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Responsee Times on 
Balancee Scale Problems 

Bothh response patterns and response times on balance scale problems 
aree measured by means of a computerized balance scale test. The test 
consistss of ten comparable sets of items. The test is administered to 
755 children between seven years and nine years old and to 44 
undergraduatee students. The classification of subjects' behavior on 
thee balance scale task into rules is realized by the application of the 
latentt class model to the response patterns. The response times 
providee confirmation of the contents of the rules, although some 
observedd response times deviate from the expected response times. 
Althoughh the majority of the subjects uses a rule consistently, some 
subjectss do not use the same rule across all sets of items in the test. 
Thee switches between rules are both preceded and followed by an 
increasedd response time. However, the increased response times 
mainlyy concern Rule I. Further study is needed to draw definite 
conclusionss on the relation between rule switches and response 
times. . 
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5.1.5.1. Introduction 
InIn the present chapter we study subjects' response times (RTs) in solving balance 

scalee problems, acquired using a computerized balance scale test. Previous research 
hass shown that subjects use rules (or strategies) to solve balance scale problems 
(Siegler,, 1976, 1981; Jansen & van der Maas, 1997; Chapter 3 of this thesis). 
Althoughh subjects' strategies are generally deduced from their response patterns and, 
possibly,, their verbalizations, RTs can be useful in validating or disconfirming strategy 
assessmentss {Siegler, 1989). In the present chapter, subjects' response patterns are 
usedd to determine subjects' rule use on the task. The RTs are used to validate the 
strategyy assessments and to detect rule switches. 

Onn the balance scale task, a subject is asked to predict the movement of a 
balancee scale. On the two arms of the scale, pegs are situated at equal distances from 
eachh other and from the fulcrum. Equally heavy weights can be placed on the pegs. 
Howw subjects solve balance scale problems can be deduced from their responses to six 
typess of items, which can be divided in simple item types and conflict item types. 
Simplee item types include balance items, weight items, and distance items. On 
balancebalance items, both arms of the scale hold the same number of weights, equidistant 
fromm the fulcrum. On weight items, the arms contain unequal numbers of weights, 
equidistantt from the fulcrum. Distance items involve an equal number of weights, 
placedd at different distances from the fulcrum. On conflict items, one arm of the 
fulcrumm contains a greater number of weights, whereas the weights on the other arm 
aree placed at a greater distance. Here, the weight dimension and the distance 
dimensionn conflict. On conflict-weight items, the scale tips to the side with the larger 
numberr of weights. On conflict-distance items, the scale tips to the side with the 
weightss placed at the greater distance. On conflict-balance items, the scale remains in 
balance.. The responses to these item types have been classified successfully into a 
smalll  set of increasingly complex rules (Siegler, 1976, 1981; Jansen & van der Maas, 
1997;; Chapter 3 of this thesis). A rule is defined as a mental procedure that subjects 
followw to solve balance scale problems. 

Sieglerr (1981) hypothesized that the rules consist of several steps that are carried 
outt successively. The number of steps differs between rules and depends on the given 
itemm type. It is hypothesized that executing a step takes a fixed amount of time. The 
moree steps that need to be taken, the more time executing the rule takes. Figure 1 
showss a representation of the rules and the steps required for each rule. A step is 
representedd by a square in Figure 1. This representation of rules is adapted from 
Sieglerr (1981). The symbol in brackets, next to a square, represents the amount of 
timee executing the step takes. Most steps can be subdivided in smaller steps. For 
example,, comparing the number of weights involves perceiving the weights on the left 
sidee of the scale, perceiving the number of weights on the right side, and comparing 
thee two numbers. However, the level of the description of the steps used here suffices 
too arrive at an ordinal prediction of the RTs for each rule. It is assumed that 
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quantitativee variations on the distance dimension and the weight dimension do not 
affectt the RT within an item type. 

Thee simplest rule, Rule I, involves only one step, which takes time a. This step 
consistss of comparing the number of weights. If the numbers are unequal, subjects 
whoo use Rule I decide that the scale wil l tip to the side with the largest number of 
weights.. If the numbers are equal, they predict that the scale wil l remain in balance. 
Rulee I requires only one step regardless of item types. Hence, the RTs are all predicted 
too be equal (RTB = RTW = RTD = RTcw = RTCD = RTCB = a). Subjects who use Rule I 
answerr balance, weight, and conflict-weight items correctly. The use of Rule I results 
inn an incorrect response to distance items and to the remaining conflict item types. 

Thee more complex rule, Rule II , also involves the step of comparing the number 
off  weights on both sides of the fulcrum. If the numbers of weights are unequal, 
subjectss who use Rule II decide that the scale wil l tip to the side with the largest 
numberr of weights. However, if the numbers are equal, they also consider the 
distancess at which the weights are placed. Because the numbers of weights differ on 
weightt items and on all conflict items, Rule II involves only one step for solving these 
itemm types. Rule II involves the extra step of comparing the distances at which the 
weightss are placed on items with equal number of weights, i.e., balance and distance 
items.. The time this second step takes is represented by b. So, the RTs on the weight 
itemss and the conflict items are hypothesized to be shorter (RTW = RTCW = RTCD = 
RTCBB = a) than the RTs on the balance and the distance items (RTB = RTD = a + b), 
forr subjects who use Rule II . Rule II results in a correct response to balance, weight, 
distance,, and conflict-weight items. Subjects who use Rule II predict that the scale wil l 
tipp to the side with the larger number of weights on the remaining conflict items. 

Subjectss who use Rule II I consistently apperceive both the weight and the 
distancee dimension. On the simple items, subjects who use Rule II I compare the 
numberss of weights in a first step and the distances at which the weights are placed in 
aa second step. The correct response is derived after executing these two steps. The 
RTss to the balance, weight, and distance items are expected to consist of the time it 
takess to execute the first step and the time it takes to execute the second step (RTB = 
RTWW = RTD = a + b). If both the values on the weight dimension differ and the values 
onn the distance dimension differ, Rule III implies an extra step, which is predicted to 
takee c time. This step is necessary to decide if the greater number of weights is on the 
samee side as the greater distance. If this is not the case, and the weight dimension and 
thee distance dimension conflict, subjects who employ Rule II I muddle through or 
guess.. When subjects guess, their RTs may be short. When subjects muddle through, 
doubt,, or start to try alternative strategies, the RTs may be long. The amount of time 
thatt is needed for muddling through is predicted to be d. The RTs on conflict items 
aree predicted to consist of the time that it takes to execute the first two steps, the time 
i tt takes to execute the third step, and the time it takes to muddle through (RTCW = 
RTCDD = RTCB =a + b+c+d). The use of Rule II I results in a correct response to the 
simplee item types. It is predicted that the proportion of correctly answered conflict 
itemss is at chance level. 
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greaterr weight 
down n 

Addition-rule e 

balance e 

balancee greater distance 
down n 

muddlee through (d) 

greaterr product 
down n 

FigureFigure 1. Rules constructed from steps. 
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Sieglerr (1981) points out that Rule II I includes a host of idiosyncratic strategies. 
Here,, we distinguish Rule III , as the rule that implies guessing or muddling through 
onn conflict items, from the most frequently used idiosyncratic strategy, the addition-
rule.. Many researchers (Ferretti, Butterfield, Cahn, & Kerkman, 1985; Normandeau, 
Larivée,, Roulin, & Longeot, 1989; Jansen & van der Maas, 1997; Chapter 3 of this 
thesis)) observed the addition-rule. This rule involves the same two steps as Rule II I on 
thee simple items (RTB = RTW = RTD = a + b). On conflict items, the addition-rule 
alsoo involves the third step to decide whether the greater number of weights is on the 
samee arm as the greater distance. When the two dimensions conflict, subjects, who 
usee the addition-rule, sum weight and distance on each side of the scale and compare 
thee sums in a fourth step. The step is predicted to take time e. Hence, the RTs on 
conflictt items are predicted to consist of the time it takes to execute the first two 
steps,, the time it takes to decide that the greater number of weights is on the other 
armm than the greater distance, and the time it takes to calculate and compare the 
sumss of weight and distance (RTCW = RTCD = RTCB = a + b + c + e). The addition-
rulee results in a correct response to the simple items. Use of the addition-rule 
sometimess results in a correct response to conflict items. 

Althoughh the use of Rule IV implies that subjects are able to execute the torque 
rule,, we expect that they do not use it on all trials. People often choose among 
strategiess in ways that result in each strategy being used most often on problems 
wheree the strategy's speed and accuracy are advantageous, relative to those of other 
availablee strategies (Siegler, 1989). Subjects who use Rule IV are predicted to reserve 
thee torque rule for the complex conflict items. On the simple items, they compare the 
weightt and the distance dimension in the same two steps as subjects who use Rule II I 
orr the addition-rule are expected to do (RTB = RTW - RTD = a + b). For the conflict 
problems,, Rule IV implies four steps, similar to the addition-rule. However, the fourth 
stepp consists of computing and comparing products, instead of sums. Figure 1 shows 
thatt this step is predicted to take ƒ time. The RTs on conflict items are expected to 
consistt of the step of comparing the weights, the step of comparing the distances, the 
stepp of determining that the larger number of weights is not on the same side as the 
largerr distance, and the step that involves calculating and comparing the products of 
bothh sides of the balance (RTCW = RTCD = RTCB = a+b+c+fj.  The use of Rule IV 
resultss in the correct response to all item types. 

Thee predicted numbers of steps are displayed in Table 1. The following 
commentss are important when considering Table 1. Although some rule models 
theoreticallyy include the same steps for solving specific item types, the RTs may be 
differentt for the rule models because of an age effect. For example, it is predicted that 
bothh subjects who use Rule I and subjects who use Rule II only compare the number 
off  weights to solve weight items. The RTs are predicted to equal a for both Rule I and 
Rulee II . However, subjects who use Rule II are on average older than subjects who use 
Rulee I (Siegler, 1981; see also Chapter 3 of this thesis). Because older subjects 
generallyy generate shorter RTs than younger subjects (e.g. Siegler, 1998), comparing 
thee number of weights may take more time for subjects who use Rule I than for 
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subjectss who use Rule II . The RTs of subjects using Rule II may be shorter than the 
RTss of subjects using Rule I. Hence, although the amounts of time that the steps take 
aree indicated by the same symbols across rule models, executing steps indicated with 
thee same symbol may take different amounts of time for different rule models because 
off  age effects. Next, i t is important to consider the content of the steps, and not just 
thee number of steps. The addition-rule and Rule IV both include four steps for solving 
conflictt items. The contents of the first three steps are equal. However, the content of 
thee fourth step differs. For the addition-rule, the fourth step consists of the calculation 
andd comparison of sums. For Rule IV, the fourth step consists of the calculation and 
comparisonn of products. Possibly, the first happens faster than the latter. The number 
off  steps may not be conclusive concerning the amount of time that it takes to execute 
aa rule. 

Tablee 1 
Numberr of Steps in Rule Models, Given Item Type 

Rulee model 

Rulee I 
Rulee II 
Rulee II I 

addition-rule e 
RulelV V 

balance e 

iW W 
22 [a+b) 
2[a+b) 2[a+b) 
22 [a+b) 
22 (a+b) 

weight t 

1(a) ) 
1(a) 1(a) 

22 (a+b) 
22 (a+b) 
22 (a+b) 

distance e 

l( f l ] ] 
22 (a+b) 
22 (a+b) 
22 [a+b) 
22 (a+b) 

itemm types 

conflict--
balance e 

1(a) 1(a) 
1(a) 1(a) 

44 (a+b+c+dj 
44 (p+b+c+e) 
44 (fl+b+c+f) 

conflict--
weight t 

1(a) 1(a) 
1(a) 1(a) 

44 (fl+b+c+d) 
44 (fl+b+c+e) 
44 ifl+b+c+f) 

conflict--
distance e 

1(a) 1(a) 
1(a) 1(a) 

44 (fl+b+c+d) 
44 (fl+b+c+e) 
44 (fl+b+c+f) 

Note.Note. The symbols in brackets represent the amounts of time the steps in a rule take 

Thee first aim of the present chapter is to study the relation between rules for 
solvingg balance scale items and subjects' RTs in solving balance scale problems. This 
iss not an easy task because some difficulties in inferring mental processes from RTs 
mayy arise. It is important to bear in mind that different subjects, using the same 
strategy,, may present clearly different patterns of data. It is also possible that subjects 
usingg different strategies present highly similar results (Marquer & Perreira, 1990). It 
iss known that there is a lot of variation in RTs within and between subjects, which is 
duee to both random variation and systematic variation. An example of systematic 
variationn is that some subjects are on average consistently slower on tasks than other 
subjectss (Marquer & Perreira, 1990). 

Thee second aim of this chapter is to study if rule switches are associated with 
increasedd RTs. Siegler (1989) shows that people sometimes use a wide variety of 
strategies,, within a test session. In Chapter 3, we also observed strategy switches 
duringg the administration of a balance scale task. We hypothesize that subjects may 
generatee longer RTs before a transition to another rule because of the time they spend 
doubtingg the accuracy of the current rule and trying to think of another rule. Subjects 
mayy also generate increased RTs after a transition to another rule. Following the 
adoptionn of a new rule, subjects may also require some time to reach a degree of 
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automaticityy in executing the rule. The cusp model, a mathematical model of 
discontinuities,, which was applied to cognitive development by van der Maas and 
Molenaarr (1992, see also Chapter 4) also predicts increased RTs following a switch to 
aa different strategy. The model predicts the phenomenon "critical slowing down". This 
impliess that subjects, who undergo a change from one level of performance to another, 
aree very sensitive to perturbations, resulting in a strong increase in time to return to 
thee stable performance of a rule. Transitions are accompanied with a large increase in 
variability.. Alibali (1999) notes that variability is an important concept in many 
theoreticall  accounts of developmental change. She notes that, across several different 
theoreticall  frameworks and content domains, researchers observe that periods of 
transitionn are marked by high variability. In the present chapter, we study if this 
increasedd variability can also be noted in the RTs associated with solving balance scale 
problems. . 

5.2.5.2. Method 

5.2.1.. Participants 

Thee participating school was situated in the Northwest of the Netherlands. A 
totall  of 75 children from (Dutch) grades three, four and five participated in the study. 
Thee average age of the 23 third-graders was seven years and two months. The average 
agee was eight years and one month for the 28 fourth-graders, and nine years and three 
monthss for the 24 fifth-graders. Also a total of 44 undergraduate students participated 
inn the experiments. The students participated to meet course requirements. 

5.2.2.. Material 

Twoo computer tests were administered, but here we focus only on the first test. 
Thiss test consisted of seventy balance scale problems. The test included the six types 
off  balance scale items that Siegler (1976, 1981) designed. In addition, the conflict-
balancee items were divided into two subtypes. On one type, conflict-balance A, the 
addition-rulee results in the correct response. On the other type, conflict-balance B, the 
addition-rulee results in an incorrect response. Furthermore, the construction of the 
itemss in this test was such that the addition-rule resulted in an incorrect response to 
alll  conflict-weight items and in the correct response to all conflict-distance items. The 
seventyy items were arranged in ten sets of seven items, one of each type. The item 
typess were always in the same order in each set: balance, weight, distance, conflict-
balancee B, conflict-weight, conflict-distance, and conflict-balance A. Four practice 
itemss preceded the test. See the Appendix for details of the items. 

Thee balance scale test was presented on a Macintosh Power PC, 4400. The 
purplee colored balance scale as presented on the computer monitor was 5.11 cm high 
andd 18 cm wide. Each arm of the scale had four pegs, separated 1.94 cm from each 
otherr and the fulcrum. The height of each peg was 2.47 cm. The scale could til t to the 
right,, til t to the left, and remain in balance. Two blocks underneath the arms of the 
scalee prevented the scale from tipping. The color of the blocks, which were 2.28 cm 
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highh and 2.43 cm wide, was brown to approach the appearance of wood. Black weights 
off  .25 cm high and 1.52 cm wide were placed at the pegs. There was an empty space of 
.499 cm between stacked weights, which made it easy to count the weights. The 
maximumm number of weights on a peg was six. 

5.2.3.. Procedure 
Thee test was designed to allow participants to work by themselves, but an 

assistantt helped each participant through the introduction and the practice phase. The 
assistantt answered questions and monitored the progress of the participant. The 
childrenn were tested individually in a separate classroom, within their school. 
Althoughh three children were tested simultaneously, they could not hear nor disturb 
eachh other. Three students were tested simultaneously, in a quiet room at the 
university. . 

Forr the children, the introduction consisted of an animation of a female doll. All 
questionss and remarks of the explanation (in Dutch) were printed on the screen. The 
assistantt read this printed text aloud. All displays showed a yellow arrow in the lower 
rightt corner of the screen. A new display appeared after the participant clicked on this 
arroww with the mouse. The explanation presented to the children is described below. 
Thee explanation to the students was similar, but did not contain the doll and the 
printedd text was not read aloud by the assistants. 

Thee first display on the screen included the doll, which asked for the subject's 
name.. The next display contained the balance scale. The doll explained that it was a 
seesaw.. The doll jumped alternately on the left and the right side of the scale and, 
accordingly,, made it til t to the left and the right. Horizontal, red arrows of the same 
widthh appeared between the pegs to illustrate that all pegs were situated at equal 
distancess from each other. Next, the doll showed the two wooden-like blocks, which 
weree placed underneath the scale. She demonstrated that the balance could no longer 
seesaw,, by jumping on the left side of the scale, while the scale remained in balance. 
Thee doll showed that weights could be put on the pegs and that all weights weighed 
thee same. 

Thee presentation of the items was announced by a warning. The balance scale, 
withh the supporting blocks under the arms, was displayed. Weights were placed on the 
scalee according to the configuration of the first practice item. The subject was asked to 
predictt what would happen if the blocks were removed. In the next display, the three 
responsee possibilities appeared: A button with a scale tilting to the left, a button with 
aa scale in equilibrium, and a button with a scale tilting to the right. The subject was 
askedd to click on the button of her/his choice with the mouse. The button, on which 
thee subject clicked, lighted up and the other two buttons disappeared. Figure 2 
containss a display of a conflict-distance item and the three response categories. 
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FigureFigure 2. Example of the presentation of a balance scale item in the computerized balance scale 
test. test. 

Thee following display contained the empty balance scale with the supporting 
blocks.. Weights appeared on the scale, according to the configuration of the next 
practicee item. After the subject responded to the four practice items, the test phase 
wass announced. The assistant did not help the subject during the test phase. The test 
tookk eighteen minutes on average. 

5.2.4.. Hypotheses 

Tablee 2 summarizes the predicted proportions of correctly answered items, given 
eachh item type, for each rule. The items in this test were constructed such that the 
addition-rulee results in a correct response to conflict-balance A items and to conflict-
distancee items. Subjects who use the addition-rule give an incorrect response to the 
conflict-weightt items and to the conflict-balance B items in this test. 

Tablee 3 summarizes the predicted relations between the RTs on different item 
types,, given the rule a person uses. These relations are inferred from Table 1. An equal 
signn indicates that the RTs are predicted to be equal, whereas as an unequal sign ("<" 
orr ">")  indicates that the RT on the item type indicated by the row head, is predicted 
too be shorter or longer than the RT on the item type indicated by the column head. 
Forr example, it is predicted for subjects, who use Rule II , that the RT on distance 
itemss is longer than the RT on weight items. 
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Tablee 2 

Predictedd Proportion of Correctly Answered Items, Given Item Type in the Present 
Computerr Test, for Each of the Rules 

Rulee model 
Rulee I 
Rulee II 
Rulee II I 

addition-rule e 
Rulee IV 

balance e 
1.00 0 
1.00 0 
1.00 0 
1.00 0 
1.00 0 

weight t 
1.00 0 
1.00 0 
1.00 0 
1.00 0 
1.00 0 

distance e 
.00' ' 
1.00 0 
1.00 0 
1.00 0 
1.00 0 

itemm types 
conflict--

balancee A 
.000 b 

.00b b 

.33c c 

1.00 0 
1.00 0 

conflict--
balancee B 

.00b b 

.00b b 

.33c c 

.00d d 

1.00 0 

conflict--
weight t 

1.00 0 
1.00 0 
.33c c 

.00d d 

LOO O 

conflict--
distance e 

.00b b 

.00b b 

.33c c 

1.00 0 
1.00 0 

Note.Note. a Answers that scale will remain in balance. 
bb Answers that the scale will tip to the side with more weights. 
cc Guesses or "muddles through". 
dd Response depends on configuration of weights and distances. 

Tablee 3 
Predictedd Differences Between RTs of Different Item Types, Given Rule Model 

itemm types 
balancee weight distance CBB CW W CD D 

Rulee I 
weight t 

distance e 
CBB B 
CW W 
CD D 
CBA A 

Rulee II 
weight t 

distance e 
CBB B 
CW W 
CD D 
CBA A 

Rulee III , Rule IV, addition-rule 
weight t 

distance e 
CBB B 
CW W 
CD D 
CBA A 

Note.Note. CBB, conflict-balance B; CW, conflict-weight; CD, conflict-distance; CBA, 
conflict-balancee A. 
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Thee first panel of Table 3 summarizes the expected relations between the RTs 
onn the various item types, given Rule I. The middle panel of Table 3 summarizes the 
expectedd relations between the RTs on the item types, given the use of Rule II . The 
lowerr panel of Table 3 displays the expected relations between the RTs on the various 
itemm types for Rule III , the addition-rule and Rule IV. This does not mean that the 
samee RTs are expected for subjects who use these rules. However, the patterns of RTs 
onn the item types are predicted to be similar, for each rule. Rule III , the addition-rule, 
andd Rule IV all involve two steps for solving the simple item types and four steps for 
solvingg conflict item types. For Rule III , the addition-rule, and Rule IV, the RTs to the 
simplee item types are predicted to be shorter than the RTs to the conflict item types. 

Thee numbers of steps indicated in Table 1 imply the following hypotheses 
concerningg the relations between the RTs of different rules, given item type. On both 
balancee and distance items, the RTs of subjects who use Rule I are predicted to be 
smallerr than the RTs of subjects who use any of the other rules, which are expected to 
bee equal to each other. On weight items, the RTs of Rule I and Rule II are expected to 
bee equal and to be shorter than the RTs of Rule III , the addition-rule, and Rule IV. 
Thee RTs of the latter rules are predicted to be equal. Also on all conflict items, the 
RTss of subjects who use Rule I and who use Rule II are expected to be equal to each 
otherr and to be shorter than the RTs of Rule III , the addition-rule, and Rule IV. The 
RTss of these rules are expected to be equal on all conflict items. Note that the number 
off  steps may not be conclusive for the RT on an item type. The content of the steps 
probablyy also matters. Finally, subjects who use different rules may be of different ages 
andd subjects of different ages will probably differ in RT. 

5.3.5.3. Results 

Thee first of the ten sets of items was deleted from all analyses. Earlier studies 
(seee Chapter 3) showed that subjects need time to practice. Only subjects who 
answeredd one or none of the balance scale items incorrectly were included. The 
remainingg sample consisted of 111 subjects. 

5.3.1.. Rule use 

AA multigroup latent class analysis was performed on the false/correct responses 
too all items, except the balance items. The responses to these items were excluded 
becausee the predicted responses to balance items theoretically do not differentiate 
betweenn the rule models. The nine sets featured as the groups in the multigroup 
analysis.. All parameters (unconditional and conditional probabilities) were restricted 
too be equal between groups (sets). Applying multigroup latent class analysis is not an 
optimall  solution. A model that incorporates subjects' response patterns across all nine 
setss is preferred. However, the number of cells in a frequency table of at least 54 
dichotomouss variables (six item types by nine sets of items) would cause huge 
difficultiess in the fitting of a model. 
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Thee number of latent classes was increased until the expected frequencies did 
nott deviate significantly from the observed frequencies anymore. This was the case if 
thee probability of the Loglikelihood ratio exceeded the alpha level. An alpha level of 
.055 is used for all statistical tests. The non-naive parametric bootstrap procedure was 
usedd to calculate this probability (de Menezes, 1999; Langeheine, Pannekoek, & van 
dee Pol, 1995). The Bayesian Information Criterion (BIC; Schwarz, 1978) was used to 
comparee models that all showed a non-significant difference between observed 
frequenciess and expected frequencies from the model. A restricted 6-class model was 
selected.. The expected frequencies from the model did not differ significantly from the 
observedd frequencies {LR (542) = 373.29, bootstrapped p-value = .42). Although both 
thee unconditional and the conditional probabilities were restricted to be equal between 
sets/groups,, the model was not stationary. A subject was not necessarily classified into 
thee same latent class, across all sets of items. Table 4 contains the estimated 
parameterss of the selected model. 

Tablee 4 
Selectedd Latent Class Model for Multigroup Analysis 

t t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 

71 71 
t t 

.37 .37 

.18 8 

.27 7 

.11 1 

.06 6 

.01 1 

77 = W 

1.00 0 
1.00 0 
1.00 0 
.97 .97 
.41 1 
.00 0 

; = D D 

.01 1 
1.00 0 
.98 8 
.96 6 
.00 0 
.00 0 

n n 

II  = CEA 

.01 1 

.05 5 

.40 0 
1.00 0 
.04 4 
.86 6 

X X 

1 1 

I=CEB' I=CEB' 

.01 1 

.05 5 

.19 9 
1.00 0 
.00 0 

1.00 0 

7=CW' ' 

1.00 0 
1.00 0 
.22 2 
.88 8 
.38 8 
.07 7 

/=CD D 

.01 1 

.18 8 

.87 7 

.94 4 

.56 6 

.00 0 

interpretation n 

Rulee I 
Rulee II 
Rulee Ill/add 
RulelV V 
incorrect t 
balance e 

Note,Note, t, latent class; 7tx, proportion of latent class t-, jtlx, conditional probability of 

answeringg item I correctly, given latent class t; W, weight item; D, distance item; CBA, 
conflict-balancee A item; CBB, conflict-balance B item; CW, conflict-weight item; CD, 
conflict-distancee item; Rule Ill/add refers to a mix of Rule III and the addition-rule. 
11 addition-rule results in incorrect response 

Thee subjects in the first latent class (with an estimated proportion of .37) 
answeredd only the weight item and the conflict-weight item correctly. This response 
patternn resembled the pattern that was expected from using Rule I. The subjects in the 
secondd latent class (with an estimated proportion of .18) gave the correct response to 
thee weight, distance, and conflict-weight item. The responses to the remaining items 
weree incorrect. This response pattern was expected when Rule II was employed. The 
subjectss in the third latent class (with an estimated proportion of .27) responded 
correctlyy to the weight and the distance item. Their responses to the conflict items 
weree mixed. The estimated conditional probabilities of answering the conflict-balance 
BB item and the conflict-weight item correctly were quite low, whereas the estimated 
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conditionall  probabilities of answering the conflict-balance A item and the conflict-
distancee item were quite high. For the latter item types, the addition-rule resulted in 
thee correct response in this test. Possibly, the subjects in the third latent class 
employedd a mix of Rule III and the addition-rule. We will refer to this mix as "Rule 
Ill/add".. The fourth latent class [with an estimated proportion of .11) showed high 
conditionall  probabilities of answering all items correctly. This pattern was expected 
fromm subjects who used Rule IV. The conditional probabilities of answering the items 
correctlyy were low for all items for the fifth latent class (with an estimated proportion 
off  .06). Also the sixth latent class (with an estimated proportion of only .01) 
demonstratedd mainly low conditional probabilities of answering items correctly. 
However,, the conditional probabilities of answering both conflict-balance items 
correctlyy were high. Perhaps the subjects in the sixth latent class were always 
respondingg that the scale would remain in balance. 

Thee subjects were assigned to a latent class by means of the posterior 
probabilities.. Posterior probabilities indicate the probability that a response pattern 
belongss to a given latent class in the model. The posterior probabilities sum to one 
overr all latent classes. The percentage of correctly classified subjects indicates the 
reliabilityy of assigning the subjects to latent classes. This percentage is the average 
valuee of the modal probabilities, multiplied by 100%. The measure lambda {X) is also 
usedd as an indicator of the reliability of the assignment. The measure X expresses the 
improvementt of using the modal probability of a response pattern of a subject to 
assignn the subject to a latent class, instead of assigning each subject to the largest 
latentt class (McCutcheon, 1987, p. 37). The percentage correctly classified was 93.5% 
andd the value of X was .93. The accuracy of assignment was satisfactory. 

Eachh subject's response pattern was assigned to the latent class that was 
associatedd with the modal (highest) posterior probability. This was done separately for 
eachh set of seven items. Figure 3 shows the percentage of rule use in the four age 
groups. . 

Rulee I was obviously the most frequently used rule by children in grade 3. The 
usee was less frequent in grades 4 and 5 and almost absent among students. Children 
inn grade 3 did not use Rule II very frequently. Children in grade 4 and 5 used it more 
often.. A minority of the students also used Rule II. The use of the mix of the addition-
rulee and Rule III was hardly observed among children in grades 3, 4, and 5. Among 
students,, it was the most frequently used rule. The use of Rule IV was practically 
absentt among children. About a quarter of the students used Rule IV to solve balance 
scalee problems. The incorrect response pattern was mainly observed among children 
inn grade 3. Older children and students hardly demonstrated this response pattern. 
Onlyy a few subjects always answered that the scale would remain in balance. These 
subjectss were almost all in grade 5. 
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5.3 .2 .. RTs and rules 

Itt is probable that the RTs of subjects decreased as the test progressed. The 
averagee RT for each set of the ten sets of items was calculated. A repeated 
measurementss MANOVA with average RT per set showed a significant decrease in RT 
overr sets [F  (9) = 10.293, p < .0001). Posthoc t-tests revealed that only the average 
RTT on the first set and the average RT on the second set differed significantly horn the 
averagee RTs on the subsequent sets. The difference between the second set and the 
followingg sets was rather small (about half a second). We have studied the effect of 
includingg the RTs on the second set by repeating some analyses, in which we assumed 
thatt RTs were stable, without the second set. The results were highly similar to the 
resultss of analyses that included the second set. 

Thee differences between sets were also studied within each item type, to test for 
homogeneityy of i tems within a type. The first set was deleted from the analyses 
becausee the RTs on the first set were significantly longer and because this set was also 
deletedd from the latent class analysis (because subjects need time to practice). A one-
wayy ANOVA with factor "Set" was performed on the RTs on each item type. The 
factorr Set included nine levels corresponding to sets 2 to 10 of the test. The latent 
classess that were characterized as "incorrect" and "in balance" were not included 
becausee these classes consisted of very small numbers of subjects. 

Thee effect of Set was significant for the balance items [F  (8, 917) = 18.117, p = 
.0001).. Posthoc t-tests revealed that the average RTs to the balance items in the 
second,, third, and ninth set were significantly longer. The effect may be explained by 
thee large values on the weight dimension and the distance dimension for these items. 
Maybee subjects needed more time to consider an item if the number of weights placed 
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onn the scale was large, and if the weights were placed at large distances from the 
fulcrum. . 

Thee effect of Set was also significant for distance items (F (8, 917) = 3.270, p = 
.0011).. Posthoc t-tests demonstrated that the average RT on the distance item in the 
fourthh set was significantly longer than the average RTs on the distance items in the 
seventh,, eighth, and tenth set. Also, the average RT on the distance item in the fifth 
sett was significantly longer than the average RT on the distance item in the seventh 
sett of items. It is unclear why subjects responded slower to the items in the fourth and 
fift hh set of items. Maybe an effect of the values on the distance and the weight 
dimensionn occurred. 

Thee effect of Set was significant for conflict-balance B items {F (8, 917) = 2.051, 
pp = .0381) and for conflict-distance items (F (8, 917}  = 2.802, p = .0045). Posthoc t-
testss revealed that the average RT on the conflict-balance B item in the sixth set was 
significantlyy longer than the average RT on the conflict-balance B item in the ninth 
sett of items. The average RT on the conflict-distance item in the eighth set of items 
wass significantly longer than the average RT on the conflict-distance item in the ninth 
sett of items. It is unclear why these effects occurred. Further study is needed to study 
whetherr subjects respond equally fast to items of the same type. It would be useful to 
includee the rule that a subjects uses in such a study. Here, we used the average RTs 
acrosss sets 2 to 10 for convenience. 

Thee rule assessment by means of latent class analysis was used to calculate the 
averagee RTs, given item type, for each rule, across sets. Figure 4 shows the average RT 
forr each latent class, given item type. The latent classes that were characterized as 
"incorrect""  and "in balance" were excluded because these classes involved very small 
numberss of subjects. The vertical bars indicate the standard errors of the average RTs. 

Ann ANOVA was conducted to study the differences in RT between item types 
andd between rules. The between-factor Rule included four levels (Rule I, Rule II, Rule 
Ill/add,, and Rule IV) and the within-factor Item Type included seven levels (all item 
types).. The ANOVA resulted in a main effect of Rule [F  (3, 886) = 38.33), p = .000) 
andd a main effect of Item Type {F (6, 881) = 142.56, p = .000). Also, a Rule * Item 
Typee interaction effect was observed [F  (18, 2649) = 23.75, p = .000). Only the 
interactionn effect is of interest here because it indicates different relations between the 
RTss on different item types, within rules. The significance of the differences between 
thee RTs on different item types, within a rule, was determined by means of posthoc 
pairwisee t-tests. 
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FigureFigure 4. Response times, given item type, for four rule models. B, balance items; W, weight 
items;items; D, distance items-, CBB, conflict-balance B items; CW, conflict-weight items; CD, 
conflict-distanceconflict-distance items; CBA, conflict-balance A items. 

Tablee 5 summarizes the relations between RTs on different item types, for Rule 
I,, Rule II , Rule Ill/add, and Rule IV. An equal sign indicates that the RTs did not differ 
significantly,, whereas an unequal sign ("<" or ">" ) indicates that the RT on the item 
typee indicated by the row head, was significantly shorter or longer than the RT on the 
itemm type indicated by the column head. For instance, for subjects who were assigned 
too Rule II , the average RT on distance items was significantly longer than the average 
RTT on weight items. The design of Table 5 matches that of Table 3. Boxed symbols 
indicatee an unexpected relation. The alpha level was divided by the number of t-tests, 
whichh resulted in an alpha level of (.05 / 84 =) .0006. 
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Tablee 5 
Significantt Differences Between RTs on Different Item Types, Given Rule Model 

balance e weight t 
itemm types 

distancee CBB 
average e 

CWW CD RT 
SD SD 
RT T 

Rulee I 
balance e 

weight t 

distance e 

CBB B 

cw w 
CD D 

CBA A 

= = 

= = 

= = 

= = 

H H 
= = 

= = 

= = 

= = 

H H 
= = 

= = 

= = 

= = 

= = 

= = 

= = 

2.90 0 

2.98 8 

3.25 5 

3.24 4 

3.21 1 

3.64 4 

3.22 2 

1.55 5 

2.45 5 

2.47 7 

2.23 3 

2.16 6 

3.08 8 

2.81 1 

Rulee II 
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CBB B 

CW W 
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< < 

= = 

H H 
H H 
H H 
H H 

> > 

H H 
H H 
H H 
H H 

H H 
HH = 
QQ = 
HH = 

= = 

= = 

3.03 3 

2.45 5 

3.51 1 

3.75 5 

3.49 9 

3.76 6 

3.68 8 

1.64 4 

1.24 4 

2.02 2 

2.71 1 

2.30 0 

2.00 0 

3.05 5 

Rulee Ill/add 
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>> Q 
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2.21 1 
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2.76 6 

5.30 0 

5.09 9 

4.08 8 

4.63 3 
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1.34 4 

3.74 4 
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2.64 4 

2.57 7 
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2.37 7 

3.06 6 

3.26 6 
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4.70 0 
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1.98 8 

1.59 9 

3.64 4 

2.11 1 

1.69 9 

2.09 9 

Note.Note. CBB, conflict-balance B; CW, conflict-weight; 
balancee A. RT in seconds, alpha level is .0006. 

CD,, conflict-distance; CBA, conflict-
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Inn subjects who used Rule I, t-tests showed unexpected differences within two 
pairss of item types. The average RT on balance items and the average RT on weight 
itemss were significantly shorter than the average RT on conflict-distance items. Al l 
thee other t-tests did not show significant differences between the RTs on the various 
itemm types. So, subjects who used Rule I demonstrated equal RTs on almost all item 
types. . 

Manyy pairs of item types showed unexpected relations in subjects who were 
assignedd to Rule II . It was expected that subjects who used Rule II would spend less 
timee on conflict items than on balance items. However, the average RTs on conflict-
balancee B items, conflict-weight items, and conflict-balance A items were not 
significantlyy different from the average RT on balance items. In fact, the average RT 
onn conflict-distance items was significantly longer than the average RT on balance 
items.. Also contrary to the expectations, subjects who were assigned to Rule II , spent 
significantlyy more time on solving conflict items than on solving weight items. 
Surprisingly,, the average RT on distance items was equal to the average RTs on the 
conflict-items.. As expected, the average RTs on the conflict items were equal. 
Summarized,, subjects, who were assigned to Rule II , spent least time on solving 
weightt items. They spent more time on solving balance items and spent most time on 
solvingg distance items and on solving conflict items. The long RTs on the conflict 
itemss are surprising. 

Inn subjects who were assigned to Rule Ill/add, the observed relations between 
RTss differ from the predicted relations in only four pairs of item types. The average 
RTT on distance items was significantly longer than the average RTs on balance items 
andd weight items. The average RT on conflict-distance items was significantly shorter 
thann the average RTs on conflict-balance B items and conflict-weight items. The 
generall  picture is that, for subjects who were assumed to use Rule Ill/add, the average 
RTss on simple item types were shorter than the average RTs on conflict item types. 

Inn subjects who were assigned to Rule IV, the average RTs on weight items and 
onn distance items were significantly longer than the average RT on balance items. The 
averagee RT on conflict-distance items was significantly shorter than the average RTs 
onn conflict-balance B items and on conflict-weight items. Also the average RT on 
conflict-balancee A items was significantly shorter than the average RTs on conflict-
balancee B items and on conflict-weight items. It is remarkable that subjects who were 
assignedd to Rule IV responded faster to the item types for which the addition-rule 
resultedd in the correct answer. However, the main result is that subjects who were 
assumedd to use Rule IV spent less time on solving simple item types than on solving 
conflictt item types. 

Inn conclusion, we may state that subjects who were assigned to different rules 
demonstratedd different patterns of RTs on the various item types. Subjects who were 
assumedd to use Rule I demonstrated similar RTs to almost all item types. Subjects 
whoo were assigned to Rule II demonstrated short RTs on weight items. These children 
spentt more time on balance items and were slowest on distance items and conflict 
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items.. Subjects who were assigned to Rule Ill/add or to Rule IV demonstrated shorter 
RTss on simple item types than on conflict item types. 

Thee differences and correspondences between rules, given item type, are not of 
mainn interest here, but it is interesting to study whether subjects who were assumed 
too take the same number of steps in performing different rules, demonstrated the 
samee RTs, given item type. Because subjects who used different rules were of different 
agess (see Figure 3) and because subjects of different ages may demonstrate different 
RTss on average, the factor "Age" was included in the analysis of variance. An ANOVA 
includingg the "Rule" by "Age" interaction was performed on the RTs on each item 
type,, to test the hypotheses on the differences between rules, stated in the Method 
section.. The between-factor Rule consisted of four levels (Rule I, Rule II, Rule Ill/add, 
andd Rule IV), whereas the between-factor Age consisted of two levels (children and 
students). . 

Forr balance items, only the main effect of Age was significant [F  (1) 16.35, p < 
.0001).. The children demonstrated longer RTs than the students. For weight items, 
thee main effect of Rule was significant [F  (3) = 9.37, p = .047), and the main effect of 
agee was significant {F (1) = 29.00, p = .004). Again, the children demonstrated longer 
RTss than the students. Subjects who were assigned to either Rule I or Rule IV 
demonstratedd longer RTs than subjects who were assigned to either Rule II or Rule 
Ill/add.. For distance items, the interaction effect was significant [F  (1) = 28.15, p < 
.0001).. Among the children, only the children who were assumed to use Rule II were 
slowerr on distance items than children who were assigned to other rules. Students 
whoo were assigned to Rule I or to Rule IV were slower than students who were 
assignedd to Rule II or Rule Ill/add. 

Forr the conflict-balance B items, only the main effect of rule was significant (F 
(3)) = 15.17, p < .0001). Subjects who were assigned to Rule I or to Rule II were 
significantlyy faster on the conflict-balance B items than subjects who were assigned to 
Rulee Ill/add or to Rule W. 

Forr conflict-weight items, the main effect of rule was significant {F (3) = 23.29, 
pp < .0001) and the interaction effect was significant [F  (1) = 68.52, p < .0001). 
Childrenn who were assumed to use Rule Ill/add were slower than children who were 
assumedd to use any of the other three rules. On the contrary, students who were 
assignedd to Rule IV were slower than students who were assigned to any of the other 
rules.. Also, students who were assigned to Rule Ill/add were slower than subjects who 
weree assigned to Rule II. 

Forr conflict-distance items, only the main effect of rule was significant [F  (3) = 
20.72,, p = .03). Subjects who were assigned to Rule IV demonstrated longer RTs than 
subjectss who were assigned to any of the other three rules. 

Forr conflict-balance A items, the main effect of rule {F (3) = 34.00, p = .003) 
andd the interaction effect were significant (F (3) = 3.71, p = .01). Children who were 
assignedd to Rule Ill/add demonstrated longer RTs than children who were assigned to 
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thee other three rules. The interaction effect occurred because there was no effect of 
rulee for the students. 

Inn conclusion, we may state that only the observed RTs on the conflict-balance B 
itemss perfectly corresponded to the predictions. It should be noted that the small 
numberr of students who used Rule I (7) and the small number of children who used 
Rulee IV (5) hindered the study of differences between rules, given item type. 

5 . 3 . 3 .. Rule switches 

I tt is possible that subjects switched between rules during the administration of 
thee test. It is hypothesized that subjects who switched rules wil l show increased RTs. 
Increasedd RTs may occur before a switch because subjects may start doubting their 
presentt rule and therefore switch to a different rule. Increased RTs may also occur 
afterr a switch to a different rule because the subject has yet to acquire automaticity in 
carryingg out the newly adopted rule. The phenomenon of "critical slowing down" may 
alsoo cause increased RTs after a switch to a different rule. As mentioned above, 
subjectss who used a rule consistently are predicted to demonstrate equal RTs across 
thee test. 

Too study whether subjects switched between rules, each pair of two subsequent 
setss of items was considered. The test contained ten sets of items, but the first set was 
excludedd from the rule assessment by means of latent class analysis. The rule that was 
employedd on a set was compared to the rule that was used on the subsequent set, 
accordingg to the latent class model presented in Table 4. In the present test of nine 
(useful)) sets of items, eight pairs of sets were possible. The comparison of subsequent 
setss resulted in a table describing switches between rules. We divided the numbers in 
thee table by the total number of observations of the rule on initial sets. The results 
weree multiplied by 100. For example, the cell "Rule I - Rule II " shows that 6% percent 
off  the subjects who started with using Rule I switched to using Rule II on the 
subsequentt set. Table 6 shows the turnover table, of which the percentages in each 
roww equal 100%. 

Rulee I 
Rulee II 

startedd Rule 
att Ill/add 

Rulee IV 
incorrect t 
balance e 

Rulee I 
89% % 
9% % 
1% % 

1% % 
29% % 

Tablee 6 
Switchess Between Sets 

Rulee II 
6% % 

69% % 
16% % 

1% % 
7% % 
8% % 

switchedd to 
Rulee III / 

add d 
1% % 
16% % 
73% % 

24% % 
5% % 

Rulee IV 

4% % 
10% % 

74% % 

8% % 

incorrect t 
4% % 
2% % 

57% % 

balance e 

2% % 
85% % 

numberr of 
observations s 

319 9 
193 3 
214 4 

93 3 
56 6 
13 3 
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Mostt subjects who used Rule I on a set also used this rule on the subsequent set. 
Thee use of Rule II was less stable. Switches to Rule I and switches to Rule Ill/add 
occurred,, whereas switching to using Rule IV occurred less frequently. About 73% of 
thee subjects who used Rule Ill/add also used this rule on the subsequent set. Switches 
too Rule II and Rule IV also occurred. The use of Rule IV was quite stable, although 
switchess to Rule Ill/add were observed frequently. An incorrect response pattern was 
observedd only 56 times. Such a response pattern was mainly alternated with Rule I. 
Thee response pattern "always balance" was observed only 13 times and was stable. 
Summarized,, 77% of the subjects used the same rule on two subsequent sets. Hence, 
theree was a considerable number of subjects whose behavior was classified into 
differentt rules across sets. If the behavior of a subject was assigned to a different rule 
onn the subsequent set than on the initial set, we define it as a rule switch. The rule 
switchess mostly concerned rules that were close to the initial rule in the hierarchy of 
rules. . 

Thee average RTs of sets that were associated with a switch were compared to the 
averagee RTs of sets that were not associated with a switch. It is important to take the 
differencee in RTs between the predicted rule models into account when testing if RTs 
increasee during rule switches. For example, if a subject switches from using Rule I to 
Rulee II , the RTs are expected to increase after the switch because Rule II involves 
moree steps in solving balance and distance items than Rule I. The RTs on these items 
mayy increase, simply because executing Rule II involves more steps and hence more 
time. . 

Ann ANOVA was conducted on the dependent variable "RT on Initial Set". The 
factorr "Switch" included two levels (yes or no), whereas the factor "Rule Use on Initial 
Set""  included six levels (corresponding to the rules of the latent class model presented 
inn Table 4). The main effect of Switch [F  (1) = 7.98, p = .005) and the main effect of 
"Rulee Use on Initial Set" (F (5) = 7.83, p = .000) were significant. The interaction 
effectt of "Rule Use on Initial Set" by Switch was not significant. The upper panel of 
Figuree 5 shows the average RTs on the initial set for sets that were followed by a rule 
switchh or not, given the rule on the initial set of items. Next, a "Switch" (two levels: 
yess or no) by "Rule Use on Subsequent Set" (six levels, rules of latent class model) on 
thee dependent variable "RT on Subsequent Set" ANOVA was performed. The main 
effectt of Switch was significant [F  (1) = 11.23, p = .001) and the main effect of "Rule 
Usee on Subsequent Set" was significant (F (5) = 6.03, p = .000). The interaction effect 
off  Switch by "Rule Use on Subsequent Set" was also significant (F (5) = 4.34, p = 
001).. The lower panel of Figure 5 shows the average RTs on the subsequent set for 
setss that were either preceded by a rule switch or not, given the rule on the subsequent 
set. . 
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Thee bars indicate the average RT on the initial set (upper panel) and on the 
subsequentt set (lower panel), given the presence or absence of a rule switch, and given 
thee rule that was used on the initial set (upper panel) or on the subsequent set (lower 
panel).. The figures above the bars represent the numbers of subjects over which the 
averagee RT was computed. The r-tests above the two bars, associated with a rule, 
indicatee whether the differences between the RTs of subjects, who demonstrated a rule 
switch,, and the RTs of subjects, who did not demonstrate such a switch, were 
significant. . 

Figuree 5 shows that, if subjects used Rule I and switched to a different rule on 
thee subsequent set, the average RT on the initial set of items was longer than the 
averagee RT of subjects who continued to use Rule I. The lower panel of Figure 5 shows 
thatt if subjects switched to Rule I on a subsequent set, the average RT on the 
subsequentt set was longer than that of subjects who already used Rule I on the initial 
set.. Also if subjects switched to Rule II, the average RT on the subsequent set was 
longerr than that of subjects who consistently used Rule II. 

Inn conclusion, the results suggested that, if subjects used Rule I, an increased RT 
precededd a switch to a different rule. Moreover, subjects who switched to using Rule I 
orr to using Rule II responded slower on the subsequent set. The data set did not 
containn enough subjects to perform a three-way MANOVA of "Switch" (two levels) by 
"Rulee Use on Initial Set" (six levels) by "Rule Use on Subsequent Set" (six levels) on 
thee dependent variables "RT on Initial Set" and "RT on Subsequent Set". 
Consequently,, it remained unclear whether there was an interaction effect of the rule 
thatt the subject used initially and the rule the subject switched to on the RTs on the 
initiall  set and the subsequent set. 

5.4,5.4, Discussion 

Thee classification of subjects' responses on the computerized balance scale task 
correspondss largely to the classification of subjects' responses to individually 
administeredd balance scale tasks (e.g., Siegler, 1981) and the classification of subjects' 
responsess to group-wise administered paper-and-pencil versions of the balance scale 
taskk (e.g., van Maanen, Been, & Sijtsma, 1989; Chapter 3 of this thesis). Rule I is the 
dominantt rule among the children from seven to nine years old. A considerable 
numberr of children of about eight years and older start using Rule II. A quarter of the 
studentss employs Rule IV to solve balance scale items. 

Inn contrast to the results of Chapters 2 and 3 of this thesis, the latent class 
modell  of the responses to the balance scale items does not contain a class that 
matchess the response pattern that is expected from the use of the addition-rule. It 
doess contain a latent class with a response pattern that is referred to as a 
manifestationn of the use of a mix of Rule III and the addition-rule. Most of the 
studentss tend to use this mix. We refer to it as "Rule Ill/add". 

Theree are several explanations for the absence of the addition-rule. It is possible 
thatt the subjects in this study are either too young or too old to use the addition-rule. 
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Thee data set in this study does not contain data from subjects between 10 and 18 
yearss old. It is also possible that the items in this test do not evoke the addition-rule. 
Wee address this issue later in this discussion. Possibly, the computer test elicits faster 
responsess from subjects than a paper-and-pencil test. In this study, the subjects 
answeredd seventy items in, on average, eighteen minutes, which is very fast. Perhaps 
subjectss are more inclined to respond fast on a computer task. This may have 
preventedd subjects from executing the addition-rule. The presence of the assistant may 
alsoo have speeded up the subjects. 

Thee RTs of the subjects largely support the hypotheses on the RTs of the rules 
onn the item types, which were deduced from Figure 1 in the Introduction, and hence 
providee validation of the content of the rule models. Assuming that similar RTs 
correspondd to similar processes, subjects who use Rule I approach (almost) all item 
typess with the same strategy, consisting of only one step. Subjects who use Rule II are 
fastestt on weight items. They only need to take one step in solving this type of items: 
thee numbers of weights differ and the subjects base their answer on the comparison of 
weightss only. It was observed that subjects who use Rule II respond relatively slowly to 
balancee items. This corresponds to the expectations because Rule II is predicted to 
involvee two steps for balance items. First, subjects who use Rule II consider the weight 
dimension.. Second, because the numbers of weights are equal, these subjects consider 
thee distance dimension too. On distance items, Rule II involves the same two steps, 
whichh explains that subjects who use Rule II have a long RT when solving distance 
items.. Subjects who use the more advanced rules, Rule Ill/add and Rule IV, are 
hypothesizedd to solve the simple item types in two steps. If the weight and distance 
dimensionss conflict, subjects who use Rule Ill/add or Rule IV start a complex strategy. 
Thee strategy may include summing weight and distance on both sides and comparing 
thee sums, or multiplying weight and distance and comparing the products. Hence, 
Rulee Ill/add and Rule IV involve four steps for conflict items. Indeed, the RTs on the 
simplee items are shorter than the RTs on the conflict items, for subjects who used 
Rulee Ill/add or Rule IV. 

Somee results on the response times do not agree with the predictions. First, 
subjectss who use Rule II show unexpectedly long RTs on conflict items. It is expected 
thatt Rule II involves only one step on conflict items because the weight dimension 
differss on conflict items. Hence, subjects who use Rule II are expected to consider the 
weightt dimension only and to decide that the scale tips to the side with the larger 
numberr of weights. In fact, their responses indicate this kind of decision, but the 
relativelyy long RTs suggest that subjects who use Rule II do more than merely inspect 
thee weight dimension. Maybe the long RTs are due to a growing interest in the 
distancee dimension. Another surprising finding is that subjects who use Rule Ill/add 
respondd faster to all conflict-distance items than to the other conflict items in the 
presentt balance scale test. The subjects also show higher probabilities of answering the 
conflict-distancee items correctly. One explanation is that the distance dimension is 
veryy salient on the conflict-distance items in the present test. The weights on the side 
too which the scale wil l til t are always placed at the farthest peg from the fulcrum. 
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Contrary,, the weights on the other arm are always placed at the first peg from the 
fulcrumm (see the balance scale item, depicted in Figure 2). The configuration results in 
aa distance difference of three. The difference in the number of weights is only one or 
two.. The salience of the distance dimension may have facilitated solving the conflict-
distancee item type. Finally, subjects whose behavior is interpreted as due to Rule IV 
demonstratee significantly shorter RTs on conflict-distance items and on conflict-
balancee A items than on conflict-weight items and on conflict-balance B items. The 
addition-rulee results in a correct answer to both the conflict-distance items and the 
conflict-balancee A items. However, if subjects who are assigned to Rule IV also apply 
ann addition-rule, they would not have answered the other conflict items correctly. 
Possibly,, subjects who use Rule IV also consider the perceptual salience of the distance 
dimensionn on conflict-distance items. The conflict-balance A items are perhaps also 
easyy to solve by means of a perceptual consideration of the two dimensions. On the 
conflict-balancee A items in this test, the number of weights on the left arm of the scale 
iss always equal to the distance on which the weights are placed on the right arm of the 
scale.. Likewise, the value on the distance dimension on the left side is equal to the 
valuee on the weight dimension on the right side. For instance, the left arm of the scale 
containss one weight, placed at the third peg from the fulcrum, whereas the right arm 
off  the scale contains three weights, placed at the first peg from the fulcrum. The 
symmetryy of the items may have facilitated solving the conflict-balance A items. 

InIn general, these findings suggest that the use of RTs, next to response patterns, 
cann be useful. Initially, response patterns indicate the rule that a subject may employ. 
Next,, the RTs provide extra information on the content of the rules. The RTs may 
providee cross-validation of the content, but may also cast doubts on the proposed 
contentss of the rules. 

Thee present study also explores the question whether rule switches are 
accompaniedd with increased RTs. The test is divided in ten sets of items. We study 
rulee use across sets and observe that both the RTs in the set preceding a switch and 
thee RTs in the set following a switch are significantly longer than the RTs of sets that 
aree not associated with a rule switch. The effect of a switch is mainly observed for 
switchess from Rule I to a different rule and for switches to Rule I. Further research is 
neededd to study the relationship between rule switches and increased RTs. Evoking 
rulee switches may help the study of the relation between rule switches and RTs. 
Microgeneticc studies {Siegler & Crowley, 1991) are designed to study change in a 
specificc domain in a short amount of time. The computer task presented in this 
chapterr can be adjusted to a microgenetic design. Feedback as well as training can 
easilyy be incorporated in the test. 

Althoughh the results of the present experiment are promising and demonstrate 
thee usefulness of combining RTs and response patterns, the results do present some 
problems.. First, the data show that the RTs depend on many factors. The RTs differ 
betweenn rule models, between age groups, and across item types. Next, experience 
withh the computer test can influence the RT. As subjects gain more practice with the 
computerr test during the administration, they respond faster. This effect is however 
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restrictedd to the first two sets of items in this study. A second difficulty of the 
experimentt is the match between items and rule models. Many children in this 
experimentt use either Rule I or Rule II. However, only one item of each set of seven 
itemss discriminates between the expected response patterns of the two rules. If 
subjectss switch between using Rule I and Rule II , this can only be observed on one 
seventhh of the items in the test. A third difficulty of the present experiment, which 
cann not easily be solved, is the division of the test in sets of items. Subjects may 
switchh between rules within a set and not between sets. If a switch occurs within a set, 
aa preceding increase in RT is difficult to detect and it is possible that the switch is not 
noted. . 

Thee study of RTs on balance scale problems may provide an answer to a new 
question,, which concerns an item type that is not incorporated in Siegler's (1981) set 
off  item types (Siegler, 1981). On this extra type, one arm contains a larger number of 
weightss that is placed at a larger distance from the fulcrum than the weights on the 
otherr arm of the scale. It seems easy to decide that the scale wil l tip to the side with 
thee larger number of weights, placed at the larger distance. Siegler's (1981) model of 
thee rules, as displayed in Figure 1, predicts the following. Rule I and Rule II involve 
onlyy one step. Once the subjects who use Rule I or Rule II have observed that the 
numberss of weights differ, they decide that the scale wil l tip to the side with the larger 
numberr of weights. The model prescribes that Rule III , the addition-rule, and Rule IV 
involvee three steps when solving this type of items. Subjects who use one of these 
ruless first consider the weight dimension. The second step consists of comparing the 
distancess at which the weights are placed. In the third step, subjects decide whether 
thee greater number of weights is on the same side as the greater distance. The RTs on 
thiss type of items are predicted to be significantly longer for subjects who use the 
complexx rules than for subjects who use either Rule I or Rule II . This is an interesting 
hypothesis,, which requires further study. 
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Appendix x 
Detailss of items 

valuess of dimensions 
leftt right 

## item weight distance weight distance correct item type 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20 0 
21 1 
22 2 
23 3 
24 4 
25 5 
26 6 
27 7 
28 8 
29 9 
30 0 
31 1 
32 2 
33 3 
34 4 
35 5 
36 6 
37 7 
38 8 
39 9 
40 0 
41 1 

1 1 
2 2 
6 6 
4 4 
3 3 
4 4 
2 2 
4 4 
4 4 
2 2 
4 4 
1 1 
2 2 
3 3 
3 3 
5 5 
3 3 
3 3 
1 1 
1 1 
1 1 
1 1 
3 3 
1 1 
4 4 
2 2 
1 1 
2 2 
3 3 
3 3 
5 5 
2 2 
3 3 
4 4 
1 1 
2 2 
4 4 
6 6 
2 2 
1 1 
2 2 

3 3 
4 4 
3 3 
1 1 
2 2 
1 1 
3 3 
2 2 
4 4 
4 4 
3 3 
3 3 
4 4 
4 4 
4 4 
4 4 
4 4 
2 2 
4 4 
4 4 
2 2 
1 1 
4 4 
4 4 
4 4 
2 2 
4 4 
4 4 
3 3 
4 4 
2 2 
3 3 
3 3 
1 1 
3 3 
4 4 
4 4 
2 2 
2 2 
4 4 
4 4 

1 1 
4 4 
6 6 
2 2 
1 1 
2 2 
3 3 
4 4 
6 6 
2 2 
6 6 
2 2 
3 3 
4 4 
3 3 
3 3 
3 3 
6 6 
2 2 
3 3 
2 2 
1 1 
6 6 
2 2 
4 4 
1 1 
2 2 
4 4 
3 3 
1 1 
5 5 
6 6 
2 2 
3 3 
3 3 
2 2 
2 2 
6 6 
4 4 
3 3 
4 4 

3 3 
4 4 
2 2 
2 2 
4 4 
4 4 
2 2 
2 2 
4 4 
3 3 
2 2 
2 2 
1 1 
3 3 
4 4 
4 4 
2 2 
1 1 
3 3 
1 1 
1 1 
1 1 
4 4 
2 2 
3 3 
3 3 
1 1 
2 2 
3 3 
4 4 
4 4 
1 1 
4 4 
4 4 
1 1 
4 4 
4 4 
3 3 
1 1 
2 2 
1 1 

balance e 
right right 
left t 
balance e 
left t 
right t 
balance e 
balance e 
right right 
left t 
balance e 
right t 
left t 
balance e 
balance e 
left t 
left t 
balance e 
right right 
left t 
balance e 
balance e 
right right 
balance e 
left t 
left t 
left t 
balance e 
balance e 
left t 
right right 
balance e 
left t 
right right 
balance e 
balance e 
left t 
right right 
balance e 
right right 
left t 

balance e 
weight t 
distance e 
conflict-balancee B 
conflict-weight t 
conflict-distance e 
conflict-balancee A 
balance e 
weight t 
distance e 
conflict-balancee B 
conflict-weight t 
conflict-distance e 
conflict-balancee A 
balance e 
weight t 
distance e 
conflict-balancee B 
conflict-weight t 
conflict-distance e 
conflict-balancee A 
balance e 
weight t 
conflict-balancee B 
distance e 
conflict-weight t 
conflict-distance e 
conflict-balancee A 
balance e 
weight t 
distance e 
conflict-balancee B 
conflict-weight t 
conflict-distance e 
conflict-balancee A 
balance e 
weight t 
distance e 
conflict-balancee B 
conflict-weight t 
conflict-distance e 

(tabless continues on next page) 
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Appendix,, continued 

## item 
42 2 
43 3 
44 4 
45 5 
46 6 
47 7 
48 8 
49 9 
50 0 
51 1 
52 2 

53 3 
54 4 

55 5 
56 6 
57 7 
58 8 

59 9 
60 0 
61 1 
62 2 
63 3 
64 4 
65 5 
66 6 
67 7 
68 8 
69 69 
70 0 

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

3 3 
3 3 

valuess of dimensions 
left t 

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

1 1 
3 3 
1 1 
1 1 
4 4 
4 4 
2 2 
3 3 
3 3 
1 1 
2 2 
2 2 
4 4 
4 4 

1 1 
4 4 
4 4 
1 1 

right right 
weightt distance 

2 2 
3 3 
4 4 
2 2 
4 4 
1 1 
2 2 
3 3 
1 1 

5 5 
3 3 

3 3 
1 1 
1 1 
1 1 
4 4 
3 3 
1 1 
4 4 

2 2 
1 1 
2 2 
2 2 

3 3 
5 5 
2 2 
3 3 
4 4 
1 1 

3 3 
1 1 
4 4 
4 4 
3 3 
3 3 
4 4 

4 4 
2 2 
4 4 
4 4 
2 2 
4 4 
4 4 
2 2 
4 4 
4 4 
4 4 
4 4 

2 2 
4 4 

4 4 
2 2 
4 4 
2 2 

3 3 
3 3 
1 1 
3 3 

correct t 
answer r 
balance e 
balance e 
left t 
right right 
balance e 
left t 
right t 
balance e 
balance e 
right right 
right right 

balance e 
left t 

right right 
balance e 
balance e 
left t 
balance e 
right t 
right right 
right t 
balance e 
balance e 

right right 
left t 
balance e 
right right 
left t 
balance e 

item m 
type e 
conflict-balancee A 
balance e 
weight t 
distance e 
conflict-balancee B 
conflict-weight t 
conflict-distance e 
conflict-balancee A 
balance e 
weight t 
distance e 

conflict-balancee B 
conflict-weight t 

conflict-distance e 
conflict-balancee A 
balance e 
weight t 
conflict-balancee B 
distance e 
conflict-weight t 
conflict-distance e 
conflict-balancee A 
balance e 
weight t 
distance e 
conflict-balancee B 
conflict-weight t 
conflict-distance e 
conflict-balancee A 

Note.Note. The first column shows number of the item; the second column displays the 
numberr 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 
showw the number of weights and the distance from the fulcrum on the right side of 
thee scale. In the sixth column the correct answer is indicated; the seventh column 
showss the item type. 


