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.

THE REPRESENTATION OF CHIL' EN'S KNOWLEDGE
David Klahr & Rob S. Siegler

Carnegie-Mello University

this paper we will discuss I o related issues. One issue concerns' the ways
that children from 5 to 17 years. pert' rm a scientific induction task. We will summarize
a series of experiments designe, to investigate questions about 'initial
knowledge, Instructional effective ss, and individual differences in both initial
performance and responsiveness t instruction. The second issue is methodological:
its focus is not on what we can sa about children's knowledge of a task, but rather
on Wm. we can say it. That is, t e second issue we address is the representation
of children's knowledge.

The two issues aretrelated imply befause the researcher's deciFion about how
to represent knowledge plays, a central ree 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, a we believe that it might be worthwhile to direct
_attention to some properties o differen representations and criteria for choosing-
among them.

t Our discussion will mov back a d forth between general conceptual issues
rtand some very specific exa pies of oth empirical techniques and theoretical

statements. This will give th paper rather complex organization, so we will
sketch the structure at the outset: ,

4
.0a

I. From Behavioral to Cognitive Objectives)

First we describe the historical tr/d in instructional psychology that has made
the representation of knowledge a centra issue.

H. Some *Criteria for Choosing a Representation.

Then we introduce criteria that we believe might be useful in choosing and
evaluating different rapresentations. In addition to a set of evaluative criteria, we list
five central questions for research in developmental and instrpctional psychology.

The Balance Sr alS Task.

j
Next we introduce a specific task that has interesting psychological and

instructional properties: a variant of Piaget's balancd scale prediction problem. We
present a formal model - using a particular 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 reference for the remainder of our paper.
IV. Experiment 1: Assessing Initial Knowledge.

Hiving described the formal properties of the task, and some predictions about
the performance of different aged children on it, we th9p- describe our first
experiment. Based upon the results of the experiment, we are able to evaluate the "

jinitial hypotheses, as well as to examine the merits and limitations of the
representation in which the inapt models are stated.
V. Experiment 2: Training on the Balance Scale Task

The initial representation and the associated experiment enable us to make-
certain predictions about the effects of an instructional sequence. In the "second

experiment we explore some instructional issues, and this in turn reveals some
limitations of the initial representation. In particular, we find that older and younger
children who are initially classified by our models as having identical task-specNic
knovAedge, show a striking differential responsiveness to instruction. This present's a
seri° .1,

challenge to our initial representation of children's knowledge. It is clear
that th initial formulation does not telOhe whole story about .differences in task
specific nowledge:

VI. Ravise4 representations for balance scale Knowledge.

A r 'vised representation of the knceedge required' to perform 'at different
levels 1i troduced. The representation is a production system, and some of the
g2neral p perties of production systems are discussed. Then we present an
atalysis the problem-by-Probiem_performance of two children-during a training
sequenc I d formulate a more detailed production system model of the knowledge of
one of gib r The model is actually run as A computer simulation and its eesults
are coMOth with the child's performance. This fine grained analysis suggests
that fhelini encoding of the stimulus may be a crucial difference between older
and younigiit hitdren, and that- this may account for the.results of Experiment -2.

VII. Experi443: The encoding hypothesis

The ding hypothesis states that ifferential responsiveness to Jrainin
between t year old children is due to di ferences in the way that they encod
the balanci to dimensions. The explanatory ower of the hypothesis is tested I
detail in_ExPeOiient 3.

VIII. Types of kixowledge in the human information pro ssing systek.

We contlpiie with a brief discussion of the se rat types and levels s of
knowledge that might be -important in instructional inves ation. Different le Is
of aggregation of. both model and data are obviously app riate for differ nt
scientific 'questions. The direct and explicit consideration of some ways, to repro = nt

knowledge provides useful guidelinbs for further empirical work.
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From Behavioral to Cognitive, 66lectivel

The goal of any instructional effort is the production of new knowledge in the
learner. Over the last 15 years of instructional research there'has been an increasing
emphasis on stating such goals as clearly as possible. The trend was to move Worn
an emphasis on simply describing educational means -.the sequence of instructional
activities - to a prior statement of the desired ends .ofnstruction. . The elaboration
of behavioral, objectives was perhaps the* most extensive formalization of this
trend(Mager, 1962). Behavior" were typically specified in great detail, although
the underlying processes were not.' However, even behavioral objectives have
implicit in them an underlying cognitive theory: behavior is simply an observable
indicator of underlying cognitive proce ;ses.

One well-known normative oder for instruction (Glaser, 1968) stresses the
need to determine the tear er s initiaI1/4 stateas well as the desired end state. In
the original formulations o his approach, both initial and final learner states were
describect.primarify in terms of tasks and subtasks -arranged in a Gagne'-like
hierarchy. There was little mention of 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, wit has focused increasingly upon
such 'cognitive representations (see Resnick 1976, for a summary of this trend in the
area of elementary mathematics instruction).

Perhaps the strongest statement of the desirability and feasibility of
describing the learner in terms of internal psychological representations is Greeno's
view of "cognitive pbjectives7. (1976) argues that cognitive psychology
has now developed powerful -a exible' methods for the representation of
knowledget Using an exam le orn instruction in elementary fractions,
Green shows how two diflered views of the conceptual content of the subject
ratter can be represented explicitly by two quite distinct cognitive structures,
*hich in turn Lead to differential predictions about problem difficulty, problem solving
strategies, and optimal procedures for instruction. Without such a representation,
these predictions might have never been made.

This is essentially the same point stressed by Klahr & Wallace (1976) with
respect to the need for explicit and prec&se models In cognitive development: "a
theory of transition can be no better than the associated theory of what it is that is
undergoing that transition." According to this view, the first step in the
formulation of developmental theories is the creation of a precise model of the
initial and final form of the cognitive process under investigation. Studies by Baylor

-4:1 Gascon(1974), Young(1973), and Klahr & Wallace (1976) provide developmental
models of this type.

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

4
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Some Criteria for Choosing a Representation 1

.7,
i

What consider ations might guide us in the choice of a representatio ?
What kinds of representations are available, and what are their relative merits?
Knowledge representation has become an important topic in41-,ie emerging field of
"cognitive .science" (Bobrow & Collins, 1975) and some initial attempts to address it
can be found in Bobre01975), Secker-(1975), Wore & Newell (1974), and Reddy &
Newell ((974). These efforts constitute the 'first. steps toward a full fledged
theory of representation, and they have already yielded i reasonable set of
dimensions with whith to characterize different representations.

Although such taxonomic systems allow us to classify representations,
they do not make any statements about their relative merits. 'Regardless of the final
location of a representation along the dimensions of impOtance, the ultimate
evaluation of the quality of a representation depends upon the set of questions being
addressed. I

..)
. We belieiie that in the area of 'instruction and development the important

questions are: D

Qt. What are the differences in knowledge that underlie different levels
of task performance? ..... , .:

...Q2. What are the alternative strategies that might-result in any given level
of task performance?

. Q3. for a given level of performance, what is the optimal level of .
difficulty for an instructional sequence?

Q4. What are the critical featurekof an instructional. sequence that
enable It to have any effiact?

Q5. When and why will two learners at the same initial perfckmance level
learn differently from the same instructional sequre?

Or,.to summarize our concerns: what do children know about a task, how do they
learn about it, and why do some know more arid/or team more than others?

Given this set of questions, there are four criteria that' we believe to be most
important I in choosing a repiesenlation: .., .

.
"~

-

a. The -representation must be sufficleni to account fbr behavior. Thus, it
must have a clear mapping onto thb empirical base it is supposed to account for.

,

b. It should be amenable to multiple level analyses. That is, it should be easy
to aggregate and disaggregate the grain of explanation. For the design of well
controlled esapievrts or curriculum design, the representation will have to be
stated in terai of averages across many subjects; it must be a modal form. For
detailed' study of individual strategies and component processes, it must be capable
of disaggregition without drastic revision.

A 6
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C. The representation should conform to the relevant properties of the human
information prcisessing system as determined. by laboratory studies of humeri
processing capacities.

d. The representation should have "developmental tractability"(Klafor
& Wallace; 1970). It shoaid allow us to state both early and later forms of
competence and provide an easy interpretation of each Model as both a

precursor and successor of other models in a developmental sequence (see Resnick,
1976, for a similar viewpoint).

The Balance Scale Task

The., type of balance scale used throughout our investigation consisted. of a
twb-arm balance, with several pegs .located at equal intervals along each arm. Small
circular disks, all of equal weight, were placed on'the pegs in various configurations
(as shown in Table 1), while the balance was prevented 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 sorne,of the questions listed above, several
variations on this basic theme were ointroduced; These included asking children to
explain their predictions, allowing the _scale to move to its equilibriuty
position(thui providing feedbasik about the accuracy of the predictions), observing an
experimenter-controlled series of configurations and their effects, constructing one's
own configurations, and reconstructing initial configurations from memory (the
details of these experinients .are presented in Siegler, 1976).

The basic physical concept that underlies the operation of the balance scale
Is torh\ue: the scale will rotate in the direction of the" greater of the two otorques
acting .on its arms. The total torqued on each arm islidetermined by summing the
individu I torques produced by the weights on the pegs, and the individual torques
are in t n computed by multiplying each weight by its distance from the fulcrum.
Since the .egs are at equal intervals from the fulcrum, and the weights are all equal,
a simpler lculatiOn is possible. It consists of computing the.sum of the products of
number; of Weights on a peg times the ordinal position of the peg from the fulcrum.
This is done fbr each side, and the side wil'h the greater sum of products is the side
thaf -will go down (if they are equal, the scale will balance).

The components of this knowledgqi, are acquired over a remarkably long
span of experience and education; even 5-year olds often know that balances such
a'l teeter-totters tend to fall toward the side with more weight,-while many 16-year-
olds do not know* the appropriate arithmetic Computations for determining the
balance's behavior (Jackson, 1965; Lee,4971; Lovell, 1961). ft even seems likely that
most collegi educated adults could not easily state the physical principles that
underlie the sum-of-products algorithm. Furthermore, for many configurations, there
are shortcuts that eliminate the need to do any arithmetic computation (e.g.,identical
configurations on each arm will balance; if both weight and distance are greater on one
side, that side will go down).

1
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1.

Note that the balance state task shares a common property of many scientific
problems; the universal rule for generating correct predictions is easy to
.describe, and once known, it is easily remembered and executed. However, the
formulation of the rule - either by induction from empirical examples4or by deduction
from general physical principles = is quite difficult.

A representation 'of children's knowledge about the balance scale

The knowledge that children at different leirels, of terformance have
about this task can be represented in the form of.a binary decision tree, as showne

Figure 1. The model of mature knowledge (Model IV) was suggested by a

rational task-arfalysiof balance-scale problems (cf. Resnick,1976); the models of
less sophisticated I,AoY.itedge, (Models .1 HI) were derived from the empirical
results of Inheider and Pietet(1958) and Lee (1971), 'and from our own pilot studies.
A child using Model Lefiends only to the number of weights on each side: if they are,
the same, the child predicts balance, otherwise he predicts that the side with the
greater weight will go down. For a Model II child, a difference in weight still
dominates, but if weight is equal, then a- difference in distance is sought. If it exists,
the greatel distance determines which side will go down, otherwise the prediction is
balance. A child using Model III 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 bottoequal..but on the same side with respect to

' their inequality,then that side is predicted to go down. However, in a situation in which
one side has the greajer weight, while the other has the greater distance, a Model III
child, although recognizing.the conflict, does not have a' consistent way to resolve it.
This child simply "muddles through" by making a 'random prediction. Model IV
represents "mature" knowledge of the task: since it includes the sum-of-prbduct
calculation, children using it will always make the correct prediction. Note, however,
that if they can base their prediction on simpler tests, they dd so.

Figure 1 abO t here

Assessing the accuracy of the representations

We can determine which - if any - of these four models accurately characteilzes
e child's knowledge about the balance scale task by examining his pattern of

-prediitions for six types of problems (see Table 1 for an example of each type):

1) Balance problems, with the same configuration of weights on pegs on
each side of the balance.

2) Weight problems, with unequal amounts of weight equidistant from
the fulcrum.

3) Distance Probleirs, with 'equal amounts of weight differept distances
from the fulcrum.

4'

1
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1 4) Conflict-weight problems, with more weight on one side and "more
distance" (i.e. occupied pegs further from the fulcrum) on the other, and
the configuration such that the side with more weight goes down.

5) Conflict-distance problems, similar to conflict- weight, except that the
Side with more distance goes down.

6) Conflict-balance problems, like,otlier conflict probleMs; except that
the scale remains balanced.

Table 1 about here

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 I would consistently make correct predictions on
balance, weight, and conflict-weight problpni, and they would never be correct
'in -the other three problem types. Childrin using Model 11 would behave similarly
to those using .Model I on five of the six problem types, but they would correct
solve distance problems. Those following Model 1.11 would consistently make accurate
predictions on weigh!, balance, and distance problems, end would perform ,at a rou
chance level on all conflict tasks. Tlcose using Model IV would solve all problems of
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 Interesting is the predicted decrement in
performance on conflict weight problems. Children using Models I or U will get these
problems right even though they do not see them as-' conflict problems, whereas
children using Model ill will attend to the conflicting. cues of weight and distance,
but they -will have to muddle through, and their resulting predictions will be at a
chance level, of performance. Another prediction, shown In Table 1, is that .distance
problems should show a dramatic improvement with age. The youngest subjects -

,A using Model 1 - will get them all wrong, while children using Models [1,111, or W will get
virtually none wrong. By a similar logic each of the problem types yields a I:freckled
developmental course, the results of which are shown in Table 1 (see Siegler, 1976,
for a complete analysis).

Experiment 1: Assessing_inaial Knowledne

The purpose of Experiment 1 was to assess the validity of the foregoing
analysis for a group of children spanning a wide age range

Method
,

Subjects w.ere 120 female students from a private school *I i Pittsburgh.

9
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Fifteen students froM'each of 8 grade levels were grouped as shown at the top of
Table 2.

Materials included a wooden balance scale, 10 different-colored metal weights,
and 2 wood blcFks. 'The balarir scale's arm was 32 inches long, with 4. pegs on each
side of the fulcrum. The first peg on each'side was three inches from the fulcrum and
'each subsequent peg was three inches from the peg before it,. The arm could swing
freely from the paint oLattachment to the fulcrum, four inches above 'the fulcrum's
base. Each metal weight weighed 1.4 ounces, measured 1 inch in diameter, and had a
*bole, in its middle so that it would it on the ,pegs; 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 metal weights on the pegs.. .

0

Children's knowledge was assessed through a 30 item test, On each problem the
experimenter started with an empty balance, the arms of which were supported by the
two wooden blocks. Then the metal weights were placed on the pegs on the two sides
of the balarice scale, and the child waS asked to predict which side would g down or
whether the 'scale would balance irthetwo woedon blocks, underneath the dins of the
balance, were not there. Amon the 30 items were 4 balance, 4 weight, 4 distance, 6
conflict-weight, 6 conflict-distance, and 6 conflict-balance tasks of the types shown in
Table 1.

Children were tested individually in a quiet room in their school. The
experimenter's Initial instructions were:

..... ..4. ..
.

"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 sac% other
(pointing to the pegs) and these pieces of metal that ell weigh the same."

At this point the children were encouraged to hold the weights to see that they
weighed the same amount and to observe the,eqUal distances between adjacent pegs.

I e

Children's knowledge was then assessed by presenting them with lifie 30
problems -described above. TIp problems were introduced with the following-
Inshuctionst

Let's see what you ,know about the balance scale. Ill put the weights on
the pegs in different ways and you tell me whether this side would go
clown..0t this side would go down or they would both stay like they are
now if .I -took the wood blocks away. The balance scale won't actually
move; but you tell me how the scale would go if the pieces of wood were
not there.

...
t.

Following this test, children were asked to explain their responses. Children spent
between 15 arid 30 minutes on the entire task.

Table 2 about here
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The 'percent correct ,predictions for each problem' type by ,each age group is
shown in table 2. A 4(age.) by 6(problem. type) ANOVA? revealed that both main
effects and them interaction were significant (p < .001). Note that the'
developmental patterns are very close to those predicted In -Table 1. In particular
there is" a dramatip' improvement in distance problems and a decrement in
confliCt-weight problems. The conflict- weight prObleals never did show an "upturn,
although performance appears to have leveled off for the older age groups.

vk Not own In Table 2 is the substantial coesistencythat existedin performance,

prediction

items. within each problem type. Only on chn,flict-weight problems did acturate^
Ilrediction decrease-with age, and within this category such decrements occurred On all,
six problems. TJe magnitude of the improvement over aus' n the 4 distance problemo
was unmatched by that on any of the 26 other items. On all eight of the balance and
weight-items, but on no other tasks, was the developmental trend minimal.

With one class of exceptions, the four models make exact predictions about
which ,of the three possible respon;es (left down, right down, balance) the subject
will make on each one of the 30 problem' (the exception class contains the 18
conflict problems for Model III; here the Oecliction is a lack of consistency, i.e.
essentially chance responding). Thus, we can compare the response pattern of each

/c Id to the predicted patterns for each of the models, and classify the child
iccording 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 1,11, or IV, o' less Than once in ten thousand for rule
we were able to classify 107 of the 120 children. The results are shown In Table 3.

Table t3 about here

Children's explanations were also used to determine which ,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 it one of the four models. As shown in Table 4, the two classifications -
one derived from children's predictions, the other from. their .explanationi - were
highly correlated p < .001). All of the 23 children itidged Id be using Model I
by the predictions data were judged as using Model I by the explanations criterion
and all 8 of the children:classified as using Model IV on the predictions .oleasure and
only those eight - were classified as using Model on -the explanations measure as
well. On the other hand, many children were classified as aing.Model II by the
predictions measure who wkre placed in Model 111 by the explanotions measure.

Table 4 about here.

One interpretation of this discreparty between the explanations' and predictions

11
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'criteri that there were some children who used Model III tests, bit consistently
resolve the conflict by relying on the weight cue. Further evident r that children
knew more about he balance-scale than is revealed by the predictions
classification comes fc m an analysis of the co ent of their explanations. Fully
one-third of the ch n adva Ding HI explanations cited 'the ratio
property a conflict-b nce proble one-on the third peg equals thre,i.on the
first peg), but not the composition rule necessary for a Model IV placervient.

.
(

6 Evaluation of decision-tree representations

How welt do the decision *trees used in Figure I represent children's
knoWledge on the balance scale 'task? It appears to fare .well on thefirst and last of
the four criteria listed earlier. It is clearly adequate to account for the predictions
data. The problem type by model analysis provided an exhaustive an

unambiguous mapping between behavior and theory. The forinal retationshfp
between the models is one of ,ntrict inclusion: Model, I. tests are included in Mosfel
IL etc. This logical structure ..predicts an invariant developmental sequence
(although we could not test this directly in a cross-sectional study).

On the other two criteria 'multiple level analysis and integration of
psychblodical parameters - the merits of the representation are less clear. The
data can be 'aggregated and disaggregated between group and individual !oriels, but.'
only two kinds of analyses prediction and explanation -- are described. Additionally,
no statements about psychological - as opposed to logical - properties of the;
knowledge required to do the task have yet been advanced. ,

Another orientation from which to evaluate the representation is to- ash how well
it answers the 5 questions about Instruction and development that were listed abo4e.
Thusfar, it has only .answered QI: the difference between high and low
performers is represented by differences among the four, models. The models are
silent on Q2, which addresses' the issue of alternative paths to the same
performance. This inadequacy was most noticeable in our. discussion of the
idiosyncracies that are masked by the "muddle through' category onMociel.
Since the models do not have any representation for their own . induclion, they are
unable to say anything about Q4, 'which asks bout critical features of the
instructional sequence. However, the mod

bosuggest
some straightfoward

ways to empirically investigate Q3 ( how ifficult should an instructional sequence
be?). and they imply that there should be no diflerences in responsiveness to
instruction, thus providing an assertion that refutes. tint( premise of -Q5. In
Experiment 2, we addressed these issues s sted by Q3'andlii5.

fx_oeriment 2: Training on the Balance Scale 'Task

In the . second experiment, five- and eight -year olds were equaled for
performing at a level not beyond Model I. Thin illeywere,provided with experience
on either distance or conflict problems, or with one of two control procedures.

p

*.

12
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hence problem experience focused on the type of problems solvable by Rule II but
not b Itde 1; it thus was geared one step above the earners' initial level.\Conilict
proble experience, anwhasizing problems not understood even qualitatively, until Rule
III, int-eided to 6e twO.or more steps advanced. According to. Piagetian theory,
the fit between a child's existing 'knoW.ledge and the new 'information presented is a\

. critical determinant of when, how much, and what kind of learning will oUur_
(Piaget, 1971). Support for this view has been found 1:iy Turiel (1966) -and
(1971) in the area I of moral development, and by Kuhn (1972) in class-inclusion
training. Therefore, we predicted that our Model I children would benefit from -

distance problems, while they'vould learn little, if anything, from conflict problems.

As-we already' noted, there is
differential responsivitt to instruction
intuition and empirical evidence sup
adept than youpger ones at mastering
knowledge is equally',1acking (cf. m
we had no Clear grounds Itn---whict to
response to or training sequerites.,

1.

Method

Experiment 2_included,three gments: pretest, experie'nee; and posttest.

. Pretest. The pretest consisted o eight 'items: two weight, two distance, two
conflict - weight, and two conflict-distance. TheAasks and apparatus were. similar to
those used in the posttest in ExperiMent each trial, the child' was shown' a
vonfiibration and asked to predict which of the three possiblstoutcomps would occur if
the wood blocks were removed. There was no feedback during the pretest.

Eieterience. A ll experiential conditions except the *bias control (See below)
included 16 trials on which children wee presented a randomized sequence of various
types of balance scale problems. Children.welle asked to predict what would happen
and why they thought so;hen the wood block' supporting the scale were removed so
that the prediction as confirmed Or disconfirmed. After a 10 second interval, the
weights were removed and placed on the sale in a different arrangement.

leonine( problem experience involved presentation of 6 conflict-Weight, 6
-conflict-distance, 1 distance, '2 balance, and 1 weight problem. Diitance ,problem
experience included 12 distance, 2 balance; and 2 weight problems. Thui, each

experiential condition included prolilents 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 elPmands of the majority of items.

nothing lithe models that would predict
,o4 older and younger children. -But both

e. notiostat older children are more
any novel -,Pr ms on which task-Specific'

& Liettert, 1974,-1 Siegler, 19 5). Thus
base .a prediction abo ge diff ences in

t.

tL

Within the control condition there were two slab- group's: hie 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;
children in this condition -were presented a sequence composed of 1 weight and 2
balance items that would familiarize them with the balance scale's workings but would

13
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not directly engender knowledge of Models 11 01%111. kb ever, this control procedure
might itself bias children tooward a greater eliance on Mo. than if they had been
left untutored. Theirefore4 a bias control was included in w ch children simply

. received the pretest and pOst test. Within e h age group's control condition, one-_half
of the children Were assigned to the eXposur .control and one-half tope

Posttest. The posttest incl y ordeied, np-feed ack pOesentation
o f t 4,items, 4 each of balance, weight, nflict-w ight, c ict-distance
conflict- lance types. The 'skreti"st\took.app inutes, the e -serienct 25
minutes, and the posttest. 1 minutes. Eight-yea ds iven the thre in
success on; five-year-olds were given the pretest.ifte:da a the expeien and
posttest in a second session within the next 48 hours. 77.

Par ticiipants. Pretests were given to 109 children"; 6 kin =r arteners (five-
-olds) and 5 third graders (eight-year-olds), attending ,a middle school- in
ban Pittsburgh\ To equate the initial .knoledge of participants, -chit n whose

fee s were consistent with the distance cue on both distance tasks or on more
than two the six distance and conflict items were excluded from 'further participation
In the. experIMent. This eliminated 21 children--1 male and 1 female five-year-ol
male and 11 ferliale eight-year-olds. An additional 28 children-17 female and 7 19
fiveuyear-olds, and 4 female eight-year-olds--were excluded randomly front
experiential and,posttest phases in order to equate age and sex characteristics of the '\
age ana treatment groups. These children differed in -no systematic way from their
peers who did participate: Finally, the remaining 60 children, 30 Ne-year-olds and 3
eight-year-olds, were randomly assigned within age and sex the three treatment
groups. All groups had equal numbers of males and females except far the eight-year-
old`control group that inclUdeds4 boys and 6 girls. The mea at kindergarteners

-was 70 months (range = 66-75 months), while the mean .CA of ird graders was 106
months (range = 101n1E7 months The experimenter, a, 22 -year Id female research
assistant,served 'for all children.,

.X.'

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, so all control data has been. aggregated over istftqlt them). As sown.. in Table

N. 5, 45 of the-60 children behaved according 1;the models: .21 using Model 1,17 using
Model II, and 7 using Model Ht. A Chi Square est indicated that significant differences

. were .,presen1 in the type of rules used by 'children in fhe six age by'experience
--pews (X2 =45:54, df = 1, p-< .001). More-specific analyses revealed that five-year-

olds more eften used Model I and eight -year -olds, more often Models II or III (X2
12.91, df <s.001), and that children exposed to the control procedure more often
used Mo'del 1 while those exposed to conflict or to distance 'problems more often used
Model H or 111 (X2 = 13.20; df < ,001),

An interactive relationship between type of experience ;and age wak also
apparent. Fisher Exact tests indicited that among five-year-olds, experience \ with
distance problems left to more adoptions of Models II and III than did experience with

,.
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roblenib- or the control conditions (p < .01) As can baleen in Table 5, the

effitt was almost exclusively to promote attainment of Model- 11; no condition led, to
rhe,ny children attaining Model III.' Among the eight-year-olds, however,.both distance
anivontlidsproblem experience led to more adoptions of Modols II and III than did the
COnfrol procettures (p < .001) a onfliclproblem experience led to greater use of

III therLdld the distance probl ms and control conditions (p <.01).
...

Ifisummary then,
training that is only one
However, Oven trainingth
children Idarned nothing,
clear that older and you
experience,\even when they

Table 5 about ere

able-5-sbows--us-thlit. both age groups can learn from
level beyond their. current level the., distance training).
t is two levels beyond.(i.e. conflict training), the 5-year-old
bile the 8-year-olds, benefitled substantially. Thus It is
ger children derived different lessons from the same
had identical initial predictive knowledge about the task.

Revised Re r enlations for Balance Scale K owlet! e

These empirical .results raise questions that --reveal some of the limitations of
the decision tree represeqtation rused.thusfar to represent children's knowledge of
balance scale (asks. Since the four models purport to represent all of what a child
knows 'about the task, they predict that children classified accordink to one of Ihei-
models should be identical on all task related performance, including learning
about the task. Thus, they 'predict 'that the differential resppnsiveness to
experience with conflict problems that weOserved between 5's and 8's should not
ave occurred. OfcoUrse, the models make, this prediction by default,since. they

A`sayq no represenVion of the learning process as such. That is, they contain no
repres tation of the way that positive and negatt,/e information obtained during the.'
training s ence is treated, nor about the ways in which the models might undergo
.trensformatio om one le.,)el talhe next.

. .

Another limitation of the representation is that It allows no way to describe
the many different mesas utilized by our subjectsto arrive at the same end. We have .

already alluded to this in our discussion of the Model III explanations data, and now it
is time 16 address it directly.

-We: need a representation that can accotint 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
perceptual and mnemonic demands of actually using the decision rules. h this section
we will introduce such a representation for childrens' knowledge about -this task, and
we will present examplet of the kinds of questiont the representation enables us to
ask. Then, in the next section, we will describe an experiment that provides some
answers to these questions.
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A Production system representation \
.

. ,..-

. 1
In, Figure 2 we have restated llik four models of Figure 1 as produchon'

systems (see Newell, 1973 for on extensive introduction, and Wain 1976b, for so4O
examples from cognitive development.) A'production system consists of a set oP rules -

---r''----filled productions - written in the form of condition - action:pairs, the conditions are
(symbolic expressions for elements of knowledge that mighjobe present at some instant.
A production system operates via a recognize - act cycle. During the recognition

3 C. cle, all the condition sides of all the productions are compared with the current
co nts of the' knowledge state. The knowledge state can be viewed a short term
mem y, or the currently activated portion of long term memory, or simply as the
curren state of awareness of the system. The productions whose conditions are
true of he Aowledge state are 'placed into the conflict set, a conflict resolution
principle i applied, and one production fires. The act cycle executes the actions
that art as, kciated with the fired production. Then the next ,recognition cycle
commences. \

. 4

Thus the conditijrs are tests on the moomentary state of short term .memory
(STM). A sequence of condition elements on the left side bf a proddction is Interpreted
as a .test fo&the simultaneous existence of the conjunction of the individual
knowledge elements. ,,If, for a given production, all the condition elements happen
to be true at some instant, we say that the production is. "satisfied ". If only one
production is satisfied, then it "fires": the actions associated with it, written to the
right of the arrow (iee Figure 2) are taken.'These actions can Modify the knowledge
state by adding, 'deleting, or changing existing elements in it, or theyinin 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 resolutibn principle. In the systems .shown here all
conflicts are assumed to be resolved such that special cases have priority over.
general cases. For, example, suppose that the tWo productions in the conflict set are:* P.ONE a b --> c d)

P.TWO:(b --> f g).

I

P.ONE is a special case of P.TWO, since P.TWO is satisfied whenever element "b" is in
the knowledge state, but P.ONE 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 & McDermott,
and Rychener, 1976).

Figure 2 about here

e

4.1

Consider, for example, Model ll in Figure 2. Itl a production system consisting
of three productions. The Tndition 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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y1Vofie of the models I. Figure 2 contain a representation for any finer gain knowledge,
such as the actual amkunt of weight or distance, or the means used t o encode that

'information. Nor is theN any, explicit representation of how the system actuWly
produces the final verballoutput. It is simply assumed that the system has access
td encoded representations( the relationpl information stated in the conditions. We
will return below to further co ideration of the way that this information becomes
available to the system. Returning Model II, notice that on any recognize .cycle, only
one production will fire. If the weig is are unequal, then P2 will tire; if the weights
are equal and the distances are not,therNkoth PI and P3 will be satisfied, but Since P3
is a special case of P1, the conflict resolutib principle will choose P3 to fire; finally, if
both"weights and distances are equal, then on PI will be satisfied and it will fire.

The production system versions Of the oth three models are also shown in
Figure 2. [The numbers attacheil to the productions (e.g. P1, P2, etc.) are not
supposed to have any psychologicarmeaning. They serve simply as labels for the
reader; note that a production maintains its label.acrosilhe four models.]

15

We can compare the four ivadirs"to de ermine the task facing a transition
model. At the level of productions the -requisite niodificationaare straightfoward:
a transition from Model I to Model H requires the addition of P3; from II to III, the
addition of P4 and P5; and from HI to IV, the addition of P6 and P7, and the

. modification of P4 to. P4A (this modification changes the action side from random
muddling through to "get,torquel.

We can compare the four models t a finer level of analysis by looking at the
implicit requirements for encoding and omparing the important quantities in the
environment. Model I tests for sameTs or difference in weight. Thus it requires
an encoding process that &titer 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. Model II requires the additional_capacity to
make these decisions about distance as well as weight. 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.

1 ,
Model III needs no additional operators at this leveli Thus it differs from II

Vnly in the way it utilizes Information that is already accesiible to Model II. Model
IV requires a much more powerful set of quantitative operators than illy of the
preceding models. In order to determine relative torque, it must first determine the
absolute torque on each Side of the scale, and this in turn requires exact numerical

'representation of weight and distance. In addition, the torque computation would
require access to the necessary arithmetic production systems to actually d6 the sum
of products calculations. ,

Although' we have compared the four Models at two, distinct levels -
productions and operators -.,the levels 'are not really that easily separated. Missing
from these models are a set of productions which would indicate the

. .

17
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interdependgnce: productions that explicitly determine which encoding the sYs m
Will make. That is, in these modelS, there are almost no productions Of the. form: ( i nt
to compare weights) - -> (attend to stimulus and notice weight). The sole exceptions to
this occurs in P4A in Model IV, When this model is coofronted with a non-con ict
problem, either In, P2, P3, or P5 will fire on the first recognize cycle. However if
it is a conflict then P4A fires, and the system attempts to "get for e ".

The result of this untrio-Med action, .as described above, would be to prod a

knowledge 'element that could- satisfy either P6 orP7 on the next recognize cycle.

valuation of the Production System Representation

Each of the four production system models in Figure 2 makes precisely the me
prediction as its counterpart in the ACCiSi011 tree representation ofiFigure 1. Thu , on
the first of the evaluative criteria listed above -- accounting for behavior - the

. production system model .fares as well as the decision tree model. With respect-I Hie
second criterion -- ntuitiple level analysis and the fourth. develop ntat
tractability -- the production systems have sore advaAtages over the decision ees.
They make explicit the requirements for both the encoding operations and they rules
(i.e. productions) that utilize -the symbolic elements produced byethe.operatOrs They
also clarlify the dq'velopmental 'differences between models in terms of these tw kinds

.,ofeAtities;_Although the production systems in figure 2 aremodahtfornis, e will
demonstrate below ttie e with which they can be recast in order to'acco for a
single subject's perfOrm

4,

The major advantage of the piroduction system representation lie in its
-integration of general. psychological principles -- the .third of our evaluatile Merits.
P4iPductiorf systems of. .the type used here incorporate a theory of the ontrol
structure and general representation that underlies a broad range of human p oblern
solving ability (Newell & Simon, 1972). 'As Newell (1973) puts it:

the -production system itself has become the carrier of the basic
psycholOgical assumptions.-- the, system architecture of ...[the production
system] is taken to be the systenLardilectureof the human Information
processing system (516).

Thus, models written in this form can be viewed as variant's within a general
psychological theory, and to the extent that such a general theory Is consistent with
the empirical . results from -experimental psychology, -then- these models. are also
consistent with them. .

With respect to the five questions listed...earlier, the uction systenis have
enabled us to be very explicit about Q1 (differences that underlie p fortuance), and in
particular about the important role of encoding operators. They have indicated some
potential sources of variation for each level of performance (Q2), alttiough-since they
are written as modal types, thissis m#rely suggestive at this point. Similar cOrAparisons
of the relative efficacy of the two forms of representations for -answering the-other
three questions yield the same result. Thus, while the new representation does not

18
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provide much of an advntage over the old fOr understanding the results of
Experiment 2,'it does prcivide some guidance about where to look for an explanation: In
the encoding of the stimulus.

In order to model the conditions. under `which one or another aspects of the
stimulus are attended to and encoded, we would need to augment the models in
Figure 2 v.Lipipmituaions_like-EIJA,,_ These productions would transform the models
from simple- incrimination nets, into active problem sohiers, and they would enable
us to make Ore is s about such things as eye-movements and solution latencies for
different classes 01-p-r ins. However, before we can make sucan extension, we
must first determine the va es of possible encoding schemes that subjects are
actualleusing. As a first step ill tha rection, we undertook a detailed examination of

e problem by problem protocols of a fe children in a training sequence. -

1 ocol anal psis

Several children, ranging in age from 5 to 10 years were unsystematically
to be run individually in a conflict training sequence. They were given

nstructions about the' balance scale and about the fact that there were rules
underlying the balance-scale's behavior that they could discover if they "watched
carefully and thought about In addition, following their prediction on each trial,
they were asked to statetheirireasons 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 entire' sessions were video-taped, and then all the verbal comments, as
well as major physical activities wero transcribed into the form shown in
Appendix A. At the beginning of each problem, there is an indication of the
problem number, (he configuration, and the elapsed time (in minutes and seconds)
since the start of the session. Problem numbers T1, T3, etc., correspond to items

. from the training sequence, and problem numbei's E7, E8, etc, (see lines 11000, and
14400) are from an exploratory session which followed' the training sequence. In
the exploratory session, the children were encouraged to build interesting
problems,or to explain to the experimenter what kinds of problems would achieve
certain outcomes. The problem configuration is indicated by a numerical code that is a

near-pictorial representation of the problem. In T1 (line 100) the code 0001/2000
indicates one weight on the (wilt peg (from the fulcrum) on the left side, and two
weight's on the first peg on the right side. In T3 (line 1900), the code 0100/1000
indicates a single weight on the third peg on the left, and a single, weight on the
first peg on the right.

Excerpts from the protocol of Anna, a five ytiar old female, are shown in
Appendix A. The protocol provides a rich data source from which to select
l'observations.'.. However, in th4 diicussion we will ,focus only on those aspects that
indicate the kind of encoding of distance and weight that Anna appears to use.

Anna' was first given the standard instr tions and pretest described
earlier. Her response pattern did not cofform to any of the four models. However, if

19
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Model I were modifie0. such that heavy things went 'up instead of down, then she was
a perfect Model I subject. The firit problem in the training sequence confirms this
interpretation (lines 10t - 1700). Anna knows which side his more weight, but her
prediction is basedupon the assumption that more weight goes up. However, when
confronted with the contrary eviiiences, she changes the "sign" of the correlation
between weight and direction of tipping. This single feedback trial was sufficient: for
the remainderfrof 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 correct
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
(0100/1000) 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 downpline 3000)

Another distance problem followed Immediately (T4; 0020/0020), 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 endpoints, 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 utilize -distance
information, and shegets negative feedback. At this point she might abandon distance
as a useful cue, or she might - as she did with weight - simply change the sign of the
relation. As we' will see, se does neither.

15' was a complex distance problem (0101/1100), and T6 (0102/2010) a balance
problem, niether one of which yielded a useful p ?otocol. In T)' (0200/2000) we
return to a distance problem. It is clear from the protocol that Anna is still
attempting to use distanie (lines 9000 10600). She still encodes direction of
distance from the fulcrum correctly, but she has not changed her erroneo s
assumption about the effect of this difference. Note also that she has not yet
eny statement about absolute amount of distance; all her statements are out
relative distance.

In order to fo.cus on the issue of distance encoding, we skip over about 15
minutes of conflict training in which the problems were mainly complex conflict
weight and conflict distance (i.e. two or more pegs occupied on each side) from which

- -no-clear pattern emerged.We -pick-up the.protocol .again in an excerpt from the
exploratory phase in which Anna was allowed to construct Oroblems actotding to
various experimenter requests or hints. In Er(lines 11000 - 14100), she has been
asked to construct somQ. problems such that she will not be quite sure what the result
will be. In general, Anna does no such 'thing, and instead tends to construct
problems about which she it very confident:, 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 to a distance problem (0004/0004),
and Anna apparently forgets all about distance differences?. reverting to a Model I
prediction of "balance" (lines 11700 13000). With a little prompting from the

20
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experimenter (lines 13200 - 13700), she intokes a (post hoc) distance explanation s
(tines 13800 - 13900). Notice that. the digtance description is not just a relative
judtement, but instead is stated in terms of two absolute (albeit approximate)
quantities.

It ppears that, evezi after almost 30 minutes of experience with the balance
scale, Anna knowS that distance As an important 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 balance problem and makes the correct prediction (lines 14400
- 15600). Then a new experimenter enters, and feigning ignoranee, asks how
the scale works. Anna creates (0003/0003) and predicts correctly, and for the right
reasons (lines 16500 - 17400). then; at the experimenterl request, she correctly
creates a balance 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 problem. 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 initiates yet another balance problem, one unlike any she has ever seen
before 0000/0003).

Recall that this protocol analysis was .undertaken after a discuSsion of the
production system represenlpion of knowledge about the balance scale (Figure 2). In
that representation, we tried to emphasize' the differences between the encoding of
information about the environment (the undefined operators) and the combination
rules [cf. Gelman's (1972 a,b) operator-estimator distinction, and Klahr & Wallace,
1973, operator-rule dichotomies).. for acting on that information (the productions).

protocols tell us Something about the nature of the representations that are
being 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 witight, she has no difficulty in fOrmulating an appropriate
encoding based on counting the number of weights. Although there is an initial
error with resp t to the relation between weight differences and. the direction
of the scale, this is quickly corrected and remains stable for the rest, of the session/

Distant% encoding follows quite a different course. Initially it Is ignored. Then
differences in distance are noted, but their effect is quite unstable in the face of
negative feedback, and as we saw, they are occasionally ignored well Into the
training sequence. However, it appears that by the very end of the exploratory
trials, an -appropriate encoding of distance, and a concomitantly appropriate rule for
utilizing- it (at least on distance problems) has been formulated.

Learning about the balance scale then, would seem to require much more than
is suggested by a comparison of adjacent models in Figure I. The prodUction
system representation of Figure 2 has enabled us to make explicit the difference
between encoding operators and decision rules, and it has guided our search for
instances of both of these kinds of learning in the protocol. '; The analysis
suggested that there is a point in the development of knoWledge about this task
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during which the dimensions may be encoded in idiosyncratically incorrect
ways,' and that the fore, of the encoding may depend upon trial to trial feedback. In
the next section we will introduce a model that attempts to, capture these

. .. -.
phenomena for an individual subject. . .

. .. a

Revised Production syskern. for anModel III chitd.

Thusfar, he production system representation has been used only to suggest
some of the coniplexities of loathing about the task. In this section. we will work
toward the creation of a procluctiorrsystem model of a single child's behavior during
a training sequence. The representation will be more than suggestive, for it will
be specific enough to run as a computer simulation. The simulation will- save Iwo_
purposes. FiLst, it will demonsira4-16e sufficiency of the model to account for the
data it purports to explain; -fecond, 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 instance .40f a much broaddr. theori.of
human problem solving.

Our subject - Pam - was a female.second-drader, age 7 years,I1,months. Her
performance on an 8-item pretest and a16-item training series-is shown in Table 6.
'In Table '6, each row corresponds to a problem. The columns indicate, respectively,
problem number, probledo configuration, protlem type (Distance, Balance, Conflict-
Weight, Weight, etc.), Pam's response (Left or Right down, Balance), feedback from the
scale (if the subject's prediction was inconsistent with what the scale did, it is
Indicated by a "), pfedictions. from.three of the previously described models (IV,
II, and and finally, two columns corresponding .to the model to be described in
this section. The first of these columns - Ill-A - contains the model's predicticin,
and the second contains 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 HT light; it is a conflict-distance problem. Pam predicted
that the left side would go down, but as Model IV (which is always correct) predicted,
the right side went down so the subject got negative feedback. The other three
models shown here (II, I, 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
misrnatchp between Pam's predictions and the model's.

Table 6 about here

Pam's s responses to the pre-test make her a -perfect Model H subject. Her
responses during the training sequence provide a poor fit to models 1, II, and IV.
Recall that the criterion for fitting Model III was that the responses be essentially
random for conflict problems. Thus, although fhe "muddli through" prediction of Model
III does not MAO an exact prediction on any trial, it predicts the absence of a

consistent pattern over the set of conflict propems. And indeed, this is w(iat we
find in Table 6: on five of the eleven conflict problems Pam responds as if she

22



Pt

Children's Knowledge,

..."

diaft 4 21

were relying on the weight cue, and on the other six, she conforms to the distance
cue.' Thus, we could simply clessifv Pam as a Model III subject and leave it at-that.

.
Such en interpretation has several deficiencies. First,'Ihe classification scheme

itself is unsatisfactory when compared to thecpthers. Wide{ III subjects get so
classified as a residual category - by the, absence of any pattern in their' responses
to conflict problems, whereas all other classification is based on the occurrence of
things that were predicted to happen, rather than the absence of things that
should not. In addition to this "taxonomic" weakness, Model 1II's "muddle through",
prediction tells us nothing about the psychologies! processps that actually 14
operate when subjects detect conflict but do not yet know how to deal with it Ilt,
correctly. We have already cited some of the idiosyncratic strategies that different
subjects bring to bear on this situation. Finally, it is important to emphasize that
Table 6 represents responses duiing a training seq6ence,'s situation in which the
child was presumably attempting to integrate the feedback from the bilance-scale's
actually behavior with her current hypothesis about how it worked. None of the four
models described thusfar have any mechanism to represent and utilize such

- information. Thus, the model to be described represents first steps in remedying
these deficiencies.

Pam was run. under the same conditions as,Anna, and an analysis of her trial by
trial explanations 'provided 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: morp than two weights was treated as "big", otherw weight was
"little", and if the third or fourtJ, peg were occupied, then distan as "big",
otherwise it was little". Rather than present another lengthy protocbt analysis here,
we will show just two examples' of this dichotomous encoding of distance.

" 1 %

On prgklem )2 0013/1020), the child predicts left down; upon seeing the result,
she says: .

,
at, rIzOw I think I know why.... I think I know because.... It's supposed
to `be a rule that they usually go down more if they're on that,
shilk,(pointing to the extreme right of the balance scale). So that one
went-. down cause it's 2 there (poin,ting far right) and' none . there
(panttig far left).

If we encode each arm of the balance scale into a near segment (pegs 1 and 2) and
a far segment. (pegs 3 and 4), then this protocol is easily interpreted. "They
usually_ go down more if .They're on 4het side" means that if the far segment is
occupied ("big distance") then fhe scale will tip in that direction. "Two there and
none there" means that the far segment on the right is occupied by two weights,
whereas the far segment on the left is unoccupied.

The second example comes from problem 14 10200/1300), just before the
child gat feedback. She says:

This side'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 right) 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 thaj 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 sides. "That
side" of .what? By odr interpetation, they are on "that side" of. the mid-point of the
right arm, thus making distance "little ", rather than "big" on the right.

In order to determine whether this interpretation of the protocols is valid, we
need to construct a model that is consistent with Pam's actual predictions on each trial,
as welt as her explagitions. Based upon many such comments and our
interpretations of them, A- constructed the,model whose predictions are shown In
Table 6. In order to provide a clear overview of the mddel we will describe It first
In terms of a binary decision tree, plus a few ad hoc mechanisms. Then we will
present a running production system for. a more complete model based on the same
underlying logic.

Fig ore 3 sh.ows the binary decision tree representation for.Mode1111-Aj Pam's
performan& on the training sequence is shown in Table 6. The number's under the
terminal nodes correspond to thd problem a from Table 6 that are sorted to tho
nodes. The first three tests are the same as those in Model 111 (Figure 1), and the

, account for balance, weight and distance problems. If neither weight nor di
is "same", then 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'
prediction. If both are big, then-Model 111-A favors whichever one is currently Its_
criterion value. The.criterion value starts as weight, but whenever negative feedback
is received the criterion switches from one value to the other. The state of the
criterion value is indicated in the last column in Table 6. Note that it changes after
any negative feedback, nol just on conflict trials with negative feedback (The
terminal node labeled "?" in Figure 3 is never reached by the set of problems in Table
S. Such a problem would be, a conflict problem with neither weight nor distance
"big". We have no evidence upon which to base a prediction about what the subject
would do with such a problem.)

Figure 3 'about here

A production sYstem fer Pam (Model 111-A).

The production system for Pam is shown in Figure 4. The representation
contains the actual computer listing With a few inessential details...pot shown) for the
production system, which is written in a special language called PSG (Newell &
McDermott, 1974). Appendix B contains a trace of this model running on a sequence of.
four problems from Table 6j one of them - PrObfem 5 - is also shown in Figure 5.
Before we embark on a detailed description of the model, we will make a few
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comments about the properties of this rather detailed representation for knowledge
about the balance scale task.

Figure 4 about here

The model:enables us to represent explicitly all task releVant knowledge in
a homogeneous and integrated manner. This model utilizes, in-one way or another,
representations of knowledge about:

which side has more weight or distance,
which side has a big weight or distance,
what the current criterion value is,
what the scale was expected to do,
what the scale actually did,
Whether. the prediction WaS correct or incorrect.

The model cohtains rules for when and how to encode the environment. It also
indicates the number and nature of pieces of information to which the subject must
be responsive during the course of the experiment.

Production system interpretation

Some general properties of production systems were described earlier. In this
section we wit! add a few more details about how the model in Figure 4 operates.
Recall that the basis cycle for a production -system is recognize-act. During a
recognition cycle, all the productipns compare their condition elements with an ordered
list of elements in STM (short tern memory). The trace in Figure 5 shows the state of
STM after each cycle. For example at he 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 4 reveals that the
P1 is only production whose condition elements are completely matched by STM
elements, so -in' this case, it fires (i.e.,- it is "TRUE" .jri Fig. 5). We can interpret a
production, P:(A (3 C --> E), as if you know A and Wand C (i.e. if they are currently '
in SIM), then do actions D and E. .

.
There are two conflict resolution principle's. The first one to be applied

special case order - has already been described. lf, after applying special case order,
there are still two or more productions in the conflict set,then a second resolution'
principle - STM order - is applied. 'This principle-thooles the productions with the
frontmost element in STM. New information always enters the "front" of STM, pushing
all else down a "rloIth". Furthermore, when a production fires, its evoking elements
are moved to the front of STM (automatic rehearsal). Thus the STM order conflict
resolution principle says, in effect, "when in doubt, respond to the 'most recently
44:orient' information." (In Figure' 5, .mod Ap.piindix 8,special case order is usually
adequate to resolve conflicts. All instances where STMiorder is also usbd are
explicitly indicated in the .trace).
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There are several different types of actions. a) STM additions. The
simply add new elements to the front of STM. For example, if E3 fired, (result wrong)
would _be added to the front of "SIM. Other sources of new information, are the

, encoding 9perators (described below),.

STM modifications. Elements in STM can be' altered directly, The
action (A ==.0. B) changes symbol A to symbol B in flr second element in STM The
action (X ss) changes the first element in STM from a to (X (a)), te from (DOG) to
(OLD woo)1

c). Output. These actions are surrogates. for action on the external
environment. The'only one's used here are say% (say "balance) and say.d (say left or
right down)

. Description of model (Fie. 4)

There are three major functional groups of productions.

1) Pn. These correspond to the ,major..ntldes in 'the decision
'tree representation, P1 - P4 are essentially the same as. P1 -P4 In t,

--Figure 2. P5,136,P7 correspond to the tests for Big thingi in Figure 3.
Some of the productions use variables. that can be matched by specific
values in STM elements. For example, 01 and D2 can be matched by
either WGT or DST, while X/ and X2 can be -matched by lan)lthing.

2)En. These control the model's viewing of the balance. scale,
after it tips, and compare what it expected to see with what it actually,
sees. 4

3)SWn. These change the criterion whenever the system
determines (via the E productions) that it has made an Incorrect
prediction.

1

There are three encoding .operators. None are ,modeled, but their
conditions of'evocition are explicit, as is the, form of. the encoding they produce.

1)Attend. Does initial encoding of weight and distance. This
operater can deteCt sameness or difference of weight or distarice and
cah indicate the side on which weight.or, distance is greater. Thus, It -ls
only an encoding of relative quantity. The Model. assumes that in the
first instance this is .all that is encoded.

2) Find.big. Encodes big wgt olds! and side' on which they'occur
Of they-occur).

LOok. Encodes direction ck t,tipping of scale.-
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Pyriamics of the model.

TIA general procedure is as follows. Fifst weight and distance differences, if
-an'y, are encoded.. If there is no conflict, then a prediction is made, an expectation is
formed, and the scale's actual behavior h observed. If it is inconsistent with the
prediction, then the criterion is-changed. If initial encoding reveals no clear prediction,
then a second encoding 0 effected, this time in terms of big diStance or weight. Then

. the rest of the process follows exactly as in the case of a single encoding.

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 occur, as are the results of the
encoding operators.

The system starts with- an element in STM (PRED) indicating that it has a goal of
making a -prediction, and another element representing the current value of the
criterion. Since there is no element representing weight or distance, the only.
production whose conditions are completely satisfied is 13811:vhich tests for (PRED) and
the _absence (ABS) of a weight or 'distance element (D1). ATTEND, Int's only action, is
an encoding operator that is modelled only ep to the point of its' input/output
specifications. Jr/this case the input is presumed to be the physical arrangement of
disks on pegein the configuration (0003/0020),,and the outputs, as shown in the trace,

714;4 two comparative symbols indicating more,weight on the left and more distance on
.the right. They are directly provided by the model builder,

e

. Thus, at the Aeginning 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 it attempts a second
encoding (EIND.BIG) to determine some absolute amounts of distance and/or weight.

indicating a big distant on the right and a big weight en the left. The results are
Once 'again, an unno elled encoding .operator is assumed' to produce two elements,

shown' at the start of the third cycle. -

.Five productionS are- satisfied by the elements mow in STM. P2 and P4 are still 4.-
-47
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Satisfied since none of the elements that satisfied them on the previous cycle have
been changed. P5, P6, and P7 are satisfied-beciuse they test for either big weight or
big distance. Since P4 is a special case of P2 and P5 of P6 and:7 the special case
order principle leaves P4 and P5 in the conflict set. But the elements that match P5
are newel' than those that match P4, so STM order selects P5 to fire:

P5 matches ,whatever the current value of the criterion is (in thiS case weight)
with the corresp-onding "big" eleinent (in this case (WGT BIG LEFT)]. and then uses the
value of the 'directional variable (LEFT) to farm its expectation (EXCEPT LEFT DOWN)
and to "sayer..its prediction..

What the system knows at this particular moment ierevealed by the contents of
STM at the start of the fourth cycle. It knows that:

It expects the lift side to go down (EXPECT LEFT DOWN)
It already made a prediction (MADE (PRED))
The current criterion is weight (CRITERION WGT)
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And it knows the encodings (WGT BIG LEFT)
(DST BIG RIGHT)
(WGT MORE LEFT)
(DST MORE RIGHT)*

26

The rest of the trace is straightforward. During pass 4, the system seeks an encoding
of what the scple actually did, and it sees that the right side went down. On pass 5 it

--recognizes that what it saw is discrepant with what it expected (ES), so it 'mows that
it got the problem wrong. Finally, on the 6th pass, it recognizes that it was wrong
while using the weight criterion, so it changes it to-distance..

Evaluation of Representation's for Panes Knowledge,

The decision tree. in Figure 3 and the production' system in Figure 4 are logically
equivalent: both account for all bat the last 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
idiosyncratic' encodings of the stimulus. Thus both models have certain advantages
over the previous ones.

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 clarified. The production system,-since it embodies a general model of the human
information processings.tteni, forces us to be very explicit about things that the
decision tree lets us finesse. There is no separation of control information from data
in a production system. Every relevant piece of information is explicitly represented

.in STM, and all ,task- specific Knowledge for acting op that information is represented
liy-productions. As indicated by the final 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 system 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 decision tree
representation, to-be sure just -how plausible the model is with respect to the
psychological deMands it might impose on the organism.

h
For all their emphasis on the importance of the outputs from the encoding

operators however, the production system models do not describe the encoding
process itself. Neither do they indicate precisely what sort of encoding deficit might .

affect response to instruction. A remedy.to the former limitations would take the form
of a'-model of encoding, and we leave-that for future investigation. The 'second issue,'
that of the nature and effect of encoding deficits, is directly related to Q4 and Q5 of
our initial set. In the third experiment in.thii` series, we investigated these issues.

. ,

O
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Experiment 3; The Encoding_Hueothesis

Recall that the results of Expel .2 indicated that older 'And-younger
children, equated for initial task specific knowledge about the balance scale,
responded quite differently to the training sequences. This finding motivated a shift
in t e, representation and in the level - or grain - of Our analysis of what was going on
d ing training. ,Anna's protocol analysis 'revealed her difficulty in determining

e appropriate encoding of the two relevant dimensions, and the analysis of Pam's
-responses during training led to a production system which incorporated two
levels of encoding - one relative, one absolute (big/not big) - for both

'44' dimensions. Similarly fine-grained analysis of of er .protocols revealed many such
stimialus misencodings. This suggested to us that fferential encoding might be the
cause of the differential responsiveness to instruct n..

However, in order to convincingly test this hypothesis, setieral steps are
necessary. First we must assess encoding independently of predictive
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 - responiiveness 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 Model I initially, there is a consistent encoding
id-Oka in the yotinger, children, then to eliminate this deficit, and finally to expose
both groups to the training sequence and to produce identical learning in both age
groups.

Attempting to do this at the fine - grained level of 'the preceding section
would lead to a mass of detailed variation that 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 Siriton (1973) utilized a reconstruction paradigm in order to.study
the. differentiaLabilify 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 independent of
their predictions ab.out_the effett -of these;tohfigurations.on--the'icale's behavior,

In the third experiment in this series, five- and eight-year-old children
were presented with. various configurations of weights on a balance Seale 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
en empty scale. Note that this procedure allowed independent assessment of
encoding On both weight and distance dimensions. For example, when given an Initial
configuration (0300/0200) the child might 'Iteconstruct it as (0300/0200), or
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(0030/2000), or (0200/0100) Or (0010/0003), revealing , respectively, no
misencoding, distance only misencoding, weight only rniserstoding, or both weight and
distance misdncodings. Our protocol analyses led us to expect that the older children
would be accurate on both dimensions, while the younger children 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

4 describe the major features. Overall, 40 kindergartners ( live-year-olds") and 30
,...------- third-graders ("eight-year-olds") from two public schools in Pittsburgh participated in

Experiment 3..

Two identical 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
haying a built-in lever, rather than wood blocks, to keep the scale from tipping until
The experimenter released it. A large styrofoam board of s used to hide one of the
balance scales during the reconstruction phases.

,

The encoding test included 16 problems, on each of which there were from
3 to 5 weights on each side, all located on either the third, fourth or fifth peg
from the fulcrum. On any given problem, Only one peg on each side was occupied.

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 (without feedback) used in the ExperiMent 2 posttest. For the
encoding test, the children were told: ..

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 weights on the pegs on yours. First I'll put
the weights on the pegs on my scale. You should watch closely to
see how the weights are set on the pegs. Thin I'll put the styrofoam
board back up so you cant 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 so it's just 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.areon the pegs on my scale so That you can put the
_;..Weights on your scale in the same way." Children were .allowe 10 seconds. to

observe the initial configurations, and then they were allowed to reconstruct
the arrangement unmediately on the other scale. There was no time limit `for
reconstruction, although children usually finished quickly.

Following the last encoding trial, .children were told that they were to play
another game, and instructions similar to. the previous predictions trials 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 c procedure. We will describe each
variation and its results in 'sequence. The fesui from all phases are shown In
three forms. Table 7 shows the percentage of correct distance and weight
encodings for both 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 level 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 not show a significant difference btween their weight.
and distance reproductions. This pattern held for individual subjects in each age
group, and is not the result of aggregating over subjects (see Siegler, 1976b, for
extensive statistical analyses' of these results). Notice that these encoding differences
between older and younger children were not accompanied by a corresponding
difference in _ability to predict how the balance scale would behave. As shown in
Tables 8 apd 9, there was virtually no difference in the percentage of different
types of ptoblems passed or in the distribution of children using each model.

!Experiment 3b. In this variant, 10 five-year-olds were given 15 rather than 10
seconds to view the initial configuration during the encoding test*. This was done to
explore the possibility that the younger children were simply a bit slower than the
older Ones in encoding the configurations. If they were attempting to encode both
dimensions, and had a preferred noticing order of weight first a ivi them more
time would be expected to improve their distance scores. shown in Table 7, this
"insufficient time" explanation is unsupported by the results .

Ex m erimen 3c. Perhaps the younger children id 'not understand what
was meant by "make the same problem". In this varian , the children were told
explicikwh to encode, and what constituted the experimenter's criterion for the
"same" pro em. Ten children of each age level participated. The instructions for
the encoding task were changed to the 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 puttingJhe weights - on .the pegs On- yours. You want it to

.. ' ' 'be The same problem in two ways. You want the same number of
weights on each side of your scale as I had on my scale, and you want
the weights on each tide of your scale to be the same distance from
the center as they were on myscale....

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 far
from the center the weights on each side are." Finally, at the end of the instructions,
children were asked to indicate the Iwo ways their arrangements should be like
the experimenter's. This was to ensure that 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 unlit they could answer appropriately. .

In all other ways, the 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,oithe results differed hardly at all
from those of 3a and 3b. Telling children what to encode does not reduce the
discrepancy between their encoding of weight end distance) nor does it improve
their performance on the predictions task.

/

Tables 7, 8, and 9 about here

Experiment 3d. This time, children were told not only what to encode, but also
ow to encode it. If the problem lay in the Inability of the younger children to

correctly encode distance, or to handle two dimensions simultaneously, then
perhaps direct instruction might help them. Ten children of each age group were
given the following additional instructions during the 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 center - first, second, third. So you say
to yourself 'four weights on the third peg.' Then you would do the

same-for the other side - one, two, three, four, five weights on the
first, second, third peg. So it would be five weights on the third peg.
Then you would say 'four Weights on the third peg and fiver weights

. on third' peg.' Then you would put the right number ef weights on
the right pegs on each side. Let's practicone.

This was followed by seven practice trials on which the child received feedback
on the correct counting of weights and distances. This procedure was expected
to reduce or eliminate the weight-distance discrepancy for the younger
children, but since the older children presumably already knew how and what to
encode, it was(not expected to affect their performance. No effect was expected on
the predictions performance of either group. All of 'these expectatiohs were
-confirmed. Table 7 shows that the younger children performed equallphvell On weight
and distancet and that the older children performed, as before, better overall, but
with no weight-distance discrepancy. Tables 8 and 9 show that the predictions
performance of both groups was indistinguishable from previous results.

0

Experiment 3e: Having finally eliminated the encoding deficit between weight
and distance for the younger children, the question remains 4as to whether that
deficit *really was the cause of the differential responsiveness ',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
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given to the tw6 ,groups. The results of this post-training predictions test are
shown in row 3e of Tables -8 and 9. Note that rows 3d and 3e are based on the.
same set of subjects at different times. The sequence or-manipulations and their
corresponding results were: i) Instructions about what and how to encode, ii) encoding
task [Table 7, 34 iii) predictions task [Tables 8 and 9, 430, iv) conflict training
with feedback, a few days later, v) repeat of predictions task [Tables 8 and 9, 3.3].

Comparison of rows d and e
aided both age groups. Although the
the older children, there were n
age-problem type interaction. It see
responsiveness to training were elir
the younger children did not benefit
that their encoding performance also

Representing the encoding process

in Tables 8 and 9 shows that training now
e appears to be a slight advantage Overall for
significant effects for either age -Anne, or an
s clear then, that the qualitative differences in

mated by prim' training in encoding.. Although
as much as the older, it should be remembered
did not reach -the level of the older children.

Let us return to the issue of the appropriate. representation for k owledge
about the balance scale. The results of Experiment 3 provide strong supporl 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 beneffit from
the instruction series. However, if given careful and explicit instruction on Oncoding,
they do begin to do it correctly, and such improvement subsequently enablesi them to
benefit spontaneously from a training sequence. How can we repreOent this
phenomenon?

One desirable property of a good representation for this situation Would be
an explicit model of the encpding process. This would require replacing the
unmodetled encodig operators of the kind used in the production_ systed for Pam
(rig 4) with e*Olicit productions That scanned-the- stimuius and returned rime

_encode!) repr6terilat1bn. Another requirement would be a general self-
modification capacity with two distinguishable capabilities. One capability would deal
with the construction of procedto's that directly' followed instructions, as did the

p children who' wore told how to encode by counting. Another capability would
. represent the rule-ittduction or concept formation procedure that underlies learning

from the training -series..Pam's production system is at least sensitive
to feedback about the correctness of the current hypothesis; much Rom' remains to
be done.

The construction of such a model would necessitate further specific
assumptions about the precise nature of -the information processing that goes on in
this situation, and such assumptions would have to be independently tested in other
experimental paradigms, Such extension might include.. reaction time studies that
compared conventional representations with their symbolic equivalents (to bypass
the encoding stage), reconstruction memory for just- predicted problems, and more
general rule induction tasks.

33
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I 1, Types of Knowledge in the Human Information Processing System
-. ..

Our explortition of the issues surrounding the evaluation of different .

representations for knowledge has revealed that it is possible to distinguish
between severat different types of knowledge. The suitability of 'a representation

'depends upon the particular type of knowledge' in which we are interested. In
this final section, we will briefly indicate what appear 'to us to be distinctly
different kinds of knowledge. The order in which they are described correspOnds
roughly to their degree of permanence and stability in tide human information
processing system.

K1: knowledge about the momentary state of affair . This is the knowledge
represented by the. elements in STM in a production system, 'or in the more"
general concept of "active memory" in other cognitive theories. In a production
system, all the productions are continually attempting to recognize familiar elements .

of K1, and to act upon it through modification..K1 represenft what is "going on" from
one moment to the next. It contains information about the environmeht that has been
produced by encoding operations, and by the actions of satisfied productions. It
constitutes a record of the system's immediate past.

K2: Knowledge abdut how to do a task or Wive a problem. This type of
knowledge is represented by decision trees of the 'sort used in Figs 1 and 3, or by
the productions in a production system. The knowledge in K2 'typically consists of
tests for the type of knowledge represenfed by KI. A production system
provides a convenient and flexible representation for K1 and K2. However, manyof
the explicit assumptions in suit ropiesentations have .no'PartiCular psychological
relevance,- while dther's; although important, not be amenable to independent
experimental verification. Thus the evaluation -o1 production system representations
for K2 rests upon multiple level ...eonvergirig empirical measures, including global,
responses, protocols, and reaction limes. Although many particular assumptions) may-
be unverifiable, the integrated behavior of the total system can be observed, and
evaluated.

K3: knowledge about hbw to descrilg K2. A frequently discussed issue in
developmental psychology concerns the relative validity of explanations versus
perforrn`ane(cf. controversy' between Braine, 1964, and Smedslund, 1965). In our
experiments we found that the two forms of measurement wer10 highly correlated,
although they did reveal some interesting differences in the Model III 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.

K4: krOwledge about how to modify K. and 403. This is the knowledge
required for goth learning in the long term, immediate self-modification according
to task demands. Some of the general properties of representations for this sort
of knowledge have been discussed by Klahr (1976a,b) -lind Newell (1972a). The
content of K4 would be a theory of learning, and it _would be premature to even
imply that such a full blown theory is near at hand. However, recent and on-going
work with 'self - modifying productipn systems suggests that this is a very promising
form of representation for K4 (film11, 1976; Waterman, 1974).

34.
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,
_ 1(5: knowledge about how to interpret the knowledge stated at the other

levels. This knowledge! would include, 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 knowledge in the system, presumed to be
Sunctionally equivalent' to the 'basic system architecture. It is probably inaccessible
to introspection, or to instruction, although it may undergo development,

Conclusion

Representation of children's knowledge requires that we make testable
assertions about both the basic encoding of the environment and the processes
that \ operate on those encodings. Cognitive development and instructional
procedures involve change, in both the encoding operators and the rule systems.
Instruction will tend to be 'ineffective\ if the instructional situation is encoded by
the learner in a manner Wet 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, eli 'nate it and have instruction proceed as we expected
it to. ,...

From a broader viewpoint, we have tried to show that the appropriate
representation for knowledge depends upon the goals of the scieorific endeavor.

----Different kin*, of knowledge are best represented by different formalisms, and are
4

best investigated by different empirical procedures. This pluralistic view of knowledge
representation; may facilitate our-understanding of and influence upon4 what it Is that
children know,

41

A

I

.



ti

References

Anderson, J. R., 4 Bower, G. H. Humawassociative memory. New York:

Wiley,,1973.

Baylor, G. Ch & Gascon, J. An information processing theory of

aspects of the development of weight seriation in children.

Cognitive-Psychology, 1974, 61, 1-40.

Becker, J. D. Reflections on the formal description of behavior. In

L.-Bobrow & A. Collins (Eds.),'Representation and learning. New York:

AcademicrPress, 1975.

Blatt, M. The effects of classroom discussion.upoh children's level

of moral judgment. In L.Kohlberg & E. Turiel (Eds.), Recent

research in moral development. New York: Holt, Rinehart, and

Winston, 1971.
0 L ,

Bobrow,'d. G., 4 Collins, A..(Eds.), Representation and understanding.

New York: Academic Press, 1975.

BobroW, D. G. Dimensions of representation In.D. G. Bobrow & A. Collins

1(
(Eds.),Represent ion and understanding. New York: Academic Press, 1975.

8r3,ine, M. D: S. Development of a grasp of transitivity of length: A reply

to Smedslund. Child Development, 1964, 35, 799-810.

Chase, W. G., * Simon, H. A. The mind's eye in chess. Visual information
. . ,

processing. New York: Atfdemic Press, 1973, 215-281.

Gelman, R. Logical capacity of very young childied: Number invariance

C)
ruleS. Child Development, 1972, 43, 7*90. (a)

.

Gelman, R. The nature and development of'early number concepts. /it

H. Reese (Ed:), Advances in child development, Vol. 7. New York:,

Academic Press, 1972. (b)

36

/



4

Glaser, R. Evaluation of instruction and changing educational models.

Center for the Study of Evaluation of Instructional Programs

Occasional Report No. 13. Los Angeles, Cal.: University of California,

1968

Greeno, J..G. Cognitive objectives of instruction: theory of knowledge

for solving problems and answering questions. In D. Klahr (Ed),

Cognition and instruction. Hillsdale, N. J.: Lawrence.Erlbaum

Associates, 1976.
.

.

Hewitt, C. PLANNER: A language for proving theotems in robots. Proceedings

S

of the' International Joint Conference on Artificial Intelligence.

Bedford, Mass.: MITRE Corp., 1969.

Inhelder, B., 4 Piaget, J. The growth of logical thinking from childhood ,

to adolescence. New York: Basic Books, 1958.

Jackson, S. The growth of logical thinking in normal and subnormal children.

British Journal of Educational Psychology, 1965, 35, 255 -258.

Kintsch, W. The representation of meaning in memory. Hillsdale, N. J.:

Lawrence Erlbaum Associates, 1974.

Klahr, D. Desighing a learner: Some questions. In D. Klahr (Ed.),

Cognition 4 instruction). Hillsdale, N. J.: Latirencelrlbaum

Asiociates,.1976. (a)

Klahr, D. Steps toward.the simulation of intellectual development. In

L. B. Resnick (Ed.), The nature of intelligence. Hillsdale, N. J.

Lawrence Erlbaum Associates, 1976. (b)

Klahr, D., 4 Wallace, J. G. Development of serial.compietion strategies:

An information processing analysis. British Journal of Psychology,

1970, 61, 243-257.

37



4b
Klahr, D., Wallace J. G. The role of quantification operators in the

development of conservation of quantity Cognitive Psychology,
4

1973, 4, 301-327.

Klahr, D., Wallace, J. G. Cognitive development: An information-

processing view. Hillsdale, N. J.: Lawrence Erlbaum Associates, 1976.

Kuhn, D. Mechanisms'of'change in the development of cognitive structures.

*Child Development, 1972, 43, 833-844.

Lee, L. C. The concomitant development of cognitive and moral modes

of thought: A test of-selected deductions from 'Piaget's theory.

Genetic Psychology Monographs, 1971, 85, 93-146.

Lovell:K. A follow-up study of Inhelder and Piagk's 'The growth of

logical 'thinking.' British Journal of Psychology, 1961, 52, 143,153

Mager, R. F.' 'Preparing instructional objectiies. Palo Alto, Calif.:

Fearon Publishers, 1962.

Moore, J., P Newell, A. How can MERLIN understand? In L. W. Gregg (Ed.),

Knowledge and cognitiqn. Hillsdale, N. J:: Lawrence Erlbaum.

Associates, 1974.
(

Newell, A. A note on precess-structure distinctions in developmental

psychology. In S. Farnham-Diggory (Ed.),, Information processing in

children. New York: Academic Press, 1972. (a)

Newell, A. -A theoretical exploration of mechanisms for coding the stimulus.

In A. W. Melton E. Martin (Eds.), Coding processes in human memory.

Washington, D. C.: Winston, 1972. (b)

Newell, A. Production systems: Models of control structures. In

.4 W. G. Chase (Ed.), Visual information processing. New York: Academic

Press, 1973.

38



Newell, A. Self modifying production system, 1916"

Newell, A., McDermott, J. PSG Manual, Revision PgG2.D11. Pittsburgh,

Pa. :. Carnegie-Mellon University,- Department ofCompetei%Seiehee;lbi4;

E., 4 Group, L. N. R. Explorations in

cognition, San Francisco, Cal.: Freeman

Piaget, J. The child's conception of time. New York: Ballantine BoOks, 1971.

Reddy, R., 4 Newell A. Knowledge and its representation in a speech' °

understan g system. In L. W. Gregg (Ed.), Knowledge and cognition.

Hillsdal , N. J.: Lawrence Erlbaum:Associates, 074.

Resnick, L. B. Task analysis in instructional designs: Some cases from

mathematics. In Dz Klahr (Ed.), Cognition and instruction. Hillsdale,

Rychener, M. D. Introduction to Psnlst. Pittsburgh, Pa.: Carnegie-Mellon

University, Department of Computer Science, 1976.

Siegler, R.4. Definihg the locus of developmental differences in

-children's causal reasoning. Journal of Experimental Child Psychology,
,

1.7 ' 197f, 20, 512-525. ,0Mr°

Siegler, R: S. Three aspects of cognitive development. Cognitive Psychology,

197rin press. go

Siegler, R. S., 6 Liebert, R. 14.., Effects of contiguity, regularity and

age on children's causal inferences. Developmental Psychology,

1974, 10, 574 -579.

-Simon, H. A. The functional equivalence of problem solving skills..

Cognitive Psychology, 1975, 7, 268 -288..

Saedslund, J. The development of transitivity of length: A comment on.

Braine's reply. Child Development, 1965, 36, 577-580.

39



o.

Ur iel, 1966? .1

Waterman, D. As Adaptive production systems. CIP Working Paper 28S.

Pittsburgh: Carnegie-Mellon Uniersity, Department of Psychology, 1974.

Young, R. M. Children's seriation4,beharior: A production-system analysis.

44;

Unpublished doctoral dissertiftdn, Carnegie-Mellon University, 1973.

40

0



t

4

Table. 1

'Predictions for percentage of correct answers and error patterns

on posttest for children using different models

Problem 'type
F

Balance

J.. 1:4 +A+11J

Weight 1P'\'

Ilt41-1 I

Distance

I II

100 100

100 , 100

0 100'

(Should

1 1.1 t 1 I, say

"balance")

Models

III IV

Predicted
.

Developmental Trend
,

100 106 No change- -all children

at high levels

100
.,

100 No change- -all children-

at high level

100 1006

4

-
Dramatic improvement"

with age

Conflict- ' ,100. 100 33 100 DeCline with age
-'% .

.

,

.weight (Chance Possible upturn in

111 1 I I I
.. .

r.

, respond:tio oldest group
A

Conflict- 0 0 33 "100
\

. ,_

stance (Should (Should (dunce
1.

say say. responding)

"right "right

. down") down")

Improvement with age

Conflict- \ 0 ,' 0 33 100 Improvement with age

l'elance . (Should (Should (Chance.
s. %

say. - says . responding)

"right,,"Aght

down") down")

41



Table 2

Developmental trends observed and predicted

on different problem-types in Experiment I

(percentage of problems predicted correctly)

Number of Predicted Developmental

each type Problem Type Age Trend (From Table I)

Grade K-lst 4th-Sth 8th-9th -11th-12th

4p.Age (years)Mean age (mos)

S-6

73

9-10

120

. 13-14

169

1647

207

'Balance 94 99 99 , 100

4 Wea ht 98 9g 98

4 . Distance
),

i 9 78 81 9S

6 Conflict-

-weight

86 74 S3 S1

6 Conflict-

diitance

11 32 48 SO

.'

, Conflict-.

balance
N
Ns

7. 17 26 40

,

Weighted . 46 61 .62 ,J67

\mean %
:

No change--All children
-

at high level

No change--All children

at hifEh level

Dram tic improvement

-with age

Decline with age--

Possible upturn for'olde

Improvement with ag

Improvement with age

-r



Table 3

Number of children fitting each model

Age 1 II III IV Unclassifiable,---

5-6 23 0 *0 0 7

9-10 3 9 '12 2 4

15,14 3 7 17 1 2

16-11 0 6 19 5 , 0

-Total -,-zr 22 48 8 13

43
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'fable 4

Number of childredin Experiment 1 fitting each model- -

predictions and explanations criteria

Rule by Predictions Criterion
*

I II III IV

Rule I 23 1 0 , 0

1M II 0 7 1 0

Explanations III 0 134 46 0.

Criterion IV 0 0 0 8

4
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Table

-amber of children using different models--Expertment 2

Model I

.11111V

Model II Model III Unclassillabl

Control 8 0 , 0 . .2

S-yeaT-olds Distance training 3
/

4 1 2

Conflict training S 0 0 S

S's Total 16 4 1 9

Control S 3 2

8-year-olds Distance training 0 8 1 1

'Conflict training 0 2 S 3

8's Total S. 13 6 '6

Grand Total 21 17 7 1S

45



Table 6

. .

Pam on training sequence, and predictions from 4 models

Problem Prediction

Number 'Configuration Type S2 feedback IV II I ///-A Criterion
(

.

1 0200/0200 D L L1.111. N

.2 0020/0200 B B 8888
3 0020/3000 , CD

P
R -- L R R R

4 0003/0100 CW L L L L L d.

S 0200/0400 CW L -- RRRL
6 0102/2010 8 8 888

.
8 W

7 0003/0020 CD L R L L L

8 0100/0200 CW L R R R L d

9 0040/1020 CW L L L L L W

11* 0001/2000 W R R R R R

12 0013/1020 CD L -- RI,LL
13 0120/2200 CD L L R R L d

14 0200/1300 CW L -- R R R L

1S 0002/0010 CD R R L L R W

16 0023/1110 CW . R _... L L L L

7 6 7 1

Preteste.'

1 100/100

2 010/300 CW

3 100/200 CD
R

4 010/020 W k R

S 020/00 D - R
R

6 -206./400 CD R R
4

7 100/200 CD R

8 030/020 W L L

*Note: Problem 10 was omitted
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Table fr

4

Percentage of correct encodings--Experiment 3

5-year-olds .- 8-year-olds

Weight Distance
Experiment Encodings Encodings

3a 51

3b 54

16

9

3c 54 19

ti

47

Weight
Encodings

73

64

72

Distance
Encodings

56

37

76



Experiment

3a

3b

3c

3d

3e

Table 8

Percentage of correct PredictionsExperiment 3

Age

5- year -olds'

8-year-olds

5- year -aids

'5-yeat-olds

8- year -olds

5-year-olds

f7yeat-olds

5-year-olds

8-year-olds

2" 2

Balance Weight

2, 6

Distance Conflict-
6 6

Conflict- Conflict-,.

4 Weight Distance

. 9S 100 8 100 2

98,

.

100 100 0

85 85 18 92 8

72: 90' 18 72 .12

109 98 30 90 20

72 92 22 86 17

100 100 22 100) 0

.9; 89 72 89 33

100 100 c 94 67 SO

a

Balance

0

2

15

6

0
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'Table 9

1
Number of children using different models-.ExpeAmant 3

Experiment I

-Rules used

II III Unclassifiable

S-years 9 0 . 0. 1

3a
8-years 8 I 0 1

3b . S-years 7 0 0 3

S-years 7 .0 0 3

3c
8-years 6 2 1

'S-years 6 0 0 4

3d
8-years 6 1 0 3

3e
S-years 1

a

3 4 2

8-years 0 3 7 0

49,
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Figs and Tables
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Figure Captions .

.. .

Figure 1 --Decision tree representations for four .
models of balance scale predictions :-

Figure 2 Production system representations for
four models

Figure 3 Decision, tree representation for Pam's ,
prediction model ..

Figure 4 Production system for Pam

Figure 5 Trace of Pam's production system running on
a conflict-distance probleM..

*

0

w

50

../
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.
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Balance 1 Greater Weight Down

)
figure 1

A

Model I.

Balance,

Model

Greater Weight Down

Greater Distance Down

0

Models Ill and IV

Balance

Greater Weight

Greater
Down

Distance Down,

that side
down

0.

*III)

- muddle
through

Greater Torque Down
..



/
Fig 2

Model I
P2:((Side X more W) --> (Say X "down"))
Pb((Same W) -->.(Say "balance"))

Model li
'P3:((Sanie W) (Side X more 0) --> (Say. X "down"))
P2i(Side X more W) --> (Say X "down"))
P1:((Same W) --> (Sey "balance"))

Model III .

P5 :((Side X more W) (Side X more 0) --> (Say X "down"))
P4:((Side X more W) (Side X less 0) --> muddle through)
P3A(Same.W) (Side X more 0) --> (Say X "down"))
P2A(Sicie X more W) --> (SaY X "down"))
Pi:name W) --,.> (Say "balance"))

.,

Model IV
P7:((Side X more Torque) --> (say X "down"))
Penname Torque) --> (Say:"balance"))
P5A(Side X more Wi (Side X more 0) --> (Say X "down"))

..P4':((Side X more W) (Side X less 0).-->iget Torques))
P3A(Same W) (Side X more 0) --> (Spy X "down "))
P2ASIde X more W) -1-> (Say X "down"))
P1;((Same W) --> (Say "balance"))

. ,

Transitional requirements'
Productions Operators

I -> Il add P3 add distance encoding and
. comparison

II -> III add P4, P5

III -> IV modify P4, acid torque computation and
add P6, P7 comparison .;

Cs

I

I-

/



a "big":

weight: any single peg, n > 3

distance: 3rd of 4th Peg

1*

big D
down

8,13,15

<criterion>

initially: weight

after !amneg. feedback:

weight 4- distance

or distance 4- weight

7

Figure 3

Model III - a

(Pam)

.53

7,9,12,16 (weight)
5,14 (dist)



Figure 4. PS for 111-A

blICLASS wgt dst) 02:(CLASS wgt dst)

4

P1:((pred) (wgt same) --> (made so) (expect balance eten)'say.b)
P2:((pred) (wit more XI) (made ss) (expect %I down) sly.d)
P3:((pred) (wet same) (dst more XI) --> (made ss) (expect 'XI down) say.d)
P4:((pred) (wgt more)(dst more) --> find.big)
p5:((pred) (criterion 01)(DI big XI)(02 big X2) --> (made ss) (expect XI down)say.d)
P6:((pred).(wit big XI) --> (made s*) (expect XI down) say.d)
P7:((pred) (dst big XI) --> (made ss) (expect XI down) say.d)
P8:((pred)(D1) abs --> ATTEND)

4
el:((expect) --> look)
e2:((expect xl x2)(see xl x2) --> (did ss)(see saw)(resulL correct))
e3:((expect xl x2)(see R1 x2) abs (see) --> (did **)(see' ....> saw)(rekult wrong))

sw1:((result wrong)(criterion dst) --> (old * *Xdst wgt))
sw2;((result wrong)(criterion wgt),--> (old *s)(wgt dst))
sw3gresult correct)(criterion) --> (old **))

fincl.big:(0PR CALL) ;returns (wgtldst big tefliright), one or two suet.,.
look:(0PR CALL) ; looks for result of balance tipping.

; returns (see lefliright down)
attend:(0PR CALL) ; initial encoding of same or difference on

ireturns.(witIdst sathelmore lettfright)
t & wit

I
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4

4.

p

4

Figure 5. Trace of Pam's production system running on problem*-7.
(0003/0020).

Cycle 1
STM: ((PRED) (CRITERION WGT)) . ..

s
. . ,

TRUE: P8: ((PRED) (D1) 'ABS :--> ATTEND)
Output from ATTEND (input to STM) ::> (wgt'more leftXdst more right)

ii
Cycle 2

- ` STM: ((DST MORE RIGHT) (WGT MORE LEFT) (PRED) (CRITERION WGT) )
CONFLIOT.SET: (P2 P4)

. TRUE: P4:'((PRED) (WGT MORE) (DST .MORE) --, FIND.BIG) I

Output from FIND.BIG (input to STM) : :> (dst big.right)(wgt big left) .

Cycle 3 li

STM: ((WGT pIG LEFT) (DST BIG_RIGHT) (PRED) (WGT MORE LEFT) (DST MORE RICH
-T) (CRITERION WGT)) -

. 4
k

CONFLICT:SET: (P2 P4 P5 WM.*
CONFLIOT.SET: (P4 P5) AFTER SPECIAL-CASE-ORDER
CONFLICT.SET: (P5) AFTER STKORDER .

TRUE: P5: ((PRED) (CRITERION DI) (DI BIG il) (D2 BIG )(2) -->l (MADE **) (EXPE
CT.XI DOWN) SAY-D) ..
****t***** LEFT down

Cycle 4 , :

STM: ((EXPECT LEFT DOWN) (MADE"(PRED)) (CRITERION WGT).(WGT BIG LEFT) (DST
-BIG RIGHT) (WGT MORE LEFT) ((ST MORE RIGHT))

TRUE: El: ((EXPECT) --> LOOK)--t,
Output from LOOK (input to STM) ::> (see right down)

'A

0

Cycle 5
STM: ((SEE RIGHT DOWN) (EXPECT LEFT DOWN) (MADE (PRE O) (CRITERION WGT) (W

GT BIG LEFT) (DST BIG RIGHT) (WGT MORE LEFT) (DST MORE RIGHT)) '
CONFLICT-SET: (M) .

TRUE: E3: ((EXPECT Xl X2) (SEE XI X2) ABS.(SEE) --> (DID **) (SEE ..> SAW)
(RESULT WRONG))

Cycle 6 I
-STM.: ((RESULT WRONG) (DID (EXPECT LEFT DOWN)) (SAW RIG-IT DOWN) (MADE (PRE

D)) (CWITERION WGT) (WGT BIG LEFT) (DST BIG RIGHT) (WGT-MORE LEFT) (DST MORE R
IGHT)) , _

TRUE: 5W2: ((RESULT WRONG) (CRITERION WGT) --> (OLD **) (WGT -4i-> DST))

Cycle 7
e STM: ((OLD'(RESULT WRONG)) (CRITERION DST) (DID (EXPECT LEFT DOWN)) (SAW

4 RIGHT DOWN) (MADE (PRED)) (WGT BIG LEFT) (DST BIG RIGHT) (WGT MORE LEFT) (DST"
MORE RIGHT))

k
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Children's Knowledge Appendix A

Appendix A. Protocol excerpts of 5-year old on traing sequence.

00400 T1 0001/2000 4:46.
00500
00600 E. Okay. Let's put these two here, and this one here..
00700 S. This side will go down,(points left).
00800 E. Which side? Touch the side that will go down.
06900 S. (touches left side)
01000. E. Okay. Let's see if yo.u.were right. [Re moves blocks. Scale tips: °
01100 left-umright-down.] Were yoli-right? .
.01200
01300
01400
01500
01600
01700
01800
01900
02000
02100
02200
02300
02400
02500
02600

-.02700
02800
02900
03000 S.

03100 E.

03200
03300 S.

s.
E.

S.
E.

s.

E.

s.

(nbds no)
WhiCh side went down?
(poiAts right)
Okay. Why do you think that was? Why did you think before this side
would go down? i
'Cause that one (points left) didn't have. as much as that one (points
right).
Uh-huh. But %Oat actually happened?
'This side went down because that one's heavier (points right).

T3 0100/1000 6:10

`5.
E.

S.

E.

Okay. -What -do you - think will happen this time?
They,will both stay up.
Why do you think that?" N
"Cauie they are b fh the same.
Let's see if you a right. [Removes blocks. Scale tips:Left
down.] Were you ri ht?
(nods yes) .

You were? Look. Do they 1..:Are they balanced?, Is it like it was
.

befbre? . .
Weil, why are they both the same thing and one's up

03400 E. Why do you think that is?
03500 S. I don't know.
03600
03700 T4 0020/0020 700 -...,..
03800

E. Okay. What do you think will happen thie time?
64000----S._ The_same again.
04100 E T,hey will stay the same again. Why do 'you think that?
04200 S. 'Cause. Wait a minute. it won't.
O 0 E. It-won't? .
04 . 'Cause this one (points left) is' closer to this one (points to fulcrum).

0. 04500 this one (pointi right) is closer to this one (points to fulcrum).

and one's down?

04600
04700
O 0
04
05000

S.

$.

So wl>will happen?
"Phis st e (points right) will go up.
This side will go up?
Uh-huh.
Okay. What do you mean by "up "? Point which way it will go,

5.6
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05.100
05200
05300
05400 .

05500
05600
05700
05800
05900
06000
06100
06200
06300
06400
06500
06609
0670
06800
06900
07000
07100,
07200
07300
07400
07500
07600
-07700
07800
07900
08000
98100
0820d11
08300 E.

08400 S.

08500
08600
08700
08800
08900
.09000
.09100
09200
09300
09490
09500
09600
09700
09800
09900
10000

Appendix A

.

S. I think....
E. Which? .

S. ... it will go down.
'E. This side will go dow points left) ?
S. Uh-huh.(Nods "yes")
E.. And this side ... and so it will be like this ?(tilts balance

manually : left-downright-up)
S. Ufi-huh. .
E. Is that right?
S. Uh-huh.* .

'E...,...0kay,,Iet's see if- you are right. [Removes. blocks. Scale tips:
a right-down] Were you right?

S. (nods no)
E. What happened?
S.. This went down (points right).
E. Why do you think that is?
S. I don't know!,
E. Wellithink about it.
S. Uninimm,
E. Okay.
S. I just don't know why,
E. You just don't know why.
S. Uh-huh.
E. Well, we'll keep on working and maybe you'll figure it out.

2

T6 0102/2010 9:43

E.
S..

E.

S.
E.

S.

E.

Okay, what will happen on this one
Yes. This side (points right) will both stay the same (points to
bOth sides).
Let's see if .,.Why do you think 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 right.
I was right!
That's right.

T7 02q0/2000 10:25

E. All-righty, Now, what 'Val happen this time?
S. This side (points left) is ;farther away from this, (indicates

fulcrum) and this side (points right is closer to this.
(indicates fulcrum) So, I think this side is left) will go
up.. And this side will go down (points right)*

E. ,Let's see if you are right.(removes blocks:lift-down

...,-----
---------

-------
-------:_ .--------
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10160 S. Huh-uh.(no)
10200 E. What happened?
10300 S. (points lett, center, right and up)
10400 E. What?
10509 S. This went up (points right) and this went down (points left/
10600 I thought this would go up (points left).
10700 E. Okay. Try to figure out what's happening.
10800 S. H'm. I don't know why.
10900 E. Well you just keep on trying to figure out.
11000
11100
11200 v.

11390 E7 0003/0004 26:46
11400'
11500 S. I'm ready. Ha, wait a 'minute. I forgot. I did it wrong:1 gotta think
11600 ...(can't hear). This is four. This is three. This one will go down
11700 (points right).
11800 E. What do you think would happen if we put one more here? What do you
11900 think would happen? [0004/0004j
12000 S. Both stay the same. This dne is crooked a little bit (adjusts right
12100 woights).
12200 E What do you think'll happen?

.Stay
the same.

12400 E. Wah? Let's see if you're ght. [Removes blocks. Scale tips
12500 rig down, with sharp rap as it hits tablejDid they?

-.1260D-- S. Noi
12700 E. No? No, they didn't, Did the
12800 S. .Plunk. Plunk.
12900 E. Plunk! Why do you think that was?
1300Q S. I don't know. They both had fur. See, one-two, (counts left) one-two
13100 -three-four; (counts right) one two-three-four.
13200 E. They both have four. is that w at made this side go down so much
13340 and this side go up so much?
T3400 S. No.
13500 E. What do you think it was?
13600 S. I don't know.
13700 E. Think about it. What could it be?
13800 S. I just don't know.
13900 E Just don't'know. Look at it for a moment andfry to Retire out
14000 what it could be. Real carefully.

-14100 S. This one is far away (points 'right) and this one\is close (points,
14200 left).
14300 E. Okay. Have anyOthet: ideas?
14400 S. Unh-unh (No).
14500
14600
14700 E8 0003/3000 28:40
14800
14900 E. Okay. Now, want to make up another problem?
15000 S. Uh -huh.
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15100 E, Okay. ,

15200 S. This one is gonna be a good one. Stay the same.
15300 E. You think so? e

15400 S. Uh-huh,
15500 L Okay, let's see if you're right. [Removes blocks. Scale balances]
15600 Were you right?
15700 S. Uh-huh!
15800 E. Yeah, you were.
15900 S. rm being right and right and right, but one time I was wrong.
16000 ..

16100
16200
16300 E9 0003/0003 2926 t
18'400
16500 .
16600 E. [Requests information on how scale workis, and
16700 .' about what would happen op this trial] .

16800 S. There's three, and this side (points right) would go down, I guess.
16900 E. That side would go down?
17000 S, And this side would go up (points left).
17100 E. Why?
17200 S. Because this is faraway (poipts right) and this Is close (points lei(t).
17300 So I thirik if would.
17400 -E, Think so?
17500 S.' Uh-huh. --,
17600 E. Let's see if you're right.
17700 S. Ohh! Right!
17800
17900 E. What would you do to make it balance, now? [5: starts '.
18000 to move scale manually to balance position] No...I mean by
18100 moving the little...tittle circles around. What could

'18200 you do to make that balance?
18300 S. TW three here (points to right, first peg), and this three stay
18400 here (points left). [0003/3000]
18500 E. Let's see if that's right, what you do.
18600 S. I have to hold this up. (lifts right side and moves weights). (0003/3000]
18700 E. Are you right?
18800 S. (nods yes)
18900
19000 E. What would you do to make the other side go down?

_ 19100 S. Whoops. [3000/3000] That side will go up. [points right] Whoops, there.
19200 E. Why does that 'happen? 0
19300 S. Because that one's far away (points le I) and that one's close (points
19400 right).
1'9500 L I see.
19600
19700 5. But if I both had them far away. [3600/0003] Both sides would go
19800 down. (giggle) They balance. a

19900
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Appendix B

Trace, of ps for Model III-A. or four problems
>;run on problem 5. assume criterion set to distance
>1 (0200/0400c

.

. .

0. STM: ((PRED) (CRITERION DST))
TRUE: P8: ((PRED) (01) ABS > ATTEND)

ATTENDING - INPUT NEXT STIMULUS - >(wgt more right)(dst more

.k.- STM: ((DST MORE LEFT) (WGT MORE RIGHT) (PRED) (CRITERION OST) )
CONFLICT.SET: (P2 P4)

TRUE: P4: ((PRED) (WGT MORE) (DST MORE) --> FIND.BIG)
ATTENDING - INPUT NEXT STIMULUS >(wgt big rightXdst big le

2.-STM: ((DST BIG LEFT) (WGT BIG RIGHT) (PRED) (WGT MORE RIGHT) (OST
-T) (CRITERION DST))

CONFLICT.SET: (P2 P4 P5 P6 127)
CONFLICT.SET: (P4 P5) AFTER SPECIALCASE.ORDER
CONFLICT.SET: (P5) AFTER STM.ORDER

A

TRUE: P5: ((PRED) (CRITERION D1) (01 BIG,X1)1D2 BIG X2)- a-> (MADE
' CT X1 DOWN) SAY.Di

********** LEFT down

6. STM: ((EXPECT LEFT DOWN) (MADE (FRED)) (CRITERION DST) (DST BIG L
BIG RIGHT) (WGT MORE RIGHT) (DST MORE LEFT)) .

TRUE: E 1: ((EXPECT) -'> LOOK)
ATTENDING - INPUT NEXT STIMULUS si >(see right down)

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: (El E3)
TRUE: E3: ((EXPECT XI X2) (SEE XI X2) ABS (SEE) --> (DID **) (SEE

(RESULT WRONG))

(

PO. STM: ((RESULT WRONG) (010 (EXPECT LEFT DOWN)) (SAW RIGHT DOWN) (
D)) (CRITERION OST) (DST BIG LEFT) (WGT BIG RIGHT) (WGT MORE RIGHT) (
LEFT))

TRUE: SWI: ((RESULT WRONG) (CRITERION DST) --> (OLD **) (OST =at> W

12. STM: ((OLO (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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.snow do problem 6. Keep criterion

TE: ((0102/2010))

0. STM: ((PRED) (CRITERION WGT))
CONFLICT.SET: (P8) .

TRUE: P8: ((PRED) (D1) ABS --> lckTTEND).. 0

ATTENDING - INPUT NEXT STIMULUS >(dst seme)(wgt same)

1. STM: ((WGT SAME) (DST SAME) (PREP) ( CRITERION WGT)

TRUE: PI: ((PRED) (WGT SAME) --> (MADE *s) (EXPECT BALANCE EVEN) SA

********** balance

5. STM: ((EXPECT BALANCE EVEN) (MADE (PRED)) (WGT SAME) (DST SAME) (
WGT))
TRUE: E1: ((EXPECT) --> LOO

\....,ATTENDING - INPUT NEXT STIMULUS >(see balance even)

6. STM: ((SEE BALANCE EVEN) (EXPECT BALANCE EVEN) (MADE (PRED)) (WGT
ST SAME) (CRITERION WGT))

COWL1CT.SET: (El E2)
TRUE: E2: ((EXPECT XI X2) (SEE XI X2) > (DID **) SAW)

RRECT))

9. STM: ((RESULT CORRECT) (DID (EXPECT BALANCE EVEN)) (SAW BALANCE E
E (PRED)) (WGT SAME) (DST SAME) (CRITERION WGT))

TRUE: SW3: ((RESULT CORRECT) (CRITERION) --> (OLD *.t))

10. STM: ((OLD (RESULT CORRECT)) (CRITERION WGT) (DID (EXPECT BALANC
(SAW BALANCE EVEN) (MAQE (PRED)) (WGT SAME) (DST SAME))
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);next problem 7 (0003/0020)

0. STM: ((PRED) (CRITERION WGT))
CONFLICT.SET; (P8)

TRUE: P8: ((PRED) (D1) ABS --> ATTEND)
ATTENDING - INPUT NEXT STIMULUS >(wgt more leftXdst more r

1. STM: ((DST MORE RIGHT) (WGT MORE LEFT) (PRED) (CRITERION WGT) )
ONFLICT.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 01G LEFT) (DST BIG RIGHT) t(PRED) (WGT MORE LEFT) (DST
T) (CRITERION WGT))

CONFLICT.SET; (P2 P4 P5 P6 P7)
CONFLICT.SET: (P4 P5) AFTER SPECIALCASEORDER
CO,NFLICT.SET: (PS) ItCFTER STM.ORDER

TRUE: P5: ((PRED) (CRITERION DI) (DI BIG X1) (D2 BIG X2) --> (MADE
CT X1 DOWN) SAY.D)

********** LEFT down 3

6. STM: ((EXPECT LEFT DOWN) (MADE (PRED)) (CRITERION WGT) (WGT BIG L
BIG RIGHT) (WGT MORE LEFT) (DST MORE RIGHT))
TRUE: El: ((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 LEFTMOST MORE RIGHT))

CON111cT.SET: (E3) AFTER SPECIAL.CASE.ORDER
TRUE: E3: ((EXPECT X1 X2) (SEE X1 X2) ABS (SEE) --> (DID se) (SEE

(RESULT WRONG))

10. STM: ((RESULT WRONG) (DID (EXPECT LEFT DOWN)) (SAW RIGHT wont (
0)) (CRITERION WGT) (WGT BIG LEFT) (DST BIG RIGHT) (WGT MORE LEFT) (0
IGHT))

TRUE: SW2: ((RESULT WRONG) (CRITERION WGT) --> (OLD **) (WGT > 0

12. STM: ((OLD (RESULT WRONP)) (CRITERION DST) (DID (EXPECT LEFT DOW
RIGHT DOWN) (MADE (PRED)) (WGT BIG LEFT) (DST BIG RIGHT) (WGT MORE LE
MORE RIGHT))
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A

I

>;prob 8 (0100/0200) notice, this has big lit, but not big wgt

0. STM: ((PREb) (CRITERION DST)) .

TRUE: P8: ((PlIED) (DI ) ABS --> ATTEND)
ATTENDING - INPUT NEXT STIMULUS )(we more right)(dst more

1. STM: ((DST MORE LEFT) (WGT MORE RIGHT) (PRED) (CRITERION DST) )
CONFLICT.SET: (P2 P4)

TRUE: PQ: ((PRED) (WGT MORE) (DST MORE) --> FIND.BIG)
ATTENDING - INPUT NEXT STIMULI* *, )(dst big left)

2. STM: ((DST BIG LEFT) (PRED) (WGT MORE RIGHT) (DST MOBE LEFT) (CRI
T))

CONFLICT.SET: (P2 P4 P7)
ONFLICT.SET: (P4 P7) AFTER SPECIAL CASEORDER . -
CONFLICT.SET: (127) AFTER STM.ORDER

TRUE: P7: ((PRED) (DST BIG XI) --> (MADE ss) (EXPECT XI DOWN) SAY.D

sess*sssss LEFT down
I

6. STM: ((EXPECT LEFT DOWN) (MADE (PFED))(bST BIG LEFT) (WGT MORE R
T MORE LEFT) (CRITERION DST)) ' ,

TRUE: El: ((EXPECT) --> LOOK) .
%

ATTENDING - INPUT NEXT STIMULUS ... (see right down)_ /
7. STM: ((SEE RIGHT DOWN) (EXPECT LEFT DOWN) (MADE (PRED)) (DST BIG
T-MORE RIGHT) (DST MORE LEFT) (CRITERION DST)) L. /

CONFLICT,
/

T,SET: (El E3)
TRUE: E3: ((EXPECT XI X2) (SEE XI X2) ABS (SEE) --> (DIO ss) (SEE r,

(RESULT WRONG)) . -

/.' ..

10. STM: ((RESULT WRONG) (DID (EXPECT LEFT WNW (SAW RIGHT DOWN) (
D)) (DST BIG LEFT) (WGT MORE RIGHT) (DST MOPE LEFT) (CRITERION'DST))

TRUE: SW 1: ((RESULT WRONG) (CRITERION DST) --> (OLD **) (DST ....> W

12. STM: ((OLO (RESULT WRONG)) (CRITERION WGT) (DM (EXPECT LEFT DOW
it r RIGHT DOWN) (MADE (PRED)) (DST BIG.LEFT) (WGT MORE RIGHT) (DST MORE L

NIL)
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