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Thee Development of Children' s 
Rulee Use on the Balance Scale Task 

Thee subject of the chapter is the development of children's 
performancee on the balance scale task. It centers on the nature of the 
ruless that children apply and the consistency with which they apply 
thee rules. The procedure of gathering data is based on Siegler's Rule 
Assessmentt Methodology {1976, 1981). A nonverbal test consisting 
off  balance scale problems is administered to 805 participants between 
55 and 19 years old. The data are subjected to latent class analysis. 
Thee analyses indicate the use of Rule I, Rule II, Rule IV, the addition-
rule,, as well as alternative rules. The use of rules is related to the 
children'ss age. Both consistent and inconsistent application of rules is 
observed.. Spontaneous learning and strategy switches explain part of 
thee observed inconsistency. A new model for the development of rule 
usee is proposed: a combination of the staircase model and Siegler's 
overlappingg waves model (Siegler, 1996). The model predicts that 
Rulee I is applied consistently. The transition to Rule II is 
hypothesizedd to be discontinuous, whereas the transition from Rule II 
too Rule III is hypothesized to be gradual, Rule III is described as an 
ensemblee of strategies. These strategies include the addition-rule and 
guessing.. The acquisition of Rule IV is proposed to be sudden, and 
duee to a transition to a higher level of formal operations or to 
instructionn at school. 
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3.1.3.1. Introduction 

Thee subject of this chapter is the development of children's performance on the 
balancee scale task. Two important questions emerge from the literature on the balance 
scalee task. The first is how children solve the task. Do they use rules and, if so, which 
rules?? The second question concerns the consistency with which children apply rules 
whenn they solve balance scale problems. Do children use one rule consistently or do 
theyy sample from a set of rules? We explain the importance of both questions in this 
introduction. . 

Wee adopt Siegler's terminology of rules (Siegler, 1981). We do not use the term 
"rule""  in the strict sense (Reese, 1989], rather use the terms "rule" and "strategy" 
interchangeably.. We conceive of strategies or rules as mental procedures that children 
followw to solve a problem. In our view, strategies may be learned explicitly or deduced 
byy the child from experience. To establish whether a child is conscious of the behavior 
shee or he is performing is very difficult, because an explanation of behavior requires 
thatt the child can verbalize mental processes. We therefore do not address the 
questionn whether children perform strategies or rules consciously. For a discussion on 
rules,, see Siegler's reply (Siegler, 1981, p. 80, 81) to Strauss and Levin's commentary 
(Strausss & Levin, 1981). We expect to be able to predict children's performance on a 
task,, given the strategy they use (see also Reese, 1989). 

Thee balance scale task may be used to assess the development of proportional 
reasoning.. A child is asked to predict the movement of a balance scale. On both sides 
off  the fulcrum, pegs are situated at equal distances from each other and from the 
fulcrum.. Identical weights can be placed on the pegs. The balance may either tip to 
onee side or remain in balance, depending on the number of weights on each side, and 
onn the distances at which these are placed (Siegler, 1976, 1981). Siegler hypothesized 
thatt children use rules for solving balance scale items. The developmental sequence, 
inn which children use the rules, is supposed to be invariant (Siegler, 1976). The 
hierarchyy of rules is characterized by an increasing integration of the weight and the 
distancee dimension. First, children only compare the number of weights on both sides 
off  the fulcrum {Rule I). Next, they progress to comparing the distances at which the 
weightss are placed, but only when the numbers of weights on both sides are equal 
[Rule[Rule II). Subsequently, children consider both dimensions, but do not know how to 
combinee these, and guess or muddle through (Rule III).  Finally, children learn to 
multiplyy the dimensions and compare the products of both sides [Rule IV). 

Thee differences in performance related to these rules are manifested in the 
responsess to six different item types. Balance items involve equal number of weights, 
equidistantt from the fulcrum. Weight items involve an unequal number of weights, 
equidistantt from the fulcrum. Distance items involve an equal number of weights at 
differentt distances from the fulcrum. Conflict items involve a greater number of 
weightss on one side of the scale. The weights on the other side are placed at a greater 
distancee from the fulcrum. On conflict-weight items, the scale will tip to the side with 
thee largest number of weights. On conflict-distance items, the scale will tip to the side 
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withh the greatest distance. On conflict-balance items, the scale wil l remain in balance. 
Tablee 1 summarizes the predicted proportions of correctly answered items given each 
itemm type for each of the four rules. Table 1 also includes the QP-rule and the 
addition-rule,, which are explained below. According to Siegler's Rule Assessment 
Methodologyy (RAM; Siegler; 1976; 1981), a child is considered to use a particular mle 
iff  the proportion of its responses, which are consistent with that rule, exceeds a certain 
criterionn (e.g., .80). 

Tablee 1 
Predictedd Proportion Correct for Rule Models per Item Type 

Rulee Model 
Itemm Type 

balance e 

weight t 

distance e 

conflict--
weight t 

conflict--
distance e 

conflict--
balance e 

Examplee Rule I Rule II Rule II I Rule IV Addition QP 

1.000 1.00 1.00 1.00 1.00 1.00 

1.000 1.00 1.00 1.00 1.00 1.00 

.00aa 1.00 1.00 1.00 1.00 1.00 

1.000 1.00 .33c 1.00 0.00a 0.00a 

.00bb .00b .33c 1.00 1.00 0.00a 

.00bb .00b .33c 1-00 1.00 1.00 

1+11 J i l l 
A A 

1X11 M 1 + 7X X 
u u 

Note.Note. On this test, the addition-rule results in the response "in balance" to all conflict-weight 
itemss and in the correct response to all other conflict items. 
aa Answers that scale will stay in balance. 
bb Answers that scale will tip to side with more weights. 
cc Guesses or "muddles through". 

Manyy experimenters studied the question whether children do indeed use rules 
and,, if so, which rules they use (Chletsos, De Lisi, Turner & McGillicuddy-De Lisi, 
1989;; Ferretti & Butterfield, 1986; Klahr & Siegler, 1978; Kliman, 1987; Marini & 
Case,, 1994; McFadden, Dufresne, & Kobasigawa, 1987; Normandeau, Larivée, Roulin 
&.. Longeot, 1989; Richards &. Siegler, 1981; Roth, 1991; Siegler & Chen, 1998; Surber 
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8k8k Gzesh, 1984; van Maanen, Been & Sijtsma, 1989; Wilkening 8k Anderson, 1982). 
However,, many of these studies are limited. Their aim is to find evidence for the 
existencee of the rules that Siegler (1976, 1981) proposed. Generally they do not 
questionn the method of assigning children to rules nor test the hypothesis that 
childrenn are using rules. Modification of the theory mainly consists of the introduction 
off  additional rules. For example, Normandeau et al. (1989) proposed the addition-rule, 
thee Qualitative Proportionality rule (QP-rule), and Rule IIIA. The addition-rule implies 
thee addition of weight and distance. Children, who use this rule, predict that the scale 
wil ll  tip to the side with the largest sum of weight and distance and predict that the 
scalee wil l remain in balance if the sums are equal. Children, who use the QP-rule, 
predictt that the scale will remain in balance on conflict items. They think that the 
largerr number of weights on one side of the scale compensates for the larger distance 
onn the other side of the scale. Children who use Rule IIIA base their judgments of 
conflictt items on a perceptual cue: On some conflict items the distance dimension 
seemss more important, on others the weight dimension. Siegler and Chen (1998) 
observedd rules that are more complex than Rule I but less complex than Rule II. 

Anotherr limitation of most research on the balance scale task is that most 
experimenterss use the RAM to obtain a classification of rules. They calculate the 
proportionn of matches between observed responses and expected responses for each 
rule.. A child is assigned to a rule if the proportion of matches exceeds a certain 
criterion.. However, this procedure may result in the spurious detection of rules 
(Strausss 8k Levin, 1981). Jansen and van der Maas (1997) improved on the RAM by 
applyingg latent class analysis to children's responses to balance scale problems. 

Latentt class analysis is a statistical technique that divides the sample into a 
limitedd number of latent classes. A latent class may correspond to the use of a certain 
cognitivee strategy. Collins 8k Wugalter (1992) and Rindskopf (1987) applied latent 
classs analysis to other developmental tasks. Van der Maas (1998) described the 
relationn between cognitive strategies and the latent class model and showed that the 
interpretationn of latent classes as cognitive strategies is very useful. An important 
advantagee of the technique is that it offers statistical fit measures that indicate the 
suitabilityy of a given model. The criterion used to classify children is not arbitrary, but 
cann be subjected to statistical testing. Further, the technique can be used to model 
children'ss error processes. Although a child possesses the ability to perform a task, the 
childd may still answer some items incorrectly. For example, the child may indicate a 
differentt response than intended because of carelessness (Rindskopf, 1987). The 
deviationn from the expected response pattern ("all items correct") can be modeled in a 
latentt class model. The permitted proportion of deviations does not change when the 
numberr of items changes. In the RAM, the permitted proportion of deviations does 
changee when the number of items changes. With latent class analysis, one can 
comparee classifications based on different data sets, collected with different tests. 
Anotherr advantage is that one does not need to know the exact rules beforehand 
becausee latent class analysis can detect clusters of unexpected response patterns, 
whichh can be interpreted as alternative rules. 
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Mostt importantly; latent class analysis can falsify the hypothesis concerning rule 
use,, because a latent class model, associated with rule use, can be tested statistically. 
Forr instance, Jansen and van der Maas (1997) analyzed a data set stemming from a 
neurall  network (McClelland, 1989) and an empirical data set (van Maanen et al., 
1989).. The neural network is believed to mimic children's behavior on the balance 
scalee task. The network generates similar responses to balance scale items as children. 
Bothh data sets consisted of responses to the same balance scale test. The application of 
RAMM resulted in an apparently satisfactory classification in Siegler's rules (Siegler, 
1981)) of both the empirical data and the network's data. Latent class analyses of the 
empiricall  data set also showed that children used rules, which corresponded largely to 
Siegler'ss rules. The latent class analyses of the data of the neural network, however, 
providedd littl e evidence for the use of rules. Furthermore, the few rules that were 
detected,, differed strongly from those that Siegler proposed. These results showed, 
amongg other things, that it is possible to falsify the hypothesis concerning rule use 
withh latent class analysis. 

Althoughh the application of latent class analysis to the balance scale task is an 
improvementt over the RAM, Jansen and van der Maas (1997) did not give a complete 
overvieww of the rules that children use when solving balance scale problems, and they 
didd not test the presence of all alternative rules. There are two reasons for this. The 
dataa set they used was limited. It only contained the incorrect/correct scores and did 
nott include scores concerning the actual outcome ("left side down", "in balance", and 
"rightt side down"). In addition, the children in the data set were too young to use 
complexx rules like Rule IV. In the present study, we try to obtain a complete picture of 
children'ss behavior on balance scale problems by means of latent class analysis. We 
administerr the balance scale test to children who vary greatly in age. Also, we employ 
aa trichotomous response format ("left side down", "in balance", "right side down") that 
providess more information than the incorrect/correct scores. We relate the rules to the 
agess at which children perform the rules. 

Thee hierarchy of rules for solving balance scale items implies that children use a 
rulee consistently and that they do not switch between rules during the administration 
off  a balance scale test. The invariant sequence of rules, that Siegler proposed, stems 
fromm a so-called staircase model of development (Siegler, 1996). For a long period, 
childrenn only have one rule at their disposal. They then suddenly shift to a next rule 
thatt is associated with a more advanced level of ability. The rules differ qualitatively, 
andd the shift from one rule to another is discontinuous. The staircase model implies 
consistencyy of rule use, independent of variations within item types. Siegler (1981, 
1996)) found considerable evidence for this theory of development on the balance scale 
task.. However, the literature provides several reasons to doubt the consistency of rule 
use.. We highlight three of these reasons. 

First,, Jansen and van der Maas (1997) observed inconsistencies in their latent 
classs models. They noted that the performance based on Rule III was inconsistent. 
Moreover,, some latent classes were difficult to interpret. These complex results were 
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nott a result of the technique, but stemmed from the data. The data were more 
complexx than the RAM suggested. Jansen and van der Maas contend that children 
mayy (spontaneously) learn during the administration of the test. Just by presenting the 
testt items, children discover new features of the balance scale task and change their 
strategyy accordingly. 

Second,, Ferretti and Butterfield (1986) observed inconsistencies that were related 
too quantitative characteristics of the items. As explained above, Siegler (1976, 1981) 
categorizedd balance scale items into six item types. The categorization depends only 
onn the qualitative relation of the weight dimension and the distance dimension, and is 
independentt of the quantitative variations (e.g., the absolute difference between the 
numberr of weights on both sides). However, Ferretti and Butterfield observed that 
childrenn were more likely to use a more complex rule when the product difference 
increased.. The product difference is the difference between the products of weight and 
distancee on the left and on the right side of the fulcrum. Jansen and van der Maas 
(1997)) showed that Ferretti and Butterfield's choice of the four levels of product 
differencee was awkward. The product difference of the maximum level was much 
largerr than that of the other levels. Jansen and van der Maas suggest that Ferretti and 
Butterfieldd may have based their conclusion only on the responses to the items with 
thee extreme product differences. They argue that Siegler's assumption (Siegler, 1981) 
off  insensitivity to quantitative variations within item types is reasonable for variations 
thatt are not too extreme. However, the improved performance on balance scale items 
withh extreme variations is unexpected and remains an interesting observation. 
Childrenn who use more unusual rules might be more sensitive to variation within 
itemm types. 

AA third reason to doubt consistency of rule use on the balance scale task is more 
theoretical.. Some experimenters question whether cognitive development follows the 
staircasee model at all. Thelen and Smith (1994, p. xix) contend that, although 
behaviorr and development appear rule driven, there are in fact no rules. Strauss and 
Levinn (1981) criticize Siegler's method (RAM) and argue that the design of the test and 
thee method give rise to the observation of rules, even if children are not actually using 
them.. Siegler (1996) himself proposed an alternative model that allows for individual 
variations:: the overlapping waves model. In this model the distribution of the use of a 
rulee is represented by a "wave". The transition from one rule to another is gradual, 
becausee the waves are overlapping. The overlapping waves model may accurately 
describee the development of performance on the balance scale task. However, Siegler 
didd not apply the model to the data obtained on the task. Siegler described 
developmentt that followed from the overlapping waves model as "a gradual ebbing and 
flowingg of the frequencies of alternative ways of thinking, with new approaches being 
addedd and old ones being eliminated as well" (Siegler, 1996, p. 86). The overlapping 
wavess model differs from the staircase model in several ways. First, a child may 
employy several rules, rather than just one. The child switches between these rules. 
Second,, cognitive change is viewed as a shift of preference for a given rule rather than 
ann abrupt substitution of one rule for another. As children develop, their preference for 
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aa rule waxes and wanes, which results in gradual change in the employment of rules. 
Inconsistentt rule use is an implication of the theory. All these aspects doubt the 
classicall  picture of rule-based development. Although research on the balance scale 
taskk has shown that children do use rules and pass through a hierarchy of rules, earlier 
researchh also revealed some inconsistency in rule use. We test whether these 
inconsistenciess can be attributed to (a) spontaneous learning, (b) effects of quantitative 
variationss within item types (e.g., product difference effects), or (c) availability of 
multiplee strategies. 

Inn summary, the present experiment addresses the nature of the rules that 
childrenn of different ages use for solving balance scale items, and the consistency with 
whichh children use these rules. The first issue is examined by means of the 
administrationn of a paper-and-pencil version of the balance scale task to a large sample 
off  children. The ages of the children span a wide range. The responses are analyzed by 
meanss of latent class analysis. The second issue, consistency of rule use, is studied by 
examiningg changes in performance on the test. The test that we use consists of 
comparablee sets of items. We study the differences in performance between the sets. 
Consistentt behavior should give rise to a well-fitting latent class model, in which the 
probabilitiess of answering items of a single type are restricted to be equal within a 
latentt class. The finding that such a latent class model fits adequately certainly 
weakenss the plausibility of hypotheses concerning strategy switches, learning, and the 
influencee of product differences. 

Thee Method section describes the different parts of the experiment. First, the 
designn of the balance scale test and the administration of the test are explained. Next, 
latentt class analysis, and the application to the balance scale task, is explained. 

3.2.3.2. Method 

3.2.1.. Participants 

Thee balance scale test was administered to 805 participants. The participants 
weree recruited by sending letters to several public schools in the Netherlands. The 
samplee comprised 1 5-year-old, 15 6-year-olds, 51 7-year-olds, 65 8-year-olds, 88 9-
year-olds,, 99 10-year-olds, 82 11-year-olds, 77 12-year-olds, 71 13-year-olds, 77 14-
year-olds,, 73 15-year-olds, 56 16-year-olds, 35 17-year-olds, 12 18-year-olds, and 3 19-
year-olds.. The children come from four elementary schools and two secondary 
schools.. The sample comprised 397 male participants and 408 female participants. 
Thee children came from middle-class SES. Fifteen children did not respond to one or 
moree items. The data of these children were excluded from the analyses. 

3.2.2.. Materia l and procedure 

Thee present balance scale test is a paper-and-pencil test, in the form of a booklet 
thatt consists of 30 pages. Each page contains a balance scale item. The balance scale 
depictedd in the booklets contains four pegs on each side of the fulcrum and a 
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maximumm of six weights can be placed on one of the pegs on each side. As depicted, 
thee balance scale is 15 cm wide and 4 cm high. The three response possibilities are 
representedd by two arrows pointing down and an equal sign. The symbols are printed 
beloww the balance scale. Children are requested to circle the arrow under the left arm 
off  the balance, if they think that the scale will tip to the left; circle the equal sign 
underr the fulcrum, if they think that the scale will stay in balance,- and circle the 
arroww under the right arm, if they think that the scale will tip to the right. 

Inn explaining the booklet to the children, Chletsos' procedure (Chletsos, 1986) is 
largelyy followed. Chletsos applied the procedure with children of eight years and older 
withh good results. The experimenters place a wooden balance scale in a place where 
everybodyy can see it, and tell the children that they are interested in how children 
predictt the movement of a balance scale. They explain that the pegs on the balance are 
placedd at equal distances and that all blocks weigh the same. They show that a 
blockingg pin prevents the scale from tipping. Next, they hand out the booklets and ask 
thee children to fil l in their names, ages and birth dates on the front page of the 
booklet.. The next page contains a picture of a balance scale without weights. The next 
threee pages contain examples of balance scale items. The responses to these items are 
nott used in the analyses, but are meant to familiarize the children with the format of 
thee test. The items include a balance item and items with weights placed on only one 
sidee of the fulcrum. 

Thee experimenters use the wooden scale to demonstrate one of the items in the 
booklett and ask the children what will happen if the blocking pin is removed. They 
askk the children to turn to the page with the first balance scale item. They explain the 
equivalencee of the wooden scale and the balance scales depicted in the booklet. They 
demonstratee the procedures of marking and, if a mistake is made, correcting an 
answer.. The experimenters and the children complete the three examples. The 
childrenn are asked to work quietly and by themselves on the remainder of the test. 

Thee test consists of 25 balance scale items, which are arranged in five 
comparablee blocks of five items, one of each type. We do not include balance items 
becausee the expected responses to this item type do not differentiate between the 
differentt rules (van Maanen et al., 1989, see also Table 1). Items are arranged in the 
samee order in each block: weight, distance, conflict-weight, conflict-distance, and 
conflict-balance.. All conflict-weight items are constructed in such a way that the use 
off  the addition-rule results in the incorrect response "in balance". Use of the addition-
rulee results in the correct answer on all conflict-distance and conflict-balance items 
(seee Appendix for details of the items). The introduction of the experimenters and the 
explanationn of the test and procedure took about fifteen minutes. On average, the 
childrenn needed ten minutes to complete the test. 

3.2.3.. Latent class analysis 
Children'ss responses to the balance scale items are classified according to the 

rulee used by means of latent class analysis (LCA). The latent class model is a finite-
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mixturee distribution model (McLachlan & Basford, 1988 in Heinen, 1996, p. 9), 
becausee the total population is a mixture of a finite number of latent classes that differ 
withh respect to the conditional response probabilities. The program we employ for 
applyingg latent class analysis is PanMark (van de Pol, Langeheine, & De Jong, 1996). 
McCutcheonn (1987), Clogg (1994), Rindskopf (1983), and Heinen (1996), amongst 
others,, provide extensive introductions to LCA. We only give a short introduction. To 
explainn the parameterization, we use Goodman's notational system (Goodman, 1974; 
seee also McCutcheon, 1987). 

3.2.3.1.3.2.3.1. The latent class model 

LCAA is a technique for analyzing categorical variables. A distinction is made 
betweenn manifest and latent variables. The manifest variables (say, A, B, C, etc) are 
thee observed responses, whereas the latent variable (say, X) is the unobserved or 
underlyingg variable. The measurement level of both the manifest variables and the 
latentt variable is nominal. The latent class model assumes that the population 
consistss of individuals belonging to one of a limited number of exclusive and 
exhaustivee latent classes. Each individual is assumed to belong to one and only one 
latentt class (Goodman, 1974). This is the assumption of stationarity. 

Withinn each latent class, the manifest variables are assumed to be statistically 
independent.. This so-called assumption of local independence means that the 
associationn between the manifest indicators is caused by the fact that people belong to 
differentt latent classes, and that different classes have different conditional response 
probabilitiess (McCutcheon, 1987). 

3.2.3.2.3.2.3.2. Construction of a latent class model 

Thee responses to the balance scale items are analyzed with a combination of 
exploratoryy and confirmatory latent class analysis. The optimal number of latent 
classess (T) is determined in an exploratory analysis. Deciding on the number of latent 
classess involves increasing the number of classes until the expected frequencies of the 
modell  do not deviate significantly from the observed frequencies (see below). The 
proportionn of children in a given class is called the unconditional probability of that 

latentt class. The estimated proportion of class t of latent variable X is noted as n , 

wheree the hat indicates that the probability is estimated. The unconditional 
probabilitiess sum to 1. 

Thee probabilities of the responses to the manifest variables are dependent on the 
latentt class that the subject occupies. These probabilities are therefore called 
conditionall  probabilities. All individuals who belong to the same latent class have the 
samee conditional probabilities (Heinen, 1996, p. 9). An estimated conditional 
probabilityy is expressed as A where it is the probability that the response on 
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manifestt variable A is i, given that the subject is member of latent class t, for latent 
variablee X. The bar indicates that the probability is conditional on membership of 
latentt class t. The conditional probabilities sum to unity for each item, within each 
latentt class. The full latent class model, for the manifest variables A, B, and C, is 
definedd in Equation 1, which gives the proportions of each of the possible response 
patternss ijk as function of the estimated model parameters. 

^^ ~x ~AX J x ncx 
^ijk=2j^ijk=2j nn n n n (1) 

Thee confidence intervals of the estimated parameters are determined by means 
off  the so-called non-naive bootstrap procedure. This procedure uses the estimated 
parameterss of the model to simulate a large number of data sets. For each data set, a 
modell  (with the same number of latent classes and the same restrictions) is estimated 
(dee Menezes, 1999). The 5% percentile and the 95% percentile of these bootstrapped 
estimatess define the limit s of the confidence interval of the estimate. We only report 
confidencee intervals of which the range, from the lower to the upper bound, is larger 
thann . 1. If the confidence interval is symmetrical about the estimate, we report the 
rangee of the interval; if it is not symmetrical, we report the lower and the upper bound 
off  the interval. 

3.2.3.3.3.2.3.3. Selection of a latent class model 

Thee selection of a model takes place by considering the Loglikelihood ratio {LR), 
whichh expresses the deviation of the expected frequencies from the observed 
frequencies.. When the differences between the observed and expected frequencies are 
small,, the fit index is small, indicating an acceptable fit of the model. If the model is 
accuratee and the sample size is large, this index follows a chi-squared distribution with 
aa number of degrees of freedom dependent on the model. An alpha level of .05 is used 
forr all statistical tests. The number of degrees of freedom equals the difference 
betweenn the number of independent cells in the observed frequency table and the 
numberr of estimated parameters. Because our data set is relatively small in 
comparisonn to the number of possible response patterns, we cannot use the theoretical 
chi-squaredd distribution to determine the fi t of a model. Therefore, we use the 
parametricc bootstrap method and report bootstrapped p-values.1 

11 When the data set is sparse (many cells in the frequency table have a low frequency), the fit 
measuress do not follow the theoretical chi-squared distribution. In this case, the fit of a model 
cann not be tested by using the theoretical chi-squared distribution. The parametric bootstrap 
methodd can be used to obtain an empirical distribution of the fit measures (Langeheine, 
Pannekoekk & van de Pol, 1995; van der Heijden, 't Hart & Dessens, 1997). By resampling data, 
usingg the estimated parameters of the model, bootstrapped fit measures are obtained. Counting 
thee number of bootstrapped fit measures that are larger than the original fit measure, results in 
aa bootstrapped p-value. This value, instead of the p-value derived from the theoretical 
distribution,, is used in this chapter. 
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Thee Bayesian Information Criterion (BIC; Schwarz, 1978) is used to compare 
modelss that all show an acceptable fit of the model to the data. The BIC is a penalized 
Loglikelihoodd criterion and a function of the number of parameters, the LoglikeUhood 
ratioo and the number of subjects. BIC is calculated as - 2 log I (t) + par * In (N), where 
LL is the likelihood based on t classes, par is the number of parameters of the model, 
andd N is the number of subjects. This criterion can be used for comparing both nested 
andd nonnested models. Small values of BIC characterize models that fit well and are 
parsimonious.. Because we prefer parsimonious models, we focus on the BIC and not 
onn the Akaike Information Criterion (Akaike, 1974). The BIC favors more 
parsimoniouss models (Raftery, 1995). 

3.2.3.4.3.2.3.4. Latent class memberships 

Thee posterior probabilities indicate the probability that a response pattern 
belongss to a given latent class in the model. These are calculated as follows in 
Equationn 2. 

-ABCX-ABCX *ABCX,xp  "ABCX 
7171 . . . =71 .  / > 71 2 

ii  j k t i j k t *-*  i j k t '  ' 
/=1 1 

Thee posterior probabilities sum to unity over the latent classes for each response 
pattern.. A child is assigned to the class that is associated with the largest, or modal, 
posteriorr probability. Assigning a child to this class is straightforward if the modal 
probabilityy of the response pattern is close to one. The assignment becomes doubtful if 
thee probabilities associated with the different classes are similar. The percentage of 
correctlyy classified subjects indicates the reliability of assigning the subjects to latent 
classes.. This percentage is the average value of the modal probabilities, multiplied by 
100%.. The measure lambda (X) is also used as an indicator of the reliability of the 
assignment.. The measure X expresses the improvement of using the modal probability 
off  a response pattern of a subject to assign the subject to a latent class, instead of 
assigningg each subject to the largest latent class. The measure X is between 0 and 1 
andd a higher value is associated with a more accurate assignment [McCutcheon, 1987, 
p.. 37). 

3.2.3.5.3.2.3.5. Difficulties of latent class analysis 

Too estimate the parameters of a given latent class model, one has to ascertain 
thatt the model is identified. Identification implies that the minimum of the 
Loglikelihoodd ratio function is associated with a unique configuration of parameter 
values.. Stated simply the model is identified if there are sufficient observed data 
(knownn entities) to obtain unique estimates of the parameters (unknown entities; the 
classs proportions and conditional probabilities). A necessary (but not sufficient) 
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conditionn for this to be the case is that the degrees of freedom of the model be positive. 
Methodss to establish identification are discussed extensively in the literature on LCA 
(Goodman,, 1974; Rindskopf, 1983). Here we adopt the criterion that the Information 
matrixx (the matrix of second order partial derivatives of the Loglikelihood ratio 
functionn with respect to the unknown parameters) is of full rank, i.e., that the 
eigenvaluess of this matrix be positive (van de Pol, Langeheine, & De Jong, 1996). 

3.2.3.6.3.2.3.6. Application of latent class analysis to balance scale data 
Inn the case of the balance scale task, the manifest variables are the balance scale 

items.. We abbreviate the names of the item types to W (weight), D (distance), CW 
(conflict-weight),, CD (conflict-distance), and CB (conflict-balance). The response 
categoriess are "left side down" [1],  "in balance" [b) and "right side down" (r). There is 
noo inherent ordering of these response categories. Our hypothesis is that the discrete 
latentt variable represents several levels of ability to solve balance scale problems. A 
classs (t) of the latent variable [X]  is assumed to correspond to the use of a given rule. 
Thesee rules are qualitatively distinct categories of ability. The assumption of local 
independencee implies that the relation between the scores on items of the balance 
scalee task can be explained by the model assumption that the children use different 
cognitivee strategies. The estimated probability that a child answers "balance" to 
conflict-weightt item 1, given membership of the first latent class, is expressed as 

nn ' . Below we will often assume that the conditional probabilities are equal within 

.. ,. , *cwx *cwlx -cWx ~cWAx ~cW5x T ,. 
itemm types, within classes, e.g., n -n -n . „=7t  , =ft , ,  In this 

o ll  b \ b \ b \ b \ 
7̂ WW  X 

case,, we represent the estimates by 7t ' s . When an equality is used between two 
bb 1 

itemss (say, CWt and CW2), estimated parameters are expressed as it u . 
bb 1 

Mostt applications of latent class analysis involve a small number of items, and 
soo avoid the analysis of an extremely large contingency table. Exceptions are the 
studiess of van der Heijden, 't Hart and Dessens (1997) and Boom, Hoijtink and 
Kunnenn (submitted), which concern latent class analysis of around twenty 
dichotomouss variables. The contingency table of the present balance test of 25 items 
withh three response categories comprises of 315 cells. Such a large contingency table 
mayy generate problems concerning the fit of the model and the identification of the 
model.. The computation of a model for such a large frequency table is complex. 
Hence,, we analyze informative combinations of sets of items, instead of the whole 
balancee scale test at once. 

Wee start with the analyses of the five items of each item type. The hypotheses 
concerningg the number of latent classes and the content of the classes may be deduced 
fromm Table 1. For example, we expect that the latent class model consists of only one 
latentt class for the weight items. All children are expected to answer these items 
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correctly.. The specific hypotheses concerning the number of expected latent classes for 
thee latent class models of the remaining item types are specified in the Results 
section,, preceding the results of the analyses. 

Wee follow the same procedure in all analyses of the individual item types. First, 
thee number of latent classes is determined. Second, all latent classes are subjected to 
equalityy restrictions. The conditional probabilities for the most probable answer are 
restrictedd to be equal within each latent class. Equality restrictions are used to test the 
hypothesiss that children use a rule consistently and solve all items in the test by 
applicationn of the same rule. For example, the probability of answering "in balance", 
givenn any distance item, should be equal for children who use Rule I. The conditional 
probabilitiess of giving the two least probable answers are also restricted to be equal 
withinn an item and within a latent class. For example, the probability of answering 
"scalee tips to left side" should be equal to the probability of answering "scale tips to 
rightt side" for children who use Rule I on all distance items. The strategy switches, 
whichh are mentioned in the Introduction, actually violate the stationarity assumption. 
Wee do think that the latent class model is appropriate for the analysis of responses to 
aa balance scale test, because the latent class models of Jansen and van der Maas (1997) 
mainlyy included clear, consistent, and well interpretable response patterns. It should 
bee noted that the models also included classes with inconsistent response patterns. 
Violationn of the stationarity assumption by strategy switches or learning may explain 
thesee deviant classes. 

Thee model that shows an insignificant deviation of the observed frequencies 
(indicatedd by p-values larger than .05 for the Loglikelihood ratio test), and that is 
parsimoniouss (indicated by a low BIC) is selected. Only that model is described in 
detail. . 

Wee continue with an analysis of a combination of item types, because the 
analysess of individual item types do not distinguish between all rules. For example, all 
ruless result in the correct response to weight items. Only with a combination of item 
types,, can each rule be differentiated. Our decision concerning the combination of 
itemm types is based on the results of the analyses of the individual item types. 

3.3.3.3. Results 

3.3.1.. Psychometric properties of the test 

Thee internal consistency of the full test, expressed by Cronbach's a, is .80. For 
thee weight, distance, conflict-weight, conflict-distance, and conflict-balance items, a is 
.81,, .93, .88, .90, and .89, respectively. The interitem correlation for the full test is 
.14.. The interitem correlation for the weight, distance, conflict-weight, conflict-
distancee and conflict-balance items is .45, .74, .60, .64, and .63, respectively. The 
negativee relation between some item types, like the weight items and the conflict-
weightt items, causes the low inter-item correlation for the full test. The average 
numberr of correct items is 15.55 (SD = 4.62) for the full test, 4.92 (SD = .46) for the 
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weightt items, 3.19 {SD = .21) for the distance items, 3.12 [SD = 1.99) for the conflict-
weightt items, 2.41 [SD = 2.08) for the conflict-distance items, and 1.91 {SD - 2.02) 
forr the conflict-balance items. 

3.3.2.. Latent class analyses of each item type 

3.3.2.1.3.3.2.1. Weight 

Alll  children are expected to answer weight items correctly. However, the 
Loglikelihoodd ratio of both the one-class model and the two-class model indicated 
significantt differences between the expected and the observed frequencies. Three latent 
classess were needed to explain the data. The largest latent class [kl = .99) 
demonstratedd the expected high estimated probabilities of answering weight items 
correctly.. The responses of the children in the other two, very small, classes were 
inconsistent.. Their responses to the other item types were also inconsistent. It seems 
thatt they were not able to perform the test or did not understand it. We excluded the 
elevenn children in these two classes from all analyses (see also Jansen and van der 
Maas,, 1997). The remaining sample consisted of 779 children. On the weight items, 
theyy formed one latent class [LR (240, N = 779} = 13.81, bootstrapped p-value = .34) 

withh high estimated probabilities [n l '5 = .99) of answering weight items correctly. 

3.3.2.2.3.3.2.2. Conflict-weight 

Initiall  analyses of the item types showed that the responses to the first set of 
itemss differed from the responses to the remainder of the items. For illustration 
purposes,, we present the latent class model of all conflict-weight items and that of the 
fourr conflict-weight items in set 2 to 5. Table 2 shows the goodness-of-fit statistics of 
thee models of all conflict-weight items and the models of the last four conflict-weight 
items.. Table 3 shows the parameters of the selected models. 

Thee latent class model is expected to comprise three latent classes. The first 
classs consists of children who employ Rule I, Rule II, or Rule IV. Use of any of these 
ruless results in the correct answer. The second latent class consists of children who 
usee Rule III and who resort to guessing when the weight dimension and the distance 
dimensionn conflict. The third latent class consists of children who employ the 
addition-rule,, and of children who use the QP-rule. Use of these rules results in the 
responsee "balance". 
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Tablee 2 
Goodness-of-fitt Indices for Latent Class Models of Responses to 

thee Individual Item Types 

## classes df LR BIC 
Conflict-Weightt Items, Al l Items 

22 221 479.78*  4844.94 
33 210 255.64*  4694.03 
44 202 171.53 4663.19 

4-classs model, with restrictions 215 212.93 4618.05 
Conflict-Weightt Items, First Item Excluded 

22 63 242.07*  4012.56 
33 55 68.95 3892.71 
44 48 44.28 3914.64 

3-classs model, with restrictions 64 95.24 3859.07 
Distancee Items, First Item Excluded 

22 63 251.40*  2766.23 
33 56 86.26*  2647.69 
44 53 38.49 2619.91 
55 49 24.23 2632.28 

4-classs model, with restrictions 70 68.10 2536.32 
Conflict-Distancee Items, First Item Excluded 

22 64 356.07*  4050.40 
33 56 80.93 3821.87 
44 49 45.87 3833.42 

3-classs model, with restrictions 67 105.81 3773.51 
Conflict-Balancee Items, First Item Excluded 

22 63 369.83*  4433.36 
33 54 160.57*  4284.03 
44 47 72.99 4243.05 
55 43 54.73 4251.43 

4-classs model, with restrictions 66 109.01 4152.57 
Note.Note. N = 779. All the analyses of one item type concern the last four items 
off  each type. LR is the Loglikelihood ratio; df is the number of degrees of 
freedom.. The probability of the Loglikelihood ratio is computed by means of 
thee parametric bootstrap procedure. *  p < .05. 
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Fourr latent classes were needed to describe the responses to all conflict-weight 
items.. Only three latent classes were needed when the item of the first set was 

 x 
excluded.. The first latent class of both models (estimated proportions are n = .55 in 

**  x 
thee model of all items and K = .57 in the model of four items) showed high 

AA cw x 
estimatedd probabilities of answering the conflict-weight items correctly [ft  ' 5 = .95 

ii  l 

CWCW X 
inn the model of all items; it 2'5 = .94 in the model of four items). Restricting the 

// ] 

conditionall  probabilities of answering the conflict-weight items correctly to be equal 
wass acceptable in both models. The children in this class were expected to employ 
Rulee I, Rule II, or Rule IV. The class corresponded to the first expected latent class. In 
thee second latent class the estimated probabilities of answering "in balance" were high 

^^  CW X *  cw X 
[it[it  '"5 = .96 in the model of all items, it 2's = .81 in the model of four items). 

bb 2 b 2 

Equalityy restrictions on these conditional probabilities were acceptable in both models. 
Thee children in these classes were expected to employ the addition-rule or the QP-
rule.. The class corresponded to the third expected latent class. The estimated 

/>.. x 
proportionss of the latent classes differed between the two models [it  = .16 in the 

~~ x 
modell  of all items, n = .39 in the model of four items). The estimated unconditional 

2 2 
**  X 

probabilityy of the third latent class was rather small in both models [n = .04). This 

classs of children was not expected. The estimated conditional probabilities were 
similar,, but difficult to explain. The estimated probabilities of answering that the scale 

~~ cw x 
wil ll  til t to the side with the largest distance, were rather high [it  1"s = .65 in the 

AA cw x 
modell  of all items; it 2"5 = .70 in the model of four items). Restricting these 

rr  ^ 

conditionall  probabilities to be equal was acceptable in both models. Possibly, the 
childrenn in this latent class perceived distance as the dominant dimension. However, 
thee confidence intervals of the estimated conditional probability were on average large. 
Thee confidence interval ranged from .53 to .73 in the model of all items; the 
confidencee interval ranged from .55 to .78 in the model of four items. The large 
confidencee intervals make the interpretation unreliable. 

Thee additional latent class of the model of the responses to all conflict-weight 
AA  x 

itemss (with an estimated proportion of it = .25) was also subjected to equality 

restrictions.. Restricting the conditional probabilities of answering "in balance" to be 
equall  between all items resulted in a significant deterioration in goodness-of-fit of the 
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model.. The model fitted the data when the equality restriction on the first item was 
deleted.. The estimated conditional probabilities of answering "in balance" to the 

AA CW X 

remainingg conflict-weight items were reasonably high [it  2"5 = .67). We suggest 
bb 4 

thatt the children in this latent class required practice in solving the items, and that, 
afterr practicing, they used the addition-rule to solve balance scale items (but still with 
aa considerable error rate). 

Thee latent class models of the other item types showed similar deviant 
responsess to the first item. Clearly, some of the inconsistencies in the data were 
causedd by the deviant behavior on the first set of items. Taking this into account, the 
analysess of each item type were repeated without these items. Table 2 shows the 
goodness-of-fitt measures obtained by fitting the models. Table 3 shows the values of 
thee parameters of the selected models. 

3.3.2.3.3.3.2.3. Distance 

Wee expect that the latent class model for distance items will consist of two 
classes.. The first latent class consists of children who use Rule I and who predict that 
thee scale will remain in balance. The second latent class consists of children who use 
Rulee II and children who employ more complex rules. These children conclude that 
thee scale will tip to the side with the largest distance. 

AA restricted four-class model was selected. The first latent class (with an 
«x x 

estimatedd proportion of n = .25) showed a high estimated probability of answering 

"inn balance" to the distance items. Restricting the estimates to be equal was acceptable 

[it[it  2 5 = .98). These children were expected to employ Rule I. The class agreed with 
bb * 

thee first expected latent class. The second latent class (with an estimated proportion of 
** x 
nn = .60) showed a high and consistent estimated probability of answering the 

distancee items correctly [n 2 5 = .98). Equality restrictions on these estimates were 
// 2 

acceptable.. The children in this class might employ Rule II, III , IV, the QP-rule, or the 
addition-rule.. The class matched the expected second latent class. The latent class 
modell  contained two additional latent classes. The children in the third latent class 

nn x 
(withh an estimated proportion of n = .13) vacillated between the answer "in 

balance""  and the correct answer. The conditional probabilities of answering the 
distancee items correctly were restricted to be equal between items with the same 
distancee difference. These restrictions did not significantly deteriorate the goodness-of-
fi tt of the model. The distance difference is the difference between the distances at 
whichh the weights are placed. On both the second and the fourth item, the weights 
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weree placed at the fourth and third peg, resulting in a distance difference of only one. 
Thee distance difference for the third and fift h item was two. The estimated 

probabilitiess of answering the third and fifth item correctly were larger [it  X5 = .70) 
// 3 

thann the estimated probabilities of answering the second and the fourth item correctly 

[n[n  2A = .49). The children in the third latent class were maybe sensitive to 
ii  3 

variationss in distance difference. It is possible that these children were in a transition 
betweenn Rule I and Rule II . The results of Chapter 4 of this thesis showed that some 
childrenn who used Rule I proceeded to using Rule II when they were presented with 
distancee items with an increasing distance difference. Following Siegler and Chen 
(1998),, we use the term Rule T to designate the rule used by the children who are in 
transitionn between Rule I and Rule II.2 It should be noted that the confidence intervals 
off  the estimated conditional probabilities were large: it ranged from .38 to .58 for the 
estimatedd conditional probability of answering the second and the fourth item 
correctly;; it ranged from .61 to .77 for the estimated conditional probability of 
answeringg the third and the fift h item correctly. The children in the fourth class (with 

*.*.  x 
ann estimated proportion of n - .01) tended to answer that the scale wil l tip to the 

** D X 
sidee with the weights placed at the smallest distance from the fulcrum [it  2"5 = .82). 

rr ^ 
Restrictingg the estimates to be equal was acceptable. Although the children knew that 
thee distance dimension determined the movement of the scale, they incorrectly 
thoughtt that the scale would tip to the side with the smallest distance, rather than to 
thee side with the largest distance. Siegler and Chen described this rule as another type 
off  Rule I'. We call it the Smallest Distance Down rule (SDD-rule). The confidence 
intervall  of the estimated conditional probability of responding that the scale would tip 
too the side with the smallest distance ranged from .64 to .93. 

3.3.2.4.3.3.2.4. Conflict-distance 

Wee expect to find four latent classes in the latent class model of the conflict-
distancee items. The first consists of children who use Rule I or Rule II . They are 
expectedd to answer that the scale wil l tip to the side with the largest number of 

11 In Chapter 2 it was suggested that children who use Rule I' perform on a level below that of 
Rulee I. Rule I' is described as follows in this chapter. If the numbers of weights differ, children 
whoo use Rule I' predict that the scale will tip to the side with the larger number of weights. If 
thee numbers of weights are equal, children who use Rule I' also consider the distance 
dimension.. They guess whether the scale tips to the side with the larger distance or remains in 
balance.. In Chapter 2 it was suggested that the children who use Rule I' guess between the left 
andd the right side of the scale. The trichotomous response format of the present test allows for 
concludingg that children vacillate between the correct answer and the answer "in balance". 
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weights.. The second latent class consists of children who use Rule III and who resort 
too guessing on conflict items. The third latent class consists of children who use the 
addition-rulee or Rule IV. Use of these rules results in the correct answer. The fourth 
latentt class consists of children who use the QP-rule and respond that the scale will 
remainn in balance. 

AA restricted three-class model was selected. The first latent class (with an 

estimatedd proportion of n = .35) showed high estimated conditional probabilities of 

respondingg that the scale will tip to the side with the largest number of weights 
AA CD X 

[n[n  2"5 = .98). Restricting the estimates to be equal was acceptable. We expected 
rr  1 

thatt this class consisted of children who used Rule I or Rule II. The class corresponded 
too the first expected latent class. The second latent class (with an estimated proportion 

^^ x 
off  7T = .20) showed an inconsistent response pattern. The average value of the, 

almostt symmetrical, confidence intervals of the estimated conditional probabilities 
wass high (.15). Equality restrictions in this latent class resulted in a significant 
deteriorationn of the goodness-of-fit of the model. Possibly, the children in this class 
weree guessing. We know from latent class analyses of simulated data sets that a 
typicall  Rule Ill-response pattern (a probability of .33 for each response category) is 
difficultt to detect with latent class analysis. Hence, we hypothesize that the children 
inn this class used Rule III and resorted to guessing. The class matched the second 

~~ x 
expectedd latent class. The third latent class (with an estimated proportion of n — 

,46)) showed high estimated probabilities of giving the correct answer. Restricting the 
conditionall  probabilities to be equal resulted in a significant deterioration of the 
goodness-of-fitt of the model. The estimated conditional probability of answering the 

**  CD x 
thirdd item correctly was relatively low [ft  3 = .75). Restricting the conditional 

// 3 

probabilitiess of the second, third, and fourth item did not result in a significant 
deteriorationn of the goodness-of-fit of the model. The estimated conditional probability 

»» Co, 4 3 x 
off  answering these conflict-distance items correctly was high [n ' ' = .98). A 

// 3 

correctt answer to conflict-distance items is expected of children who employ Rule IV 
orr the addition-rule. The pattern matched the pattern of the third expected latent 
class.. A possible reason why children had more difficulty with solving the third item is 
thatt the product difference of this item was only 1. The product differences of the 
second,, fourth, and fifth item were 5, 2, and 8, respectively. The item was also 
deviant,, because the difference on the distance dimension was almost equal to the 
differencee on the weight dimension. The difference on the distance dimension was 
largerr on the other items and perhaps more prominent for children than on the third 
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conflict-distancee item. Note that we did not find a latent class that indicated the use 
off  the QP-rule. 

3.3.2.5.3.3.2.5. Conflict-balance 

Wee expect to find three latent classes in the latent class model of the conflict-
balancee items. The first consists of children who use Rule I or Rule II. They are 
expectedd to answer that the scale will tip to the side with the largest number of 
weights.. The second latent class consists of children who use Rule III and who guess 
onn conflict items. The third latent class consists of children who use Rule IV, the QP-
rule,, and the addition-rule. These children are expected to answer conflict-balance 
itemss correctly. 

AA restricted four-class model was selected. The first class {with an estimated 
«« x 

proportionn of 71 = .42) showed high estimated probabilities of predicting that the 

CBCB Y 

scalee would tip to the side with the largest number of weights [it  2"5 = .96). It was 
rr  1 

acceptablee to restrain these estimates to be equal. This response was expected in 
childrenn who used Rule I and Rule II. The class corresponded to the first expected 
latentt class. The response pattern of the second latent class (with an estimated 

AA  X 

proportionn of n = .26) was more difficult to interpret. However, the average value of 

the,, almost symmetrical, confidence intervals was high (.13). Possibly the children in 
thiss latent class used Rule III and resorted to guessing. Guessing was expected for the 
secondd latent class. However, the estimated probabilities of answering that the scale 
wouldd tip to the side with the largest distance were low (between .04 and .20). The 

AA  X 

thirdd flatent class (with an estimated proportion of n = .27) showed high estimated 

probabilitiess of giving the correct answer [h 2 5 = .96). Restricting the estimated 
bb 3 

probabilitiess to be equal was acceptable. The children in this class were expected to 
employy Rule IV, the QP-rule, or the addition-rule. This class agreed with third 
expectedd latent class. The latent class model included an unexpected fourth latent 

class.. The children in this latent class (with an estimated proportion of n = .05) 
4 4 

tendedd to respond that the scale would tip to the side with the largest distance 
,.,. CB X 

[it[it  2 5 = .72). The restrictions on the estimates were acceptable. This rule was also 
// 4 

notedd in the analysis of conflict-weight items, where it was suggested that distance 
wass the dominant dimension for these children. We refer to it as the Distance 
DominantDominant rale. It should be noted that the confidence interval of the estimated 
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conditionall  probability of responding that the scale would tip to the side with the 
largestt distance was large, it ranged from .54 to .80. 

ConclusionsConclusions The analyses of the individual item types partly answer our questions 
concerningg the development of the use of rules on the balance scale task. The first 
question,, whether children use rules and if so, which rules, can be answered for a large 
part.. The readily interpretable latent classes of well-fitting latent class models suggest 
thatt children do use rules. The use of Rule I and the addition-rule are clearly 
established.. It turns out to be difficult to detect the use of Rule III . Rule II and Rule IV 
cann only be distinguished in an analysis of a combination of item types. On all conflict 
items,, the expected responses of Rule II coincide with those of Rule I. On distance 
items,, the expected responses of Rule II coincide with those of Rule III , Rule IV, and 
thee addition-rule. The expected responses of Rule IV coincide with those of Rule II, 
Rulee III , and the addition-rule on distance items. On conflict-weight items, the 
expectedd responses of Rule IV coincide with those of Rule I and Rule II. On conflict-
distancee and conflict-balance items, the expected responses of Rule IV coincide with 
thosee of the addition-rule. There are no indications of the consistent use of the QP-
rule. . 

Somee response patterns are unexpected. It is questionable whether these 
particularr response patterns arise from the consistent use of a given rule. The response 
patternss may originate from the inconsistent use of rules, or may be due to the failure 
too recognize a rule. The latent class model of the distance items shows two unexpected 
responsee patterns, which we attributed to the use of alternative rules. The first 
alternativee rule is the Smallest Distance Down rule. Children who employ this rule 
predictt that the scale will tip to the side with the smallest distance. The expected 
responsess of this rule coincide with those that result from the use of Rule I and Rule II 
onn conflict items. The rule should again be observed in a combination of item types. 
Rulee I' is the second unexpected rule. Children who are in transition between Rule I 
andd Rule II are thought to use this rule. Only when the number of weights are equal, 
doo these children take into consideration the distances of the pegs at which the 
weightss are placed. When the distances differ, they do not know whether the balance 
wil ll  remain in balance or will tip to the side with the largest distance. These children 
aree more likely to answer distance items correctly when the distance difference is 
large. . 

Thee latent class models of the conflict-weight items and the conflict-balance 
itemss also suggest an alternative rule, which we called the Distance Dominant Rule. 
Childrenn who use this rule respond that the scale will tip to the side with the largest 
distancee on conflict items. The expected responses generated by this rule coincide with 
thosee of Rule IV and the addition-rule on the conflict-distance items. It is not clear, 
fromm the foregoing analyses, how these children respond to distance items. 

Thee analyses of the separate item types only partly answer the question 
concerningg the consistency with which children use the rules. Consistent rule use is 
observedd as the conditional probabilities of the expected responses of Rule I, Rule II, 
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Rulee IV, the addition-rule, the SDD-rule, and the Distance Dominant-rule are found 
too be equal in all analyses. However, the rules often merge into one latent class in the 
modelss of the individual item types. Studying the switches between strategies is 
thereforee difficult. 

Somee inconsistencies are observed. The responses to the first items were found 
too deviate from the responses to remaining items. This finding suggests that children 
requiree some practice before settling into a response mode. Furthermore, the latent 
classs model of the conflict-distance items and the latent class model of the conflict-
balancee items contained latent classes with inconsistent behavior. This behavior is 
difficultt to explain. The behavior can be interpreted as the performance of Rule III . 
Somee evidence is found for the product difference effect (Ferretti & Butterfield, 1986). 
Thee effect can also be explained by a relatively low salience of the distance dimension. 
Bothh explanations concern an effect of quantitative variations within an item type on 
rulee use. 

3.3.3.. Latent class analyses of combination of item types 

Wee should be able to distinguish all distinct rules by means of an analysis of a 
combinationn of item types. Because we need two items of each type (Jansen &. van der 
Maas,, 1997), and the maximum number of items that can be analyzed is limited, we 
choosee a combination of three item types. We use a combination of two distance 
items,, two conflict-weight items, and two conflict-balance items. We expect that the 
analysiss results in a latent class model of eight classes. Each latent class corresponds 
too a rule (Rule I, Rule II, Rule III , Rule IV, addition-rule, Distance Dominant rule, the 
SDD-rule,, and Rule I'). Hypotheses concerning the response patterns of the expected 
latentt classes are given in Table 4. The expected responses for the QP-rule are 
omitted,, because we found littl e evidence for the use of this rule in the foregoing 
analyses. . 

Thee items of the fourth and the fifth block were used in the combination of 
distance,, conflict-weight and conflict-balance items. Table 5 contains the goodness-of-
fi tt measures for the latent class models of this combination of items. The choice for 
thee fourth and fifth block was arbitrary. The responses to the second and third block 
weree also analyzed. The results are described briefly below. 

Thee goodness-of-fit measures in Table 5 show that the expected frequencies of 
thee 7-class model did not deviate significantly from the observed frequencies. 
Moreover,, the model had the lowest BIC. Table 6 shows the estimated parameters of 
thee seven-class model. 
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Tablee 4 
Expectedd Latent Class Models for Combination of Distance, 

Conflict-Weight,, and Conflict-Balance Items 

Latentt classes 

Rulee I 

Rulee II 

Rulee II I 

RulelV V 

addition-rule e 

Rulel' ' 

SDD-rule e 
Distance e 
Dominant t 

Distance e 

.00a a 

1.00 0 

1.00 0 

1.00 0 
1.00 0 

.50d d 

.00e e 

1.00 0 

Itemm types 
Conflict-Weight t 

1.00 0 

1.00 0 

.33° ° 
1.00 0 

.00a a 

1.00 0 

1.00 0 

.00f f 

Conflict-Balance e 

,00b b 

.00b b 

.33c c 

1.00 0 
1.00 0 

.00b b 

. 0 0^ ^ 

.00f f 

Note,Note, The corresponding footnote clarifies the response that is given instead of the 
correctt answer, when a conditional probability is below one. 
aa Answers that the scale will remain in balance. 
bb Answers that the balance will tip to the side with the largest number of weights. 

Guessess or "muddles through". 

Guessess between the correct answer and "in balance". 

Answerss that the scale will tip to the side with the smallest distance. 

Answerss that the scale will tip to the side with the largest distance. 

Tablee 5 
Goodness-of-fitt indices for Latent Class Models of Responses to the 

Combinationn of Items of the Fourth/Firth Block of Items 

## classes 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 

df df 
704 4 
694 4 
684 4 
679 9 
675 5 
671 1 
665 5 

LR LR 
857.80* * 
588.15* * 
419.26* * 
253.40* * 
208.79* * 
174.70 0 
155.02 2 

BIC C 
6081.80 0 
5878.73 3 
5776.42 2 
5643.84 4 
5625.88 8 
5618.42 2 
5628.31 1 

Note.Note. N = 779. LR is the Loglikelihood ratio, df is the number of degrees of 
freedom.. The probability of the Loglikelihood ratio is computed by means 
off  the parametric bootstrap procedure. *  p < .05. 
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-NN X 

Thee first latent class (with an estimated proportion of it = .27) contained high 

estimatedd conditional probabilities of responding that the scale will remain in balance 

onn distance items [ft  4 = .96,71 5 = .98). It contained high estimated 
bb ] b ' 

conditionall  probabilities of answering that the scale will tip to the side with the largest 
-- CW4 x ~ CW5 X -v CBt X 

numberr of weights on all conflict items [it  = .96, n - .99, n = 1.00, 
ii  l l ' r l 

~~ CB x 

ftft 5 =1.00). This response pattern matched that of Rule I. The class corresponded 
T T 

too the first expected latent class in Table 4. The second latent class (with an estimated 
nn x 

proportionn of n =.15) showed reasonably high estimated conditional probabilities of 

DD X * D X 

answeringg the distance items correctly [ft  4 = .70, ft 5 = .92), although the 
ii  2 l 2 

confidencee intervals of the two estimated conditional probabilities were rather high. 
Thee confidence interval of the estimated conditional probability of answering the 
fourthh distance item correctly ranged from .59 to .85; the confidence interval of the 
estimatedd conditional probability of answering the fifth distance item correctly ranged 
fromm .86 to 1.00. The estimated conditional probabilities of responding that the scale 
wil ll  tip to the side with the largest number of weights were high on the conflict items 

CWCW X CW X CB X CB X 

[k[k  4 = .87, ft 5 = .99, ft 4 = 1.00, and ft \ - .79). This response 
[[  2 t 2 r 2 r 2 

patternn resembled that of Rule II . The class agreed with the second expected latent 
classs in Table 4. 

«.. x 
Thee children in the third class (with an estimated proportion of n = .09) 

answeredd the distance items almost correctly [ft  = .98, ft 5 = .95) but showed 

ann irregular pattern of responses to the conflict items. The estimated probabilities of 
answeringg these items correctly were between .07 and .44. The average value of the, 
almostt symmetrical, confidence intervals of the estimates of the responses to the 
conflictt items was high (.25). Children in this class seemed to use Rule III . The third 
expectedd latent class in Table 4 matched this class. The fourth latent class (with an 

«x x estimatedd proportion of n = .11) showed high estimated conditional probabilities of 
4 4 

answeringg all items correctly in = 1.00, n = .99, n = .82, it t =.92, 
// 4 i 4 i 4 i 4 

~~ CB X * CB X 
ftft 4 =1.00, and ft 5 = .98). The children in this class seemed to employ Rule 

t,t, 4 t, 4 



Thee Development of Children's Rule Use on the Balance Scale Task 77 

IV,, the fourth expected latent class in Table 4. The children in the fifth class (with an 
**  x 

estimatedd proportion of n = .18) answered the distance items and the conflict-

/")) v /") v CR v CR Y 

balancee items correctly [it  4 = .97, ü 5 = .99, ?r 4 = .90, and it 5 = .97) 
ll  5 / 5 £> 5 fc 5 

andd answered that the scale will remain in balance on the conflict-weight items 
**  cw x *  cw x 

[it[it  4 = .95, it 5 = .91). These children seemed to use the addition-rule. The 
bb 5 ft  5 

classs resembled the fifth expected latent class in Table 4. The children in the sixth 
~~ x 

classs (with an estimated proportion of n = .02) answered that the scale would tip to 
6 6 

~~ DA X ~D*X 

thee side with the smallest distance on distance items [n = .67, n = 1.00). 
rr 6 r 6 

Theyy answered that the scale would tip to the side with the largest number of weights 
^^  CW x ~ CW x CB X 

(orr smallest distance) on conflict items {it  4 = .92, it 5 = .83, it 4 = .92, 
ii  6 i 6 r  6 

andd it 5 =1.00). This response pattern could be explained by the use of the SDD-
rr  6 

rule,, the seventh expected latent class in Table 4. However, the average of the 
confidencee intervals of the estimated conditional probabilities was large (.25), which 
madee the interpretation of this latent class doubtful. Finally, the responses of the 

»» x 
childrenn in the seventh latent class (with an estimated proportion of n ~ .17) to the 

distancee items and the conflict-weight items were comparable to those of the children 

inn the fifth latent class [it  4 = .93, n 5 = .93, it 4 = .66, it 5 = .79), but 
ll  1 l ' b 7 b ' 

CBCB Y CR Y 
thee responses to the conflict-balance items differed [it  4 = .39, it 5 = .56). In 

bb 7 b 7 

contrastt to the confidence intervals of the estimated conditional probabilities of the 
distancee items, the confidence intervals of the estimates of the conflict items were 

^^  CW x *  cw x 
largee (the interval ranged from .55 to .78 ioxit 4 ; from .61 to .96 ioxit s

 ; from 
bb ' b "l 

CRCR Y CR Y 
.133 to .51 forir 4 ; from .34 to .66 for r̂ 5 ). These children might use some mix 

bb ' b ' 

off  Rule III and the addition-rule. This response pattern was not expected. Note that 
thee latent class model did not include Rule I' and the Distance Dominant rule. 

ConclusionsConclusions Most of the expected latent classes, as displayed in Table 4, are 
observedd in the analyses of the combinations of item types. Rule I, Rule II, Rule III , 
Rulee IV, the SDD-rule and the addition-rule are distinguished. An additional class 
showss a response pattern that is interpreted as a combination of Rule III and the 
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addition-rule.. This mix of rules indicates switches of strategies. The Distance 
Dominantt Rule and Rule I' are not observed in the analyses of combinations of item 
types. . 

3.3.44 Consistency of rul e use 

Thee latent class analysis of this combination of item types was repeated for the 
distance,, conflict-weight and conflict-balance items of the second and third block of 
items.. Again, the expected frequencies of the seven-class model did not deviate 
significantlyy from the observed frequencies. The interpretation of the latent classes 
wass similar. 

Childrenn were classified according to the rule they employed on the second and 
thirdd block of items and according to the rule they employed on the fourth and the 
fift hh block. To this end, posterior probabilities were calculated for the selected latent 
classs models (see Equation 2). Children were assigned to the latent class that was 
associatedd with the modal (highest) posterior probability. The percentage correctly 
classifiedd was 92% and the value of Xwas .891 for the latent class model of the second 
andd third block. The accuracy of assignment was satisfactory. The percentage correctly 
classifiedd was 90% and X was .864 for the latent class model of the fourth and the fifth 
block.. Table 7 shows the turnover table (Hagenaars, 1990) with the proportions of 
childrenn using a certain rule on the second and third block of the test and using a 
certainn rule on the fourth and fifth block of the test. The proportions of a row sum up 
too 1. This is not the best method to investigate rule switches, but it does give a general 
ideaa of the occurrence of this type of switches. Application of latent Markov models is 
problematicc in view of the small sample, compared to the number of parameters in 
suchh models, but would provide a more accurate estimation of rule switches. 

Almostt 86% of the children who used Rule I on the second and third block of the 
testt continued to use this rule on the fourth and fifth block of the test. The application 
off  Rule I was found to be stable. Surprisingly, this was not the case for Rule II. Only 
55%% of the children who used Rule II on the first part of the test continued to use this 
rulee on the last part. Almost 20% of the children switched to using Rule III and almost 
14%% switched to using the mix of the addition-rule and Rule III . The use of the 
addition-rule,, Rule III , and the combination of Rule III and the addition-rule were also 
quitee inconsistent. Children seemed to switch between these rules. It is possible that 
childrenn at this level of performance muddled through the rules in their repertory: 
Sometimess they compared sums, sometimes they guessed, etc. However, there was a 
considerablee percentage of children (62%) who consistently applied the addition-rule. 
Anotherr interesting finding was that children who used Rule III , or the mix of the 
addition-rulee and Rule III on the first part of the test switched to using Rule II on the 
secondd part of the test. Children who used Rule IV were consistent in their rule use. It 
seemedd that, once children have learned the correct rule, they always apply it. Finally, 
itt is difficult to draw conclusions concerning the consistency of the use of the SDD-
rulee because only a few children were identified as users of this rule. 
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Tablee 7 
Turnoverr Table of Proportions of Children's Rule Use on Second/Third Block and on 

Fourth/Fifthh Block of Items 

4thh & 5th Block 
Rulee I Rule II Rule III addition Rule Ill/add Rule IV SDD 

Rulee I 
Rulee II 
Rulee II I 
addition n 

Rulee Ill/add 
RulelV V 

SDD D 

.855 5 

.016 6 

.063 3 

.000 0 

.030 0 

.000 0 

.000 0 

.120 0 

.549 9 

.188 8 

.005 5 

.212 2 

.030 0 

.091 1 

.013 3 

.197 7 

.458 8 

.081 1 

.081 1 

.000 0 

.091 1 

.004 4 
.025 5 
.042 2 
.621 1 
.192 2 
.015 5 
.182 2 

.004 4 
.. 139 
.125 5 
.207 7 
.394 4 
.045 5 
.000 0 

.000 0 

.049 9 

.104 4 

.086 6 

.091 1 

.910 0 

.000 0 

.004 4 

.025 5 

.021 1 

.000 0 

.000 0 

.000 0 

.636 6 
Note.Note. Rule Ill/add is a combination of Ride III and the addition-rule. 

3.3.5.. Age of children using the different rules 

AA seven-class model was estimated in a multigroup latent class analysis. The age 
groupss featured as the groups in the multigroup analysis. The estimated conditional 
probabilitiess were restricted to be equal over groups. The unconditional probabilities of 
thee seven latent classes were estimated freely within each age group. Parametric 
bootstrappingg resulted in the confidence intervals of the estimated unconditional 
probabilities.. The difference between the expected frequencies and the observed 
frequenciess was not statistically significant [LR (7897, N = 779} = 855.13, 
bootstrappedd revalue = .96). The estimated unconditional probabilities and the 
confidencee intervals are plotted against age in Figure 1. 

Mostt children between five and seven years old employed Rule I. The use of Rule 
II  clearly declined among older children. However, it was still the most frequently used 
rulee in children of eleven years old. Children of eight years and older employed Rule II . 
Thee use of this rule reached its maximum among children between nine and thirteen 
yearss old and then decreased among older children. Children of almost all age groups 
usedd Rule III . The use of this rule was most frequent among children of ten years old. 
Thee onset of the use of Rule IV was quite sudden and was observed with children of 
fourteenn years old. The onset is perhaps due to physics education at school. Another 
possiblee explanation of this sudden onset is the transition to a higher level of formal 
operationss (Inhelder & Piaget, 1958). The sequence of rules matched the hierarchy of 
ruless that Siegler (1976, 1981) proposed. Furthermore, many children used the 
addition-rule.. It was one of the most frequently used rules in children of eleven years 
andd older. The mix of the addition-rule and Rule II I was noted among children of 
differentt ages. This was one of the most frequently observed strategies among children 
betweenn nine and sixteen years old. Finally, the SDD-rule was used by only a few 
childrenn of various ages. No development over age was observed. 

2nd/ / 
3rd d 

Block k 
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Rulee I 
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Rulee III 

ii  i T i—i—rn— r 
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addition n 

l . o --
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. 8 --
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. 6 --
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.22 -
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SDD D 

H-f-rhh 1-4-n—rr  T rn—I~T i i 
5-77 8 9 10 11 12 13 14 15 16 17-19 

Rulee II 

ii—r~i—rr —r~i—rr 
5-77 8 9 10 11 12 13 14 15 1617-19 

RulelV V 

TT T i i i i—i—i—i—i— r 
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Rulee Ill/add 

"1—I—I—I—I—I—1—r r 
5-77 8 9 10 11 12 13 14 15 1617-19 

FigureFigure 1. Distribution of rule models over age groups. N = 779. The distribution is derived from 
aa multigroup latent class analysis of children's responses to the distance, conflict-weight, and 
conflict-balanceconflict-balance items of the fourth and fifth block of items. The x-axis represents age in years. 
TheThe y-axis represents the estimated unconditional probability of the age group. 
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3.4.3.4. Discussion 

Thee aim of this chapter is to study the development of the use of rules for 
solvingg balance scale problems. This research is based on Siegler's analysis of the 
balancee scale task (Siegler, 1976, 1981) and centers on two main questions. First, if 
childrenn use rules, which rules do they use? Second, do children employ rules 
consistently?? With respect to the first question, the literature suggests many rules that 
childrenn may employ. The presence of these rules has yet to be established by means 
off  a suitable statistical analysis. With respect to the second question, Siegler's model 
off  the balance scale task, based on a staircase model, implies consistent use of rules, 
independentt of quantitative variations of item types. However, the literature does 
showw inconsistent use of rules (Ferretti & Butterfield, 1986; Jansen & van der Maas, 
1997).. Possible explanations are the effect of quantitative variations of balance scale 
items,, strategy switches, learning during the test, and other types of development, like 
modeledd in the overlapping waves model (Siegler, 1996). 

Thee development of rules on the balance scale task is studied by means of the 
administrationn of a nonverbal balance scale task. The test consists of five comparable 
blockss of items. The test allows for the investigation of changes during the test. The 
responsess of a large number of children, from a wide age range, are analyzed by means 
off  latent class analysis. The responses are analyzed by item type to investigate 
homogeneityy of the items. A combination of item types is analyzed to detect all rules 
thatt children may employ in solving balance scale items. We compare latent class 
modelss of different parts of the test to study possible inconsistencies in rule use during 
thee test. 

Thee first question, whether children actually use rules, may be answered 
positively.. The latent class models describe the observed data well and the latent 
classess in the models are very often interpretable in terms of known rules. The latent 
classs model of the combination of item types shows the use of Rule I, Rule II , Rule IV, 
andd the addition-rule. We do not observe the true guess pattern of Rule III , with equal 
probabilitiess of choosing each response category, but we do find a latent class with 
inconsistentt responses to conflict items. We also observe a mix of the addition-rule 
andd Rule III . These findings suggest that children, who use Rule III , perceive both the 
weightt dimension and the distance dimension, but do not know how to combine 
them.. Several ways of combining the dimensions are available to them. The addition-
rulee may be one of these strategies. Other rules may be Rule UIA (Normandeau et al., 
1989),, and the buggy-rule (van Maanen et al., 1989). This new interpretation of Rule 
II II  does not match the original definition of a rule. The term "rule" should be adapted 
too include a collection of strategies. 

Thee latent class analyses also reveal some response patterns that are more 
difficul tt to interpret. The confidence intervals of the estimates of the response patterns 
aree often large, which makes interpretation doubtful. However, some response 
patternss can be explained by the use of alternative rules. The Smallest Distance Down 
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rulee (SDD-rule) is observed in the latent class model of the combination of items. The 
SDD-rulee results in the response that the scale will tip to the side with the smallest 
distance.. The latent class model of the distance items shows an alternative rule that is 
nott observed in the latent class model of the combination of items: Rule I'. The 
complexityy of this rule is intermediate between that of Rule I and Rule II. Children 
whoo use this rule vacillate between the correct response and the response "in balance". 
Thee latent class models of both the conflict-balance items and the conflict-weight 
itemss show the Distance Dominant rule. On conflict items, the children who employ 
thiss rule predict that the scale will tip to the side with the largest distance. The latent 
classs model of the combination of items does not detect this rule. Presumably, this 
analysiss does not have enough statistical power to detect all the rules. 

Thee finding of alternative strategies illustrates the importance of taking into 
accountt all possible strategies. Presenting items that elicit deviant responses from 
suchh strategies, as is done in this study to detect the use of the addition-rule, can help 
too achieve this. A careful study of the errors that children make may also reveal the 
usee of alternative rules. This is how the SDD-rule is detected in this study. 

Sieglerr and Chen (1998) claim that some 4-year-olds and most 5-year-olds 
employy Rule I. We find in this study that children between five and seven years old 
employy Rule I, but that older children also employ this rule. The use of the rule 
decreasess among children of eleven years and older. Siegler and Chen note that 
childrenn of eight or nine years old employ Rule II. Our analyses also show that 
childrenn of nine years old employ Rule II . However, the rule is also employed by 
childrenn of thirteen years old. Children of eleven years old start to use the addition-
rulee and other manifestations of Rule III . Children between thirteen and fifteen years 
oldd frequently use the addition-rule. Rule IV is employed by children of fourteen years 
andd older. Siegler and Chen note that most adults employ the rule, although some will 
nott reach the level of this rule. In our sample, Rule IV is the most frequently used rule 
inn children over sixteen. 

Thee answer to the second question, concerning consistency of rule use, is more 
ambiguous.. We observe a considerably degree of consistency in rule use. The 
conditionall  probabilities within a latent class can often be constrained to be equal 
betweenn items of a type, which implies that children in the latent class solve the items 
off  the same type in the same way. Also the analyses of the combination of item types 
showw evidence of consistent rule use. First, the fact that an interpretable, well-fitting 
latentt class model is found points to a considerable consistency of the response 
patterns.. Second, for most latent classes the estimated conditional probabilities are 
quitee similar within and between item types. Comparing the latent class models of the 
combinationn of item types of the first part of the test and the last part of the test 
showss that the use of Rule I and Rule IV is very consistent. 

However,, we also observe inconsistencies. First, children's responses to the first 
sett of items deviate from the responses to the subsequent sets of items. We conclude 
thatt children need time to get used to the format of the task. Allowing children a 
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longerr time to practice would probably have excluded this type of inconsistency. 
Second,, we observe some effects of product difference in the latent class model of the 
conflict-distancee items. The estimated conditional probability of answering the third 
conflict-distancee item correctly is smaller than the estimated conditional probabilities 
off  answering the remaining conflict-distance items correctly. This item has the lowest 
productt difference. Also, a large distance difference seems to result in a larger 
estimatedd probability of answering distance items correctly for a number of children 
whoo seem to perform at a level between that of Rule I and Rule II (see Chapter 4 of 
thiss thesis). These results support the finding of Ferretti and Butterfield (1986) that 
childrenn answer more items correctly when the product difference is greater. Other 
effectss of product difference are not observed. We conclude that the items are rather 
homogeneouss and that quantitative variations are mostly irrelevant to the item types. 
Third,, some latent classes are difficult to interpret and show inconsistent patterns 
whichh are close to the expected pattern of Rule III . The aforementioned hypothesis 
concerningg Rule III can explain this finding. Children who use Rule III sample from 
ann ensemble of rules and therefore derive different answers at items of the same type. 
Fourth,, the turnover table, in which rule use on the first part of the test is related to 
rulee use on the second part of the test, reveals some inconsistency in responding. The 
inconsistentt performance of children who start by using Rule II is surprising. Many of 
thesee children progress to using Rule III or the addition-rule. Spontaneous learning 
mayy explain this effect. Children who use Rule II already know that the distance 
dimensionn may be important, but they only consider the dimension when the weights 
aree equal. Merely presenting these children with items may sensitize them to the 
distancee dimension. They may become convinced that the distance dimension is 
alwayss important, but they just do not know how to combine the two dimensions yet. 
Thiss is consistent with the interpretation of Rule III as an ensemble of strategies. We 
calll  this type of learning spontaneous, because no feedback is provided. However, 
learningg can not explain the finding that a considerable number of children regress and 
switchh from using Rule III or the addition-rule to Rule II . Finally, many children 
switchh between Rule III , the combination of Rule III and the addition-rule, and the 
addition-rule.. This finding supports the hypothesis that children who use Rule II I 
samplee from an ensemble of rules and that strategy switching is inherent to the rule. 

Wee contend that a restricted form of the overlapping waves model (Siegler, 
1996)) can describe the development of reasoning about the balance scale. The model 
containss waves that are highly overlapping as well as waves that are hardly 
overlapping.. Waves that are hardly overlapping are similar to the stairs in a staircase 
model.. To compare this model with more common models, it is depicted in Figure 2, 
togetherr with a staircase model and an overlapping waves model. All models are 
idealizationss and describe the development of an individual. The ages on the x-axis are 
chosenn arbitrarily. The results of this study show that children in different age groups 
mayy demonstrate similar behavior and that children of the same age may demonstrate 
differentt rules. 
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Wee hypothesize that Rule I and Rule II are nonoverlapping waves and that the 
developmentt from Rule I to Rule II is mainly discontinuous. Siegler notes that tasks 
thatt show clear sequences of rules, and therefore consistencies of rule use during a 
prolongedd period of time, have two characteristics in common: The tasks are 
unfamiliarr and the tasks have two or more discrete dimensions, one of which tends to 
dominatee young children judgments (Siegler, 1996, p. 58,59). A well-known example 
iss the conservation of continuous liquid task. The unfamiliarity of the task and the 
presencee of one dominant dimension also characterize ihe balance scale task, but only 
forr the children early in development. The balance scale task may still be unfamiliar to 
childrenn who use Rule I or Rule II. The weights on the balance scale form the 
dimensionn that dominates the youngest children's judgments. However, it should be 
notedd that the latent class model of the distance items reveals a class of children 
whosee behavior is between that of Rule I and Rule II in complexity. Rule II and Rule 
II II  may be modeled as overlapping waves. Children who use Rule II start to perceive 
thee distance dimension. As their perception of this dimension improves, they may 
increasinglyy integrate the dimension in their strategies. Because they do not know how 
too combine the dimensions, their behavior is defined as Rule III . We contend that 
Rulee III consists of several strategies that can be described as overlapping waves. These 
ruless include some combination of the distance and the weight dimension, but not 
multiplication.. The preference for a certain rule changes with age. It is not clear why 
andd how this preference changes. The transition to using Rule IV is supposed to be 
sudden.. We contend that children shift to a higher level of formal operations (Inhelder 
&&  Piaget, 1958), or that they learn the torque rule through instruction at school, 
whichh results in a sudden shift to employing it. 

Inn summary, some inconsistent behavior is observed, in addition to consistent, 
rule-basedd behavior. The items of one type are predominantly homogeneous, but 
childrenn need time to get used to the test. The behavior of children who use Rule I and 
Rulee IV is rather stable. In contrast, children who start the test with Rule II may 
spontaneouslyy learn and progress to using Rule III . The inconsistent behavior of 
childrenn who use Rule III is explained as sampling from an ensemble of rules. 
Childrenn who are at the level of Rule III have at their disposal several combinations of 
thee distance and the weight dimension. It is still unclear why they use the addition-
rulee on some items, guess on other items, or use another strategy on other items. The 
onsett of the use of Rule IV is rather sudden. A transition to a higher level of formal 
operationss may explain the sudden onset of using Rule IV. Another explanation is that 
thee onset is due to physical science education at school. 
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FigureFigure 2. Distribution of rule models over age according to a Staircase Model (upper panel), an 
OverlappingOverlapping Waves Model (middle panel), and a Combination of the Staircase Model and the 
OverlappingOverlapping Waves Model (lower panel). The x-axis represents age in years. The y-axis 
representsrepresents the probability of a rule model. 
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3.4.1.. Methodological discussion 
Thee application of latent class analysis to these developmental data is a good 

examplee of the use of multimodality techniques for the detection of developmental 
levels,, rules, or strategies. It is common to use cut-off scores when classifying 
children'ss behavior in strategies. Children with a score below the cut-off are supposed 
too be of a different type than children with a score above the cut-off score. Presently, it 
iss recognized that such a procedure is suboptimal and that more advanced methods 
aree needed to detect qualitatively different strategies in developmental data. A 
disadvantagee of the use of cut-off scores is that they are usually arbitrary. Thomas and 
Hortonn (1997) give an example from the domain of class inclusion. They cited 
researchh in which a criterion of two out of three is used as the cut-off score. They 
showedd that guessing results in a probability of .50 of being classified as a master of 
thee class inclusion task. Second, using cut-off scores requires the definition of 
strategiess beforehand. There is no room for an alternative interpretation of behavior 
afterr the cut-off scores are applied. Third, differences between strategies on tasks like 
thiss are probably expressed as quantitative differences. However, children may develop 
byy qualitative changes or, as Mislevy (1993, p. 20) argues, by "reconfiguring their 
knowledgee structures". This idea is expressed in recent psychometric research and in 
recentt analyses of developmental data. Thomas and Horton show how children's 
behaviorr on the class inclusion task can be modeled with finite mixture models. A 
mixturee of probability densities may be observed when different subjects employ 
differentt strategies to solve the task. Also with the mixture model of Mislevy and 
Verhelstt (1990) qualitatively different strategies can be detected. Rost (1991) and Von 
Davierr and Rost (1995) use the Mixed Rasch Model to assess qualitative individual 
differences.. Dolan and van der Maas (1998) show how the different strategies that 
childrenn employ for solving conservation problems can be modeled by means of finite 
mixturess subject to structural equation modeling. Other examples are the models of 
Embretsonn (1991), Hosenfeld, van der Maas and van den Boom (1997), Mislevy, 
Wingerr sky, Irvine, and Dann (1991), Mislevy and Wilson (1996), and Thomas, 
Lohaus,, and Kessler (1999). 

Latentt class analysis seems to be well suited to data obtained on the balance 
scalee test. Responses on the balance scale test differ qualitatively from each other. The 
responsee categories of the manifest variables can not be considered as measured on the 
samee scale. When response categories can be ordered on the same scale, sum scores of 
itemss can be used and (mixed) Rasch analysis (Von Davier & Rost, 1995) or other 
latentt trait analyses can be applied. Moreover, the categorical character of the latent 
variablee also suggests the technique of latent class analysis. It is assumed that the 
levelss of the latent variable differ qualitatively and can not be ordered on the same 
scale.. Latent class analysis is one of the few techniques in which the measurement 
levell  of the modeled latent variable is categorical. Rich data sets like the one in this 
studyy can only be analyzed with a technique that preserves the variety of the response 
patternss and takes into account the character of the theoretical latent variable. 
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Appendix x 
Detailss of the Items of the New Balance Scale Test 

valuess of dimensions 
leftt right correct addition 

item m 
weightt 1 
weightt 2 
weightt 3 
weightt 4 
weightt 5 
distancee 1 
distancee 2 
distancee 3 
distancee 4 
distancee 5 
conflict-weightt 1 
conflict-weightt 2 
conflict-weightt 3 
conflict-weightt 4 
conflict-weightt 5 
conflict-distancee 1 
conflict-distancee 2 
conflict-distancee 3 
conflict-distancee 4 
conflict-distancee 5 
conflict-balancee 1 
conflict-balancee 2 
conflict-balancee 3 
conflict-balancee 4 
conflict-balancee 5 

weight t 
2 2 
4 4 
5 5 
3 3 
3 3 
6 6 
2 2 
3 3 
4 4 
5 5 
3 3 
1 1 
1 1 
2 2 
3 3 
4 4 
2 2 
1 1 
1 1 
4 4 
2 2 
3 3 
1 1 
2 2 
1 1 

distance e 
4 4 
4 4 
4 4 
4 4 
4 4 
3 3 
4 4 
2 2 
4 4 
2 2 
2 2 
3 3 
4 4 
2 2 
3 3 
1 1 
4 4 
4 4 
4 4 
1 1 
3 3 
4 4 
2 2 
4 4 
3 3 

weight t 
4 4 
6 6 
3 3 
6 6 
1 1 
6 6 
2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
2 2 
1 1 
2 2 
2 2 
3 3 
3 3 
2 2 
3 3 
3 3 
4 4 
2 2 
4 4 
3 3 

distance e 
4 4 
4 4 
4 4 
4 4 
4 4 
2 2 
3 3 
4 4 
3 3 
4 4 
4 4 
2 2 
3 3 
3 3 
4 4 
4 4 
1 1 
1 1 
1 1 
4 4 
2 2 
3 3 
1 1 
2 2 
1 1 

answer r 
R R 
R R 
L L 
R R 
L L 
L L 
L L 
R1 1 

L L 
R1 1 

L L 
R1 1 

R1 1 

L L 
L L 
R1 1 

L L 
L L 
L L 
R1 1 

B B 
B B 
B B 
B B 
B B 

answ w 

B B 
B B 
B B 
B B 
B B 
R R 
L L 
L L 
L L 
R R 
B B 
B B 
B B 
B B 
B B 

Note.Note. The first column shows type and number of the item; the second column displays 
thee number of weights on the left arm of the scale and the third column shows the 
distancee of this number of weights from the fulcrum; the fourth and fifth column show 
thee number of weights and the distance from the fulcrum on the right side of the scale. In 
thee sixth column the correct answer is indicated (L = left side; B = balance; R = right 
side);; the seventh column shows the response derived with the addition-rule. 
11 For ease of notation the items distance 3, distance 5, conflict-weight 2, conflict-weight 3, 
conflict-distancee 1, and conflict-distance 5 are re-coded in the tables. As a result, the 
correctt response to the distance, conflict-weight, and the conflict-distance items is always 
"leftt side down". 
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