM. F’2 and P4 are Stl"
‘$atisfied since none of the elements that satisfied them on the previous cycle have
been changed. PS5, P6, and P7 are satisfied because they test for either big weight or
big distance. Since P4 is a gpecial case of P2 and PS5 of P6 andP7 the special case
order principle leaves P4 and P5 in the conflict set. But the elements that match P5
are newef than those that malch P4, so STM order selecls Pb to fire. b

P5 matches whatever the current value of Ihe criterion is (in lhls case we'lghf)

with the correspond:ng "big element [in this case (WGT BIG LEFT)) and then uses the .

value of the ‘directional variable {LEFT} to farm its expectation (-E)(CEPT LEFT DOWN)
s and to sa)ﬂ its predmllon. T . X P . -

- ' L - - -
¥ - - *
ey

. What the systém knows at lhis partlcular moment is revealed by the contents of
~ STM at the start of the fourlh cycle. It knows that: ‘
It expects the left side to go down  (EXPECT LEFT DOWN)

It already made a prediction {MADE (PRED))
. The Gurrent criterion is weight (CRITERION WGT)
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t * Andit knows the encodings - . (WGT BIG LEFT) . I
L | (DST BIG RIGHT) '
— > © . (WGT MORE LEFT) ~

L : (DST MORE RIGHT)"

Sy .
4

'+ The rest of the trace I8 straight forward During pass 4, the system seeks an enco&ing
of what the scgle aclua.lly did, and it sees that the right side went down. On pass 5 it
_-+ecognizes that what it saw is discrepant with what it expected (ES), so it knows that
it got the problem wrong. Finally, on the 6th pass, it recognizes that it was wrong
e while using the weight criterion, so it changes it to-distance.

. Evaluation of Representation’s for Paii’s Knowledge - o -
. . . i LY ) R
. The decision tree in Figure 3 and the production system in Figure 4 are logically

equivalent: both account for all bit the tast of Pam’s predictions during the training

+ series. As described above, they differ from the representations of Figure 1 and 2 in
that they model the subject’s response to feedback, and because they both represent
idiosy ncratic encodings of the stimulus. Thus both models have certain advantages
over the previous ones. T :

_ i However, the models are not equivalent in all respects, and the psychological

. properties of the production system - properties previously just alluded to -~ can now

- ..—be ctaritied. The production system, since it embodies a genera! model of the human
information processing™system, forces us to be very explicit about things that the ;
decision tree lets us finesse. There is no separation of contro! information from data
. -+ in a production system. Every relevant piece of information is explicitty represented
.in STM, ahd all task-specific knowledge for acting op that information is represented
by productions. As indicated by the finat list of elements in STM, we are postulating a
remarkable amount of material floating around in STM. However, once we attempt to
model the momentary states of knowledge for this sort of task, it becomes logically
unavoidable to consider at least as much as this. it is not clear that a dystem that did
not know all of these things could ever to the task. Such requirements are ‘hidden in
the decision tree representation. Thus it is difficult, in evaluating a declsion tree
representation, to~be sure just how plausibie the model is with respect to the

psychological demands it might impose on the organism.

i

w

_ For all their emphasis ‘on the importance of the outputs from the encoding
N oper ators however, the production system modets do not describe the encoding
process itseit. Neither do they indicate precisely what sort of encoding deficit might
atfect response 1o instruction. A remedy to the lormer limitations woutd take the form
- . ‘of a model of encoding, and we Iéave that for future investigation. The 'second issue,’
that of the nature and eifect of encoding deficits, is directly related to Q& and Q5 of . .
our ini;ial‘ sgi. In the t_blird experiment in. this series, we investigated these iksues. .

]
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Experiment 3: The Encoding Hvpothesis

Recall that the results of Experiment <2 indicated that oider “dnd-younger

children, equated for initial task specific Wnowledge about the balance scale, -

responded quite differently to the training sequences. This finding motivated a shift

in tHe representation and in the leve! - or grain - of our analysls of what was going on

during training. Anna's protocol analysis revealed her difficulty in determining

e appropriate encoding of the two relevant dimensions, and the analysis of Pams

‘responses during training fed to a production system which incorporated two

___levels of encoding - one relative, one absolute (big/not big} - for ‘both

“® dimensions. Simitarly fine-grained analysis of other .protocols revealed many such

stimilus misencodings. This suggested 1o us that differentiat encoding might be the
cause Of the differential responsiveness to instructipn. ' :

However, in order to convincingly test this hypothesis, seirerél steps "are
necessary.  First we must assess - encoding independently of pr‘edictive
performance. Then we must show that the appropriate manipulation can eliminate
or at least reduce encoding differences. Finally we must demonstrate that when the
difference on the explanatory variable - encoding - is eliminated, the initially
observed difference on the to-be-explained variable - responsiveness to instruction -
is also eliminated. In summary then, our goal is to show that in a group of older and
younger children who are all using Mode! 1 initially, there is a consistent encoding
deficit in" the younger children, then 1o eliminate this deficit, and finally to expose

" both groups {o the training sequence and to produce identical learning in both age
Egroups. . ’ .

Attempting 1o do this at the fine-grained leve! of the preceding section
would lead to a mass of detailed variation thal would be likely to obscure the
general properties of encoding differences; it would also be prohibitively expensive
in terms of time and effort. Therefore, in this section, we move back up to the
aggregate level of grouped data.

The reconstruction paradigm.

Chase and Sinmipn (1973} utilized a reconstruction paradigm in order to.study
the. differential.ability of chess masters and non-masters to _extract meaningful
information from briefly presented board - configurations. This procedure suggested
to us @a means by which differences between ‘older and younger children's

. ~encoding: of balance _scale configurations could be assessed inglepe;ndent of
. . their predictions about.the effett of theses cohfigyrations. on the scale’s behavior.

In the third experiment in this series, five- and eight-year-—'old children

were presenfed with. various configurations of weighls on a balance scale for a few -

seconds (the scale was not free to tip). Then the scale was removed from view, and
they were required to reconstruct as accurately as possible the initial configuration on
an empty scale. Note -that this procedure allowed independent assessment of
encoding on_ both weight and distance dimensions. For example, whien given an Initial
configuration (0300/0200) ‘the child might "reconstruct jl"/as (03C0/0200), or
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{0030/2000), or (020070100} ‘or {0010/0003), revealing , respectively, no

» misencoding, distance only misencoding, weight only misentoding, or both weight and
distance mis€ncodings. Our protocol analyses led us to expect that the older children
would be accurate on both dimensions, while the younger chiidren would do well
on weight, but poorly on distance. .

: : ) Basic _procedure. The same basic procedure was followed in all phases of
Experiment 3, and the full details are given in Siegler (1976b). Here we will only
~» describe the major features. Overali, 40 Kindergartners (“five-year-olds"} and 30
/ third-graders {"eight-year-olds™) from two public schools in Pittsburgh participated in
. Experiment 3.. -

Two identicai balance scales were used. They were slightly different from the
one used previously, having 7, rather than 4, pegs on each side of the fulcrum, and
having a built-in lever, rather than wood blocks, to keep the scale from tipping until

.1he experimenter released it. A large styrofoam board T to hide one of the

balance scales during the reconstruction phases.
The encoding test included 16 problerﬁ_s::— on each of which there were from

3 to 5 weights on each side, all jocated on either the third, fourth or fifth peg

from the fulcrum. On any given problem, only one peg on each side was 0ccupiled.

Children were tested individually in a vacant room in their ‘school. Each child
was presented with the encoding test first, and then presented with the same 24
item predictions task {withoul feedback) used in lhe Experlmenl 2 posttest. For the
encoding test, the chitdren were told: *3
The idea of the first game is for you to look how the  weights
are set on the pegs on my balance scale and then make the same
\ . problem by putting the weighls on the pegs on yours. First 1 put
the weights on the pegs on my scale. You should watch closely to
see how the weights are set on the  pegs. Then [l put the styrofoam
. board back up 0 you ca't  see my scale. You will then need to put
the weights on the  pegs on your scale in the same way that you saw
them on my scale. Just put the weights on the pegs s0it’s iusi like the
problem you saw on my scale.

After the first trial, children were again told, "Remember, you should watch
closely to see how the weights are on the pegs on my scale so that you can put the
.hwejghts on your scale in the same way.' ' Children were .allowed 10 seconds. to
observe the initial configurations, and then they were allowed to reconstruct
the arrangement immediately on the other scale. There 'wWas no Ilme Ilmlt for
reconstruction, although children usually finished quickly.

Following the last encoding trial, children were told that they were to play
another game, and inslructions similar to. the previous predictions triats were
given. The encoding and predictions tasks were given in a single session lasting about
25 minutes.
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There were several variations on this ic procedure. We will describe each

variation and its results in’sequence. The resut “from aft phases are shown in

three forms. Table 7 shows the percentage of correct distance and weight

encodings for bagth age groups. A strict criterion of perfect reconstruction of both_
sides of the scale was used for both weight and distance scoring. Table 8 shows the

percentage of correct predictions for each type of problem, and Table 9 shows the

classification by model type for each age group in each phase of Experiment 3. -

Experiment 3a. Ten children from each age leve! participated in the experiment
exactly as described above. As shown in Table 7, the results were consistent with the
encoding hypothesis. The younger children showed a great disparity between their
"ability to reproduce weight. perfectly and their ability to reproduce distance , while
the older children did nol show a significant difference bétween their weight
and distance reproductions. This pattern held for individual subjects in each age
group, and is not lhe result of aggregating over subjects (see Siegier, 1976b, for
extensive statistical analyses' of these results). Notice that these encoding differences
between older and younger children were not accompanied by a corresponding
ditference in _.ability to predict how the balance scale would behave. As shown in
Fables 8 apd 9, there was virlually no difference in the percentage of different
types of ptoblems passed or in the distribution of children using each model.

tExperiment 3b. In this variant, 10 five-year-olds were given 15 rather than 10
seconds !0 view the inilial configuration during the encoding testx This was dooe to
explore the possibility that the younger chiidren were simply a bit slower ~than the
older ones in encoding the configurations. If they were atlempting to encode both
dimensions, and had a preferred noticing order of weight first them more
time would be expected to improve their distance scores. A€ shown in Table 7, this
“insufficient time"™ explanation is unsupported by the resuits .

Experimenh 3c. Perhaps the younger children {id "not understand what
was meant by/"make the same problem”. In this variantithe children were told
wh

explicit! to encode, and what constituted the experimenter’s criterion for the
“same"” problem. Ten children of each age level participated. The instructions for
the encoding tasik were changed to {he following

The idea of the first game is for you to look how the weights
are set on the pegs on my balance scale and then to  make the same -- °
problem by pulling the weighis -on the pegs on” yours. You want it to

.+ > ‘e the same problem in two ways. You want the same number of

' weights on each side of your scale as [ had on my scale, and you want

the weights on each side of  your scale to be the same distance from

the center as they  were on my scale....
Later in the instructions, children were again told that they should "watch closely to
see how the weights are set on pegs - how many there are on each side and how tar
from the center the weights on each side are.” Finally, at the end of the instructions,
children were asked to indicale the two ways their arrangements should be like
the experimenler’s. This was to ensure thal they understood what they had been
told. The few children who did not understand were again presented the
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instructions and asked the identical question untit they could answer approprialely. .

In all other ways, lhe procedure was the same as that used in Experiment 3b, with a
15 second viewing period.

-

. Once again, as 'shown in Tables 7, 8, and 9,*the results differed hardly at all

~from those of 3a and 3b. Telling children what t0 encode does not reduce the
discrepancy between their encoding of weight end distancey nar does it improve: -

their performance on the predil}lions task,

. ———

Tabtes 7, 8, and 9 about here

T ———— ;- - -

Experiment 3d. This time, chifdren were told not only what to encode, but also
how to encode it. If "the problem lay in the inability of the younger children to
correctly encode distance, or 10 handle two dimensions simultaneously, then
perhaps direct instruclion might help lhem. Ten children of each age group were
given the following additional instruclions during Ine encoding trials:

You do it like this. First you count the number of weights  on
this side - one, two, three, four. Then you count the number of pegs
‘the weights- are from the cenler - first, setond, third. 50 you say

—t0o yourself ‘four weights on the third peg.’ Then you would do the
same for the olher side - one, two, three, four, five welighis on the
first, second, |hird peg. 50 it wodd be five weights on the third peg.
Then you would say 'four weighls on l|he third peg and five weights

. on third peg.’ Then you would put lhe right number of weights on
the right pegs on each side. Lel’s practice one.

This was followed by seven praclice trials on which the child received feedback
on the ¢orrect counting of weights and distances. This = procedure was expected
to reduce or eliminale the weight-distance discrepancy for the younger
children, but since the older children presumably already knew how and what to
encode, i was fnol expected to affect their performance. No effect was expected on
the predictions performance of either group. All of ‘these expectations were

-confirmed. Table 7 shows lhat Ihe younger c_hil'dren performec'l equallpfwell on weight
" and distancg, and that the older children performed, as before, better overall, but

with no weight-distance discrepancy. Tables 8 and 9 show thal the predictions
performance of both groups was indistinguishable from previous results.
w )

Experiment 3e. Having finally eliminated the encoding deficit between weight
and distance for the younger children, the question remains as to whether that
deficit really was the cause of the differential responsivendss to instruction that
we initially set out to explain. In this final experiment, the same children who

participated in Experiment 3d ‘were given the conflict training sequence used in.

Experiment 2 a few days after they completed 3d. According to the encoding
hypothesis, both older and younger children should now benefit from experience
with conflict problems that previously had benefitted only the older children.
Following the training sequence, the predictions test {without feedback} was again

r
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given to the twb ,groups. The results of this post-training predictions test are

shown in row 3e of Tables 8 and 9. Note that rows 3d and 3¢ are based on the.
_same set of "subjects at different times. The sequence of ~manipulations and }heir

corresponding resulls were: i) Instructions about what and how to encode, ii) encoding
task [Table 7, 3d], iii) predictions task [Tables 8 and 9, Sd], iv} conflict training
with feedback, a few days Ialer, v) repeat of predu:Iwns task [Tables 8 and 9, 3el
Comparison of rows d and-e ,in Tables B and 9 shows Lthat training now
aided both age groups. Although thefe appears to be a slight advantage dverall for
the older children, there were n significant effects for either age-alone, or an
age-problem type interaction. It septrs ctear then, that the qualitative ditferences in
responsiveness fo training were eliminated by priof training in encoding.: Although
the younger children did not benefit 'as much as the older, it should be remembered
that their encoding performance also did not reath -the tevel of the older children.

Representing the encoding process #

Let us return to the issue of the appropriale-hrepresenlaliOn for khowledge
about the balance scale. The results of Experiment 3 provide strong support for the
encoding hypothesis: younger children clearly do not tend to encode the distance
dimension in this task. Without such encoding, they can derive little bendfit from
the instruction series. However, if gwen careful and explicit instruction on Tncoding,
they do begin to do it correclly, and such improvement subsequently enables( them to
benefit spontaneousty from a training sequence. How can we repregent this
phenomenon? ) .

-~
1

One desirabte property of a good representation for this situation would be
an explicit model of the encpding process. This would require replacing the
unmotdetled encoding operators of the kind used in the production_ e‘.:,/e‘.tel‘l'lI for Pam
(Fig 4) wilh eﬁ:lﬁcll productions thal scanned the" stimulus and returned gome

.encoted représeMation.” Another requirement would be a general self-

modification capacily wilh two distinguishable capabililies. One capability would deal

-

with the construction of procedurgs lhat directty followed instructions, as did the-

children who ‘were told how to encode by counting. Another capability woutd
represent the rule-induclion or concept formation procedure that ubderlies learning
from the training -series.Pam’s production system is at least migimilly sensitive

to feedback about the correctness of Ihe current hypolhesis; much more’ remains to -

be done.

The construclion of such a model would necessilate further specific
assumplions about the precise nature of the intormation processing that goes on in
thqs situation, and such assumptions would have to be independently tested in other
experlmental paradigms. Such exlension might include’ reaction time studies that
compared conventional represenlations wilh ‘their symbolic equivalents (to bypass
the encoding stage), reconstruction memory for just- predicted probtems. and more
general rule mduclIOn lasks. .

w

O

33




)

Children’s Knowledge : draft & - ' - 32

-

-

. Tvpes of Knowledge in the Human Information Processing System

L] . “ -

. ) . N -
Our expiorbtion of the issues surrounding the evaluation of different

representations for knowledge has revealed that it is possible to distinguish -

between several different types of knowledge. The suitability of = representation
‘depends upon the particular type of knowledge ' in which we are interested. In

this final section, we will briefly indicate what appear 10 ys to be dislinclly
different kinds of knowledge. The order in which they are described corresponds
roughly to their degree of permanence and stability in the humin information
processing system. ) : ‘ '

iK1: knowledge about the momentary state of aftairg. This is the knowledge
represenled by the elemenls in STM in a productlon 'system, 'or in the more
general concept of "active memory” in other cognitive theories. In a production

system, all the produclions are continually attempling to recognize familiar elements .

of K1, and to act upon it through modification. K1 represenfs what is "going on" from
one moment to the next. It contains information about the environmeit that has been
produced by encoding operalions, and by the actions of sahsfled productions. - It
constitules a record of the system’s immediate pasl .

K2: Knowledge abdut how to do a task or soive a problem. This type of
knowtedge is represenied by decision trees of the sort used in Figs - 1 and 3, or by

the productions in a production system. The knowledge in K2 lyplcaily consists of .

tests for the type of knowledge represenfed by K1. A production system
provides a convenient and flexible représenlalion for K1 and K2. However, many .of
the explicit assumplions in sugh reptesentations " have no particular psychological
relevance,. while dthers, allbough important, not be amenable to independent
experimental vermcalwn Thus the, evalualion” of produclion system representations
for K2 resits upon mulliple level £Onverg|ng empirical measures, including globat,

responses, protocols, and reaction limes. Allhough many particular assumptionsf may”

be wnverifiable, the integrated belavior' of the total system can be observed and
evaluated. :

K3 knowledge about hbw to descrllgg K2. A frequently discussed issue in
developmental psychology concerns the relalive validity of explanations wversus
performante{ct. conlroversy' between Braine, 1964, and Smedslund, 1965). In our
experiments we found {hat the two forms of measuremen! wers highty correlated,
although they did reveal some interesting differences in the Model 111 children. It
would seem that all ~explanations tasks require that the child have a type of
knowledge that is distinct from performance knowledge as such, although it is rarely
‘modelled or represented explicitly in psychological theories.

1
-

K&: kripwledge about how to modify K2 and 'K8. THis is the knowledge
required for Both learning in the long term, aggl immediate self ~modification according
to task demands. Some of the general properties of representatibns for this sort
of knowtedge have bgen discussed by Klahr (1976a,b) -'and Newell (1972a). The
content of K4 would be a lheory of learning, and it _would be premature {0 even
imply that such a full blown theory is near at hand. However, recent and on-going
work wifh ‘self-modifying productipn systems suggests that thig is a very promising
form of representalion for K4 (Newell, 1976; Waterman, 1974}

34
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N K5: knowledge about how tag interpret the knowledge stated at .the other
levels. This ~knowledpe. would intlude, in the case of a production system
representation, all the rules that the interpreter has to have in order to run a
production system. It is the base level knowlegge in the system, presumed to be
dunctionally equivalent to the "basic system architecture. It is probabiy inaccessible
to introspection, 0r to  instruction, although it may undergo development.

Conclusion

Representation of childrens knowledge requires that we make testable
assertions about both the basic encoding of the envlronmenl and the processes
that~ operate on those encodmgs Cognitive developmenl and instructional
procedures involve changes in both the encoding operators and the rule systems.

. Instruction wil! tend to be ineffectiver if the instructional situation Is encoded by

. the learner In a manner that is unexpected by the instructor. In a limited domain,
we "have demonstrated that such misencoding was indeed occurring, that we could

locate the point of difficulty, eliminate it and have instruction proceed as we expected

it to. . <" at

From a broader viewpoint, we have tried to show that the appropriate -
represenlahon for kpowledge depends upon the goals of the scientific endeavor.

__,_.lefereni Kinds of knowledge are best represented by different formalisms, and are
best |nvoallgaled by different empirical procedures. This pluralistic view of knowledge
representatiom may facmtale aur -underslanding of, and influence upon, what it is that
children know

Aml
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on posttest for I:hi‘ldren us:ing diff?rent modc;.ls .
Predicted |
Problem Type Models - 'nevelgpﬁmentgl Trend
1 nom W >
Balanée' 106 100 'ioo 100_ No change--all children
At H ‘st high levels '
A . , : '
Neight ‘h” 190 - 100 100 100 N ciangé--ail children-
l |'H: 'H"I l at ‘izigh level
Distance ' Or 100 . 100 100 Dramatic imprﬁvéﬁént"
| " (Should ‘ : with age S
EIES I . T
N - .. i
"balgn;e") / 4
Conflict- 5\100 ; 100 -b33- 100 ‘ Deéline'with age
welght - _(Chance o Po§sibie vpturn in -~
Hi‘ l l HI S r;s:pondin . olciest group
GOnflict- 3 00 B 33 ”“106- '-51mprovement with agér
istance (Should (Should (Chance \ ¢ |
N . say say reSpondlng) . Id
]$|| \ i' I ';i'igpt "right | E L
) down) -do_v.\_m"')
_t"":onfl.icr,- : \ o 0 33 100 Imprgvément‘with age
\Bgiance (Should (Should (Chanca ‘ '
R\f . say say ¢ reSpondznb)
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Table 1

& .

‘Predictions for percentage of correct answers 'and'_erro_r pat;tenis
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‘ " Table 2 %%
b Developmental trends observed and predicted
) on different problem-types in Experiment I
e i, .. . (percentage of problems predicted correctly)
~
" Number of ) Predicted Developmental |
each type Problem Type Age Trend (From Table I)
Grade K-1st  4th-5th 8th-9th -11th-12th
Age (years)  5-6 9-10 13-14  16-17
Mean age (mos) 73 120 - 169 207
4 Balance 94 99 99 100  No change--All children
r . - A - - -
at high level
4 T Weight 88 98 98 98 . No change--All children
el at hi!( level
4 . Distance 9 78 81 95 Dramptic improvement
- -with]age
. v — ;
6 " Conflict- . 86 74 53 51 Decline with age--
~weight Possible upturn for'olde
6 " Conflict- 11 32 48 50 Improvement with ag L
distance
. 6 . Conflict-. 7. 17 26 40 Improvement with age -
_ balance ) .
. . ] /‘-j ‘ . R
Weighted . 46 61 62 67 i
mean % R AR
% " A4 -
RN ¢ : o
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Table 3 -

Number of children fitting each "model

"

Age B ;-!— . 111 v Unclassifiable
5-6 23 0 0 0 7
9-10 3 9 12 z a
13<14 3 7 17 1 2
16-17 0 6 19 5 0
Total _ .29~ " 22 48 8 13
a/’,“ r.-"-.‘-.-.‘ -
J LY




Table 4
Nunber of children in Experiment 1 fitting each model--

predictions and explanations criteria

Rule by Predictions Criterion .
- - 2
) ¢ 11 111 1v
Rule ’ ' 1 23 1 o

0
by _ I . o0 7 1 0
Explanations 111 o 13, 46 0
Criterion 1v 0 o 0 8
n |
‘ ¥
. S
§
ll\
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J ) r
o e . s |
, ' T Table § - . ‘
§ ) - Number of children using di.ffere‘n.t models--Expéfimeﬁt 2 |
§] . . - 1
. Model 1 Model 11 Model II1 Unclassifiabl
. Control R N 0 0. o2 |
S-yea:-oldé " - Distance training 3 | 7 4 1 2.
. ~ Conflict training s . .0 0 5
) 5's Total 16 4 1 9 .
Control 5 3 0 2
8-year-olds Distance traininé 0 8 1 1
" Conflict tra'ining 0 2 5 ‘ 3
8's Total 5 13 6 6
Grand Total ‘ 21 17 : 7 . 158
;
'8 ’ "

3 . ) 3 |




Table 6
Pam on tréiniﬁg sequence, and predictions from 4 models

Problem 0 Prediction

. MNumber ‘Configuration Type 52 feedback IV II I III-A Criterion
1 020070200 L L L B L N
2 002070200 B B B B B B
s - o020/300 + @ " R - L R R R
4 0003/0100 W L ' L L L L d.
5 0200/0400 o L .- R R R L
6 010272010 B B B B B _B W
7 0003/0020 cD L - R L L L
8 010070200 - ocW L -~ R R R L d
9 0040/1020 cw L L L L L W
11* 000172000 W R R R R R
12 omsneo @ L - R L L L
’ 13 0120/2200 cD L L R R L d
14 0200/1300 oL - R R R L
15 . 0002/0010 o - R R L L R W
16  0023/1110 cw. R - L L L L -
7 & 1 1
Pretest .
A | 100/100 D L ' | L
2 0107300 W R R,
3 100/200 cD R R
4 010/Q20 W R R)
5 020/002 D R R :
6 2007400 c R R .
v -y
7 1007200 co R R
8 030/020 WL L '

*Note: Problem 10 was omitted
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Percentage of éorrect encodings--Experiment 3

S-year-olds - 8-year-olds
‘ Weight Distance Weight Distance
Experiment - Encodings Encodings Encodings Encodings
! 3a 51 16 73 56
> 3 . sa 9
3¢ - s4- - . 19 to 64 . . 73
3 ! - <
¥ 52 51 72 . 6
v N
%
Y
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Table 8

Percentage of correct predictions--Experiment 3

2 2 2, 6 T 6 6

Experiment Age " Balance Weight Distance _Conflict~ Conflict- Conflict- .
. Weight ~ Distance  Balance

S-year-olds’ . -95 100 8 100 2 0

3a e ‘
8-year-olds 98 100 s . 100 0 0

- : ’ ? ,
3b 5-year-olds 85 . 85 18 92 8.2
Y "S-yeat-olds 72. 90 18 72 12 15
w 3c ' ) s' ) ‘ P B - A
8-year-olds =~ 100 98 . 30 90 20 .0
- (—/ Fl i

S-year-olds = 72 92 22 ; 8 17 6

3d : ‘ » .
§-y'eai"-olds 100 100 22 1003 0 0

’ - . EY \

S-year-olds - 93 89 = T2 89 33 0

Je . ;

_ 8-year-olds 100 100 <« 94 67 S0
—" . ! * - .
\ -
)
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L] N w
: _ T Table 9
i Y . - ; N R . -
- Number of children using different models-«Experiment 3 -
£ . .
Rules Used
Experiment ’ I II I * Unclassifiable
-~ 5-‘);ears 9 .0 . 0. 1
Ja ' . _ - . .
' 8-years 8 - R | l0 . 1
% ° S-years 7 0 0 3
S-years | 7 0 ' 0 3
3c . , ' _ .
8-years 6 2 1 1
-~ © .Siyears . 6 0 0 4
3d ‘
‘ 8-years -6 1 .0 3
5-years | 3 4 2
3e : . N - ' . -
8-years o 3 - 7 ‘ 0
i
—_ - —_— - ' L] *
. Sy
. j‘t.
/
' /\-—J"
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.o Figure Captions oL
Figs and Tables ' ‘ ) L ' - ‘
Figure 1 - ———PDPecision tree representations for four _ , . .
_ models of balance scale predictions - ' | ' o0 .
Figure 2 Prodoction system representations fOr b
. four models o
Figure 3 Detision tree representation for Pam's : . '
K prediction model .
/ Figure 4 Production system for Pam _ .
. o8
Figure 5 Trace of Pam’s production system running. on

a conflict-distance problem
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Model II-

Distance
Same?

Distance
Same?

Greater Weight

Greater
Distance Dowry

Q

- - ¢111)
T~ L muddle
Ithrough,

A e S——

Torques
Same?

grenter Torque Dowﬁ




Fig 2 ‘

Model | S o
P2:((Side X more W) --> (Say X "down"))
Pl{(Same W) --> (Say "balance")) '

Model 1}

‘P3:{(Same W) (Side X more D) --> {Say X “"down"))
P2:((Side X more W) --> (Say X “down") , ’
P1:((Same W) --> (Say "balance")) f

Model i1 . o
PS:(Side X more W) (Side X more D) --> (Say X "down™)) - . !
Pa:((Side X more W) (Side X less D) --> muddle through) ' e
P3:{(Same W) (Side X more D) --> (Say X “down")) : '
P2:(Side X more W) --> (Say X "down™) . /

. P1:((Same W) -7> (Say "balance™)

Mode! IV :
P7:((Side X more Torque) --> (say X "down*}}
P6:({Sdame Torque) --> (Say:"balance"))
P5:{(Side X more W) (Side X more D) --> (Say X "down"))

- PA*((Side X more W) (Side X less D}.--> (get Torques))

P3:{(Same W) (Side X mpre D) --> (Say X "down™)) - )
P2:{(Side X more W) -1> (Say X "down")) '
P1:{(Same W) —-> (Say “balance™))

Transitional requirements’ ‘ /
Productions Operators ' A
. \ . , : /

1->11 . add P3 add distance encoding and ) /

. s . comparison / .
L->1  edd P4, PS5 ‘ ' .
1 -> v modify P4, add lorque computation and L )

add P6, P7 comparison 3 .

! {
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N o . 0 . . -Illbigllz ) )
' f ' ' . weight: any single peg, n >3
‘ &istance: 3rd of 4th peg -

»
.
? big D big W big <criterion>
. down down down '
o 8,13,15 3,4 7,9,12,16 (weight)
- _ 5,1 (d1st) )
<criterion> - ‘ .
" gnitially: weight , . ,
. after any neg. feedback: _ ‘ .
weight « distance " ’ ’ . N
or distance + weight .

Pigure 3 ,
Model III - a
' : /
L ’ . / (Pam) :
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Figure 4. PS for 111-A ,
.. ' S
’ . .

D1{CLASS wgt dst) D2:(CLASS wgt dst) =

P1:({(pred) (wgt same) --> {made *4) {expect balance even) say.b)

P2:({pred) (wgt more X1) =-> {made ¢3) {expect X1 down) say.d) ' ¢
P3:{{pred) (wgt sgme) (dst more X1) --> (made s¢) (expect X1 down) say.d)
Pd:((pred) (wgt more)(dst more) --> find.big)

pS:{{pred) (criterion D1)(D1 big X1XD2 big X2) --> {made #3) (expect X1 down}say d)
P6:({pred) (wgt big X1) --> {made #+) {expect X1 down) say.d)

P7:(pred) {dst big X1} --> {made *+) (expect X1 down) say.d)

P8:{{pred){D1) abs --> ATTEND) o

el:i{(expect) --> Iook)

e2:({expect x1 x2)see x1 x2) --> (did ss)(see am=> saw)resull, correct))
ed:((expect x} x2)see %1 x2) abs (see) --> {did tt){"se_e'--ﬂ saw)result wrong})

swl:{{result wrong)(criterion dst) --> {old h?}(dst' waw> wgt))
sw2i((result wrong)criterion wgt),--> (old #s}wgt ===> dst))
sw3:((result correcl){crlterion) --> {old %)) :

find. blg {OPR CALL) jreturns {wgt|dst big feft|right), one or two such. .. -
Iook {OPR CALL) ; looks for result of balance tipping. _ \ . )
; returns (see lefiright down) o
a“end (OPR CALL) ; initial encoding of same or difference on
weturns (wgt|dst same|more iefl|right)

t & wgt




Figure 5. Trace of Pam's produchon system runnmg on problem 7.
{0003/0020). . .

Cycle 1 . _ ' o o =~

- $TM: ((PRED) (CRITERION WGT)) el g

_ TRUE: P8: ((PRED) (D1) ABS =-> ATTEND) . '

Output f%om ATTEND (i‘nput o STM) w (wgl‘more lefl)(gist morp right)

" Cycle 2
_.N STM: ((DST MORE RIGHT) (WGT MORE LEFT) (PRED) (CRITERION WGT) ) -
-+ CONFLICT.SET: (P2 P4) -
TRUE: P4: (PRED) (WGT MORE) (DST MORE} ~-» FINDBIG) .
Oulpul from FIND.BIG (input to STM) => (dst big.right)(wgt big left) . C

- Cycle 3 T N
Lo R STM: ((WGT BIG LEFT) (QST BIG. RIGHT) (F'RED) (WGT MORE LEFT) {DST MORE RIGH
-F{CRITERION WGT)) . ) N
) CONFLICT.SET: (P2 PA PS P P7). . . .
{ " CONFLICGT.SET: { P5) AFTER SPECIAL.CASE ORDER . g
CONFLICT.SET: (PS5} AFTER STM.ORDER '
" TRUE: P5: {{(PRED) (CRITERION Dl) (D1 BIG Xl} {D2 BIG XZ) -->‘ (MADE :t) (EXPE
. CT.X1 DOWN) SAY.D)
T €
seexxxsxs LEFT down

Cycle 4 l
STM: ((EXPECT LEFT DOWN) (MADE" (PRED}) (CRITERION WGT) (}NGT BIG LEFT) (DST/)
~BIG RIGHT) (WGT MORE LEFT) ([}ST MORE RIGHT))
TRUE: E1: ((EXPECT) --> LOOK)= ’
. Output fron LOOK (input to STM) > (see nght down)

Cycle 5 ' -
STM: {((SEE RIGHT DOWN) (EXPECT LEFT DOWN) (MADE (PRED)) (CRITERION WGT) (W
GT BIG LEFT) (DST B8IG RIGHT) (WGT MORE LEFT) (DST MORE IGHT”
. CONFLICT.SET: (E1,E3)
TRUE: £3: ({EXPECT X1 X2) (SEE X1 X2) ABS (SEE) --> (DID t*) (SEE =rx> SAW>
{RESULT WRONG))

Cycle 6 ‘ ‘ '

.STM: ((RESULT WRONG (DID (EXPECT LEFT DOWN)) (SAW RIGHT DOWN) (MADE (PRE r
D)) (SRITERION WGT) (WGT BIG LEFT) (DST BIG RIGHT) (WGT MORE LEFT) (DST MORE R
IGHT))

TRUE: Sw2: ((RESULT WRONG) (CRITERION WGT) --> (OLD ##) (WGT w==> DST»

Cycle 7
*  STM: ((OLD (RESULT WRONG)) (CRITERION DST) {DID (EXPECT LEFT DOWN)) (SAW
RIGHT DOWN) (MADE (PRED)) (WGT BIG LEFT) (DST BIG RIGHT) {(WGT MORE LEFT) (OST
MORE RIGHT))
[
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Children’s Knowledge

00400

00500
00600
00700
00800

" 00900
01000 .

01100
01200
01300

01400

01500
01600

© 01700

01800

- 01900

02000

. 02100

02200

02300 -

02400
02500
02600

-02700

02800
02900
03000
03100
03200
03300

© 03400

03500
03600
03700
03800
03
0400
04100
04200

04700
0

Y
Appendlx A . I
S

Appendix A. Protocol excerpts of S-year old on traing sequence.

T1 0001 /2000 4:46 .

E. Okay. Let’s put these two here, and this one here.

S. This side will go down {points left).

E.  Which side? Touch the side that will go down.

S. {touches left side)

E. Okay. Let’s see if you were rught [Ramwes blocks. Scale tips: ©
left-up;tight-down.] Were you right? . s

S. {(nods no) ‘

E. Whuch side went dOwn"

S. (points right) . ‘

E. Okay. Why do you think thal was? Why d!d you th!nk before this side

" would go down? ;

S. 'Cause that one {points 1eﬂ) didn’t have.as much as lhat one (poinls
right). . .

E. Uh-huh. But what actually happened?

S. " Thig side went down because that one’s heavier (points right).

T3 010011000 6:10

E. Okay, Wha! .do you. thunk will happen th!s time?

*S.  They will both stay up.

E. Why do you think that?” - ~

S, “Cause they are bofh the same.

E. Let’s see if you a%'lghf [Removes blocks. Scale tips: Left
down.] Were you right?

S. {(nods yes)

E. -You were? Look. Do th ey bott..Are they balanced? Is it like it was

* - before?

S. Well, why aré they both the same thlng and one's up and one’s down?

E. Why do you think that is? ,

S. 1don't khow. N -

T4 0020/0020

- 700 S

E. Okay. What do you think will happen this time?

5..  The same again.

E. - They will stay the same again. Why do’ you think that? ’

S. ‘Cauge. Wait a minule. ll wonr’l,

It-won't? - ’ :

"Cause this orie (points left) is “closer to th:s one {points to fulcrum)

‘ “Aag_this one (points right) is closer to this one (points te fulerum).
., 50 whit.will happen? S ‘

S. Phis side (points right) will go up. : /
E. This side will go up? ’
S Uh=huh,

Okay. What do ‘you mean by up“" Point which way it will go,




oy,

. n\wdren's Kﬁbwlédge ' ) i '
~ \\ e, ' . ’ . \-\

+
8

05400 S.
05200 E.

. 05300 S.

05400 .'E.
05500 S.
05600 E..
05700

05800 S.
05900 E.
06000 S.

Appendix A ‘ 2

I think...
Whlch"
.. it will go down \1—() :
Thls side will go dowr-{points left) ?
Uh-huh.(Nods "yes™) ‘ ; ™~
And this side ... and so it will be like this tilts balance
manually : Iefl-dOwnirlghl-up)
Uh-huh. .
Is that right?
Uh-huh,

06100 E«s\Okay, let’s see if you are right. [Removes blocks. Scale tips: "

06200
06300 S.
06400 E.

06500 S..
06600 E.

0670 .
06800 E.
06900 S.
07000 E,
07100. S.
07200 E.
07300 S.

- 07400 E.

07500
07600

- Q7700
" 07800 T6

07900
08000 E.
08100 S.
0820
08300 E.
08400 .
08500
08600 E,
08700 S.
08800 E.
08900 S.
09000 E.
09100

" 09200

09300 T7
09400
09500 E.
09600 S.
09700
09800
09300
10000 E.

a right-down] Were you right?

{nods no)

What happened?

This went down {points right),
Why do you think that is? .
[ don’t know! . ' ' ) . 1
Well, think about it." . ) ' :
Ummmm, < S : .
Okay. ~ ‘ ' '
I just don't know why.

You jus! don't know why.

Uh-huh,

Weli, we'll keep on working and maybe you‘ll figure it out.

0102/2010 9:43 o v
Okay, what will happen on this one?

Yes. This side (points right) will both stay the same (points to r

both sides). .

Let’s see it ..Why do you lhink that?

Because they both look the same. One is empty in the middle and
one is empty in the middle.

Okay. (scale balances).Were you right?

(nods yes)

Uh-huh. You were. That's rlghl

I was right!

That's right.

02Q0/2000‘ 10:25

R

All-righty. Now, what will happen this time? -
This side (points left) is .farther away from this, (indicates
fulerum) and this side (points right)is closer to this. \
(indicates fulcrum) So, I think this side i

ts left) will go
up. And this side will go down (points right),, . . ' _
Lets see if you are right.(removes blocks:left-down you right?" )
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; . Children’s Knowledge Appendix A . ) 3
10100 S.  Huh-uh{no)
10200 E. What happened?
10300 S. {points ieft, center, right and up)
10400 E. What? ' -
10500 S. This went up {points right} and this went down (poinis left). ' p
‘ 1060 1 thought this would go up (points left). '
10700 E. Okay. Try to figure out what's happening. - .
10800 S. H'm. Idon't know why. I #
10900 -E. Well you just keep on trying to figure out, ' '
11000 T ‘ -
11100 . N '
11200 . .
11300 E7 0003/0004 26:46
11400 . . "
11500 S. [I'm ready. Ha, wait a minute. I forgot. I did it wrong- I gotta tHink
11600 .{can't hear). This is four. This is three. This one will g0 down

11700 “{points right).
11800 E. What do you think would happen if we put one more here? Whal do you

11900 think would happen? [0004/0004]
. 12000 S. Both stay the same. This dne is crooked a Iittle bit (ad)usts right
12100 weights). . .

12200 E. What do you think’ll happen?
--12300--.5, Stay the same. :
Y2400 E." Yeah? Let's see if you're right. [Removes blocks, Scate fips

12500 right<down, with sharp rap!as it hits table.]Did they?
21260075 No! : : ' :
o 12700 E. No? No, they didn't, Oid the
| 12800 S. .Plunk. Plunk. .
12900 E. Plunk! Why do you think that\was?
13000 S. 1don't know. They both had fhur. See, one-two, {counts left) one-two
13100 -three-four; (counts right) onettwo-three-four. .
13200 E. They both have four. Js that what made this side go down 50 much -
13300 and this side go up 50 much?
T3400 S. No. ‘
13500 E. What do you think it was?
13600 S. Idon't know.
13700 E. Think about it. What could it be?
13800 S. 1 just don't know. .
13900 E. Just don't 'know. Look at it for a moment and {ry to figure out
14000 _ what it could be. Real carefully. \
~114100 S. This one is far away (points rlghl) and this one! is close (pomts
14200 left). . \
14300 E. Okay. Have any dther ideas? | i
14400 S. Unh-unh (No). o
14500 ' ‘ , . v
14600 ‘
14700 E8 0003/3000 28:40
14800 |

14900 "E. Okay. Now, want to make up another problem?
15000 S. - Unh-huh.
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15100
15200
15300
15400
15500
15600
15700
15800
15900
16000
16100
16200
16300
16400
' 16500
16600
16700
16800
16900
17000
17100
17200
17300
-4174800
17500
17600
17700
17800
17900
18000
18100
‘18200

18300 -

18400
18500
18600
18700

18800 °

18900
19000
19100
19200
19300
19400
19500
19600
19700
19800
19900

»wme»m

m o me.m

»omo

E9

,‘!11

omoumnon

w

wmem

wmem

m

Okay.
TFhis one is gonna be a good one. Stay the same.

* ¥ou think so?

Uh-huh, ;

Okay, lets see if you're right. [Removes blocks Scale baIanCes]
Were you right?

Uh-huh!

Yeah, you were. - '
I'm being right and right and right, but one time 1 was wrong.

-

0003/0003 ° 29:26 - - N

[Requests information on how scale workss, and \
about what would happen on this trial}

There's three, and this side (points rlghl) would go down, | guess.
That side would go down? .

And this side would go up (points left).

Why? ‘

Because this is 1a.r/away (poipls right) and this is close {points left).
So | thirik i} would. _

Think so? . i

Uh-huh, ~ . : '

Lel's see if you're right.

Ohh! Right!

What would you do to make it balance, now? [S: starts
to move scale manually to balance position] No..I mean by

moving the little..little circles around. What could

you do 10 make that balance?

This three here (points to right, first peg). and this three stay

here {points left). [0003/3000] }

Let’s see if thal's right, what you do.

1 have to hold this up. (lifts right side and moves weights). [0003/3000]
Are you right?

{nods yes)

What would you do t0 make the other side go down?

Whoops. [3000/3000] That side wili go up. [points right] Whoops, there.
Why does that \happen" )
Because that one's far away (points lelt} and Ihal one s close (pomls
right).

I see.

But if | both had them far away. [3000/0003] Both sides would go
down. {giggle) They balance. *
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Appendix B

Trice of ps for Model 11I-A. on four problems
>;run on problem 5. assume criterion set to distance
> {0200/0400)

a STM: ((PRED) (CRITERION DST)
TRUE: P8: ((PRED) (D1) ABS --> ATTEND) .
ATTERDING - INPUT NEXT STIMULUS = >(wgt more riahl)(dst more

1. STM: ((DST MORE LEFT) (WGT MORE RIGHT) {PRED} (CRITERION DST) )
CONFLICT.SET: (P2 P4)
- TRUE: P4: {(PRED)} {WGT MORE) (DST MORE) --> FIND.BIG)
ATTENDING - INPUT NEXT STIMULUS = >(wgt big rightdst big le

2.-STM: {(DST BIG LEFT} (WGT BIG RiGHTl (PREO) (WGT MORE RIGHT) (DST
~T){CRITERIQN DST))
CONFLICT.SET: {P2 P4 P5 P6 P7) .
CONFLICT.SET: {P4 PS) AFTER SPECIAL.CASE.ORDER
CONFLICT.SET: (PS) AFTER STMORDER
TRUE: PS: ((PRED) (CRITERION D1) (D1 BIG XI) 102 BIG X2) --> (MADE
CT X1 DOWN} SAY.D)"
. {
sxxkkexkkx LEFT down

6. STM: ((EXPECT LEFT DOWN} (MADE (PRED)) (CRITERION DST) (DST BIG L
BIG RIGHT) (WGT MORE RIGHT) {DST MORE LEFT)) ‘
TRUE: E1: {((EXPECT) --> LOOK)
ATTENDING - INPUT NEXT ST[MULUS = >(see right down)

Al

" 7. STM: ((SEE RIGHT DOWN) (EXPECT LEFT DOWN) (MADE (PRED)) (CRITERIO

ST BIG LEFT) (WGT BIG RIGHT) {(WGT MORE RIGHT) {DST MORE LEFT))-
CONFLICT.SET: {E1 E3) : .
TRUE: E3: ((EXPECT X1 X2) (SEE X1 X2) ABS (SEE) --> (DID ) (SEE =
(RESULT WRONG)) '

PO. STM: ((RESULT WRONG) (DID (EXPECT LEFT DOWN)) {SAW RIGHT DOWN) (
D) {CRITERION DST) {DST BIG LEFT) {WGT BIG RIGHT) (WGT MORE RIGHT) (.
LEFTH .

TRUE: SW1: ((RESULT WRONG) {CRITERION DST) -=> (OLD #%) (DST sea> W

12. STM: {(OLD (RESULT WRONG)) (CRITERION WGT} {DID (EXPECT LEFT DOW

RIGHT DOWN) (MAD (PRED)) (DST BIG LEFT) (WGT BIG RIGHT) (WGT MORE RI
MORE LEFT)
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»now do problem 6. Keep criterion - i
TE: ((0102/20100)

0.. STM: ((PRED) (CRITERION WGT)
CONFLICT.SET: (P8)
TRUE: P8: ((PRED) (D1) ABS ~-> ATTEND) - '
ATTENDING - INPUT NEXT STIMULUS = >(dst same)(wg! same)

‘ 1. STM: ((WGT SAME) (OST SAME) (PRED) (CRITERION WGT)
. ) ' -
* TRUE: P1: ((PRED) (WGT SAME) --> (MADE ¢¢) (EXPECT BALANCE EVEN) SA oL/
L
2T ETI L balanca

- 5 STM: ((ExPECT-BALANCE EVEN) (MADE (PRED)) (WGT SAME) (DST SAME) (
<P - WGT)) ,

TRUE: E1; {{EXPECT) --> LOO

k_‘ATTENDING - INPUT NEXT STIMULUS = >(see balance even)

*

6. STM: (SEE BALANCE EVEN) (EXPECT BALANCE EVEN) (MADE (PRED)) (WGT
ST SAME) (CRITERION WGT))
CONFLICT.SET: (E1 E2) -
" TRUE: E2: (EXPECT X1 X2) (SEE X1 X2) ~> (DID ##) (SEE wew> SAW) (
RRECT))
’ . Ll
9. STM: ((RESULT CORRECT) (DID (EXPECT BALANCE EVEN)) (SAW BALANCE E
.E{PRED)) (WGT SAME) (DST SAME) (CRITERION WGT))
TRUE: SW3: ((RESULT CQRRECT) (CRITERION) --> (OLD #4))

10. STM: {{OLD (RESULT CORRECT)) (CRITERION WGT) (DID (E)'(F'ECT BALANC

{SAW BALANCE EVEN) (MAQE (PRED)) (WGT SAME) (DST SAME))
> :
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>inext problem 7 (0003/0020)

0. STM: ((PRED) (CRITERION WGTY .
CONFLICT.SET: (P8) '
TRUE: P8: ((PRED) (D1) ABS. --> ATTEND)
ATTENDING - INPUT NEXT STIMULUS = >(wgt more left)dst more

1. STM: {((DST MORE RIGHT) (WGT MORE LEFT) (PRED) (CRITERION WGT) )
CONFLICT.SET: (P2 P4)
TRUE: P4: ((PRED) (WGT MORE) {DST MORE) --> FIND.BIG)
ATTENDING - INPUT NEXT STIMULUS = >{dst big right}wgt big le

2. STM: ((WGT BIG LEFT) (DST BIG RIGHT) (PRED} (WGT MORE LEFT) (DST
T) (CRITERION WGT))
_ CONFLICT.SET: (P2 P4 PS5 P6 P7)
CONFLICT.SET: (P4 PS) AFTER SPECIAL. CASE,ORDER
CONFLICT.SET: (P5) AFTER STM.ORDER
TRUE: P5: ((PRED) (CRITERION D1) (D1 BIG X1) (D2 BIG X2) . (MADE
CT X1 DOWN) SAY.D)

SREEEREELL LEFT dOwn }

6. STM: ((EXPECT LEFT DOWN) (MADE (PREQ)) (CRITERION WGT) (WGT BIG L
BIG RIGHT) (WGT MORE LEFT} (DST MORE RIGHT)) i
TRUE: €£]: {EXPECT} --> LOOK)
ATTENDING - INPUT NEXT STIMULUS = >(see right down)

7. STM: ((SEE RIGHT DOWN) (EXPECT LEFT DOWN) (MADE (PRED)) {CRITERIO
GT BIG LEFT) (DST BIG RIGHT) (WGT MORE LEFT*{DST MORE RIGHT))
CONFLIGT.SET: (E3) AFTER SPECIAL.CASE.ORDER
TRUE: E3: ((EXPECT X1 X2) (SEE X1 X2) ABS (SEE) --> {(DID +¢) (SEE =~
{RESULT WRONG))

10. STM: ((RESULT WRONG) (DID (EXPECT LEFT DbWNl) (SAW RIGHT DOWN) (
D)) {CRITERION WGT) (WGT BIG LEFT) {DST BIG RIGHT) {WGT MORE LEFT) (D
IGHTD)

TRUE: SW2; ((RESULT WRONG) (CRITERION WGT) --> (OLD f*) (WGT ===>D

12. STM: ((OLD (RESULT WRONGY) (CRITERION DST} (DID (EXPECT LEFT DOW

RIGHT DOWN} (MADE (PRED)) (WGT BIG LEFT) (DST BIG RIGHT) (WGT MORE LE
MORE RIGHT))

62




A
@

o

Children’s Knowiedge Appendix B a4

>prob B iOlOOIOZOO) notice, this has big dsts but not big wgt
5 ‘

0. STM: ((PRED) (CRITERION DST))
., TRUE: P8: ((PRED) (D1) ABS" --> ATTEND}
ATTENDING - INPUT NEXT STIMULUS = >(wgt more right)Xdst more

1. STM: ((DST MORE LEFT) (WGT MQORE RIGHT) (PRED) (CRITERION DST) )
" CONFLICT.SET: (P2 PQ)
TRUE: P4: ((PRED} (WGT MORE) (DST MORE) --> FIND.BIG)
ATTENDING -~ INPUT NEXT STIMULUS = >(dst big lett)

2. STM: ((DST BIG LEFT) (PRED) (WGT MORE RIGHT) {DST MORE LEFT) (CRI
™ e ,
CONFLICT.SET: (P2 P4 P7) ‘
CONFLICT.SET: (P4 P7) AFTER SPECIAL.CASE.ORDER
CONFLICT.SET: (P7) AFTER STM.ORDER
TRUE: P7: ((PRED) (DST BIG X1) --> (MADE =) (EXPECT X1 DOWN) SAY.D

L]

v

xx2eseeeer LEFT down

6. STM: {(EXPECT LEFT DOWN) (MADE (P?EDH (DST BIG LEFT) (WGT MORE R
T MORE LEFT) (CRITERIQ\I DsST) .
TRUE: E1: ((EXPECT) --> LOOK) : A
ATTENDING INPUT NEXT STIMULUS = >(see rlght down).
rd
7. STM ((SEE RIGHT DOWN) (EXPECT LEFT DOWN} (MADE (PRED)) (DST BIG
T-MORE RIGHT) {DST MORE LEFT) (CRITERION DST)) b .

./

CONFLICT.SET: {(E1 E3) ,
TRUE: E3: ({(EXPECT X1 X2) (SEE X1 X2) ABS (SEE) -=> (Dﬁ) 1) (SEE =
- (RESULT WRONG} !

/J
10. STM: ((RESULT WRONG) (DID (EXPECT LEFT DOWNY) (SAW RIGHT DOWN) (
D)) (DST BIG LEFT) (WGT MORE RIGHT) (DST MORE LEFT) (CRITERIONDST))
TRUE: SW1: ((RESULT WRONG) (CRITERION DST) --> (OLD *#) (DST =w=> W

12. STM: (oLo (RESULT WRONG)) (CRITERION WGT) (DIO (EXPECT LEFT DOW

RIGHT DOWN) (MADE (PRED)) (DST BIG'LEFT) (WGT MORE RIGHT) (DST MORE L
NIL)
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