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9

Flexibility is a significant ability in the present rapidly changing society. In a 
novel situation or when circumstances change, one’s automatic inclinations 
provide no guidance, and conscious cognitive control is required (Diamond, 
2006a). Cognitive flexibility is one of the component abilities that constitute 
cognitive control (Diamond, 2013; Huizinga, Dolan, & Van der Molen, 2006; 
Zelazo, Müller, Frye, & Marcovitch, 2003). The main goal of this thesis is to gain 
insight into the cognitive flexibility of preschoolers. Previous research shows 
that important improvements in cognitive flexibility occur between the ages 
of three and five years (Carlson, 2005). We make novel contributions on three 
important issues in this field. First, we empirically test key questions about 
the mechanisms underlying performance and development on the Dimensional 
Change Card Sorting (DCCS) task, a widely used paradigm to study cognitive 
flexibility in preschoolers (Zelazo, 2006). Secondly, we investigate the 
dynamics of development of this important ability. Finally, we introduce an 
analysis method that is more developmentally appropriate than standard ways 
of analyzing DCCS task data.
 This thesis starts with an introduction into the field of cognitive 
flexibility: What is cognitive flexibility? How do preschoolers perform on 
a cognitive flexibility task? What are the main theoretical frameworks and 
computational models proposed to explain preschoolers’ behavior on the 
DCCS task? It then continues with a discussion of the dynamics of development 
in cognitive flexibility. The question whether development does proceed in 
a stage-wise or in a continuous fashion, is a central and recurrent theme in 
developmental psychology (e.g. Brainerd, 1978; Fisher, Pipp, & Bullock, 1984; 
Jansen & Van der Maas, 2001). Three models for development on the DCCS task 
are presented: a continuous developmental model, a step-wise developmental 
model, and a discontinuous developmental model, as described by formal 
models of phase transitions (Thom, 1975; Van der Maas & Molenaar, 1992). 
Next, a new way of analyzing DCCS task data is introduced. Standard analyses 
of DCCS task data use sum scores. The alternative way of analyzing presented in 
this thesis is to model trial-by-trial behavioral data of the DCCS task with latent 
Markov models (Rabiner, 1989; Van de Pol & Langeheine, 1990, Visser, 2011). 
With these model-based analyses we can distinguish between different modes 
of behavior, study the stability of these behavioral modes and how these modes 
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depend on different factors in the environment. Finally, a short introduction of 
the studies in this thesis is given.

1.1 

Cognitive flexibility

Every day you cycle home from work along the same route while thinking of all 
kinds of things except the route home. For example what happened that day at 
work, or what to cook for dinner that night. Then one day there is a roadblock 
and instead of cycling home absorbed in thought, you have to start thinking 
about an alternative route you can take. What you need in situations like this is 
conscious cognitive control, also called executive function. Executive function is 
required whenever going “on automatic” would be insufficient, and especially 
when it would lead one astray (Diamond, 2006a). Component cognitive 
abilities that constitute executive function are inhibition, working memory, 
and cognitive flexibility (Diamond, 2013; Huizinga et al., 2006; Zelazo et al., 
2003). Inhibition is the ability to control one’s attention, behavior, thoughts, 
and/or emotions to suppress responses that are inappropriate in a particular 
context, and instead do what is more appropriate or needed. Working memory 
is the ability to hold information in mind while it is processed for further 
use. Cognitive flexibility is the ability to change plans in response to relevant 
changes in the environment, and, complementary, to maintain activities when 
changes in the environment are irrelevant. In order to flexibly adapt to novel 
situations one needs both working memory (to remember what is needed in 
the new situation), and inhibition (to suppress the tendency to act according to 
the old situation) (Diamond, 2013).
 Cognitive flexibility is improving importantly between the ages of 
three and five years, especially the flexibility to change perspectives (Carlson, 
2005). This is expressed in diverse cognitive tasks, such as Luria’s tapping task 
(Diamond & Taylor, 1996), or appearance reality tasks (Flavell, Flavell, & Green, 
1986). In Luria’s tapping task, children have to tap once when the experimenter 
taps twice, and tap twice when the experimenter taps once, and at the same 
time inhibit the tendency to mimic what the experimenter does, making the 
opposite response instead. Performance on this task is improving significantly 
between 3.5 and 4 years of age (Diamond & Taylor, 1996). In appearance-
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reality tasks children are presented a situation in which appearance and reality 
differ, for example a sponge that looks like a rock. Typically 3-year-olds report 
that it looks like a rock and really is a rock, or that it looks like a sponge and 
really is a sponge, while 4- and 5-year-olds correctly answer that it looks like 
a rock but really is a sponge (Flavell et al., 1986). Improvements on cognitive 
tasks in the preschool years go together with improvements in social cognition. 
Social cognition is commonly investigated with theory of mind tasks (Premack 
& Woodruff, 1978; Wimmer & Perner, 1983). Theory of mind implies inferring 
what another person might know, think, believe, or want, and use that to 
accurately predict what the other person might do. In a widely used theory of 
mind task, the Sally-Anne task, children are shown two dolls, Sally and Anne, 
together with a basket and a box. Sally has a marble, which she places in the 
basket before she leaves the room. While Sally is out of the room, Anne takes 
the marble from the basket and puts it in the box. Sally returns, and the child is 
asked where Sally will look for the marble. The child passes the task when he/
she answers that Sally will look in the basket where she put the marble. The 
child fails the task when he/she answers that Sally will look in the box, where 
the child knows the marble is hidden. But Sally cannot know this since she did 
not see it being hidden there. Typically 3-year-olds fail theory of mind tests, 
whereas 4- and 5-year-olds succeed (Wimmer & Perner, 1983). Improvements 
on cognitive tasks in the preschool period also go together with marked 
changes in moral development. While 3-year-olds think that things are either 
wrong or right, and people are either good or bad, 4- and 5-year-olds know that 
even wise people can be wrong sometimes, and good people can do things they 
are ashamed of (Kohlberg, 1963). 
  A widely used paradigm to study cognitive flexibility in preschoolers 
is the Dimensional Change Card Sorting (DCCS) task (Zelazo, 2006). In this 
task, children are required to sort two different test cards according to shape 
or color on two stacks marked by target cards. Each test card matches one 
target card on color and the other target card on shape. The task consists of two 
phases: the pre-switch phase and the post-switch phase. The pre-switch phase 
starts with two demonstration trials to show children how to sort the test 
cards, whereupon children are required to sort the two test cards repeatedly 
according to one dimension (e.g. color). In the post-switch phase of the task 
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children are asked to sort the same two test cards according to the other 
dimension (e.g. shape). Children are told explicitly when to switch, but there 
are no demonstration trials in the post-switch phase. Children are not given 
feedback on any trial, but the relevant sorting rules are repeated before every 
trial, and the test cards are labeled with the relevant dimension only (e.g. “This 
is a red one, where does it go?”). See Figure 1.1 for an illustration of the target- 
and test cards used in the manual version of the task introduced by Zelazo 
(2006), and an example of the target- and test cards used in the computerized 
version of the task that was used in the studies in this thesis.

Target cards

Test cards

Figure 1.1 Illustration of the target- and test cards used in the manual 
version of the DCCS task introduced by Zelazo (2006), and an example of the 
target- and test cards used in the computerized version of the DCCS task that was 
used in the studies in this thesis.

 Only the data of children who have sorted at least five of the six pre-
switch trials correctly is used in the analyses of post-switch performance, 
because it is impossible to determine if a child can make a switch between 
rules when he or she can not consistently sort according to the first rule. In 
the general discussion we refer to the children that did not pass the pre-switch 
phase in the studies of this thesis. Generally, nearly all children sort correctly in 
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However, 3-year-olds do have problems in the post-switch phase of the DCCS task when 
they have to switch sorting rules. Typically, 3-year-olds perseverate by sorting the test 
cards according to the dimension that was relevant in the pre-switch phase, whereas 
most 4- and 5-year-olds switch immediately to the new rules when asked to do so 
(Kirkham, Cruess, & Diamond, 2003; Perner & Lang, 2002; Zelazo, Frye, & Rapus, 1996). 
Still, the difficulty in switching sorting dimension on the DCCS task never disappears 
completely. Although older children and adults typically sort all cards correctly in the 
post-switch phase of the task, their response times increase when they have to switch 
sorting rules (Diamond & Kirkham, 2005).

Stimuli Zelazo (2006)Stimuli Zelazo (2006) Stimuli used in this thesisStimuli used in this thesis

Target cards

Test cards

Figure 1.1  Illustration of the target- and test cards used in the manual version of the 
DCCS task introduced by Zelazo (2006), and an example of the target- and test cards 
used in the computerized version of the DCCS task that was used in the studies in this 
thesis.

 A number of theoretical frameworks have been proposed to explain preschoolers’ 
perseverative behavior on the DCCS task. The Cognitive Complexity and Control theory-
Revised 
(CCC-r) assumes that perseverators have difficulties in reflecting on their rule 
representations, that is formulating and using a higher order rule for selecting which pair 
of rules (color rules or shape rules) must be used on a particular trial (Zelazo et al., 
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the pre-switch phase, regardless of which dimension is relevant first. However, 
3-year-olds do have problems in the post-switch phase of the DCCS task when 
they have to switch sorting rules. Typically, 3-year-olds perseverate by sorting 
the test cards according to the dimension that was relevant in the pre-switch 
phase, whereas most 4- and 5-year-olds switch immediately to the new rules 
when asked to do so (Kirkham, Cruess, & Diamond, 2003; Perner & Lang, 2002; 
Zelazo, Frye, & Rapus, 1996). Still, the difficulty in switching sorting dimension 
on the DCCS task never disappears completely. Although older children and 
adults typically sort all cards correctly in the post-switch phase of the task, 
their response times increase when they have to switch sorting rules (Diamond 
& Kirkham, 2005).
 A number of theoretical frameworks have been proposed to explain 
preschoolers’ perseverative behavior on the DCCS task. The Cognitive 
Complexity and Control theory-Revised (CCC-r) assumes that perseverators 
have difficulties in reflecting on their rule representations, that is formulating 
and using a higher order rule for selecting which pair of rules (color rules or 
shape rules) must be used on a particular trial (Zelazo et al., 2003). According 
to the attentional inertia theory inhibitory control plays a primary role in 
switching. Perseverators may know the new rules they should be following 
during the post-switch phase, but fail to inhibit attention to the pre-switch 
relevant information (Kirkham et al., 2003). Diamond and Kirkham (2005) 
interpret their results with adults on the DCCS task as attentional inertia 
that did not completely disappear with age. The activation-deficit or negative 
priming account assumes that in the post-switch phase perseverators fail 
to activate information that was automatically inhibited in the pre-switch 
phase, because it was irrelevant at that time (Chevalier & Blaye, 2008; Müller, 
Dick, Gela, Overton, & Zelazo, 2006). According to the re-description account 
perseverators do not understand that a single object can be considered from 
different viewpoints. They can conceptualize stimuli in a single way, i.e. 
according to the pre-switch rules, but fail to re-describe the stimuli in another 
way, i.e. according to the post-switch rules (Perner & Lang, 2002). Finally, the 
competing memory systems theory supposes that flexible behavior depends 
on the competition between active and latent memory traces. Perseveration 
occurs when an active memory trace of the post-switch relevant sorting rules is 
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not strong enough to compete against a latent memory trace of the pre-switch 
relevant sorting rules (Morton & Munakata, 2002; Munakata, 1998).  
   To explain the results of empirical studies with the DCCS task and 
to pinpoint the verbal theories in the form of a mechanism, a number of 
computational models of behavior and development on the task have been 
proposed as well (Buss & Spencer, 2008; Morton & Munakata, 2002; Marcovitch 
& Zelazo, 2000). These computational models specify mechanisms underlying 
the development of flexible sorting behavior. In these models, developmental 
change is formalized in terms of one or more parameters of the model, such 
as the strength of working memory relative to the strength of latent memory 
(Buss & Spencer, 2008; Morton & Munakata, 2002), or the impact of the length 
of training on performance (Marcovitch & Zelazo, 2000). Consequently, these 
models relate to cognitive and/or neural systems in the brain that play a crucial 
role in the development of flexible behavior. Such models have been evaluated 
by comparing the behavior of models with two different parameter settings 
(representing a younger and an older model) with empirical data from children 
of different ages. Because these models are defined as dynamical systems, they 
also have implications for the process of change between a younger and an 
older model (Van der Maas & Raijmakers, 2009). However, such implications 
have not been tested explicitly in these models. 
 The study described in Chapter 2 investigates the dynamics of 
development on the DCCS task and shows that there are important differences 
between the implications of the proposed computational models and the 
empirical data concerning the process of change. In the next section we 
introduce the dynamics of development more extensively.

1.2 

Dynamics of development

In the DCCS task most children either sort none of the six post-switch cards 
correctly or sort all six post-switch cards correctly. Children’s performance 
on the DDCS task seems to be bimodal. See Figure 1.2 for the frequency 
distribution of the number of correct post-switch trials in a standard version of 
the DCCS task. The bimodal distribution of the data would indicate two modes 
of behavior, and raises the question whether development on the DCCS task 
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does proceed continuously or discontinuously. The issue whether development 
proceeds in a stage-wise or in a continuous fashion is a central and recurrent 
theme in developmental psychology (e.g. Brainerd, 1978; Fisher et al., 1984; 
Jansen & Van der Maas, 2001).

Figure 1.2 Frequency distribution of the number of correct post-switch 
trials in the standard version of the DCCS task (data from the study described in 
Chapter 2).

   Jean Piaget was the major proponent of stage-wise psychological 
development in which discontinuous developmental change plays an important 
role (Piaget & Inhelder, 1969). He proposed a theory in which development 
includes four major stages; the sensorimotor stage, the pre-operational stage, 
the concrete operational stage, and the formal operational stage. Flavell (1971) 
noted that stage-to-stage development implies qualitative changes; periods of 
major reorganization in thought between the stages. The difference between 
stage-wise development and fast continuous development is hard to make 

3-year-olds

N=43

4-year-olds

N=27

5-year-olds

N=23

Number of correct post-switch trials (0-6)

P
e

rc
e

n
ta

g
e

 o
f 

c
h

ild
re

n

0

20

40

60

80

100

VanBers_proefschrift19.indd   15 10-02-14   16:12



16

(Eckstein, 1999, 2000; Van Geert, 1991, 1998), and therefore a formal model 
of discontinuous development, and empirical criteria that can be applied in 
research are required. 
 Such a theoretical model can be found in a branch of mathematics 
called catastrophe theory (Thom, 1975; Van der Maas & Molenaar, 1992). Formal 
mathematical models of developmental dynamics, such as catastrophe models, 
can provide insight into the variables that control the developmental process, 
without making detailed assumptions about a possible mechanism, such as 
in computational models. In contrast to computational models, these formal 
models are descriptive models of the observed behavior. Nevertheless, these 
models may generate novel and testable predictions about performance on the 
task and could define additional demands on the computational models. At the 
same time, computational models typically have many parameters that cannot 
all be fitted to the data directly, unlike the parameters of a descriptive formal 
model. The cusp model, which is derived from catastrophe theory, is a formal 
model of discontinuity in development that provides a set of empirical criteria. 
In the cusp model, the change in a variable depends on the continuous change 
in two independent variables. Discontinuous change in many phenomena can 
be expressed in this model (Zeeman, 1976); the freezing of water being an 
example. In this example the condition of the water is the dependent variable, 
and the two independent variables are temperature and pressure. From the 
cusp model eight criteria, so called catastrophe flags can be derived (Gilmore, 
1981). These catastrophe flags are typical properties of behavior that indicate, 
and sometimes predict, the occurrence of a discontinuous transition. Examples 
of catastrophe flags are bimodality, critical slowing down, sudden jumps, 
hysteresis, and divergence.
 There is ample evidence for the existence of domain-specific 
transitions in cognitive development. For example Jansen, and Van der Maas 
(2001) studied a phase transition in the development of proportional reasoning 
with the balance scale task by testing catastrophe flags. In the balance scale 
task children are asked to predict the movement of a balance scale. Clearly this 
movement depends on the number of weights placed on each side of the scale 
and the distance of the weights to the fulcrum. Most children use one of four 
different rules to solve the items of the balance scale task. Children using Rule 1 
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only focus on the number of weights placed on the balance scale. Children using 
Rule 2 focus on the distance of the weights to the fulcrum, only when the number 
of weights placed on both sides of the balance scale is equal. When the number 
of weights on both sides of the scale is not equal, they focus on the number of 
weights. Children using Rule 3 and Rule 4 take both dimensions into account 
when predicting the movement of the scale. Children using Rule 3 add the 
number of weights and the distance of the weights to the fulcrum, and children 
using the correct Rule 4 multiply the number of weights and the distance of 
the weights to the fulcrum. Jansen, and Van der Maas (2001) studied children’s 
transition from Rule 1 to Rule 2 to test whether it shows the properties of a 
phase transition. They hypothesized that by making the distance dimension 
more salient children that do not use Rule 2 can be encouraged to adopt this 
rule (catastrophe flag hysteresis). The salience of the distance dimension was 
increased by increasing the difference between the distances of the weights 
to the fulcrum of the two sides of the balance scale. Children received a series 
of five distance items (the number of weights on both sides of the scale are 
equal), in which the difference between the distances of the weights to the 
fulcrum on each side of the scale was gradually increased. A phase transition 
was observed: Some children who initially used Rule 1 switched to using Rule 
2 when the difference between the distances on both sides increased.
 Based on the bimodal distribution (one of the catastrophe flags) of 
accuracy data of the DCCS task in previous research, the possible dynamical 
models for DCCS developmental change can be restricted to a few general 
cases: A continuous developmental model with a rapid acceleration, a step-wise 
developmental model, and a discontinuous developmental model as described 
by formal models of phase transitions (Thom, 1975; Van der Maas & Molenaar, 
1992). According to the continuous developmental model, children use one 
strategy across all ages, but gradually become better at generating correct 
answers with age. In a step-wise developmental model, children suddenly 
jump from one strategy to the other. Importantly, at each single moment during 
their development children exclusively use one strategy or the other, and once 
they have learned the correct strategy they stop using the incorrect strategy 
altogether (but see Scheibehenne, Rieskamp, & Wagenmakers, (2013) for an 
alternative interpretation). According to a discontinuous developmental model 
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children also make a sudden jump from one strategy to the other. However, 
there is a transitional period during which children have both strategies at 
their disposal and can use both of them within a short period of time. To reveal 
the dynamics of behavior from empirical data, statistical analyses should test 
whether the data can best be described in terms of multiple behavioral modes 
occurring between, but also within individuals. Furthermore, the dynamics of 
behavior should be expressed in terms of changes between behavioral modes. 
 In the study described in Chapter 2 we test the three different 
models for the dynamics of development on the DCCS task in empirical data. 
In the general discussion we introduce a cusp model for the transition from 
perseverating to switching on the DCCS task that incorporates the findings of 
all empirical studies in this thesis.

1.3 

Statistical approach

Standard analyses of DCCS task data use sum-scores of the post-switch trials. 
For the continuous and step-wise developmental models, sum-scores contain 
all the information that is necessary to describe development. According to 
these models children use one strategy at a certain time point and, given this 
strategy, the probability of a correct response is the same on all six post-switch 
trials. However, according to the discontinuous developmental model, children 
in transition may use both strategies over a short period of time and, therefore, 
the probability of a correct response can change over the course of the post-
switch trials. In order to distinguish between the three different developmental 
models of performance on the DCCS task we modeled trial-by-trial behavioral 
data of the post-switch phase of the task with latent Markov models (Rabiner, 
1989; Van de Pol & Langeheine, 1990; Visser, 2011).
 In latent Markov models one or more latent states are defined, which 
are associated with a prototypical pattern of responding. Moreover, with these 
models we can also quantify possible transitions between latent states over the 
course of the DCCS post-switch trials. The latent Markov models are defined 
by a number of parameters that allow us to quantify the nature of the latent 
states: response probabilities, initial probabilities, and transition probabilities. 
The response probability is the probability of a correct response, conditional 
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on being in a certain latent state. The initial probability is the probability of 
being in a certain latent state at the first trial. The transition probability is the 
probability of moving to another latent state, conditional on being in a certain 
latent state. By comparing the goodness-of-fit of different models that are 
consistent with different developmental trajectories, we can find out which 
model describes the dynamics of development on the DCCS task most optimal, 
that is, the most parsimonious but best fitting model. A posteriori, based on the 
optimal latent Markov model, for any given response pattern, the probability 
that that pattern was generated from only one state, or from transitioning 
between states can be computed. These, so called posterior probabilities are 
used to assign children to the latent subgroup that appears to be most likely. In 
the empirical studies with the DCCS task described in this thesis we determined 
for individual children whether they used one stable strategy, or whether they 
used more strategies within the course of the post-switch trials of the DCCS 
task.
 The use of categorical latent variable techniques such as latent 
Markov models, for classifying subjects into subgroups, instead of classifying 
participants by eye-balling or a rule of thumb (e.g. by using sum-scores 
of post-switch trials and an arbitrary cutoff) has a number of important 
advantages. First, with these techniques, the criterion for classifying children 
into subgroups, such as perseverators and switchers is based on sound 
statistical inference. The optimal choices for cutoff criteria require statistical 
modeling, to avoid high numbers of false positives and false negatives. This 
means that one would wrongfully conclude that a specific strategy is used by 
some of the children. Second, the use of latent variable techniques provides 
the possibility of detecting hitherto unknown groups of participants that show 
similar behavior. In particular, the parameters of latent Markov models provide 
an estimate of the consistency of strategy use in children. If the probability 
correct of a subgroup did not deviate from .5, for example, their scores would 
not deviate from guessing. Third, the application of latent Markov models also 
allows for detecting regularities in sequential behavior, which is essential 
in differentiating dynamics of change. See Van der Maas and Straatemeier 
(2008) for discussion on the necessity of applying categorical latent variable 
techniques in classifying strategy use. In the study described in Chapter 2 the 

VanBers_proefschrift19.indd   19 10-02-14   16:12



20

importance of these techniques is illustrated by means of a small simulation 
study.
 
1.4  

Outline

The main goal of this thesis is to gain insight into the cognitive flexibility 
of preschoolers. We empirically test key questions about the mechanisms 
underlying performance and development on the DCCS task. We investigate the 
dynamics of development concerning this important ability. And we introduce 
a method that is more developmentally appropriate than standard ways of 
analyzing DCCS task data.
 Chapter 2 describes a study that investigates the dynamics of 
development on the DCCS task in 3- to 5-year-olds using a computerized version 
of the standard DCCS task. A continuous, a step-wise, and a discontinuous 
developmental model are compared by fitting latent Markov models to the 
trial-by-trial accuracy data of the post-switch phase of the task. Consequences 
of the results of the study for the computational models proposed in literature 
that explain behavior and development on the DDCS task are discussed. Finally, 
a substantive interpretation of a dynamical model incorporating the findings of 
the study that could be used to test specific hypotheses about the variables that 
control development of DCCS performance is introduced. 
 Chapter 3 concerns an experiment that investigates the abstractness 
of children’s rule representations in the pre-switch phase of the DCCS task by 
letting 3- and 4-year-old children perform a generalization task and a separate 
standard DCCS task. The rule representations could theoretically have three 
different levels of abstraction. The least abstract level is a representation at the 
level of the specific stimuli (‘the red car goes with the red rabbit and the blue 
rabbit goes with the blue car’). The second level is a representation at the level of 
the values of dimensions (‘red goes with red and blue goes with blue’). And the 
most abstract level of abstraction is a representation at the level of dimensions 
(‘same colors go together’). A possible relationship between abstraction and 
flexibility is studied by relating performance on the generalization task and 
performance on a separate standard version of the DCCS task.
  The studies described in Chapter 4 and 5 investigate the influence 
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of exogenous factors on the performance of preschoolers in the DCCS task. 
Exogenous factors are bottom-up, stimulus driven, and not under the voluntary 
control of the child. In the study described in Chapter 4 the influence of 
exogenous factors that are related to the sorting rules is studied by changing the 
values of one or both dimensions of the target cards and test cards in the post-
switch phase of the task. The influence of exogenous factors that are not related 
to the sorting rules is studied by changing the outline shape or the position 
of the target cards and test cards on the screen in the post-switch phase of 
the task. In the study described in Chapter 5 the influence of changing the 
values of one or more dimensions is investigated with a DCCS task with three 
stimulus dimensions, color, shape, and size that vary between target- and test 
cards. Can changes in the value of a certain dimension direct the attention of 
the child to that dimension and as a result tempt the child to sort according to 
that dimension (even if that dimension was never relevant)?
  Chapter 6 describes a study that investigates the direct and long-
term effects of feedback on 3-year-olds switch behavior with a computerized 
version of the DCCS task. The task was designed such that feedback was 
connected to the stimulus and causally related to children’s behavior. 
Whether children learned from the received feedback was assessed with the 
administration of two subsequent standard DCCS tasks (without feedback) 
with different stimuli, one after five minutes and one after one week.
   Finally, Chapter 7 summarizes the results of the empirical studies, 
introduces a conflict cusp model for the transition from perseverating to 
switching on the DCCS task with a first test of this model, and discusses 
directions for future research.
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Abstract
A widely used paradigm to study cognitive flexibility in preschoolers is the 
Dimensional Change Card Sorting (DCCS) task. The developmental dynamics 
of DCCS performance was studied in a cross-sectional design (N = 93, 3- to 
5 years of age) using a computerized version of the standard DCCS task. A 
model-based analysis of the data showed that development on the DCCS task 
is best described as a discontinuous change in performance on the post-switch 
phase of the task. In addition to a perseveration group and a switch group, a 
transitional group that showed shifts between perseverating and switching 
during the post-switch trials, could be distinguished. Computational models of 
performance and development on the DCCS task cannot, in their current forms, 
explain these results. We discuss how a catastrophe model of the developmental 
changes in task performance could be used to generate specific hypotheses 
about the variables that control development of DCCS performance.

2.1 

Introduction

The ability to behave flexibly is a crucial aspect of human cognition and a 
significant ability in every day life. It allows one to break habits and to deal 
with novel situations. However, sometimes people are unable to act flexibly and 
instead perseverate, repeating old behaviors that are no longer appropriate 
(Diamond, 1985; Piaget, 1954). A widely used paradigm to study cognitive 
flexibility in preschoolers is the Dimensional Change Card Sorting (DCCS) 
task (Zelazo, 2006). In this task, children are shown two target cards that 
vary along two dimensions (e.g. color and shape), and they are asked to sort a 
series of bivalent test cards first according to one dimension (e.g. color), and 
then according to the other dimension (e.g. shape). Each test card matches one 
target card on one dimension and the other target card on the other dimension. 
In the pre-switch phase of the task, 3-year-olds have no problems sorting test 
cards according to shape or color. However, they do have problems in the 
post-switch phase of the task, when they have to switch sorting dimensions. 
Typically, 3-year-olds perseverate in the post-switch phase by sorting test 
cards according to the initial dimension, whereas most 5-year-olds switch 
immediately to the new dimension when asked to do so (Zelazo, 2006). 
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Different theoretical frameworks have been proposed to explain perseverative 
behavior on the DCCS task. The cognitive complexity and control theory 
postulates that switching dimensions on the DCCS task requires the 
formulation and use of a higher-order rule for selecting which pair of rules 
(color rules or shape rules) must be used on a particular trial, which is a 
problem for young children (Zelazo & Frye, 1997; See Ramscar, Dye, Witten 
and Klein, 2009 for a related interpretation). The attentional inertia theory 
assumes that children who perseverate in the post-switch phase of the DCCS 
task fail to suppress attention to the first dimension in order to shift attention 
to the second dimension (Kirkham, Cruess & Diamond, 2003). According to 
the activation-deficit hypothesis, inflexibility on the DCCS task is caused by a 
failure to activate previously ignored information (Chevalier & Blaye, 2008). 
Perner and Lang (2002) posit that children who perseverate find it difficult 
to re-describe the stimuli on the test cards according to a different dimension. 
Finally, the competing memory systems theory supposes that flexible behavior 
depends on the relative strength of latent and active memory traces (Munakata, 
1998). According to this theory, perseveration occurs when an active memory 
trace of the currently relevant rules is insufficiently strong to compete against 
a latent memory trace of the previously relevant rules.  
To explain the results of empirical studies, a number of computational models 
of behavior and development on the DCCS task have been proposed (Buss & 
Spencer, 2008; Morton & Munakata, 2002; Marcovitch & Zelazo, 2000). These 
computational models specify mechanisms underlying the development of 
flexible sorting behavior. In these models, developmental change is formalized 
in terms of one or more parameters of the model, such as the strength of 
working memory relative to the strength of long-term memory (Buss & 
Spencer, 2008; Morton & Munakata, 2002) or the impact of the length of 
training on performance (Marcovitch & Zelazo, 2000). Consequently, these 
models relate to cognitive and or neural systems in the brain that play a crucial 
role in the development of flexible behavior. Such models have been evaluated 
by comparing the behavior of models with two different parameter settings 
(a younger and an older model) with empirical data from children of different 
ages. Since these models are defined as dynamical systems, they also have 
implications for the process of change between a younger and an older model 
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(Van der Maas & Raijmakers, 2009). However, such implications have not been 
tested explicitly. 

Dynamics of development
In addition to the computational models, it is also possible to formalize the 
dynamics of a developmental process without specifying a mechanism of 
change in terms of neural or cognitive systems. Formal mathematical models 
of developmental dynamics, such as catastrophe models (Thom, 1975; Van der 
Maas & Molenaar, 1992), could provide insight into the variables that control the 
developmental process, without making detailed assumptions about a possible 
mechanism, such as in computational models. In contrast to computational 
models, these formal models are descriptive models of the observed behavior. 
Nevertheless, these models may generate novel and testable predictions about 
performance on the task. 
 To reveal the dynamics of behavior from empirical data, statistical 
analyses should test whether the data can best be described in terms of 
multiple behavioral modes. Furthermore, the dynamics of the behavior should 
be expressed in terms of changes within and between behavioral modes. 
Latent Markov analysis (Rabiner, 1989; Van de Pol & Langeheine, 1990) and 
stochastic catastrophe theory (Wagenmakers, Molenaar, Grasman, Hartelman 
& Van der Maas, 2005) provide suitable statistical tests to contrast predictions 
from different dynamical models. The focus of the current project is to uncover 
important aspects of the dynamics of children’s development on the DCCS task. 
That is, to study the developmental trajectory from perseverating to switching 
in the post-switch phase of this task.
 Children’s performance on the DCCS task often appears to be bimodal. 
That is, most children either sort none of the post-switch cards correctly or 
sort all post-switch cards correctly, but on closer examination some continuous 
variation is occurring. The bimodal distribution of the data would indicate two 
modes of behavior and raises the question whether development on the DCCS 
proceeds continuously or discontinuously. Continuous versus discontinuous 
change is a central and recurrent theme in developmental psychology (e.g. 
Brainerd, 1978; Fisher, Pipp & Bullock, 1984; Jansen & Van der Maas, 2001). 
 Based on the distribution of accuracy data of previous studies, 
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the possible dynamical models for DCCS developmental change can be 
restricted to a few general cases: A continuous developmental model with a 
rapid acceleration, a step-wise developmental model, and a discontinuous 
developmental model as described by formal models of phase transitions 
(Thom, 1975; Van der Maas & Molenaar, 1992). According to the continuous 
developmental model, children use one strategy across all ages, but become 
gradually better in generating correct answers with age. In a step-wise 
developmental model children suddenly jump from one strategy to the 
other. Importantly, at each single moment during their development children 
exclusively use one strategy or the other, and once they have learned the 
correct strategy they stop using the incorrect strategy altogether. According to 
a discontinuous developmental model children also make a sudden jump from 
one strategy to the other. However, there is a transitional period during which 
children have both strategies at their disposal and can use both of them within 
a short period of time (Van der Maas & Molenaar, 1992). We will test these 
three hypotheses about the dynamics of development in empirical data. 

Current approach
Standard analyses of DCCS task data use sum-scores of the post-switch trials. 
For the continuous and step-wise developmental models, sum-scores contain 
all the information that is necessary to describe development. According to 
these models, children use one strategy at a certain time point and, given this 
strategy, the probability of a correct response is the same on all post-switch 
trials. But according to the discontinuous developmental model, children in 
transition may use both strategies over a short period of time and therefore, the 
probability of a correct response can change over the course of the post-switch 
trials. In order to distinguish between the different developmental models of 
performance on the DCCS task, we modeled trial-by-trial behavioral data of the 
post-switch phase of the task with latent Markov models (Rabiner, 1989; Van 
de Pol & Langeheine, 1990). In latent Markov models, one or more latent states 
are defined which are associated with a prototypical pattern of responding. 
By comparing the goodness-of-fit of different models that are consistent with 
different developmental trajectories, we can infer key aspects of the dynamics 
of development on the DCCS task.
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 Catastrophe theory offers additional tests of discontinuous 
development through so-called catastrophe flags, such as critical slowing 
down, sudden jumps, hysteresis, and divergence. Catastrophe flags are typical 
properties of behavior that indicate, and sometimes predict the occurrence of 
a discontinuous transition (Gilmore, 1981; Scheffer et al., 2009; Van der Maas 
& Molenaar, 1992). If one of these flags is observed one expects the others 
also to occur in case of a genuine transitional process. Hence, indication of 
several flags together in the empirical data makes a strong point for genuine 
discontinuous transitions in development. The catastrophe flag critical slowing 
down means a delayed recovery of stability after perturbation in the transition 
phase. It is a necessary but not sufficient property of a system undergoing a 
discontinuous transition. Reaction times can be used to test for this flag in 
children’s performance on post-switch trials of the DCCS task (Van der Maas, 
Raijmakers, Hartelman & Molenaar, 1999). Reaction times to the post-switch 
trials for children in transition are expected to be slower than reaction times 
of children consistently perseverating or switching. There is already some 
empirical indication that children in transition respond slower than children 
consistently perseverating or switching. Diamond, Carlson and Beck (2005) 
showed that, in particular, the oldest children who cannot switch and the 
youngest children who can switch show hesitations. Hesitations were signs 
of indecision, such as moving first towards one tray and then the other. This 
behavior suggests relatively long reaction times for children in transition.
 The main goal of this paper is to study the dynamics of children’s 
development on the DCCS task without making specific assumptions about the 
underlying variables that control the developmental process or the theoretical 
models on which they are based. Nevertheless the results of our analyses do 
have consequences for the computational models proposed in literature that 
explain behavior and development on the DCCS task. The implications of our 
results for the specific computational models are elaborated in the discussion. 
Finally we discuss how a substantive interpretation of a dynamical model that 
incorporates our findings could be used to test specific hypotheses about the 
variables that control development of DCCS performance.
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2.2 

Method

Participants
A total of 93 children participated in this study: 43 3-year-olds (M = 42.4 
months, SD = 3.3, range = 36 – 47, 22 girls), 27 4-year-olds (M = 53.7 months, 
SD = 3.7, range = 48 – 59, 14 girls), and 23 5-year-olds (M = 66.9 months, SD 
= 2.7, range = 62 – 71, 12 girls). We tested another 15 children but their data 
could not be used because they did not pass the training phase (n = 1), did 
not pass the pre-switch phase (n = 5), refused to complete testing (n = 4), or 
due to experimenter error (n = 5). Children were recruited from three day-
care centers and one primary school in the Netherlands. Informed consent was 
obtained from the parents of all children who participated.

Design
Each child was tested on two versions of the task. The standard version with 
stimuli that depicted colored shapes with black outlines on a white background 
and a separated dimensions version with stimuli that depicted colorless shapes 
with black outlines on a colored background. Only the results of the standard 
version are reported in this paper. Two sets of shapes and colors were used in 
both versions. The order of presentation of the two versions, the order of the 
sets of shapes and colors, and the order of the two sorting dimensions (color 
and shape) were counterbalanced and crossed within each age x gender cell. 

Materials
The experiment was conducted using a laptop computer with a touch-screen 
monitor. The task was programmed using the software package Authorware 
version 7.0. Stimuli were presented against a dark grey background (1024 x 
768 pixels). Two light grey sorting stacks (270 x 220 pixels) were present in 
the bottom left and right corner of the screen. Above them, the target cards 
(200 x 163 pixels) were depicted. A test card (270 x 220 pixels) appeared in 
the bottom center of the screen on each trial when the experimenter pressed 
a key on the laptop computer. Children sorted the test cards by touching the 
appropriate sorting stack or target card. Two sets of colors and shapes were 
used. Set A consisted of the shapes and colors: cat, boat, flower, green, yellow 
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and purple. Set B consisted of the shapes and colors: bear, car, house, red, blue 
and orange. If a child performed the task with target cards that depicted a 
green cat and a yellow boat, the two test cards depicted a yellow cat and a 
green boat. Each test card matched one target card on one dimension and the 
other target card on the other dimension. Therefore, the correct answer when 
sorting by color was the wrong answer when sorting by shape. In this example, 
the child was trained to sort by color with two training cards and target cards 
that depicted a green or a yellow flower. And he or she was trained to sort by 
shape with two training cards and target cards that depicted a purple cat and 
a purple boat. 

Procedure
Children were tested individually in a quiet room in their day-care center or 
primary school. Once the child was comfortable with the experimenter, the 
touch-screen was introduced by showing and by allowing children to sort 
example cards that were not related to the task. No target cards were visible 
during this warm-up phase. After the child demonstrated that he or she could 
sort cards, the target cards appeared and the experimenter verified the child’s 
knowledge of the shapes and colors used in the task. 
 The experimenter then trained the child to sort cards by the dimension 
that would be used in the post-switch phase of the task. The child was told that 
they would play a color (shape) game. The experimenter explained the rules 
of the game and modeled sorting of the two training cards. The child was then 
asked to sort the two training cards him or herself. The training for the post-
switch dimension was followed by the training for the pre-switch dimension. 
The experimenter gave supportive feedback during the training phase. Each 
child was given four different training cards (one per value per dimension), 
which could be presented a maximum of two times each. Children had to 
correctly sort all different training cards in order to pass the training phase.
 The pre-switch phase began immediately after the training phase. 
Two different test cards were presented in a pseudo random order, so that 
no test card was presented more than twice in a row. On alternating trials the 
experimenter either reminded the child of the relevant rules or asked the child 
knowledge questions (e.g., “where do the green ones go in the color game?”). 
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Immediately after the repetition of the rules or the knowledge questions, a test 
card was presented. The experimenter labeled the test card with the relevant 
dimension only (e.g., “This is a red one.”). Children were given feedback on their 
responses to the knowledge questions but not on their sorting. A child had to 
sort six test cards correctly in order to pass the pre-switch phase. Children 
were given up to eight trials to reach this criterion.  
 At the start of the post-switch phase, the rules of the new game were 
explained and the testing started. Six trials were administered in the exact 
same way as the pre-switch trials. 

Statistical approach
The statistical approach taken was to fit latent Markov models (Rabiner, 
1989; Van de Pol & Langeheine, 1990) to the trial-by-trial accuracy data of 
the post-switch phase of the DCCS task using the package DepmixS4 (Visser 
& Speekenbrink, 2010) for the R statistical programming environment (R 
Development Core Team, 2009). This approach allowed for the identification of 
the number of latent states underlying the sequences of responses in the post-
switch phase of the task. Moreover, with these models we could also quantify 
possible shifts between latent states over the course of the post-switch trials. 
The latent Markov models were defined by a number of parameters that 
allowed us to identify the nature of the latent states: response probabilities, 
initial probabilities and shift probabilities. The response probability is the 
probability of a correct response, conditional on being in a certain latent state. 
The initial probability is the probability of being in a certain latent state at the 
first trial. The shift probability is the probability of moving to another latent 
state, conditional on being in a certain latent state.
 The use of categorical latent variable techniques, such as latent 
Markov models, for classifying subjects into subgroups, instead of classifying 
participants by eye-balling (e.g. by using sum-scores of post-switch trials 
and an arbitrary cutoff) has a number of important advantages. First, with 
these techniques the criterion for classifying children into subgroups, such 
as perseverators and switchers, is based on sound statistical inference. The 
optimal choices for cutoff criteria require statistical modeling, otherwise 
classifying has a great danger to result in false positives. This means that one 
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would wrongfully conclude that a specific strategy is used by some of the 
children. Second, the use of latent variable techniques provides the possibility 
of detecting hitherto unknown groups of participants that show similar 
behavior. In particular, the parameters of latent Markov models provide an 
estimate of the consistency of strategy use in children. If the probability correct 
of a subgroup would not deviate from .5, for example, their scores would not 
deviate from guessing. Third, the application of latent Markov models also 
allows for detecting regularities in sequential behavior, which is essential in 
differentiating dynamics of change. See Van der Maas & Straatemeijer (2008) for 
discussion on the necessity of applying categorical latent variable techniques 
in classifying strategy use. In the subsection Classification into subgroups of the 
Results section, we will illustrate the importance of these techniques by means 
of a small simulation study. We will first discuss the different statistical models 
that we will fit to the data. 
 In the case of continuous development with a rapid increase of the 
probability of a correct response, post-switch DCCS task data is consistent with 
a model with one state. The response probability of this state was modeled 
as a logistic function of age, which was accomplished by letting age act as a 
covariate on the response probability. Age was scaled, so that the age of the 
youngest children (36 months-old) was equal to zero. Two parameters were 
estimated in this model: the intercept (the response probability of the youngest 
children) and the coefficient β of the covariate on the response probability. This 
model is referred to as the model for continuous development.
 In the case of step-wise development, post-switch DCCS task data is 
consistent with a model with two latent states that differ on the probability of 
a correct response: a perseveration state (with a low probability of a correct 
response) and a switch state (with a high probability of a correct response). 
In contrast to the continuous developmental model, the initial probability of 
the switch state was modeled as a logistic function of age by letting age act 
as a covariate on the initial probability of this state. Shifts between the two 
latent states over the course of the post-switch trials were not possible in the 
step-wise model. Four parameters were estimated in this model: the response 
probability of the perseveration state, the response probability of the switch 
state, the intercept (the initial probability of the switch state for the youngest 
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children) and the coefficient β of the covariate on the initial probability of the 
switch state. This model is referred to as the model for step-wise development.
 In the case of discontinuous development, post-switch DCCS task 
data is consistent with a model with a perseveration state (low probability of a 
correct response) and a switch state (high probability of a correct response)1. 
As in the model for step-wise development, the probability of being in the 
switch state at the first trial was a logistic function of age. However, in contrast 
with the model for step-wise development, reciprocal shifts between the two 
latent states over the course of the post-switch trials were possible. Hence, 
six parameters were estimated in the discontinuous model: the response 
probability of the perseveration state, the response probability of the switch 
state, the intercept (the initial probability of the switch state for the youngest 
children), the coefficient β of the covariate on the initial probability of the 
switch state, the shift probability from the perseveration state to the switch 
state and the shift probability from the switch state to the perseveration state. 
This model is referred to as the model for discontinuous development. In order 
to test if shifts in both directions contributed to a significantly better fit in the 
model for discontinuous development, a latent Markov model for discontinuous 
development with a one-way shift from the perseveration state to the switch 
state only was also estimated. 
 Models were fit to the data by calculating maximum likelihood 
estimates of the parameters. We used model selection methods (information 
criteria, log-likelihood difference tests) to determine which model described 
the trial-by-trial data of the post-switch phase of the DCCS task best. Hypotheses 
concerning the number of latent states in the latent Markov models were 
tested by two commonly used information criteria, AIC (Akaike, 1974) and 
BIC (Schwarz, 1978). Lower AIC’s or BIC’s indicated a better fitting model. 
Hypotheses concerning particular values of parameters, specifically whether 
the transition probabilities from the switch state to the perseveration state and 
vice versa equal zero or not, were tested by means of log-likelihood difference 
tests (e.g., Wickens, 1982). If the test was significant, the null-hypothesis of 
equal model fit was rejected, and the less parsimonious model (with shifts) 
was preferred. Otherwise the more parsimonious model (without shifts) was 
preferred. 
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2.3 

Results

Standard analyses
Only the data of children that passed the training phase and the pre-switch phase 
were included in the analyses, which eliminated six children. No significant 
effects were found for gender, order of the presentation of the two versions, 
order of the sets of shapes and colors or order of the two sorting dimensions. 
Therefore, all results are collapsed across those variables. In the post-switch 
phase of the task, most of the children either responded correctly on zero or 
one (24%); or on five or six (62%) of the six post-switch trials. The frequency 
distribution of the number of correct post-switch trials in the three age groups 
is shown in Figure 2.1. Given the bimodal nature of the data, nonparametric 
analyses (Chi-square tests) were used to analyze the data. Children who sorted 
at least five of the six post-switch trials correctly were considered to have 
passed the post-switch phase. Consistent with reports in previous studies 
(e.g. Diamond, Carlson & Beck, 2005; Kloo & Perner, 2005; Towse, Redbond, 
Houston-Price & Cook, 2000; Zelazo, Müller, Frye & Marcovitch, 2003), most 
3-year-olds performed poorly. Only 42% successfully switched dimensions 
during the post-switch phase. All 5-year-olds and 63% of the 4-year-olds 
successfully switched dimensions. There was a significant improvement over 
age in regards to whether children passed the post-switch phase, χ2(df = 2, N 
= 93) = 21.59, p < .01. Planned comparisons revealed that significantly more 
5-year-olds than 4-year-olds passed the post-switch phase, χ2(df = 1, n = 50) 
= 10.65, p < .01. There was a trend towards a significant difference between 
3-year-olds’ and 4-year-olds’ performance, with 4-year-olds performing 
slightly better, χ2(df = 1, n = 70) = 2.95, p = .09.
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Figure 2.1 Frequency distribution of the number of correct post-switch 
trials in the three age groups.

Model-based analyses
The four different latent Markov models for continuous development, step-
wise development, discontinuous development with reciprocal shifts, and 
discontinuous development with a one-way shift from perseverating to 
switching were fit to trial-by-trial data of the post-switch phase of the DCCS 
task. Table 2.1 shows the fit indices of the different models. Based on the 
information criteria AIC and BIC, the latent Markov models with two latent 
states fit the data better than the model with one latent state. The fit of the 
models for step-wise development and discontinuous development with a one-
way shift was compared to the fit of the model for discontinuous development 
with reciprocal shifts by means of log-likelihood difference tests. Both tests 
were significant, step-wise: χ2(df = 2, N = 93) = 76.00, p < .01; discontinuous 
one-way shift: χ2(df = 1, N = 93) = 11.05, p < .01, therefore the model for 
discontinuous development with shifts back and forth between switching and 
perseverating was preferred. A graphical representation of the optimal latent 

3-year-olds

N=43

4-year-olds

N=27

5-year-olds

N=23

Number of correct post-switch trials (0-6)

P
e

rc
e

n
ta

g
e

 o
f 

c
h

ild
re

n

0

20

40

60

80

100

VanBers_proefschrift19.indd   36 10-02-14   16:12



37

Markov model is shown in Figure 2.2. Consistent with a perseveration state and 
a switch state the response probability of one latent state was much lower (.01) 
than the response probability of the other latent state (.98). The probability to 
shift from the perseveration state to the switch state (.15) was higher than the 
probability to shift from the switch state to the perseveration state (.01). The 
initial probability of the switch state for 36-month-old children was .11. The 
initial probability of the switch state increased with age to an initial probability 
of the switch state of .97 for 71-month-old children, according to the function: 
1 / (1 + exp (2.10 - 0.16 * age)) (age = age in months minus 36 months).

Table 2.1 Fit indices of the latent Markov models for continuous 
development, step-wise development, discontinuous development with a one-way 
shift from perseverating to switching and discontinuous development with shifts 
both ways.

Note. log (L) = Log-likelihood, df = degrees of freedom, AIC & BIC = information 
criteria, ∆ log (L) =  log-likelihood ratio test, ∆ df = difference in degrees of 
freedom in log-likelihood ratio test, p (∆ log (L))  = p-value of log-likelihood ratio 
test. The model for continuous development was compared to the model for step-
wise development and the models for discontinuous development by means of the 
information criteria AIC and BIC. The model for step-wise development and the 
model for discontinuous development with a one-way shift from perseverating to 
switching were compared to the model for discontinuous development with shifts 
both ways by means of log-likelihood difference tests.

Table*2.1* Fit+indices+of+the+latent+Markov+models+for+continuous+development,+step0wise+development,+
discontinuous+development+with+a+one0way+shift+from+perseverating+to+switching+and+discontinuous+
development+with+shifts+both+ways.!

Note.&log&(L)&=&LogNlikelihood,&df&=&degrees&of&freedom,&AIC&&&BIC&=&information&criteria,&∆&log&(L)&=&&logNlikelihood&ratio&test,&∆&df&=&difference&
in&degrees&of&freedom&in&logNlikelihood&ratio&test,&p+(∆&log&(L))&&=&pNvalue&of&logNlikelihood&ratio&test.&The&model&for&continuous&development&
was&compared&to&the&model&for&stepNwise&development&and&the&models&for&discontinuous&development&by&means&of&the&information&criteria&
AIC&and&BIC.&The&model&for&stepNwise&development&and&the&model&for&discontinuous&development&with&a&oneNway&shift&from&perseverating&to&
switching&were&compared&to&the&model&for&discontinuous&development&with&shifts&both&ways&by&means&of&logNlikelihood&difference&tests.&!!

F &!
Figure*2.2& Graphical+representation+of+the+latent+Markov+model+for+discontinuous+development.+P+=+
perseveration+state,+S+=+switch+state,+Resp+=+response+probability,+Shift+=+shift+probability.+Note.+The+initial+
probability+of+the+switch+state+(i.e.+probability+of+the+switch+state+at+trial+1)+was+a+logistic+function+of+age;+
1+/+(1+++exp+(2.10+0+0.16+*+age)),+age+=+age+in+months+minus+36+months.&!
ClassiHication+into+subgroups+
The&model&for&discontinuous&development&described&above&provides&a&characterization&of&the&entire&
group&of&children&that&were&tested.&To&study&developmental&trends,&we&need&to&determine&for&individual&
children&whether&they&were&perseverators,&switchers&or&whether&they&were&in&transition.&For&any&given&
response&pattern,&we&can&compute&the&probability&that&that&pattern&was&generated&from&only&one&state&
(either&the&switch&state&or&the&perseveration&state)&or&from&shifting&between&states.&Such&probabilities&
are&called&posterior&probabilities.&For&example,&a&perseverator&may&have&a&response&pattern&of&two&
trials&incorrect,&one&trial&correct,&and&three&trials&incorrect.&According&to&the&model,&this&pattern&of&
responding&has&a&high&probability&of&being&generated&exclusively&from&the&perseveration&state.&A&child&
in&transition&may&have&a&response&pattern&of&three&incorrect&trials&followed&by&three&correct&trials.&Such&
a&pattern&most&likely&results&from&being&in&the&perseverator&state&on&the&Dirst&three&trials,&and&in&the&
switch&state&thereafter.&All&children&were&assigned&to&the&group&that&corresponded&with&their&highest&
posterior&probability.&&
& To&illustrate&the&importance&of&applying&categorical&latent&variable&models&for&classifying&
subjects&into&subgroups,&we&simulated&DCCS&postNswitch&data&for&the&situation&that&there&is&no&group&of&
transitional&children.&The&frequency&distribution&of&the&simulated&data&resembles&the&frequency&
distribution&of&the&empirical&data.&We&simulated&a&subgroup&(31%)&with&a&constant&error&rate&of&.8&and&
a&subgroup&(69%)&with&a&constant&error&rate&of&.1&with&93&subjects&and&we&added&the&ages&of&the&

Model Log&(L) df AIC BIC ∆&log&(L) ∆&df p&(∆&log&(L))

Continuous N266.07 2 536.15 544.79

StepNwise N199.18 4 406.36 423.66 76.00 2 .00

Discontinuous&oneNway&shift N166.71 5 343.41 365.03 11.05 1 .00

Discontinuous&shifts&both&ways N161.18 6 334.36 360.31

P S
Resp = .01 Resp = .98

Shift = .15

Shift = .01

F &26&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
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Figure 2.2 Graphical representation of the latent Markov model for 
discontinuous development. P = perseveration state, S = switch state, Resp = 
response probability, Shift = shift probability. Note. The initial probability of the 
switch state (i.e. probability of the switch state at trial 1) was a logistic function 
of age; 1 / (1 + exp (2.10 - 0.16 * age)), age = age in months minus 36 months.

Classification into subgroups
The model for discontinuous development described above provides a 
characterization of the entire group of children that were tested. To study 
developmental trends, we need to determine for individual children whether 
they were perseverators, switchers or whether they were in transition. For any 
given response pattern, we can compute the probability that that pattern was 
generated from only one state (either the switch state or the perseveration 
state) or from shifting between states. Such probabilities are called posterior 
probabilities. For example, a perseverator may have a response pattern of two 
trials incorrect, one trial correct, and three trials incorrect. According to the 
model, this pattern of responding has a high probability of being generated 
exclusively from the perseveration state. A child in transition may have a 
response pattern of three incorrect trials followed by three correct trials. Such 
a pattern most likely results from being in the perseverator state on the first 
three trials, and in the switch state thereafter. All children were assigned to the 
group that corresponded with their highest posterior probability. 
 To illustrate the importance of applying categorical latent variable 
models for classifying subjects into subgroups, we simulated DCCS post-
switch data for the situation that there is no group of transitional children. 
The frequency distribution of the simulated data resembles the frequency 

P S
Resp = 0.01 Resp = 0.98

Shift = 0.15

Shift = 0.01
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distribution of the empirical data. We simulated a subgroup (31%) with a 
constant error rate of .8 and a subgroup (69%) with a constant error rate of 
.1 with 93 subjects and we added the ages of the empirical sample, such that 
the youngest subjects have an error rate of .8. If we now apply plausible, but 
arbitrary classification rules based on eyeballing: 22 (24%) children perseverate 
(< 2 correct trials); 58 (62%) children switch (5 or 6 correct trials); 13 (14%) 
children are in transition (2, 3, or 4 correct trials). Applying these rules results 
in false positives concerning the detection of transitional behavior. If one would 
require that transitional behavior shows some consistency of responding over 
time (e.g., at least 3 errors followed by at least 2 correct trials or a reversed 
sequence), it is concluded that 14% of the children shows random rather 
than transitional behavior. Because we simulated the data we know that also 
this classification is incorrect. Alternatively, we applied exact the same latent 
Markov analysis as we presented with the empirical data. For the simulated 
data the step-wise model was the optimal model (BIC = 513.56, compared 
to the continuous model, BIC = 527.71 and the discontinuous models, one-
way shift BIC = 519.88, shifts both ways BIC = 526.19). The resulting optimal 
classification into subgroups is: a group of switchers (68%, > 3 correct trials, 
estimated P(error) = .1) and a group of perseverators (32%, < 4 correct trials, 
estimated P(error) = .86). Thus, the presence or absence of random behavior 
and transitional behavior can be detected by the application of latent Markov 
analysis. Moreover, an optimal cutoff resulted from the analysis (switchers have 
4, 5, or 6 trials correct; perseverators have 1, 2, or 3 trials correct), which in this 
case deviates from standard procedures in DCCS data analysis (i.e., switching 
requires 5 or 6 correct post-switch trials; Zelazo, 2006).

Developmental trends
For the empirical data, the percentages of children categorized into the group 
of perseverators, children in transition, and switchers in the three age groups 
are shown in Figure 2.3. There was a significant age difference between 
the percentages of children categorized into the three groups, χ2(df = 4, N = 
93) = 31.44, p < .01. A higher percentage of 3-year-olds was categorized as 
perseverators compared to the percentage of 4-year-olds and 5-year-olds 
categorized into that group. A higher percentage of 3-year-olds and 4-year-olds 
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was categorized into the group of children in transition compared to 5-year-
olds.  

Figure 2.3 Percentage of children categorized into the group of 
perseverators, children in transition, or switchers in the three age groups based 
on the posterior probabilities of the model for discontinuous development.

 To test for the presence of the catastrophe flag critical slowing down 
we calculated the reaction time (RT) difference score (mean RT of all post-switch 
trials minus mean RT of all pre-switch trials) of the children in transition, the 
children consistently perseverating, and the children consistently switching. 
The RT used was the time between when the experimenter presented the test 
card and when the child touched the target card or a sorting stack. The RTs of 
three children were not recorded correctly. Therefore, data of these children 
were left out of the analysis. The RT difference scores of three children deviated 
more than three standard deviations from the mean RT difference scores over 
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all children. Below analyses were also done with these children’s data excluded 
leading to identical results. On average children in transition did not have a 
significantly higher RT difference score (M = 850 ms, SE = 429) than children 
consistently perseverating (M = 341 ms, SE = 236) or switching (M = 168 ms, 
SE = 275), F(2) = 1.167, p = .32, although differences are in the correct direction. 
Given that there was no speed instruction for the children, it is notable that 
the mean RT difference score of the children in transition marginally differed 
from zero, t(26) = 1.98, p = .06. The mean RT difference score of the other two 
groups did not differ significantly from zero, perseverators: t(17) = 1.45, p = 
.17; switchers: t(44) = 0.61, p = .54. 

2.4 

Discussion

In this study we focused on exploring the dynamics of development on the DCCS 
task of children between ages 3 and 5. Fitting latent Markov models to the trial-
by-trial data of the post-switch phase of the DCCS task showed that a model 
for discontinuous development, which is consistent with catastrophe theory 
(Thom, 1975), described the data best. That is, the model for discontinuous 
development fits the data better than the models of continuous and step-wise 
development. The model for discontinuous development consisted of two 
latent states: a perseveration state with a low probability of a correct response 
and a switch state with a high probability of a correct response. Most 3-year-
olds perseverate on the first post-switch trial. Most 5-year-olds and half of 
the 4-year-olds switch correctly at the first post-switch trial. The finding that 
a large proportion of the 3- and 4-year-olds, but not the 5-year-olds, showed 
instabilities in performance and changes in performance over the course of 
the post-switch trials is new. Reciprocal shifts between perseverating and 
switching over the course of the post-switch trials were occurring. However, 
shifts from perseverating to switching were more probable than shifts from 
switching to perseverating. Based on these modeling results, we categorized 
children into three groups: perseverators, those in transition, and switchers. 
Three-year-olds were more likely to be categorized as perseverators compared 
to 4-year-olds and 5-year-olds. Three- and four-year-olds were more likely to 
be categorized as “in transition” compared to 5-year-olds. In agreement with 
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catastrophe theory, we expected the transition group to show evidence of 
critical slowing down. That is, to show relatively high RTs for the post-switch 
trials. However, the mean RT difference score between the post-switch and 
the pre-switch phase did not differ significantly between the three groups. 
In the task instruction, no explicit reference was made to responding fast. 
Moreover, responses were made on a touch screen. Consequently, instruction 
and response format may have contributed to the high variance in RTs. Hence 
it is remarkable that only for the transitional group and not for the other two 
groups the difference between pre-switch RTs and post-switch RTs deviates 
from zero. The partial evidence for critical slowing down is an additional 
indication for discontinuous developmental change on the DCCS task.  

Implications for computational models
Computational models of behavior and development on the DCCS task presented 
in the literature do make predictions about the dynamics of development on 
this task. However these predictions are not explicitly described or tested. 
In the next section we will discuss the consequences of our modeling results 
for these computational models. The two most important characteristics of 
the latent Markov model for discontinuous development are two modes of 
behavior characterized by a high and a low probability of a correct response, 
and the possible occurrence of reciprocal shifts between these two modes over 
the course of the post-switch trials. One way of implementing these dynamics 
in a computational system is by a model consisting of at least two sub systems 
that have a competitive interaction. The separate behavioral modes result from 
the fact that always one of the subsystems wins the competition. The outcome 
of the competition should change with development. In addition, during one 
phase of development, a transitional phase, the stability of the behavioral 
modes is limited such that shifts between modes can easily occur. We discuss 
whether relevant computational models incorporate the two important 
characteristics: two competitive behavioral modes and shifts between modes. 
Marcovitch and Zelazo (2000) presented a cascade-correlation learning 
algorithm (CASCOR; Fahlman & Lebiere, 1990) of behavior and development 
on the DCCS task as an implementation of the cognitive complexity and control 
theory (Zelazo & Frye, 1997). CASCOR is a feed-forward neural network 
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(with a generative algorithm), which does not consist of multiple competitive 
subsystems. Because of the absence of recurrent connections after learning, 
the model does not have equilibrium dynamics for its activity. Consequently, 
equivalent trials necessarily result in equivalent behavior. Hence, this network 
will not make shifts from one state to the other over the course of the post-
switch trials. As in the latent Markov model for discontinuous development, 
Marcovitch and Zelazo found a group of children that passed the post-switch 
phase and a group of children that failed the post-switch phase. Additionally, 
their results showed a group of child networks with an intermediate 
performance level of 50% correct, which is not consistent with the current 
empirical results. 
In contrast to the model of Marcovitch and Zelazo (2000), models of Buss 
and Spencer (2008) and Morton and Munakata (2002) are constructed from 
competitive subsystems or sub-processes. Buss and Spencer (2008) presented 
a dynamic neural field model based on a neural grounded view of the processes 
that underlie representations of colors, shapes and sorting space in the DCCS 
task (Johnson, Spencer & Schöner, 2008). The model consists of a layer of self-
excitatory working memory neurons, a layer of inhibitory inter-neurons, and 
a long-term memory layer that is reciprocally coupled to the working memory 
layer. During the post-switch trials, there is competition between the long-term 
memory traces of the pre-switch trials and the formation of activity peaks in 
the working memory fields for the post-switch stimuli. Perseveration occurs 
when the long-term memory traces win this competition. The simulation of age 
related changes in the model favors activation of the location in the working 
memory field that is a match between sorting rule and presented stimulus. 
Because activity in the working memory field is following equilibrium dynamics, 
it is expected that with gradual variation of this variable no intermediate 
performance level would emerge. This finding is consistent with the two latent 
states of the latent Markov model for discontinuous development. However, 
shifts between the two states are not possible in their model. Stability of initial 
behavioral mode after the switch is always increased during the post-switch 
trials. Hence, in the current version of the model, it is impossible to shift 
between behavioral modes during post-switch trials. 
 Morton and Munakata (2002) also presented a neural network 
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model that is based on multiple competitive systems, that is, latent and active 
memory traces (Munakata, 1998). Latent representations take the form of 
strengthened connections between units, and active representations take the 
form of sustained activity in processing units. An internal representations 
layer interacts with a prefrontal cortex (PFC) layer at an output layer such that 
incongruent activity results in a conflict. Equilibrium dynamics of activity is 
found in the PFC and the output layer, resulting in different behavioral modes 
in the output layer. During the post-switch phase, the latent representation 
of the pre-switch rules competes with the active representation of the post-
switch rules. Morton and Munakata simulated age-related changes in their 
model by increasing the strength of the recurrent excitatory connections of the 
PFC units to themselves, which favors the behavioral mode congruent with the 
post-switch rules. Consistent with the latent Markov model for discontinuous 
development, results of the model of Morton and Munakata showed that the 
youngest networks fail the post-switch phase and the oldest networks pass the 
post-switch phase. In contrast to our results, their computational results also 
included a group of children with an intermediate performance level scoring a 
50 percent correct response on all post-switch trials. Reciprocal shifts between 
perseverating and switching over the course of the post-switch trials are not 
very likely in their model for a comparable reason as in the model of Buss and 
Spencer (2008): the behavioral mode that is active during a trial is strengthened 
during that trial. Consequently, it is very unlikely that after a first correct trial 
an incorrect response will be made in the subsequent trials, and vice versa. 
The three computational models of behavior and development on the DCCS task 
presented in literature can all incorporate two separate states: a perseveration 
state and a switch state. However, none of the three computational models 
incorporate shifts between these states over the course of the post-switch 
trials. Adding noise to the internal system might be a possible solution to 
incorporate these results into the conflict models of Buss and Spencer (2008) 
and Morton and Munakata (2002). Note, however, that due to the nonlinear 
dynamics of these models, adding noise could affect the equilibrium dynamics 
of the model importantly (e.g., Katada & Nishimura, 2009).
 The competing memory systems theory proposes that limited 
cognitive flexibility for different task domains is partly caused by limitations 
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of the brain systems that are critical for working memory (Brace, Morton & 
Munakata, 2006; Stedron, Sahni & Munakata, 2005; Morton & Munakata, 
2002; Munakata, 1998; Cohen & Servan-Schreiber, 1992; Cohen, Dunbar & 
McClelland, 1990). Stedron et al., for example, show that this hypothesis cannot 
only account for task with hidden targets, but also for tasks without apparent 
memory demands. The main role of the working memory in both cases would 
be to direct attention to relevant stimuli. They show that the neural network 
implementation of the competing memory systems theory cannot only account 
for DCCS results but also for performance on other tasks, such as the cloth-
pulling task. An interesting test for this unifying hypothesis would be that the 
developmental dynamics for all tasks is comparable. That is, for example, that 
there exist a small group of transitional children with instable performance 
also for other task domains. Below, we will present a general model for the 
dynamics of development that could apply for the DCCS task, but which could 
also be interpreted in other task domains. 

Future Directions
In the current project we studied the dynamics of development on the DCCS 
task by fitting latent Markov models on the trial-by-trial data of the post-
switch phase of this task. Testing specific developmental hypotheses about the 
variables that control development would be possible by making a substantive 
interpretation of a catastrophe model. Subsequently, additional catastrophe 
flags could be tested in the behavior of children on the DCCS task. 
 To make a substantive interpretation of a catastrophe model, we 
propose a model that is consistent with the current empirical results and 
that can be used as a starting point for future research: a conflict cusp model 
(Zeeman, 1976; Van der Maas & Molenaar, 1992) of the transition from 
perseverating to switching on the post-switch phase of the DCCS task. In the 
cusp model, which is displayed in Figure 2.4, the change in the dependent 
variable depends on continuous variation in two independent variables. The 
dependent variable in our cusp model of DCCS development is the probability 
of a correct response on a post-switch trial, and it is represented by the z-axis in 
Figure 2.4. The a-axis represents the strength of the activation of the pre-switch 
rules, and the b-axis represents the strength of the activation of the post-switch 
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rules. Consequently, as can be read of from figure 2.4, high activation of the 
pre-switch rules (high values on the a-axis) combined with low activation of 
the post-switch rules (low value on b-axis) leads to a low probability of correct 
post-switch performance, hence perseverative behavior. In contrast, low 
activation of the pre-switch rules (low value on the a-axis), combined with high 
activation of the post-switch rules (high value on the b-axis) leads to a high 
probability of correct post-switch performance. According to this model, when 
during the post-shift phase of the DCCS task, the strength of the activation of 
the pre-switch rules is roughly equal to the strength of the activation of the 
post-switch rules, the rules are in competition with one another and the child 
is in transition. This means that both correct and incorrect performance is 
part of the behavioral repertoire, and the child can oscillate between these 
behaviors (Van der Maas & Molenaar, 1992). Which rules such a child actually 
applies depends on the history of performance (did the child apply the pre-
switch rules on former trials), a bias for a particular stimulus dimension or 
value, and perturbations of his or her behavior. A perturbation can be anything 
that influences the strength of the activation of the pre-switch rules or the 
post-switch rules. Examples of perturbations that can cause a shift from 
perseverating to switching are the repetition of the post-switch sorting rules, 
feedback on the knowledge questions the experimenter asks the child and 
labeling of the test card with the relevant dimension only. Perturbations that 
can cause a shift from switching to perseverating are distractions from the task, 
such as noises in the test environment. Also other indications of instabilities 
that are reported in literature, such as dissociations between knowledge and 
action (Morton & Munakata, 2002), could be interpreted as anomalous variance, 
which is one of the catastrophe flags (Van der Maas & Molenaar, 1992). 
 With the conflict cusp model that we presented so far, we do not make 
specific, substantial claims about the mechanism for DCCS task performance 
and development, such as neural networks do. Nevertheless, the cusp model 
importantly constrains the set of possible neural network models that do 
describe a more specific mechanism. Moreover, the general interpretation of 
the cusp model for DCCS development is consistent with multiple theoretical 
frameworks. A more specific interpretation of the cusp model according to the 
competing memory systems account for perseveration (Munakata, 1998), for 
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example, would suggest the following control variables in the conflict model: 
a) the strength of the latent memory traces of the pre-switch rules; b) the 
strength of the active memory traces of the post-switch rules. With such a more 
specific interpretation of the model, we make very specific claims about DCCS 
performance and development. 

Figure 2.4 Conflict cusp model for the transition from perseverating to 
switching on the post-switch phase of the DCCS task. z = dependent variable; 
probability of a correct response on a post-switch trial, a = independent variable 
1; strength of the activation of the pre-switch rules, b = independent variable 2; 
strength of the activation of the post-switch rules, x = normal variable; difference 
in strength of the activation of the post-switch rules and the activation of the pre-
switch rules (a-b), y = splitting variable; total strength of the activation of the 
post-switch rules and the activation of the pre-switch rules (a+b).

 
 Specific predictions can be derived from catastrophe flags. Examples 
of catastrophe flags that can be studied in future research are sudden jumps, 
hysteresis and divergence. Sudden jumps from perseverating to switching 

switchers

perseverators

children in

transition

bifurcation set

inaccessible region

x

b

y

a

z

path c

path c

1.0

0.5

0.0

control plane

VanBers_proefschrift19.indd   47 10-02-14   16:12



48

or from switching to perseverating are the result of changes in the normal 
variable. The normal variable is represented on the x-axis in Figure 2.4 and 
can be interpreted as the difference between the strength of the activation 
of the post-switch rules and the strength of the activation of the pre-switch 
rules, a measure of conflict. Increasing the normal variable results in a sudden 
jump from perseverating to switching and decreasing the normal variable 
results in a sudden jump from switching to perseverating. The phenomenon 
that the jump from perseverating to switching takes place at a higher value of 
the normal variable than the jump from switching to perseverating, is called 
hysteresis. The presence of sudden jumps and hysteresis can be studied by 
continuously manipulating the normal variable in both directions. A possible 
way of continuously manipulating the level of conflict between the pre-switch 
rules and the post-switch rules might be adding flankers to the cards that need 
to be sorted. Jordan and Morton (2008) showed that adding flankers that were 
congruent with the post-switch rules significantly facilitated 3-year-olds use 
of the correct rules in the post-switch phase of the DCCS task. By continuously 
varying the distance of the flankers to the test cards the size of this effect changed 
(Jordan & Morton, 2007). A higher proportion of children passed the task when 
flankers were close to the test cards than when the flankers were further away. 
By varying the distance of the flankers to the test cards from not present to very 
close over many trials, a child in transition that first perseverates might make 
a sudden jump to switching. In contrast, by varying the distance of the flankers 
from very close to not present, might make a child in transition that first 
successfully switched make a sudden jump to perseverating. We would expect 
that the mean distance of the flankers to the test cards of children that make a 
jump upward is smaller than the mean distance of the flankers to the test cards 
of children that make a jump downward. Such a hysteresis experiment would 
test the hypothesis that the level of conflict between the pre-switch rules and 
the post-switch rules controls development. 
 The variable represented on the y-axis in Figure 2.4 is called the 
splitting variable. This variable is the total strength of the activation of the 
pre-switch and the post-switch rules. When the splitting variable is increased, 
the jump between perseverating and switching becomes more extreme. This is 
called divergence. Labeling test cards or repeating sorting rules or knowledge 
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questions on every pre-switch or post-switch trial manipulates the strength 
of both the activation of the pre-switch rules and the activation of the post-
switch rules. With the absence of this manipulation, we would expect that 
children make more errors during performance, resulting in a less pronounced 
bimodal distribution of the sum-scores of the post-switch trials. These future 
studies would further our understanding of the dynamics of development on 
the DCCS task and test specific developmental hypotheses about the variables 
controlling the developmental process. 

Conclusion
The dynamics of development on the DCCS task is best described by a model 
of discontinuous development. However, supplementary empirical research 
is needed to get a more complete picture of the developmental dynamics and 
test specific developmental hypotheses about the variables controlling the 
developmental process. In addition to a perseveration group and a switch group, 
a group of children in transition that showed shifts between perseverating and 
switching during the post-switch trials, could be distinguished. Computational 
models of behavior and development on the DCCS task presented in literature 
cannot, in their current forms, explain our results. However, adding noise to 
the internal system might be a (partial) solution to incorporate our results 
in the conflict models of Buss and Spencer (2008) and Morton and Munakata 
(2002). The proposed conflict cusp model for the transition from perseverating 
to switching on the post-switch phase of the DCCS task could serve as a starting 
point for future studies about the dynamics of DCCS performance development.
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Footnote
1 We also considered the stayer-switcher mixed latent Markov model proposed 
by Van de Pol & Langeheine (1990) and Schmittmann, Dolan, Van der Maas & 
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McNeal (2005). Theoretically, this model would be better for describing three 
groups: perseverators, switchers, and transitional children. However, a small 
simulation study showed that fitting such a model to data comparable to our 
study (i.e., simulated data with the expected three groups) would not result in 
a stable solution.
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Preschoolers can 

form abstract rule 

representations 

regardless of 

cognitive flexibility

This chapter is based on:
Van Bers, B.M.C.W., Visser, I., & Raijmakers, M.E.J. (in press). Preschoolers can 
form abstract rule representations regardless of cognitive flexibility. Journal of 
Experimental Child Psychology.
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Abstract
The abstractness of rule representations in the pre-switch phase of the 
Dimensional Change Card Sorting (DCCS) task is studied by letting 3- and 4-year-
old children perform a standard DCCS task and a separate generalization task. 
In the generalization task children were asked to generalize their sorting rules 
to novel stimuli in one of three conditions. In the relevant change condition 
values of the relevant dimension changed, in the irrelevant change condition 
values of the irrelevant dimension changed, and in the total change condition 
values of both dimensions changed. All children showed high performance 
on the generalization task in the relevant change condition, which implies 
an abstract rule representation at the level of dimensions (‘same colors go 
together’). Performance in the relevant change condition was significantly 
better (and faster) than performance in the other two conditions. Children with 
high cognitive flexibility (switchers on the DCCS task) more often switched 
their attention to the irrelevant dimension in the generalization task if only 
values of the irrelevant dimension changed. Children with lower cognitive 
flexibility were more often inconsistent in their sorting on the generalization 
task if values of both dimensions changed. These findings support the view that 
DCCS perseverators suffer from attentional inertia at the level of dimensions 
and that differences between switchers and perseverators at the standard 
DCCS task are not due to differences in representations of sorting rules.

3.1 

Introduction

Flexibility is an important ability in the present rapidly changing society. 
One should be able to change plans in response to relevant changes in the 
environment and complementary to maintain activities when changes in the 
environment are irrelevant. Cognitive flexibility is improving importantly 
during the preschool years (Carlson, 2005), and the Dimensional Change Card 
Sorting (DCCS) task is a widely used paradigm to study this in preschoolers 
(Zelazo, 2006). In this task, children are required to sort two bivalent test cards 
according to shape or color on two stacks marked by target cards. Each test 
card matches one target card on color and the other target card on shape. After 
sorting a series of test cards according to one dimension (e.g. color), children 
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are asked to sort the same test cards according to the other dimension (e.g. 
shape). Nearly all 3- and 4-year-olds sort correctly in the first phase of the 
task (the pre-switch phase), regardless of which dimension is presented first. 
Most 3-year-olds perseverate in the second phase of the task (the post-switch 
phase) by sorting test cards according to the initial dimension, whereas most 
4- and 5-year-olds switch immediately to the new dimension when asked to 
do so (Kirkham, Cruess & Diamond, 2003; Perner & Lang, 2002; Zelazo, Frye 
& Rapus, 1996).
  A number of theoretical frameworks have been proposed to explain 
perseverative behavior at the DCCS task. According to attentional inertia 
theory, perseverators may know the new rules they should be following but fail 
to suppress attention to the pre-switch relevant information (Kirkham et al., 
2003). The activation-deficit account assumes that perseverators fail to activate 
previously inhibited information (Chevalier & Blaye, 2008; Müller, Dick, Gela, 
Overton & Zelazo, 2006). According to the re-description account perseverators 
can conceptualize a stimulus in a single way, i.e. using the pre-switch rules, 
but fail to re-describe the stimulus in another way, i.e. according to the post-
switch rules (Perner & Lang, 2002). The Cognitive Complexity and Control 
(CCC) theory assumes that perseverators cannot formulate and use a higher 
order rule for selecting which pair of rules (color rules or shape rules) must 
be used on a particular trial (Zelazo, Müller, Frye & Marcovitch, 2003). Finally, 
the competing memory systems theory supposes that flexible behavior depends 
on the competition between active and latent memory traces. Perseveration 
occurs when an active memory trace of the current sorting rules is not strong 
enough to compete against a latent memory trace of the previously relevant 
sorting rules (Munakata, 1998). 
 The competing memory systems account hypothesizes that there 
is a fundamental difference in rule representations between switchers and 
perseverators (Cohen & Servan-Schreiber, 1992; Morton & Munakata, 2002). 
The active memory traces of switchers are thought to rely on later developing 
prefrontal cortical regions that represent the sorting rules in a more abstract 
form, while the latent memory traces of perseverators are thought to rely more 
on earlier developing posterior cortical regions that represent the sorting rules 
in a more stimulus-specific form (Patalano, Smith, Jonides, & Koeppe, 2001). 
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Unlike the competing memory systems account, the first four theoretical 
frameworks assume that perseverators and switchers do not necessarily differ 
in how they represent the sorting rules. Instead switchers and perseverators 
are supposed to differ in the processes that operate on the learned sorting 
rules (such as inhibition, reactivation, and re-description). 

Representations of sorting rules in the DCCS task
Knowledge about the level of abstraction of the representations of children’s 
sorting rules is particularly relevant to further understanding of processing 
in the DCCS task. Hence, an important aim of the current project is to study 
the abstractness of the pre-switch rule representations of children in the DCCS 
task. The rule representations in the DCCS task could theoretically have three 
levels of abstraction. The least abstract level is a representation at the level of 
the specific stimuli. Sorting rules can then, for example, be formulated as ‘the 
red car goes with the red rabbit and the blue rabbit goes with the blue car’. 
The second level is a representation at the level of the values of dimensions. 
Sorting rules can then, for example, be formulated as ‘red goes with red and 
blue goes with blue’. And the most abstract level is a representation at the level 
of dimensions. The sorting rule can then, for example, be formulated as ‘same 
colors go together’. 
 A standard way to study the level of abstraction is by generalization 
(Huang-Pollock, 2011; Johansen & Palmeri, 2002; Medin & Schaffer, 1978; 
Nosofsky, Palmeri & McKinley, 1994). Generalization is the adaptive application 
of past experiences to new circumstances. Successful generalization requires 
recognition of the similarities between those past experiences and the present 
situation, and abstraction is exactly the recognition of such similarities between 
different objects or situations (Son, Smith & Goldstone, 2008). We adopt this 
concept of abstractness to study children’s rule representations. 
 Kharitonova, Chien, Colunga and Munakata (2009) studied the 
rule representations of children in the DCCS task by asking 3-year-olds to 
generalize their post-switch sorting rules to novel stimuli in an additional third 
phase following a standard DCCS task. Switchers applied the (correct) rules 
they were using in the post-switch phase more consistently to novel cards than 
perseverators applied the (incorrect) rules they were using in the post-switch 
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phase. Based on these results, Kharitonova et al. assumed a link between 
active representations that support switching and abstract representations 
that support generalization. In another study, Kharitonova and Munakata 
(2011) showed that this possible link between flexibility and abstraction is 
general across dimensions and ordering of the two tasks and that the link is 
specific to tasks that require the use of flexible and abstract representations. 
However, it is important to note that the generalization task Kharitonova et 
al., and Kharitonova and Munakata used in their studies could not be solved 
by the application of abstract sorting rules (as we defined above) at the level 
of dimensions alone (“same colors go together”) or by the application of 
sorting rules at the level of the values of dimension alone (“red goes with red 
and blue goes with blue”). The target cards remained constant throughout the 
experiment and depicted a red truck and a blue flower. The test cards used in 
the pre-switch phase and the post-switch phase of the task depicted blue trucks 
and red flowers (thus exactly matching each target card on one dimension). 
Whereas, the novel test cards used in the additional third phase of the task only 
approximately matched each target card on one dimension (e.g. a turquoise 
television and an orange ball). In addition to the application of abstract sorting 
rules children also have to make a similarity match. The sorting rules that 
would lead to successful performance in the generalization task of Kharitonova 
et al. and Kharitonova and Munakata could be formulated as “ approximately 
same colors go together” or “something like red goes with red and something 
like blue goes with blue”. A distinction between the two levels of abstraction of 
the representations of sorting rules as we defined it, cannot be made with this 
task.
 Hanania (2010) also studied children’s representations of DCCS 
sorting rules with a standard DCCS task followed by an additional third phase 
with stimuli with changed values on both dimensions. Approximately a third 
of the children that perseverated in the post-switch phase of the DCCS task 
successfully switched when novel stimuli were presented, while two-thirds of 
the perseverators continued to sort according to the pre-switch sorting rules 
in all three phases of the task. Hanania concluded that there are two types of 
perseverators: children that perseverate at the level of dimensions (children 
who continued to sort according to the initial dimension in the additional third 
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phase) and children that perseverate at the level of the values of dimensions 
(children who successfully switched in the additional third phase). However, 
the additional third phase in Hanania’s study did not require an abstract rule 
representation. By referring to the new values of the relevant sorting dimension 
at the start of the third phase (e.g. “now the green ones go here with the green 
ones and the yellow ones go here with the yellow ones”) children were given 
the new sorting rules at the level of the specific values, which made an abstract 
representation of the sorting rules at the level of dimensions unnecessary.
 Zelazo et al. (2003) studied children’s representations of DCCS 
sorting rules with several versions of the DCCS task in which the values of the 
dimensions of the test- and target cards changed between the pre-switch- and 
the post-switch phase of the task. In the total change version the values of both 
dimensions (color and shape) of the test- and target cards changed. In the 
partial change version only the values of the dimension that is relevant in the 
post-switch phase, changed. In the negative priming version only the values 
of the dimension that is relevant in the pre-switch phase, changed. Children 
performed better on the total change version than on the standard DCCS task, 
which was taken as evidence that children perseverate DCCS sorting rules on 
the specific values of the dimensions and not on the dimensions themselves. 
However, a large proportion of children failed in the total change version (21, 37, 
and 31% respectively in experiments 7, 8, and 9). Moreover, children performed 
better on the total change version than on the negative priming version. These 
results cannot be explained by a representation of the sorting rules at the 
level of values of dimensions or at the level of dimensions, because in both 
versions the values of the dimension that is relevant in the pre-switch phase 
changed. Yerys and Munakata (2006) provided a different explanation for these 
results. In the total change version (and not in the negative priming version), 
the values of the dimension that is relevant in the post-switch phase, changed. 
These changing values would draw attention to the correct sorting dimension 
in the post-switch phase, which would make switching easier. The trend for 
a significant difference between the partial change version and the standard 
DCCS task (Zelazo et al., 2003) supports this idea. Multiple explanations for 
the results of Zelazo et al. (2003) are possible, which makes it difficult to draw 
clear conclusions about the abstractness of the rule representations in the 
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DCCS task on the basis of these studies.

Current Project
Previous studies into the relationship between abstraction ability and DCCS 
performance have either administered the generalization task after the post-
switch phase of the task, have had additional task demands, or used indirect 
measures. The goal of the current study is to directly assess the abstractness 
of children’s rule representations in the pre-switch phase of the DCCS task. 
This research question is studied by asking children to generalize their 
sorting rules to new stimuli without making a switch first. This is analogous 
to procedures for testing representations in category learning studies (Ashby 
& Ell, 2001). By combining a generalization task with a separate standard 
DCCS task we also study the relationship between the representation of the 
pre-switch sorting rules and the ability to switch. The generalization task 
resembles the DCCS task as much as possible and consists of two phases. The 
first phase of the generalization task (the base-line phase) is equivalent to the 
pre-switch phase of the DCCS task. In the second phase of the generalization 
task (the generalization phase) the sorting rules of the base-line phase need 
to be generalized to test and target-cards with changed values on one or both 
dimensions. 
 In order to discriminate the three theoretically possible levels of 
abstraction of the representations of the sorting rules, three conditions of the 
generalization task were constructed based on the change versions of the DCCS 
task of Zelazo et al. (2003). In the relevant change condition only the values of 
the relevant sorting dimension change. If children have to sort according to 
color in the base-line phase, the colors of the test- and target cards change in 
the generalization phase. In the irrelevant change condition only the values of 
the irrelevant dimension change. If children have to sort according to color in 
the base-line phase, the shapes of the test- and target cards change. In the total 
change condition the values of both dimensions change. If children have to sort 
according to color in the base-line phase, the shapes and colors of the test- 
and target cards change. Children with a rule representation at the level of the 
specific stimuli are expected to show low performance in all three conditions. 
Children with a rule representation at the level of the values of dimensions 
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are expected to show low performance in the relevant change condition and 
the total change condition, and high performance in the irrelevant change 
condition. Children with a rule representation at the level of dimensions are 
expected to show high performance in all three conditions. 
 Yerys and Munakata (2006) would predict differences in performance 
on the generalization task between conditions even in the case that the 
abstractness of the rule representations is equal for all children: changes in 
the values of one dimension would draw attention towards this dimension. 
Changes in the dimension that is irrelevant in the pre-switch phase of the 
DCCS task would draw attention to this dimension, which makes switching 
easier because that dimension is relevant in the post-switch phase. In the 
generalization task children do not have to make a switch but have to continue 
sorting according to the same dimension while target and test cards change. If 
changes in the relevant sorting dimension draw attention to that dimension, 
maintaining to sort according to that dimension would be easy. On the other 
hand would changes in the irrelevant sorting dimension, make it more difficult 
to maintain sorting according to the relevant sorting dimension.  
 In the current study, we first tested the level of abstraction of the pre-
switch rule representations children have by applying a generalization task 
in multiple conditions that require different levels of abstraction. Second, we 
study the possible relationship between abstraction and flexibility by relating 
performance on the generalization task and performance on a standard DCCS 
task. 

3.2 

Method

Participants
A total of 167 children participated in this study: 77 3-year-olds (M = 42.0 
months, SD = 3.1, range = 36 - 47, 41 boys and 36 girls), and 90 4-year-olds 
(M = 53.2 months, SD = 3.5, range = 48 - 59, 45 boys and 45 girls). We tested 
another 47 children, but their data could not be used because they did not pass 
the first phase of the generalization task (n = 13), the first phase of the DCCS 
task (n = 13) or both (n = 11), refused to complete testing (n = 6), or due to 
experimenter error (n = 4). Children were recruited from day-care centers and 
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primary schools in the Netherlands. Informed consent was obtained from the 
parents of all children who participated.

Design
Children were randomly assigned to one of three conditions: the relevant change 
condition (n = 58, M = 48.1 months, SD = 6.5, range = 36 - 59, 30 boys and 28 
girls), the irrelevant change condition (n = 57, M = 48.0 months, SD = 6.2, range 
= 36 - 59, 31 boys and 26 girls), or the total change condition (n = 52, M = 48.1 
months, SD = 6.9, range = 36 - 59, 25 boys and 27 girls). In all three conditions, 
children were administered a DCCS task and a generalization task. The DCCS 
task was a standard version of the DCCS task and was exactly the same in the 
three conditions. However, there was a difference between the generalization 
tasks in the three conditions. In the relevant change condition, the values of 
the sorting dimension that is relevant change in the generalization task. In 
the irrelevant change condition the values of the irrelevant dimension change. 
In the total change condition the values of both the relevant and irrelevant 
dimension change. If children sorted to color in the generalization task, they 
switched from sorting to color to sorting to shape in the DCCS task. If children 
sorted to shape in the generalization task, they switched from sorting to shape 
to sorting to color in the DCCS task. Two sets of cards were used. The order 
of the presentation of the two tasks, the order of the two sorting dimensions 
(color and shape) and the order of the sets of cards were counterbalanced and 
crossed within each age x gender cell.

Materials
The experiment was conducted using a laptop computer with a separate 
touch-screen monitor. The tasks were programmed using the software 
package Authorware version 7.0. Stimuli were presented against a dark grey 
background (1024 x 768 pixels). In both tasks two light grey sorting stacks 
(220 x 270 pixels) were presented in the bottom left and right corner of the 
screen. Above them, the target cards (200 x 163 pixels) were depicted. A test 
card (270 x 220 pixels) appeared in the bottom center of the screen on each 
trial when the experimenter pressed a key on the laptop computer. Children 
sorted the test cards by touching the appropriate sorting stack or target card 
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on the touch-screen monitor. See Figure 3.1 for an example of the computer 
screen.  

    

         
Figure 3.1 Example of the computer screen with target cards, target 
stacks, and test cards.

 Two sets of cards were used. Cards in set A depicted stimuli with the 
shapes and colors: rabbit, chicken, pig, fish, green, yellow, orange and purple. 
Cards in set B depicted stimuli with the shapes and colors: frog, snail, butterfly, 
cat, red, blue, brown and pink. For half of the children target- and test cards in 
the DCCS task depicted green and yellow rabbits and chickens and target- and 
test cards in the base-line phase of the generalization phase depicted red and 
blue frogs and snails. For the other half of the children target- and test cards in 
the DCCS task depicted red and blue frogs and snails and target- and test cards 
in the base-line phase of the generalization task depicted green and yellow 
rabbits and chickens. The target- and test cards in the generalization phase of 
the generalization task were different in the three conditions. In the relevant 
change condition only the values of the relevant sorting dimension changed. If 
a child, for example, sorted yellow rabbits and green chickens to color in the 
base-line phase of the task, the color rules needed to be generalized to purple 
rabbits and orange chickens in the generalization phase of the task. In the 
irrelevant change condition only the values of the irrelevant sorting dimension 
changed. If a child sorted yellow rabbits and green chickens to color in the 
base-line phase of the task, the color rules needed to be generalized to yellow 
fish and green pigs in the generalization phase of the task. In the total change 
condition the values of both the relevant and irrelevant dimension changed. 

values&of&both&the&relevant&and&irrelevant&dimension&change.&If&children&sorted&to&color&in&the&
generalization&task,&they&switched&from&sorting&to&color&to&sorting&to&shape&in&the&DCCS&task.&If&children&
sorted&to&shape&in&the&generalization&task,&they&switched&from&sorting&to&shape&to&sorting&to&color&in&the&
DCCS&task.&Two&sets&of&cards&were&used.&The&order&of&the&presentation&of&the&two&tasks,&the&order&of&the&
two&sorting&dimensions&(color&and&shape)&and&the&order&of&the&sets&of&cards&were&counterbalanced&and&
crossed&within&each&age&x&gender&cell.&!
Materials+
The&experiment&was&conducted&using&a&laptop&computer&with&a&separate&touchNscreen&monitor.&The&
tasks&were&programmed&using&the&software&package&Authorware&version&7.0.&Stimuli&were&presented&
against&a&dark&grey&background&(1024&x&768&pixels).&In&both&tasks&two&light&grey&sorting&stacks&(220&x&
270&pixels)&were&presented&in&the&bottom&left&and&right&corner&of&the&screen.&Above&them,&the&target&
cards&(200&x&163&pixels)&were&depicted.&A&test&card&(270&x&220&pixels)&appeared&in&the&bottom&center&of&
the&screen&on&each&trial&when&the&experimenter&pressed&a&key&on&the&laptop&computer.&Children&sorted&
the&test&cards&by&touching&the&appropriate&sorting&stack&or&target&card&on&the&touchNscreen&monitor.&See&
Figure&3.1&for&an&example&of&the&computer&screen.&&&!

" &&&&& " &&&&& " &!
Figure*3.1& Example+of+the+computer+screen+with+target+cards,+target+stacks,+and+test+cards+!
& Two&sets&of&cards&were&used.&Cards&in&set&A&depicted&stimuli&with&the&shapes&and&colors:&rabbit,&
chicken,&pig,&Dish,&green,&yellow,&orange&and&purple.&Cards&in&set&B&depicted&stimuli&with&the&shapes&and&
colors:&frog,&snail,&butterDly,&cat,&red,&blue,&brown&and&pink.&For&half&of&the&children&targetN&and&test&cards&
in&the&DCCS&task&depicted&green&and&yellow&rabbits&and&chickens&and&targetN&and&test&cards&in&the&baseN
line&phase&of&the&generalization&phase&depicted&red&and&blue&frogs&and&snails.&For&the&other&half&of&the&
children&targetN&and&test&cards&in&the&DCCS&task&depicted&red&and&blue&frogs&and&snails&and&targetN&and&
test&cards&in&the&baseNline&phase&of&the&generalization&task&depicted&green&and&yellow&rabbits&and&
chickens.&The&targetN&and&test&cards&in&the&generalization&phase&of&the&generalization&task&were&
different&in&the&three&conditions.&In&the&relevant&change&condition&only&the&values&of&the&relevant&
sorting&dimension&changed.&If&a&child,&for&example,&sorted&yellow&rabbits&and&green&chickens&to&color&in&
the&baseNline&phase&of&the&task,&the&color&rules&needed&to&be&generalized&to&purple&rabbits&and&orange&
chickens&in&the&generalization&phase&of&the&task.&In&the&irrelevant&change&condition&only&the&values&of&
the&irrelevant&sorting&dimension&changed.&If&a&child&sorted&yellow&rabbits&and&green&chickens&to&color&
in&the&baseNline&phase&of&the&task,&the&color&rules&needed&to&be&generalized&to&yellow&Dish&and&green&pigs&
in&the&generalization&phase&of&the&task.&In&the&total&change&condition&the&values&of&both&the&relevant&and&
irrelevant&dimension&changed.&If&a&child&sorted&yellow&rabbits&and&green&chickens&to&color&in&the&baseN
line&phase&of&the&task,&the&color&rules&needed&to&be&generalized&to&purple&Dish&and&orange&pigs&in&the&
generalization&phase&of&the&task.&See&Figure&3.2&for&examples&of&targetN&and&test&cards&used&in&the&
generalizationN&and&DCCS&task&in&the&three&conditions.&

Q &42&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
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generalization phase of the task. See Figure 3.2 for examples of target- and test cards 
used in the generalization- and DCCS task in the three conditions.
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school. Once the child was comfortable with the experimenter, the touch screen was 
introduced and the experimenter verified the child’s knowledge of the colors and shapes 
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 The experimenter then explained the rules of the base-line phase of the 
generalization task (sorting according to color or sorting according to shape) and 
demonstrated the sorting of the two test cards that would be used in the base-line 
phase. The child was then asked to sort six test cards him- or herself. In this first phase, 
the two different test cards were presented in pseudo random order, so that no test card 
was presented more than twice in a row. On alternating trials the experimenter either 
reminded the child of the relevant sorting rules or asked the child knowledge questions 
(e.g., “where do the green ones go in the color game?”). Immediately after the repetition 
of the rules or the knowledge question, a test card was presented. The experimenter 
labeled the test card with the relevant dimension only (e.g., “this is a yellow one, where 
does it go?”). Children were given feedback on their response to the knowledge questions 
but not on their sorting. A child had to sort at least five of the six test cards correctly to 
pass the base-line phase. At the start of the second phase of the generalization task (the 
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If a child sorted yellow rabbits and green chickens to color in the base-line 
phase of the task, the color rules needed to be generalized to purple fish and 
orange pigs in the generalization phase of the task. See Figure 3.2 for examples 
of target- and test cards used in the generalization- and DCCS task in the three 
conditions.
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Procedure
Children were tested individually in a quiet room in their day-care center 
or primary school. Once the child was comfortable with the experimenter, 
the touch screen was introduced and the experimenter verified the child’s 
knowledge of the colors and shapes used in the tasks.
 The experimenter then explained the rules of the base-line phase 
of the generalization task (sorting according to color or sorting according to 
shape) and demonstrated the sorting of the two test cards that would be used 
in the base-line phase. The child was then asked to sort six test cards him- 
or herself. In this first phase, the two different test cards were presented in 
pseudo random order, so that no test card was presented more than twice in 
a row. On alternating trials the experimenter either reminded the child of the 
relevant sorting rules or asked the child knowledge questions (e.g., “where do 
the green ones go in the color game?”). Immediately after the repetition of the 
rules or the knowledge question, a test card was presented. The experimenter 
labeled the test card with the relevant dimension only (e.g., “this is a yellow 
one, where does it go?”). Children were given feedback on their response to 
the knowledge questions but not on their sorting. A child had to sort at least 
five of the six test cards correctly to pass the base-line phase. At the start of the 
second phase of the generalization task (the generalization phase), the target- 
and test cards changed. Six trials were administered in pseudo random order 
again. The rules of the game were not repeated, but the child was encouraged to 
keep on playing the same game. The experimenter did not label the test cards 
but simply asked “Where does this one go?”. As in the base-line phase, children 
were not given feedback on their sorting in the generalization phase.
 After a break of approximately five minutes, during which the 
experimenter and the child read a book, the second task was administered. The 
experimenter explained the rules of the new game (sorting to color or sorting 
to shape) and demonstrated the sorting of the two test cards that would be 
used in the first phase of the DCCS task (the pre-switch phase). The pre-switch 
phase was administered in exact the same way as the base-line phase of the 
generalization task. The two different test cards were presented in pseudo 
random order, and on alternating trials the experimenter either reminded 
the child of the relevant sorting rules or asked knowledge questions. When a 
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test card was presented, the experimenter labeled the card with the relevant 
dimension only, and children were given feedback on their response to the 
knowledge questions but not on their sorting of the test cards. Six pre-switch 
trials were administered. A child had to sort at least five of the six test cards 
correctly to pass the pre-switch phase. At the start of the second phase of the 
DCCS task (the post-switch phase), the rules of the new game were explained, 
but not demonstrated. Six post-switch trials were administered with the same 
target- and test cards and in exact the same way as the pre-switch trials. The 
order of the presentation of the two tasks, and the order of the two sorting 
dimensions was counterbalanced.

Statistical approach
In order to get a more precise picture of children’s behavior in the DCCS task 
and the generalization task, the statistical approach taken in the current project 
is fitting latent Markov models (Rabiner, 1989; Van de Pol & Langeheine, 1990; 
Visser, 2011) to the trial-by-trial accuracy data of the post-switch phase of the 
DCCS task and to the trial-by-trial accuracy data of the generalization phase of 
the generalization task using the package depmixS4 (Visser & Speekenbrink, 
2010) for the R statistical programming environment (R Development Core 
Team, 2009). It is important to note that there are different ways of responding 
in the post-switch phase of the DCCS task. One can sort consistently according 
to the (correct) post-switch relevant dimension. One can sort consistently 
according to the (incorrect) pre-switch relevant dimension. One can make a 
transition from one dimension to the other dimension after some trials, or one 
can sort inconsistently. These behavioral modes could only be distinguished 
using modeling techniques to create latent groups. Standard analyses of DCCS 
task data use sum scores of the post-switch phase, which cannot make a 
distinction between the last two behavioral modes. We expect to find different 
ways of responding in the generalization phase of the generalization task as 
well.
 Van Bers, Visser, van Schijndel, Mandell and Raijmakers (2011, Chapter 
2) showed that fitting latent Markov models is a reliable statistical method to 
classify post-switch DCCS data into latent subgroups. We will use this method 
here as well to distinguish possible latent performance groups for the DCCS 
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task, as well as for the generalization task. Moreover, with these latent Markov 
models we can also quantify possible transitions between latent states over 
the course of the post-switch trials or generalization trials. The latent Markov 
models were defined by a number of parameters that allowed us to identify 
the nature of the latent states: response probabilities, initial probabilities and 
transition probabilities. The response probability is the probability of a correct 
response, conditional on being in a certain latent state. The initial probability is 
the probability of being in a certain latent state at the first trial. The transition 
probability is the probability of moving to another latent state, conditional on 
being in a certain latent state.
 To the trial-by-trial data of the generalization phase of the 
generalization task we fitted several latent Markov models: models with 
different numbers of latent states and models with and without transitions 
between the latent states. We fitted these models for the three conditions 
separately. Subsequently, by the application of multi-group models, we 
combined the three separate models and tested whether model parameters 
could be set equal between the three conditions. This way we could test for 
possible differences between the three conditions.
 To the trial-by-trial data of the post-switch phase of the DCCS task 
we also fitted several latent Markov models: models with different numbers 
of latent states and models with and without transitions between the latent 
states. We fitted these models for all post-switch data together. For a more 
elaborate description of the different latent Markov models see van Bers et al. 
(2011, Chapter 2). 
 Models were fit to the data by calculating maximum likelihood 
estimates of the parameters. We used model selection methods (information 
criteria, log-likelihood difference tests) to determine which model described 
the trial-by trial data of the post-switch phase of the DCCS task and of the 
generalization phase of the generalization task best. Hypotheses concerning 
the number of latent states in the latent Markov models were tested with two 
commonly used information criteria, AIC (Akaike, 1974) and BIC (Schwarz, 
1978). Lower AICs or BICs indicate a better fitting model. Hypotheses 
concerning particular values of parameters were tested by means of log-
likelihood difference tests (e.g. Wickens, 1982). If the test is significant, the 
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null hypothesis of equal model fit is rejected, and the less parsimonious model 
is preferred. Otherwise the more parsimonious model is preferred.

3.3 

Results

No significant effects were found for gender, order of the two sets of cards, or 
order of the two sorting dimensions. Therefore, all results are collapsed across 
those variables. No significant effects were found for the order of the two tasks 
either. There is no significant difference in the percentage of children passing 
the generalization phase of the generalization task between the children that 
performed the generalization task first and the children that performed the 
DCCS task first in the relevant change condition (100% of the children pass), in 
the irrelevant change condition, χ2(df = 1, n = 57) = .004, p = .95, or in the total 
change condition, χ2(df = 1, n = 52) = .59, p = .42. There is also no significant 
difference in the distribution of the number of switchers, perseverators and 
children in transition between the children that performed the generalization 
task first and the children that performed the DCCS task first, χ2(df = 2, N = 
167) = 3.34, p = .19. Which means that there is no difference in performance 
on the switch task between the children that performed the generalization task 
first and the children that performed the DCCS task first. Therefore, results are 
collapsed across this variable as well.

Representation of sorting rules
In the generalization phase of the generalization task most of the children either 
responded to the baseline sorting rules on zero or one (3.6%, low performers), 
or five or six (90.4%, high performers) of the six generalization trials. Almost 
all children in all three conditions of the generalization task showed high 
performance. In the relevant change condition all children (100%) showed 
high performance. A small group of children in the irrelevant change condition 
(10 %) and the total change condition (14 %) showed low performance. In 
conclusion, we can state that all children who learned to execute sorting rules 
in the pre-switch phase form a representation at the level of dimensions, i.e. 
“same colors go together”, because all children successfully generalize in the 
relevant change condition. Hence, possible differences between conditions 
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cannot be explained by the abstractness of sorting rules. 

Differences between conditions on the generalization task
Standard Analyses
Given the bimodal nature of the data nonparametric analyses (chi-square 
tests) were used to analyze the data. Children who sorted at least five of the 
six generalization trials to the base-line sorting rules were considered to have 
passed the generalization phase. Table 3.1 shows the number of children 
passing the generalization phase in the three conditions. All of the 58 children 
in the relevant change condition passed the generalization phase, 47 of the 57 
children in the irrelevant change condition passed the generalization phase, 
and 46 of the 52 children in the total change condition passed the generalization 
phase. There was a significant difference in performance between the three 
conditions, χ2(df = 2, N = 167) = 10.55, p < .01. Planned comparisons revealed 
that more children passed the generalization phase in the relevant change 
condition than in the irrelevant change condition, χ2(df = 1, n = 115) = 11.15, p 
< .01, and in the total change condition, χ2(df = 1, n = 110) = 7.08, p < .01. 

Table 3.1 Number of children passing the generalization phase of 
the generalization task in the three conditions for the children categorized as 
perseverators, in transition or switchers.
 

Note. In each column left the number of children passing the generalization phase 
in that condition and right the number of children failing the generalization 

Note:&In&each&column&left&the&number&of&children&passing&the&generalization&phase&in&that&condition&and&right&the&number&of&children&failing&
the&generalization&phase&in&that&condition.&Children&who&sorted&at&least&Dive&of&the&six&generalization&trials&according&to&the&baseNline&sorting&
rules&were&considered&to&have&passed&the&generalization&phase.&!
Model0based+analyses!
! In&order&to&get&a&more&precise&picture&of&the&differences&between&the&three&conditions&we&Dirst&
Ditted&four&different&latent&Markov&models&to&the&trialNbyNtrial&data&of&the&generalization&phase&of&the&
generalization&task&for&each&condition&separately:&a&one&state&model,&a&two&state&model&with&two&
transitions&between&the&two&states,&a&two&state&model&with&one&transition,&and&a&two&state&model&
without&transitions.&Table&3.2&shows&the&Dit&indices&of&the&different&models&in&the&three&conditions.&In&
the&relevant&change&condition,&the&model&with&one&state&Dits&the&data&better&than&the&models&with&two&
states&(compare&AIC&and&BIC&in&the&upper&section&of&Table&3.2).&In&the&irrelevant&change&condition,&the&
models&with&two&latent&states&Dit&the&data&better&than&the&model&with&one&latent&state&(see&middle&
section&of&Table&3.2).&The&full&model&with&two&latent&states&and&biNdirectional&transitions&between&the&
two&latent&states&Dits&the&data&best&and&was&preferred,&although&the&differences&in&Dit&between&the&three&
models&with&two&states&were&very&small.&In&the&total&change&condition,&the&models&with&two&latent&
states&Dit&the&data&better&than&the&model&with&one&latent&state&(see&lower&section&of&Table&3.2).&The&twoN
state&model&with&only&one&transition&(from&the&low&performing&group&to&the&high&performing&group)&
Dits&the&data&best&and&was&preferred.&
& In&order&to&test&whether&the&response&probabilities&for&the&two&latent&states&of&the&three&
preferred&models&differed&between&conditions,&we&Ditted&three&different&multiNgroup&latent&Markov&
models&to&the&trialNbyNtrial&data&of&the&generalization&phase&of&the&generalization&task&(see&Table&3.3).&A&
model&with&equal&response&probabilities&in&both&latent&states,&a&model&with&equal&response&
probabilities&in&the&latent&state&with&a&high&response&probability&and&unequal&response&probabilities&in&
the&latent&state&with&a&low&response&probability,&and&a&model&with&unequal&response&probabilities&in&
both&latent&states.&The&model&with&equal&response&probabilities&in&the&latent&state&with&a&high&response&
probability,&but&unequal&response&probabilities&in&the&latent&state&with&a&low&response&probability&was&
the&simplest&model&that&did&not&Dit&the&data&signiDicantly&worse&than&the&full&model&with&unequal&
response&probabilities&in&both&latent&states.+Therefore,&this&model&was&preferred&as&the&most&
parsimonious,&best&Ditting&model.&A&graphical&representation&of&the&optimal&multiNgroup&latent&Markov&
model&is&shown&in&Figure&3.3,&which&also&shows&the&parameter&estimates.&In&conclusion&performance&
on&the&generalization&task&in&the&three&conditions&differs&from&each&other:&generalization&was&most&
easy&in&the&relevant&change&condition&and&more&difDicult&if&values&of&the&irrelevant&dimension&changed.&
In&the&irrelevant&change&condition&we&observed&a&direction&towards&the&irrelevant&dimension&for&some&
children,&because&they&consistently&sorted&cards&according&to&the&irrelevant&sorting&dimension&
(response&probability&of&the&low&performing&state&=&.06).&These&results&are&in&line&with&the&idea&that&
changes&in&the&values&of&a&dimension&draw&attention&towards&that&dimension&(Yerys&&&Munakata,&
2006).&

Relevant&change&condition Irrelevant&change&condition Total&change&condition

Group pass fail pass fail pass total

Perseverators&
n=&42

18&(100%) 0&(0%) 13&(93%) 1&&&(7%) 8&&&(80%) 2&(20%)

In&transition&
n&=&22

6&&&(100%) 0&(0%) 11&(92%) 1&&&(8%) 3&&&(75%) 1&(25%)

Switchers&
n&=&103

34&(100%) 0&(0%) 23&(74%) 8&&&(26%) 35&(92%) 3&(8%)

Total&
N&=&167

58&(100%) 0&(0%) 47&(82%) 10&(18%) 46&(88%) 6&(12%)

P &46&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
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phase in that condition. Children who sorted at least five of the six generalization 
trials according to the base-line sorting rules were considered to have passed the 
generalization phase.

Model-based analyses
 In order to get a more precise picture of the differences between the 
three conditions we first fitted four different latent Markov models to the trial-
by-trial data of the generalization phase of the generalization task for each 
condition separately: a one state model, a two state model with two transitions 
between the two states, a two state model with one transition, and a two state 
model without transitions. Table 3.2 shows the fit indices of the different models 
in the three conditions. In the relevant change condition, the model with one 
state fits the data better than the models with two states (compare AIC and 
BIC in the upper section of Table 3.2). In the irrelevant change condition, the 
models with two latent states fit the data better than the model with one latent 
state (see middle section of Table 3.2). The full model with two latent states 
and bi-directional transitions between the two latent states fits the data best 
and was preferred, although the differences in fit between the three models 
with two states were very small. In the total change condition, the models with 
two latent states fit the data better than the model with one latent state (see 
lower section of Table 3.2). The two-state model with only one transition (from 
the low performing group to the high performing group) fits the data best and 
was preferred.
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Table 3.2 Fit indices of the four latent Markov models for the trial-by-
trial data of the generalization phase of the generalization task for the three 
conditions separately.

Note. Log(L) = Log-likelihood, df = degrees of freedom, AIC and BIC = information 
criteria, ∆ Log (L) = Log-likelihood ratio test, ∆ df = difference in degrees of 
freedom in Log-likelihood ratio test, p (∆ Log (L)) = p-value of Log-likelihood 
ratio test. * indicates preferred model.

!
Table*3.2& Fit+indices+of+the+four+latent+Markov+models+for+the+trial0by0trial+data+of+the+
generalization+phase+of+the+generalization+task+for+the+three+conditions+separately&

Note:&Log(L)&=&LogNlikelihood,&df&=&degrees&of&freedom,&AIC&and&BIC&=&information&criteria,&∆&Log&(L)&=&LogNlikelihood&ratio&test,&∆&df&=&
difference&in&degrees&of&freedom&in&LogNlikelihood&ratio&test,&p&(∆&Log&(L))&=&pNvalue&of&LogNlikelihood&ratio&test.&*&indicates&preferred&model.&!!!!!
Table*3.3& Fit+indices+of+the+multi0group+latent+Markov+models+for+the+trial0by0trial+data+of+the+generalization+
task&

Relevant&change&condition

Model Log&(L) df AIC BIC ∆&Log&(L) ∆&df p&(∆&Log&(L))

One&state* N38.09 1 78.18 82.03

Two&states&
with&two&transitions

N37.17 5 84.34 103.60

Two&states&
with&one&transition

N37.91 4 83.81 99.22

Two&states&
without&transitions

N37.34 3 80.68 92.24

Irrelevant&change&condition

Model Log&(L) df AIC BIC ∆&Log&(L) ∆&df p&(∆&Log&(L))

One&state N135.04 1 272.08 275.92

Two&states&
with&two&transitions*

N74.72 5 159.43 178.61

Two&states&
with&one&transition

N77.52 4 163.04 178.38 5.60 1 <&.05

Two&states&
without&transitions

N77.52 3 161.04 172.54 5.60 1 1

Total&change&condition

Model Log&(L) df AIC BIC ∆&Log&(L) ∆&df p&(∆&Log&(L))

One&state N84.61 1 171.22 174.97

Two&states&
with&two&transitions

N61.08 5 132.17 150.88

Two&states&
with&one&transition*

N61.11 4 130.22 145.19 0.05 1 .82

Two&states&
without&transitions

N63.64 3 133.27 144.50 5.06 1 <&.05

& & &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
B47
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 In order to test whether the response probabilities for the two latent 
states of the three preferred models differed between conditions, we fitted 
three different multi-group latent Markov models to the trial-by-trial data of 
the generalization phase of the generalization task (see Table 3.3). A model with 
equal response probabilities in both latent states, a model with equal response 
probabilities in the latent state with a high response probability and unequal 
response probabilities in the latent state with a low response probability, and a 
model with unequal response probabilities in both latent states. The model with 
equal response probabilities in the latent state with a high response probability, 
but unequal response probabilities in the latent state with a low response 
probability was the simplest model that did not fit the data significantly worse 
than the full model with unequal response probabilities in both latent states. 
Therefore, this model was preferred as the most parsimonious, best fitting 
model. A graphical representation of the optimal multi-group latent Markov 
model is shown in Figure 3.3, which also shows the parameter estimates. In 
conclusion performance on the generalization task in the three conditions 
differs from each other: generalization was most easy in the relevant change 
condition and more difficult if values of the irrelevant dimension changed. In 
the irrelevant change condition we observed a direction towards the irrelevant 
dimension for some children, because they consistently sorted cards according 
to the irrelevant sorting dimension (response probability of the low performing 
state = .06). These results are in line with the idea that changes in the values of 
a dimension draw attention towards that dimension (Yerys & Munakata, 2006).
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Table 3.3 Fit indices of the multi-group latent Markov models for the 
trial-by-trial data of the generalization task
 

Note. Log(L) = Log-likelihood, df = degrees of freedom, AIC and BIC = information 
criteria, ∆ Log (L) = Log-likelihood ratio test, ∆ df = difference in degrees of 
freedom in Log-likelihood ratio test, p (∆ Log (L)) = p-value of Log-likelihood 
ratio test. * indicates the preferred model.

 

Figure 3.3 Graphical representation of the optimal multi-group latent 
Markov model based on the trial-by-trial data of the generalization phase of the 
generalization task. Circles denote the latent states. Arrows between the circles 
denote transitions between the latent states. L = latent state with a low response 
probability, H = latent state with a high response probability, Resp = response 
probability, Trans = transition probability, Init (H) = initial probability of the 
state with a high response probability.

Note:&Log(L)&=&LogNlikelihood,&df&=&degrees&of&freedom,&AIC&and&BIC&=&information&criteria,&∆&Log&(L)&=&LogNlikelihood&ratio&test,&∆&df&=&
difference&in&degrees&of&freedom&in&LogNlikelihood&ratio&test,&p&(∆&Log&(L))&=&pNvalue&of&LogNlikelihood&ratio&test.&*&indicates&the&preferred&
model.&!!

" &
Figure!3.3& Graphical+representation+of+the+optimal+multi0group+latent+Markov+model+based+on+the+
trial0by0trial+data+of+the+generalization+phase+of+the+generalization+task.+Circles+denote+the+latent+states.+
Arrows+between+the+circles+denote+transitions+between+the+latent+states.+L+=+latent+state+with+a+low+
response+probability,+H+=+latent+state+with+a+high+response+probability,+Resp+=+response+probability,+Trans+
=+transition+probability,+Init+(H)+=+initial+probability+of+the+state+with+a+high+response+probability.&!!

Model Log&(L) df AIC BIC ∆&Log&(L) ∆&df p&(∆&Log&(L))

Unequal&response&
probabilities&in&both&
latent&states

N176.44 10 372.88 421.98

Equal&response&
probabilities&in&latent&
state&with&a&high&
response&probability&but&
unequal&response&
probabilities&in&latent&
state&with&a&low&
response&probability*&

N174.61 8 365.23 404.50 3.66 2 1

Equal&response&
probabilities&in&both&
latent&states&

N177.16 7 368.33 402.69 5.10 1 <&.05

B &48&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

Note:&Log(L)&=&LogNlikelihood,&df&=&degrees&of&freedom,&AIC&and&BIC&=&information&criteria,&∆&Log&(L)&=&LogNlikelihood&ratio&test,&∆&df&=&
difference&in&degrees&of&freedom&in&LogNlikelihood&ratio&test,&p&(∆&Log&(L))&=&pNvalue&of&LogNlikelihood&ratio&test.&*&indicates&the&preferred&
model.&!!

" &
Figure!3.3& Graphical+representation+of+the+optimal+multi0group+latent+Markov+model+based+on+the+
trial0by0trial+data+of+the+generalization+phase+of+the+generalization+task.+Circles+denote+the+latent+states.+
Arrows+between+the+circles+denote+transitions+between+the+latent+states.+L+=+latent+state+with+a+low+
response+probability,+H+=+latent+state+with+a+high+response+probability,+Resp+=+response+probability,+Trans+
=+transition+probability,+Init+(H)+=+initial+probability+of+the+state+with+a+high+response+probability.&!!

Model Log&(L) df AIC BIC ∆&Log&(L) ∆&df p&(∆&Log&(L))

Unequal&response&
probabilities&in&both&
latent&states

N176.44 10 372.88 421.98

Equal&response&
probabilities&in&latent&
state&with&a&high&
response&probability&but&
unequal&response&
probabilities&in&latent&
state&with&a&low&
response&probability*&

N174.61 8 365.23 404.50 3.66 2 1

Equal&response&
probabilities&in&both&
latent&states&

N177.16 7 368.33 402.69 5.10 1 <&.05

B &48&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

VanBers_proefschrift19.indd   74 10-02-14   16:12



75

 Analyses of the Reaction Time (RT) difference scores (RT first 
generalization trial minus RT last base-line trial) of the generalization task 
confirms the results of the analyses of the accuracy scores of this task. There is a 
significant difference between the RT difference scores in the three conditions, 
F(2,164) = 5.18, p < .01. Children in the relevant change condition have a 
smaller RT difference score than children in the irrelevant change condition, 
F(1,113) = 10.20, p < .01. Figure 3.4 shows the mean RT difference scores in the 
three conditions.  
 

Figure 3.4 Mean Reaction Time (RT) difference score (RT first 
generalization trial minus RT last base-line trial) in the three conditions. Error 
bars are standard errors of the mean.

DCCS task
In the post-switch phase of the DCCS task most of the children either responded 
correctly on zero or one (26%), or five or six (54%) of the six post-switch trials. 
We replicated earlier findings (van Bers et al., 2011, Chapter 2) that a latent 
Markov model with two latent states with reciprocal transitions between these 

+ Analyses&of&the&Reaction&Time&(RT)&difference&scores&(RT&Dirst&generalization&trial&minus&RT&last&
baseNline&trial)&of&the&generalization&task&conDirms&the&results&of&the&analyses&of&the&accuracy&scores&of&
this&task.&There&is&a&signiDicant&difference&between&the&RT&difference&scores&in&the&three&conditions,&
F(2,164)&=&5.18,&p&<&.01.&Children&in&the&relevant&change&condition&have&a&smaller&RT&difference&score&
than&children&in&the&irrelevant&change&condition,&F(1,113)&=&10.20,&p&<&.01.&Figure&3.4&shows&the&mean&
RT&difference&scores&in&the&three&conditions.&&&

! &
Figure*3.4& Mean+Reaction+Time+(RT)+difference+score+(RT+Hirst+generalization+trial+minus+RT+last+
base0line+trial)+in+the+three+conditions.+Error+bars+are+standard+errors+of+the+mean.&!
DCCS+task+
In&the&postNswitch&phase&of&the&DCCS&task&most&of&the&children&either&responded&correctly&on&zero&or&
one&(26%),&or&Dive&or&six&(54%)&of&the&six&postNswitch&trials.&We&replicated&earlier&Dindings&(van&Bers&et&
al.,&2011,&Chapter&2)&that&a&latent&Markov&model&with&two&latent&states&with&reciprocal&transitions&
between&these&two&states&was&the&best&Ditting&model.&A&graphical&representation&of&the&optimal&latent&
Markov&model&is&shown&in&Figure&3.5,&which&also&shows&the&parameter&estimates.&The&optimal&latent&
Markov&model&described&above&provides&a&characterization&of&the&entire&group&of&children&that&was&
tested.&A&posteriori,&based&on&the&optimal&model,&we&determined&for&individual&children&whether&they&
were&switchers,&perseverators,&or&whether&they&were&in&transition&(see&Visser,&2011).&For&any&given&
response&pattern,&we&computed&the&probability&that&that&pattern&was&generated&from&only&one&state&
(either&the&switch&state&or&the&perseveration&state),&or&from&transitioning&between&the&two&states&(i.e.,&
posterior&probabilities).&All&children&were&assigned&to&the&group&with&their&highest&posterior&
probability,&resulting&in&103&children&(62%)&classiDied&into&the&group&of&switchers,&42&children&(25%)&
classiDied&into&the&group&of&perseverators,&and&22&children&(13%)&classiDied&into&the&group&of&children&
in&transition.&There&was&a&signiDicant&difference&in&age&between&the&three&groups&of&children,&F(2,164)&=&
9.40,&p&<&.01.&Children&that&were&classiDied&as&perseverators&(Mage&=&44.9&months,&SD&=&5.9)&were&
signiDicantly&younger&than&children&that&were&classiDied&as&switchers&(Mage&=&49.6,&SD&=&6.5),&F(1,143)&=&
17.01,&p&<&.01.&The&age&of&children&that&were&classiDied&as&in&transition&(Mage&=&46.9,&SD&=&5.1)&was&found&
to&lie&in&between&the&ages&of&the&other&two&groups.&&!

& & &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
Y49
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two states was the best fitting model. A graphical representation of the optimal 
latent Markov model is shown in Figure 3.5, which also shows the parameter 
estimates. The optimal latent Markov model described above provides a 
characterization of the entire group of children that was tested. A posteriori, 
based on the optimal model, we determined for individual children whether 
they were switchers, perseverators, or whether they were in transition (see 
Visser, 2011). For any given response pattern, we computed the probability 
that that pattern was generated from only one state (either the switch state 
or the perseveration state), or from transitioning between the two states 
(i.e., posterior probabilities). All children were assigned to the group with 
their highest posterior probability, resulting in 103 children (62%) classified 
into the group of switchers, 42 children (25%) classified into the group of 
perseverators, and 22 children (13%) classified into the group of children in 
transition. There was a significant difference in age between the three groups of 
children, F(2,164) = 9.40, p < .01. Children that were classified as perseverators 
(M = 44.9 months, SD = 5.9) were significantly younger than children that were 
classified as switchers (M = 49.6, SD = 6.5), F(1,143) = 17.01, p < .01. The age of 
children that were classified as in transition (M = 46.9, SD = 5.1) was found to 
lie in between the ages of the other two groups. 

 

Figure 3.5 Graphical representation of the optimal latent Markov model 
based on the trial-by-trial data of the post-switch phase of the DCCS task. Circles 
denote the latent states. Arrows between the circles denote a transition between 
the latent states. P = latent state with a low response probability (perseveration 
state), S = latent state with a high response probability (switch state), Resp = 
response probability, Trans = transition probability, Init (S) = initial probability 
of the switch state.
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Figure*3.5& Graphical+representation+of+the+optimal+latent+Markov+model+based+on+the+trial0by0trial+
data+of+the+post0switch+phase+of+the+DCCS+task.+Circles+denote+the+latent+states.+Arrows+between+the+circles+
denote+a+transition+between+the+latent+states.+P+=+latent+state+with+a+low+response+probability+
(perseveration+state),+S+=+latent+state+with+a+high+response+probability+(switch+state),+Resp+=+response+
probability,+Trans+=+transition+probability,+Init+(S)+=+initial+probability+of+the+switch+state.&!
Relationship+between+DCCS+task+and+generalization+task++
The&number&of&children&categorized&as&in&transition&on&the&DCCS&task&is&very&low.&Taking&these&children&
as&a&separate&group&into&the&analyses&would&cause&power&problems.&Because&performance&on&the&
generalization&task&of&the&children&in&transition&matches&performance&of&the&perseverators&better&than&
performance&of&the&switchers,&we&have&taken&the&group&of&perseverators&and&the&group&of&children&in&
transition&together&in&subsequent&analyses&to&enlarge&the&group&size.&Table&1&shows&the&number&of&
children&passing&the&generalization&phase&of&the&generalization&task&in&the&three&conditions&for&the&
switchers,&perseverators,&and&children&in&transition&on&the&DCCS&task.&&
& In&order&to&study&the&relationship&between&performance&on&the&DCCS&task&and&performance&on&
the&generalization&task&we&compared&performance&on&the&generalization&task&in&the&three&conditions&
for&the&children&who&successfully&switched&on&the&DCCS&task&and&for&the&children&who&did&not&switch&
(perseverators&and&children&in&transition).&To&test&the&interaction&between&condition&(relevant,&
irrelevant,&total)&and&group&(switchers,&nonNswitchers)&we&conducted&a&logistic&regression&analysis&
with&generalization&performance&as&(nominal)&dependent&variable&(pass,&fail),&an&intercept,&and&
condition&(2)&and&group&(2)&as&(nominal)&predictor&variables.&Performance&in&the&relevant&change&
condition&did&not&differ&for&the&two&groups&because&all&switchers&and&nonNswitchers&passed&the&
generalization&phase&in&that&condition,&which&introduces&an&empty&cell&in&the&analysis.&Therefore,&we&
left&this&condition&out&of&the&analysis.&There&was&a&marginal&main&effect&of&condition,&Beta&=&N1.40,&Wald&
=&N1.90,&p&=&.05.&There&was&no&main&effect&of&group,&but&there&was&an&interaction&between&condition&and&
group,&Beta&=&2.59,&Wald&=&2.11,&p&<&.03.&The&switchers&generalized&relatively&worst&in&the&irrelevant&
change&condition,&whereas&the&nonNswitchers&performed&relatively&worst&in&the&total&change&condition.&&
& &Analyzing&the&two&groups&separately&shows&that&performance&on&the&generalization&task&in&the&
three&conditions&differed&signiDicantly&for&the&switchers,&χ2(df&=&2,&n&=&103)&=&11.81,&p&<&.05,&and&for&the&
nonNswitchers,&χ2(df&=&2,&n&=&64)&=&5.64,&p&<&.05.&For&the&switchers,&more&children&in&the&relevant&change&
condition&passed&the&generalization&phase&than&in&the+irrelevant&change&condition,&χ2(df&=&1,&n&=&65)&=&
10.01,&p&<&.05.&For&the&nonNswitchers,&more&children&in&the&relevant&change&condition&passed&the&
generalization&phase&than&in&the&total&change&condition,&χ2(df&=&1,&n&=&38)&=&5.58,&p&<&.05.&In&conclusion,&
children&who&switched&on&the&DCCS&task&performed&worst&on&the&generalization&task&if&only&the&values&
of&the&irrelevant&sorting&dimension&changed.&Whereas&nonNswitchers&performed&worst&on&the&
generalization&task&if&the&values&of&both&the&relevant&and&irrelevant&sorting&dimension&changed.&!
3.4* Discussion*

We&studied&preschoolers’&representations&of&sorting&rules&in&the&preNswitch&phase&of&the&DCCS&task,&
where&the&rules&were&told&and&demonstrated.&The&study&was&set&up&to&distinguish&between&three&levels&
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Relationship between DCCS task and generalization task 
The number of children categorized as in transition on the DCCS task is very low. 
Taking these children as a separate group into the analyses would cause power 
problems. Because performance on the generalization task of the children in 
transition matches performance of the perseverators better than performance 
of the switchers, we have taken the group of perseverators and the group of 
children in transition together in subsequent analyses to enlarge the group 
size. Table 1 shows the number of children passing the generalization phase of 
the generalization task in the three conditions for the switchers, perseverators, 
and children in transition on the DCCS task. 
 In order to study the relationship between performance on the DCCS 
task and performance on the generalization task we compared performance 
on the generalization task in the three conditions for the children who 
successfully switched on the DCCS task and for the children who did not switch 
(perseverators and children in transition). To test the interaction between 
condition (relevant, irrelevant, total) and group (switchers, non-switchers) 
we conducted a logistic regression analysis with generalization performance 
as (nominal) dependent variable (pass, fail), an intercept, and condition (2) 
and group (2) as (nominal) predictor variables. Performance in the relevant 
change condition did not differ for the two groups because all switchers 
and non-switchers passed the generalization phase in that condition, which 
introduces an empty cell in the analysis. Therefore, we left this condition out of 
the analysis. There was a marginal main effect of condition, Beta = -1.40, Wald 
= -1.90, p = .05. There was no main effect of group, but there was an interaction 
between condition and group, Beta = 2.59, Wald = 2.11, p < .03. The switchers 
generalized relatively worst in the irrelevant change condition, whereas the 
non-switchers performed relatively worst in the total change condition. 
  Analyzing the two groups separately shows that performance on 
the generalization task in the three conditions differed significantly for the 
switchers, χ2(df = 2, n = 103) = 11.81, p < .05, and for the non-switchers, χ2(df 
= 2, n = 64) = 5.64, p < .05. For the switchers, more children in the relevant 
change condition passed the generalization phase than in the irrelevant change 
condition, χ2(df = 1, n = 65) = 10.01, p < .05. For the non-switchers, more children 
in the relevant change condition passed the generalization phase than in the 
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total change condition, χ2(df = 1, n = 38) = 5.58, p < .05. In conclusion, children 
who switched on the DCCS task performed worst on the generalization task 
if only the values of the irrelevant sorting dimension changed. Whereas non-
switchers performed worst on the generalization task if the values of both the 
relevant and irrelevant sorting dimension changed.

3.4 

Discussion

We studied preschoolers’ representations of sorting rules in the pre-switch 
phase of the DCCS task, where the rules were told and demonstrated. The study 
was set up to distinguish between three levels of abstraction: a representation 
at the level of the specific stimuli (‘red car goes with red rabbit and blue rabbit 
goes with blue car’), a representation at the level of the values of dimensions 
(‘red goes with red and blue goes with blue’), and a representation at the level 
of dimensions (‘same colors go together’). Very high performance of all children 
(100%) on the generalization task in the relevant change condition suggests 
an abstract rule representation at the level of dimensions for all children who 
learned to execute sorting rules in the first phase. A representation at the level 
of the values of dimensions or at the level of the specific stimuli would have 
resulted in low performance in this condition. Hence, we conclude that children 
with high and low cognitive flexibility do not differ in how they represent 
the sorting rules. Therefore, the difference in performance on the DCCS task 
between these two groups lies in the processes that operate on the learned 
sorting rules (such as inhibition, reactivation, or re-description), and not in the 
abstractness of the rule representations children have. 
 Nevertheless, we did find differences in performance between 
conditions on the generalization task, that is, suboptimal responding in the 
irrelevant change condition and total change condition. These differences 
cannot be explained by differences in rule representations. In the irrelevant 
change condition we observed a switch towards the irrelevant dimension 
for some children. The latent Markov modeling shows that these children 
consistently sorted test cards according to the irrelevant sorting dimension 
(their probability of sorting an item to the relevant dimension is .06). In the 
total change condition performance was less consistent. The latent Markov 
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modeling shows that a small group of children is less consistent in sorting test 
cards according to one of the two dimensions (their probability of sorting an 
item to the relevant dimension is .31). Performance in these conditions of the 
generalization task is related to DCCS performance. Switchers on the DCCS task 
generalized worst when only the values of the irrelevant dimension changed, 
whereas non-switchers on the DCCS task generalized worst when the values of 
both dimensions changed. 
 In the literature, different factors have been described that influence 
preschoolers’ performance on selection tasks, such as classification tasks. 
These factors have been described as exogenous (stimulus-driven, bottom-
up) or endogenous (expectancy driven, goal-directed, top-down). Endogenous 
factors are thought to become more important over the course of development 
(Fisher, Thiessen, Godwin, Kloos & Dickerson, 2013; Snyder & Munakata, 2010; 
Smith & Yu, 2012). 
 In the post-switch phase of the standard DCCS task, two factors are 
at play. The first factor is formed by the post-switch relevant sorting rules that 
the experimenter repeats verbally before each trial, which have to be kept in 
working memory. This factor is under voluntary control of the children, and we 
therefore call it the endogenous rule factor. The second factor is formed by the 
pre-switch relevant sorting rules, which are automatized by sorting to these 
rules several times. This factor is not under voluntary control of the children, 
and we therefore call it the automatic rule factor. In our generalization task and 
the change versions of the DCCS task, an additional third factor is at play. This 
third factor is the stimulus factor; changes in the values of dimensions introduce 
stimulus novelty. This factor is stimulus-driven, and therefore exogenous (cf. 
Fisher et al., 2013). The endogenous rule factor in the generalization phase of 
our generalization task was learned by instruction in the base-line phase of 
the task. The rules are not repeated before every trial by the experimenter in 
the generalization phase anymore, but may still be active in working memory. 
The automatic rule factor in the generalization task is formed by the base-line 
sorting rules, which are automatized by sorting to these rules several times. In 
the generalization task the endogenous and automatic rule factor are expected 
to direct attention always in the same direction. 
 In the relevant change condition of the generalization task the 
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endogenous rule factor, the stimulus factor, and the automatic rule factor 
work together in directing the attention of the child to the relevant sorting 
dimension. Performance is very high for all children in this condition. In the 
similar partial change version of the DCCS task (the values of the post-switch 
relevant sorting dimension change) the stimulus factor works together with 
the endogenous rule factor and against the automatic rule factor by directing 
the attention of the child towards the post-switch relevant sorting dimension. 
This is consistent with previous results showing a trend for better performance 
on the partial change version compared to the standard DCCS task (Zelazo et 
al., 2003).
 In the irrelevant change condition of the generalization task the 
stimulus factor works against the endogenous rule factor, and the automatic 
rule factor in directing the attention of the child towards the irrelevant sorting 
dimension. For the Switchers on the DCCS task the irrelevant change condition of 
the generalization task was relatively most difficult. This can only be explained 
by a relatively weaker automatic rule factor (with regard to other factors) for 
switchers compared to non-switchers. The attentional inertia theory (Kirkham, 
Cruess & Diamond, 2003) gives a good explanation for these results, namely 
inhibiting or suppressing attention to the pre-switch relevant information. In 
the similar negative priming version of the DCCS task (the values of the post-
switch irrelevant dimension change) the stimulus factor works together with 
the automatic rule factor and against the endogenous rule factor by directing 
the attention towards the post-switch irrelevant sorting dimension. This is 
consistent with previous results showing a trend for worse performance on 
the negative priming version compared to the standard DCCS task (Zelazo et al., 
2003), affecting the switchers in a similar way as in the generalization task.
 In the total change condition of the generalization task the stimulus 
factor works both together with the endogenous rule factor and the automatic 
rule factor and against them, following the reasoning above. Non-switchers 
on the DCCS task performed worst on the total change condition of the 
generalization task. Apparently the non-switchers, in contrast to switchers, 
were not directed in a specific direction but were occasionally distracted 
from the relevant sorting dimension by the stimulus factor. In the similar total 
change version of the DCCS task (the values of both the post-switch relevant 
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and the post-switch irrelevant sorting dimension change) the stimulus factor 
might be relatively strongest for the perseverators. Previous results showed 
that children performed better on the total change version than on the standard 
DCCS task (Zelazo et al., 2003), affecting the perseverators in a similar way as 
in the generalization task.
 The results of the current study necessitate a new interpretation of 
the DCCS change studies of Zelazo et al. (2013).  All children seem to have the 
same abstract rule representation, but differ in the way they are influenced by 
irrelevant and relevant changes in the task. The competing memory systems 
account (Morton & Munakata, 2002) fits very well with the theoretical idea of 
competing endogenous and automatic rule factors presented before. However, 
the implementation of this framework conflicts with the current results. The 
competing memory systems account hypothesizes a fundamental difference in 
rule representations between switchers and perseverators (Cohen & Servan-
Schreiber, 1992; Morton & Munakata, 2002). Whereas, the current results 
assume that rule representations are abstract in all cases. 

Conclusion
Based on our results, we can conclude that there is no difference in the 
abstractness of rule representations in the DCCS task between children with 
high and low cognitive flexibility. All children who learned the rule by receiving 
verbal instruction and demonstration have an abstract rule representation 
at the level of dimensions. Differences in performance between switchers 
and perseverators on the DCCS task lie in the processes that operate on the 
learned sorting rules, such as inhibition, reactivation, and redescription. The 
most plausible explanation of perseverative behavior on the DCCS task, based 
on the current results with the generalization task, is attentional inertia at the 
level of dimensions (Kirkham, Cruess, and Diamond, 2003). Perseverators may 
know the new rules they should be following, but the automatic rule factor 
driving attention towards the old dimension is too strong. The influence 
of the automatic rule factor seems less strong for switchers. It is likely that 
endogenous factors become more important with development (Fisher et 
al., 2013; Snyder & Munakata, 2010). The current results for switchers in 
the irrelevant change condition of the generalization task suggests that the 
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influence of the automatic rule factor, relative to other factors, decreases with 
age, which needs to be confirmed in future studies. 
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Abstract
Different factors that influence preschoolers’ performance on cognitive tasks 
can be described as endogenous (top-down, under the voluntary control of 
the child) or exogenous (stimulus driven, bottom-up). In the current project 
we studied the distinctive effects of exogenous factors on the performance 
of 143 3-year-olds on the Dimensional Change Card Sorting (DCCS) task. The 
exogenous factors investigated in this experiment are either related to the 
sorting rules (changes in the values of the sorting dimensions) or not related 
to the sorting rules (position of the cards on the screen or outline shape of 
the cards). By fitting latent Markov models to the trial-by-trial accuracy data 
of the post-switch phase we could test for differences in the consistency of 
switching or perseverating, in addition to differences in the proportion of 
switchers and perseverators. Marginally fewer children switched sorting 
rules in the card shape change condition compared to the control condition. 
Children in the total change condition (values of both sorting dimensions 
change), and children in both conditions with changes that are not related to 
the sorting rules, perseverated less consistently compared to children in the 
control condition. The hypothesis of Yerys and Munakata (2006) that changes 
in a dimension would draw attention towards that dimension leading to more 
sorting according to that dimension could not be confirmed. Exogenous factors 
can distract attention away from the pre-switch relevant dimension, but not 
necessarily direct attention towards the post-switch relevant dimension.

4.1 

Introduction

When habits and automatic behavior fail to provide guidance in a rapidly 
changing environment, cognitive flexibility is an essential trait. It is one of 
the abilities that together with inhibition and working memory consitute 
cognitive control (Diamond, 2013; Huizinga, Dolan, & van der Molen, 2006; 
Zelazo, Müller, Frye, & Marcovitch, 2003). It is the ability to change plans in 
response to relevant changes in the environment, and, complementary, to 
maintain activities when changes in the environment are irrelevant (Diamond, 
2006a). Between the ages of 3 and 5 years there are marked improvements in 
cognitive flexibility (Carlson, 2005). A widely used paradigm to study cognitive 
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flexibility in preschoolers is the Dimensional Change Card Sorting (DCCS) task 
(Zelazo, 2006). In this task, children are required to sort two bivalent test cards 
according to the dimensions color or shape on two stacks marked by target 
cards. Each test card matches one target card on color and the other target 
card on shape. After sorting a series of test cards according to one dimension 
(e.g. color), children are asked to sort the same series of test cards according to 
the other dimension (e.g. shape). Nearly all children sort correctly in the first 
phase (the pre-switch phase), regardless of which dimension is relevant first. 
However, most 3-year-olds perseverate in the second phase (the post-switch 
phase) by sorting the test cards according to the initially relevant dimension, 
whereas most 4- and 5-year-olds switch immediately to the new dimension 
when asked to do so (Kirkham, Cruess, & Diamond, 2003; Perner & Lang, 2002; 
Zelazo, Frye, & Rapus, 1996).
 Different factors that influence preschoolers’ selective sustained 
attention have been described as exogenous and endogenous (Fisher, Thiessen, 
Godwin, Kloos & Dickerson, 2013 ). Exogenous factors are the characteristics of 
the stimuli (e.g. contrast, brightness, motion). These factors are bottom-up and 
not under the voluntary control of the child. Endogenous factors, by contrast, 
are top-down and under the voluntary control of the child (e.g. goal-directed 
actions). The selective sustained attention of newborns and very young infants 
is typically described as stimulus-driven or automatic. Endogenous factors are 
thought to become more important over the course of development (Fisher 
et al., 2013; Snyder & Munakata, 2010; Smith & Yu, 2012). In the DCCS task 
not only selective sustained attention is important, but switching selective 
attention plays a significant role as well. In the pre-switch phase of the task 
children have to focus attention on the, at that time, relevant dimension of the 
stimuli (e.g. color). In the post-switch phase of the task children have to switch 
the focus of their attention to the other dimension of the stimuli (e.g. shape), 
and suppress attention to the earlier relevant dimension color. Two factors 
are at play in the post-switch phase of the standard DCCS task. The first factor 
is formed by the post-switch relevant sorting rules that the experimenter 
repeats verbally before each trial, which have to be kept in working memory. 
This factor is under voluntary control of the children, and we therefore call 
it the endogenous rule factor. The second factor is formed by the pre-switch 
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relevant sorting rules, which are automatized by sorting according to these 
rules several times. This factor is not under voluntary control of the children, 
and we therefore call it the automatic rule factor.  
 Several studies looked at the influence of an additional third factor. 
This factor is a stimulus factor: changes in the values of the dimensions of 
the stimuli introduce stimulus novelty. Since this factor is stimulus-driven, 
it is exogenous (cf. Fisher et al., 2013). Zelazo, Müller, Frye, and Marcovitch 
(2003; experiment 7, 8, and 9) investigated the role of stimulus novelty in the 
DCCS task. Results in the versions of the task in which only the values of one 
dimension change are not very clear. There was a trend for better performance 
in the partial change version (values of the dimension that is relevant in the 
post-switch phase change) compared to the standard DCCS task. And there was 
a trend for worse performance in the negative priming version (values of the 
dimension that is relevant in the pre-switch phase change) compared to the 
standard DCCS task. In two of the three experiments children performed better 
in the total change version (values of both dimensions change) compared 
to the standard DCCS task. Zelazo et al. (2003) took the results of the total 
change version of the DCCS task as evidence that children perseverate DCCS 
sorting rules at the level of the specific values of the dimensions and not on the 
dimension itself. 
 However, a large proportion of children failed in the total change 
version (21, 37, and 31% respectively in experiments 7, 8, and 9). Moreover, 
children performed better on the total change version than on the negative 
priming version. These results cannot be explained by a representation of 
the sorting rules at the level of the values of dimensions or at the level of 
dimensions. Because in both versions the values of the dimension that was 
relevant in the pre-switch phase changed. Yerys and Munakata (2006) gave a 
completely different explanation for these results. In the total change version 
(and not in the negative priming version) the values of the dimension that is 
relevant in the post-switch phase, changed. These changing values would draw 
attention towards the correct sorting dimension in the post-switch phase, which 
would make switching easier. The trend for a significant difference between the 
partial change version and the standard task (Zelazo et al., 2003; Experiment 
8) would support this idea. In the negative priming version the values of the 
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dimension that is irrelevant in the post-switch phase changed. These changing 
values would draw attention to the irrelevant sorting dimension in the post-
switch phase, which would make switching more difficult, and perseverating 
more likely. The trend for a significant difference between the negative priming 
version and the standard DCCS task would support this idea (Zelazo et al., 
2003; Experiment 7). Following this line of reasoning one would expect that 
changes in the task that are not related to the sorting rules of the pre-switch 
phase or the post-switch phase would distract attention from the post-switch 
relevant dimension (which would make switching more difficult), but not 
necessarily in the direction of the pre-switch relevant dimension (which would 
make perseverating less likely).
  Van Bers, Visser and Raijmakers (in press, Chapter 3) investigated the 
role of stimulus novelty in a generalization task that matched the DCCS task very 
closely. After sorting a series of test cards according to one dimension (as in the 
pre-switch phase of the DCCS task), children were asked to generalize their 
sorting rules to novel stimuli in one of three conditions. Very high performance 
on the generalization task of all children in the relevant change condition 
(only values of the relevant sorting dimension change) suggests an abstract 
rule representation at the level of dimensions (same colors go together) for 
all children. Performance on the generalization task in the irrelevant change 
condition (only values of the irrelevant sorting dimension change), and in the 
total change condition (values of both dimensions change) was related to DCCS 
task performance. Children with high cognitive flexibility (switchers on the 
DCCS task) more often switched their attention to the irrelevant dimension in 
the generalization task if only the values of the irrelevant sorting dimension 
changed. Children with lower cognitive flexibility were more often inconsistent 
in their sorting on the generalization task if values of both dimensions changed. 
Changes in the values of the irrelevant sorting dimension seemed to distract 
children from focusing on the relevant sorting dimension. These results match 
the explanation of Yerys and Munakata (2006) of the results of Zelazo et al. 
(2003).
 In the current study we replicated the experiments of Zelazo et 
al. (2003) with three versions of the DCCS task because the results of the 
experiments of Zelazo et al. were inconclusive due to changing results in the 
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standard version of the task. We compared performance in a standard version 
of the task to performance in the pre-switch relevant change condition (only 
values of the pre-switch relevant dimension change), performance in the post-
switch relevant change condition (only values of the post-switch relevant 
dimension change), and the total change condition (values of both dimensions 
change). We expect better performance in the post-switch relevant change 
condition and the total change condition compared to the standard version 
of the task because the change in the post-switch relevant dimension in 
these two conditions draws attention towards this dimension, which makes 
switching easier (in agreement with Yerys and Munakta, 2006). We expect 
worse performance in the pre-switch relevant change condition compared to 
the standard version because the change in the pre-switch relevant dimension 
draws attention towards this dimension, which makes switching more difficult 
and perseverating more likely.
 The stimulus factors studied in Zelazo et al., (2003) and van Bers et 
al., (in press, Chapter 3) are related to the sorting rules that are relevant in 
the pre-switch phase or in the post-switch phase of the DCCS task. There is 
evidence for impact in these cases. However, less is known about the influence 
of exogenous factors that are not related to the sorting rules. Following the line 
of reasoning of Yerys and Munakata (2006) we would expect that changes that 
are not related to the pre-switch or post-switch sorting rules would distract 
attention from the relevant dimension (which makes switching more difficult), 
but not necessarily in the direction of the irrelevant dimension (which makes 
perseverating less likely). Hence, we expect that unrelated changes result in 
less consistent switching or perseverating behavior. Coldren and Colombo 
(2009) made a first attempt to study the effect of unrelated stimulus factors 
by investigating the influence of changing the color of the background of the 
test cards in the DCCS task. Children made more errors if the color of the 
background of the test card was the same as the color of the figure on the test 
card when switching from color to shape. However, when the change in color 
of the background was completely unrelated to the sorting rules (changed to 
grey) no effect was found on children’s performance on the DCCS task. 
 In the current project the influence of exogenous factors that are not 
related to the sorting rules is investigated with two conditions, in addition to the 
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four conditions that replicate the study of Zelazo et al. (2003) concerning the 
influence of exogenous factors that are related to the sorting rules. In the card 
shape change condition the outline shape of the target- and test cards changes 
and in the card position condition the position of the target- and test cards 
on the screen changes in the post-switch phase. We expect that the changes 
that are not related to the sorting rules in the last two conditions distract the 
attention from the post-switch relevant dimension but not necessarily in the 
direction of the irrelevant dimension, which results in less consistent switching 
behavior. With the standard way of analyzing DCCS task data it is not possible 
tot test for differences in the consistency of switching and perseverating 
behavior between the conditions. Therefore, in order to test for the consistency 
of switching and perseverating behavior in addition to differences in the 
proportion of switchers and perseverators between conditions, we analyzed 
the trial-by-trial accuracy data of the post-switch phase of the task with latent 
Markov models (see the subsection statistical approach in the method section; 
Rabiner, 1989; Van de Pol, & Langeheine, 1990; Visser, 2011).

4.2 

Method

Participants
A total of 143 3-year-old children participated in this study (M = 41.5 months, 
SD = 3.4, range = 35 - 47 months, 79 girls). We tested another 23 children but 
their data could not be used because they did not pass the pre-switch phase (n 
= 15), did not complete testing (n = 7), or due to experimenter error (n = 1). 
A child had to sort at least five of the six test cards correctly to pass the pre-
switch phase. Children were recruited from day-care centers and preschools 
in the Netherlands. Informed consent was obtained from the parents of all 
children that participated.

Design
Children were randomly assigned to one of six conditions: the control condition 
(n = 25, M = 42.7 months, SD = 3.0, range = 35 - 47 months, 15 girls), the pre-
switch relevant change condition (n = 25, M = 41.4 months, SD = 3.4, range = 
35 - 46 months, 14 girls), the post-switch relevant change condition (n = 24, 
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M = 42.0 months, SD = 3.7, range = 35 - 47 months, 16 girls), the total change 
condition (n = 24, M = 40.4 months, SD = 3.8, range = 36 - 47 months, 15 girls), 
the card shape change condition (n = 23, M = 41.9 months, SD = 2.7, range = 
36 - 46 months, 10 girls), or the card position change condition (n = 22, M = 
40.6 months, SD = 3.8, range = 36 - 47 months, 9 girls). In the control condition 
children performed the standard version of the DCCS task with the same target 
cards and test cards in the pre-switch phase and the post-switch phase. In the 
pre-switch relevant change condition the values of the sorting dimension that 
is relevant in the pre-switch phase change on the target cards and test cards in 
the post-switch phase. In the post-switch relevant change condition the values 
of the sorting dimension that is relevant in the post-switch phase change on 
the target cards and test cards in the post-switch phase. In the total change 
condition the values of both dimensions change on the target cards and the 
test cards in the post-switch phase. In the card shape change condition the 
outline of the target cards and test cards changes from rectangular in the pre-
switch phase to circular in the post-switch phase. In the card position change 
condition the position of the cards on the computer screen changes. In the pre-
switch phase the format of the screen is landscape and the target cards and 
stacks are on the left and right side of the screen with the test cards in the 
bottom center of the screen. In the post-switch phase the experimenter turns 
the laptop 90 degrees and the format of the screen becomes portrait. The target 
cards and stacks are now at the bottom and top of the screen with the test cards 
in between them on the left side in the center of the screen. See Figure 4.1 for 
an example of the computer screen with the target cards and test cards in the 
pre-switch phase and the post-switch phase in the six conditions. The order of 
the two sorting dimensions color and shape is counterbalanced within each 
condition.
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Condition

Control

Pre-switch relevant change

Post-switch relevant change

Total change

Card shape change

Card position change

Figure 4.1 Computer screen with target cards, sorting stacks and test 
card in the pre-switch phase and the post-switch phase of the task in the six 
conditions.

Condition Pre-switch phase
(sort according to color)

Post-switch phase 
(sort according to shape)

Control

Pre-switch relevant change

Post-switch relevant change 

Total change

Card shape change

Card position change

Figure 4.1 Computer screen with target cards, sorting stacks and test card in the pre-
switch phase and the post-switch phase of the task in the six conditions

76!

Pre-switch 
phase (color)

Post-switch 
phase (shape)
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Materials
The experiment was conducted using a laptop computer with an integrated 
touch-screen monitor. Stimuli were presented against a dark grey background. 
Two light grey sorting stacks were present in the bottom left and right corner 
of the screen. Above them the target cards were depicted. A test card appeared 
in the bottom center of the screen when the experimenter touched the stack 
of test cards. Children sorted the test cards by touching the appropriate target 
card or sorting stack. The test card then moved to the chosen sorting stack and 
turned around. 
 The target cards and test cards used during the pre-switch phase 
were the same in all six conditions. The target cards depicted a green rabbit 
and a yellow chicken, and the test cards depicted a yellow rabbit or a green 
chicken. The target cards and test cards used during the post-switch phase of 
the task were different in the six conditions. In the control condition the target 
cards and test cards in the post-switch phase were the same as the target cards 
and test cards used in the pre-switch phase. The target cards depicted a green 
rabbit and a yellow chicken, and the test cards depicted a yellow rabbit or a 
green chicken. In the pre-switch relevant change condition the values of the 
sorting dimension that is relevant in the pre-switch phase change on the target 
cards and test cards in the post-switch phase. If, for example, the pre-switch 
relevant sorting dimension was color, the target cards depicted a purple rabbit 
and an orange chicken, and the test cards depicted an orange rabbit or a purple 
chicken. In the post-switch relevant change condition the values of the sorting 
dimension that is relevant in the post-switch phase change on the target cards 
and test cards in the post-switch phase. If, for example, the post-switch relevant 
sorting dimension was shape, the target cards depicted a green fish and a 
yellow pig, and the test cards depicted a yellow fish or a green pig. In the total 
change condition the values of both dimensions change on the target cards and 
test cards in the post-switch phase. The target cards depicted an orange fish 
and a purple pig, and the test cards depicted a purple fish or an orange pig. In 
the card shape change condition the target cards and test cards used during 
the post-switch phase depicted the same shapes and colors as in the pre-switch 
phase. Nevertheless, the outline of the target cards and test cards changed from 
rectangular in the pre-switch phase to circular in the post-switch phase. In the 
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card position change condition the target cards and test cards used during the 
post-switch phase depicted the same shapes and colors as in the pre-switch 
phase. Nevertheless, the orientation of the computer screen and the position 
of the target cards and test cards on the computer screen changed in the post-
switch phase. See Figure 4.1 for an example of the computer screen with the 
target cards and test cards in the pre-switch phase and the post-switch phase 
in the six conditions.
 In both the pre-switch phase and the post-switch phase of all six 
conditions each test card matched one target card on the dimension color and 
the other target card on the dimension shape. Therefore, the correct answer 
when sorting according to color was the wrong answer when sorting according 
to shape and vice versa.

Procedure
Children were tested individually in a quiet room in their day-care center or 
preschool. Once the child was comfortable with the experimenter, the touch 
screen was introduced and the experimenter verified the child’s knowledge of 
the shapes or colors that were relevant in the pre-switch phase of the task. 
 The experimenter then explained the sorting rules of the pre-switch 
phase and demonstrated the sorting of the two different test cards. The 
child was then asked to sort six test cards him- or herself. The two different 
test cards were presented in pseudo-random order, so that no test card was 
presented more than twice in a row. On every trial the experimenter repeated 
the relevant sorting rules. Immediately after the repetition of the rules a test 
card was presented. The experimenter labeled the test card with the relevant 
dimension only (e.g. “This is a red one.”). Children were not given feedback on 
their sorting. 
 At the start of the post-switch phase the experimenter verified the 
child’s knowledge of the shapes or colors that were relevant in the post-switch 
phase of the task. The experimenter then explained the sorting rules of the 
post-switch phase, but did not demonstrate the sorting of the two different 
test cards. The child was then asked to sort six test cards him- or herself. As in 
the pre-switch phase, the two different test cards were presented in pseudo-
random order, the relevant sorting rules were repeated before every trial, 
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the experimenter labeled the test card with the relevant dimension only, and 
children were not given feedback on their sorting. 

Statistical approach
Differences in the proportion of switchers between the conditions were 
analyzed by chi-square tests, as in most previous studies. In order to get a 
more detailed picture of DCCS performance we fitted latent Markov models 
(Rabiner, 1989; Van de Pol & Langeheine, 1990; Visser, 2011) to the trial-by-
trial accuracy data of the post-switch phase of the DCCS task using the package 
Depmix (Visser, 2007) for the R statistical programming environment (R 
Development Core team, 2009). This approach allowed for the identification of 
the number of latent states underlying the sequences of responses in the post-
switch phase of the task. Moreover, with these models we could also quantify 
possible transitions between latent states within individuals over the course of 
the six post-switch trials. The latent Markov models were defined by a number 
of parameters that allowed us to identify the nature of the latent states: 
response probabilities, initial probabilities, and transition probabilities. The 
response probability is the probability of a correct response, conditional on 
being in a certain latent state. The initial probability is the probability of being 
in a certain latent state at the first post-switch trial. The transition probability 
is the probability of moving to another latent state, conditional on being in a 
certain latent state. Differences in the initial probabilities of the latent states 
between the conditions denote a difference in the proportion of switchers and 
perseverators between the conditions. Differences in the response probabilities 
of the latent states, and differences in the transition probabilities between the 
conditions denote a difference in the consistency of switching behavior or 
perseverating behavior of individuals between the conditions. 
 Possible differences between the six conditions were investigated 
by the application of multi-group latent Markov models. We tested whether 
model parameters could be set equal between conditions. Models were fit to 
the data by calculating maximum likelihood estimates of the parameters. We 
used log-likelihood difference tests (e.g. Wickens, 1982) to compare the base 
model without constrains (equivalent to six separate models) to the multi-
group models with equality constraints. If the difference in goodness-of-fit 
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is significant, the null hypothesis of equal model fit is rejected, and the less 
parsimonious (unconstrained) base model is preferred, indicating differences 
between conditions. Otherwise the more parsimonious (constrained) model is 
preferred. If model parameters are not equal between conditions, there is a 
significant difference between conditions and we test with separate post-hoc 
tests for differences between the control condition and other conditions. We 
use a Bonferroni correction for the significance level to correct for multiple 
tests.

4.3 

Results

Standard analyses
In the post-switch phase of the task most of the children either responded 
correctly on zero or one (40%), or five or six (41%) of the six post-switch trials. 
Given the bimodal nature of the data non-parametric analyses (chi-square 
tests) were used to analyze the data. Children who sorted at least five of the 
six post-switch trials correctly were considered to have passed the post-switch 
phase. No significant effects were found for gender or order of the two sorting 
dimensions color and shape within each of the six conditions when comparing 
the proportion of switchers. Therefore, all results are collapsed across those 
variables within each condition. The percentage of children passing the post-
switch phase in the six conditions is shown in Figure 4.2. There was a significant 
difference in performance between the six conditions, χ2(df = 5, N = 143) = 
10.85, p = .05. Planned comparisons revealed no significant difference between 
the control condition and any of the other conditions. The overall difference 
between the conditions was caused by a significant difference between the 
post-switch relevant change condition and the card shape change condition, 
χ2(df = 1, n = 47) = 7.98, p < .01, and a marginal significant difference between 
the post-switch relevant change condition and the card position change 
condition, χ2(df = 1, n = 46) = 5.74, p < .05. More children passed in the post-
switch relevant change condition compared to the other two conditions.
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Figure 4.2 The percentage of children passing the post-switch phase of 
the task in the six conditions.

Model-based analyses
In order to test for differences between the six conditions in the proportion 
of switchers and perseverators, and in the consistency of switching and 
perseverating we fitted latent Markov models to the trial-by-trial accuracy 
data of the post-switch phase in the six conditions. Earlier results (Van Bers, 
Visser, van Schijndel, Mandell, & Raijmakers, 2011, Chapter 2; Van Bers et al., 
in press, Chapter 3) showed that a model with two latent states with reciprocal 
transitions between the two states describes the trial-by-trial data of the post-
switch phase of the standard version of the DCCS task best. Therefore, the 
base multi-group latent Markov model has two latent states with reciprocal 
transitions between the two states for each condition. The different parameters 
that define the base multi-group latent Markov model are freely estimated for 
the six conditions separately. Consistent with a perseveration state and a switch 
state, the response probability of one latent state is much higher (> .75) than 
the response probability of the other latent state (< .25) in all six conditions.
 

! &
Figure*4.2& The+percentage+of+children+passing+the+post0switch+phase+of+the+task+in+the+six+conditions&!
Model0based+analyses+
In&order&to&test&for&differences&between&the&six&conditions&in&the&proportion&of&switchers&and&
perseverators,&and&in&the&consistency&of&switching&and&perseverating&we&Ditted&latent&Markov&models&to&
the&trialNbyNtrial&accuracy&data&of&the&postNswitch&phase&in&the&six&conditions.&Earlier&results&(Van&Bers,&
Visser,&van&Schijndel,&Mandell,&&&Raijmakers,&2011,&Chapter&2;&Van&Bers&et&al.,&2013a,&Chapter&3)&
showed&that&a&model&with&two&latent&states&with&reciprocal&transitions&between&the&two&states&
describes&the&trialNbyNtrial&data&of&the&postNswitch&phase&of&the&standard&version&of&the&DCCS&task&best.&
Therefore,&the&base&multiNgroup&latent&Markov&model&has&two&latent&states&with&reciprocal&transitions&
between&the&two&states&for&each&condition.&The&different&parameters&that&deDine&the&base&multiNgroup&
latent&Markov&model&are&freely&estimated&for&the&six&conditions&separately.&Consistent&with&a&
perseveration&state&and&a&switch&state,&the&response&probability&of&one&latent&state&is&much&higher&(>&.
75)&than&the&response&probability&of&the&other&latent&state&(<&.25)&in&all&six&conditions.&
& In&order&to&reveal&if&there&were&differences&between&the&six&conditions&on&the&different&
parameters&of&the&multiNgroup&model&we&Dirst&tested&which&of&the&parameters&of&the&base&model&could&
be&set&equal&across&the&six&conditions&without&signiDicantly&aggravating&the&Dit&of&the&model.&An&equality&
constraint&could&be&imposed&on&the&response&probability&of&the&switch&state&and&on&both&transition&
probabilities,&indicating&that&these&parameters&do&not&differ&between&the&conditions.&The&response&
probability&of&the&switch&state&is&.956,&the&probability&of&a&transition&from&the&switch&state&to&the&
perseveration&state&is&.010,&and&the&probability&of&a&transition&from&the&perseveration&state&to&the&
switch&state&is&.061&in&all&six&conditions.&However,&a&signiDicant&difference&was&found&between&the&Dit&of&
the&base&model&and&the&model&with&an&equality&constraint&on&the&response&probability&of&the&
perseveration&state,&χ2(df&=&5,&N&=&143)&=&22.67,&p+<+.01,&and&the&model&with&an&equality&constraint&on&
the&initial&probability&of&the&switch&state,&χ2(df&=&5,&N&=&143)&=&12.45,&p+<+.05.&&This&indicates&that&these&
parameters&differ&between&conditions.&&
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 In order to reveal if there were differences between the six conditions 
on the different parameters of the multi-group model we first tested which of 
the parameters of the base model could be set equal across the six conditions 
without significantly aggravating the fit of the model. An equality constraint 
could be imposed on the response probability of the switch state and on 
both transition probabilities, indicating that these parameters do not differ 
between the conditions. The response probability of the switch state is .956, 
the probability of a transition from the switch state to the perseveration state 
is .010, and the probability of a transition from the perseveration state to 
the switch state is .061 in all six conditions. However, a significant difference 
was found between the fit of the base model and the model with an equality 
constraint on the response probability of the perseveration state, χ2(df = 5, 
N = 143) = 22.67, p < .01, and the model with an equality constraint on the 
initial probability of the switch state, χ2(df = 5, N = 143) = 12.45, p < .05.  This 
indicates that these parameters differ between conditions. 
 The second step was to test in which condition the response 
probability of the perseveration state differed from the response probability 
of the perseveration state in the control condition. A significant difference (alfa 
= .01, correcting for multiple comparisons) was found between the response 
probability of the perseveration state in the control condition and the total 
change condition, χ2(df = 1, N = 143) = 16.63, p < .01, the card shape change 
condition, χ2(df = 1, N = 143) = 8.55, p < .01, and the card position change 
condition, χ2(df = 1, N = 143) = 7.05, p < .01. However, the response probability 
of the perseveration state in the card shape change condition and the card 
position change condition did not differ significantly from each other. The 
response probability of the perseveration state in the total change condition 
is the highest of all six conditions (Resppers = .212). The response probability 
of the perseveration state in the card shape change condition (Resppers = .107) 
and the card position change condition (p = .093) is higher than in the control 
condition (Resppers = .000).
 The third step was to test in which condition the initial probability 
of the switch state differed from the initial probability of the switch state in 
the control condition. A marginal significant difference was found between 
the initial probability of the switch state in the control condition and the card 
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shape change condition, χ2(df = 1, N = 143) = 4.652, p < .05. However, the 
initial probability of the switch state in the card shape change condition and 
the card position change condition did not differ significantly from each other. 
The initial probability of the switch state in the card shape change condition 
(Initswitch = .181) is lower than the initial probability of the switch state in 
the control condition (Initswitch = .491). In accordance with the results of the 
standard analyses, the initial probability of the switch state in the post-switch 
relevant change condition differed significantly from the initial probability of 
the switch state in the card shape change condition, χ2(df = 1, N = 143) = 7.65, 
p < .01, and differed marginally significant from the initial probability of the 
switch state in the card position change condition, χ2(df = 1, N = 143) = 5.17, p < 
.05. Table 4.1 shows the parameter values of the constrained multi-group latent 
Markov model for the six conditions.

Table 4.1 Parameter values of the constrained multi-group latent 
Markov model for the six conditions.
 

Note. * denotes a significant difference with the control condition at the .01 level 
and ° denotes a marginal significant difference with the control condition at 
the .05 level. The response probability in the switch state is .956, the probability 
of a transition from the switch state to the perseveration state is .010, and the 
probability of a transition from the perseveration state to the switch state is .061 
in all six conditions.

& The&second&step&was&to&test&in&which&condition&the&response&probability&of&the&perseveration&
state&differed&from&the&response&probability&of&the&perseveration&state&in&the&control&condition.&A&
signiDicant&difference&(alfa&=&.01,&correcting&for&multiple&comparisons)&was&found&between&the&response&
probability&of&the&perseveration&state&in&the&control&condition&and&the&total&change&condition,&χ2(df&=&1,&
N&=&143)&=&16.63,&p+<+.01,&the&card&shape&change&condition,&χ2(df&=&1,&N&=&143)&=&8.548,&p+<+.01,+and&the&
card&position&change&condition,&χ2(df&=&1,&N&=&143)&=&7.046,&p+<+.01.&However,&the&response&probability&
of&the&perseveration&state&in&the&card&shape&change&condition&and&the&card&position&change&condition&
did&not&differ&signiDicantly&from&each&other.&The&response&probability&of&the&perseveration&state&in&the&
total&change&condition&is&the&highest&of&all&six&conditions&(Resppers&=&.212).&The&response&probability&of&
the&perseveration&state&in&the&card&shape&change&condition&(Resppers&=&.107)&and&the&card&position&
change&condition&(p&=&.093)&is&higher&than&in&the&control&condition&(Resppers&=&.000).&
& The&third&step&was&to&test&in&which&condition&the&initial&probability&of&the&switch&state&differed&
from&the&initial&probability&of&the&switch&state&in&the&control&condition.&A&marginal&signiDicant&
difference&was&found&between&the&initial&probability&of&the&switch&state&in&the&control&condition&and&the&
card&shape&change&condition,&χ2(df&=&1,&N&=&143)&=&4.652,&p+<+.05.&However,&the&initial&probability&of&the&
switch&state&in&the&card&shape&change&condition&and&the&card&position&change&condition&did&not&differ&
signiDicantly&from&each&other.&The&initial&probability&of&the&switch&state&in&the&card&shape&change&
condition&(Initswitch&=&.181)&is&lower&than&the&initial&probability&of&the&switch&state&in&the&control&
condition&(Initswitch&=&.491).&In&accordance&with&the&results&of&the&standard&analyses,&the&initial&
probability&of&the&switch&state&in&the&postNswitch&relevant&change&condition&differed&signiDicantly&from&
the&initial&probability&of&the&switch&state&in&the&card&shape&change&condition,&χ2(df&=&1,&N&=&143)&=&7.65,&
p&<&.01,&and&differed&marginally&signiDicant&from&the&initial&probability&of&the&switch&state&in&the&card&
position&change&condition,&χ2(df&=&1,&N&=&143)&=&5.17,&p&<&.05.&Table&4.1&shows&the&parameter&values&of&
the&constrained&multiNgroup&latent&Markov&model&for&the&six&conditions.&!
Table*4.1& Parameter+values+of+the+constrained+multi0group+latent+Markov+model+for+the+six+
conditions+

Note:&*&denotes&a&signiDicant&difference&with&the&control&condition&at&the&.01&level&and&°&denotes&a&marginal&signiDicant&difference&with&the&
control&condition&at&the&.05&level.&The&response&probability&in&the&switch&state&is&.956,&the&probability&of&a&transition&from&the&switch&state&to&
the&perseveration&state&is&.010,&and&the&probability&of&a&transition&from&the&perseveration&state&to&the&switch&state&is&.061&in&all&six&conditions.&!
4.4* Discussion*

In&this&study&we&investigated&the&distinctive&effects&of&exogenous&factors&on&preschoolers’&DCCS&task&
performance.*Exogenous&factors&are&stimulusNdriven,&bottomNup,&and&not&under&the&voluntary&control&
of&the&child.&The&exogenous&factors&investigated&in&this&study&could&be&divided&in&exogenous&factors&that&
are&related&to&the&sorting&rules&(changes&in&the&values&of&one&or&both&sorting&dimensions)&and&
exogenous&factors&that&are&not&related&to&the&sorting&rules&(position&of&the&cards&on&the&screen&or&
outline&shape&of&the&cards).&&

Condition Response&probability&
perseveration&state&(Resp

Initial&probability&&
switch&state&(Init

Control .000 .491

PreNswitch&relevant&change&condition .000 .400

PostNswitch&relevant&change&condition .048 .627

Total&change&condition .212* .491

Card&shape&change&condition .107* .181°

Card&position&change&condition .093* .256

X &66&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
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4.4 

Discussion

In this study we investigated the distinctive effects of exogenous factors on 
preschoolers’ DCCS task performance. Exogenous factors are stimulus-driven, 
bottom-up, and not under the voluntary control of the child. The exogenous 
factors investigated in this study could be divided in exogenous factors that 
are related to the sorting rules (changes in the values of one or both sorting 
dimensions) and exogenous factors that are not related to the sorting rules 
(position of the cards on the screen or outline shape of the cards). 
 By fitting latent Markov models to the trial-by-trial accuracy data 
of the post-switch phase in the six conditions we could test for differences 
in the consistency of switching or perseverating between the conditions, 
in addition to differences in the proportion of switchers and perseverators 
between the conditions. A marginal difference in the proportion of switchers 
and perseverators was found between the control condition and the card shape 
change condition. Fewer children switched sorting rules in the card shape 
change condition compared to the control condition. Standard analyses did not 
show a difference in the proportion of switchers and perseverators between 
the control condition and any of the other conditions. However, with both types 
of analysis we did find a significant difference in the proportion of switchers 
and perseverators between the post-switch relevant change condition on the 
one hand, and the card shape change condition and the card position change 
condition on the other hand. More children switched sorting rules in the 
post-switch relevant change condition compared to the two conditions with a 
change that was not related to the sorting rules. 
 Based on the idea of Yerys and Munakata (2006) that changes in 
the values of a dimension direct the attention towards that dimension, we 
expected to find a difference in the proportion of switchers and perseverators 
between the control condition and the conditions with changes in one or both 
dimensions. Although we did not find a significant difference in the proportion 
of switchers and perseverators between the conditions, the percentage of 
children passing the post-switch phase and the initial probabilities of the switch 
state in the control condition (48%; Initswitch = .491), the pre-switch relevant 
change condition (36%; Initswitch = .400), and the post-switch relevant change 
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condition (63%; Initswitch = .627) point in the right direction. The results in the 
total change condition of the experiments of Zelazo et al. (2003) concerning the 
role of stimulus novelty in the DCCS task could not be replicated. We did not 
find a difference in the proportion of switchers and perseverators between the 
total change condition and the control condition.
 A difference in the consistency of perseverating was found between 
the control condition on the one hand, and the total change condition, the card 
shape change condition and the card position change condition on the other 
hand. Children in the total change condition, the card shape change condition, 
and the card position change condition perseverated less consistently than 
children in the control condition. Perseverators in these three conditions 
seem to be distracted from the pre-switch relevant sorting dimension, without 
sorting consistently according to the post-switch relevant sorting dimension. 
This is exactly what we expected for the two conditions with changes that were 
not related to the sorting rules. In contrast, for the total change condition we 
expected more children to switch because changes in the post-switch relevant 
dimension in this condition would draw attention towards the correct sorting 
dimension in the post-switch phase, which would make switching easier. 
 The results in the total change condition of the current study match 
the results in the total change condition of the study of van Bers et al. (in press, 
Chapter 3) concerning the role of stimulus novelty in a generalization task. 
Performance of perseverators in the total change condition of that study (values 
of both dimensions changed) was less consistent compared to performance of 
perseverators in the irrelevant change condition (only values of the irrelevant 
dimension changed). The probability of sorting an item according to the relevant 
dimension for perseverators in the total change condition of that study was .31 
compared to .06 in the irrelevant change condition. A possible explanation for 
the unexpected results in the total change conditions of both studies is that 
not only changes in the post-switch relevant dimension take place in these 
conditions (which would direct attention towards the post-switch relevant 
dimension). Changes in the pre-switch relevant dimension take place as well 
(which would direct attention towards the pre-switch relevant dimension). A 
Change in both dimensions directs the attention of children in two directions at 
the same time, which could be confusing and result in less consistent behavior. 
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An alternative explanation, that should be explored in future research, is that 
all exogenous factors (both related to the sorting rules and unrelated to the 
sorting rules) distract children from the pre-switch relevant dimension, but not 
necessarily direct their attention towards the post-switch relevant dimension. 
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Abstract
Cognitive flexibility is an ability that develops importantly in early childhood. 
Different factors influence children’s ability to switch between card sorting 
rules. The current study tests how novel features of existing stimulus 
dimensions, influences the performance of 4- and 5-year-old children 
(N = 299) on the Dimensional Change Card Sorting (DCCS, Zelazo, 2006) task. 
To this end, we designed a DCCS task with three stimulus dimensions, color, 
shape and size that vary between target and test cards. The introduction of a 
third stimulus dimension made it possible to observe whether children direct 
attention to a dimension with novel stimulus features. Remarkably, results 
showed that it is relatively easy to switch sorting rule when sorting to size in 
the pre-switch phase. The current study shows clear evidence, based on both 
accuracy and speed of DCCS performance, for a non-directional hypothesis 
about the effect of stimulus novelty on switching performance: the introduction 
of stimulus novelty together with a rule switch only weakens the strength of 
the pre-switch rule. The results oppose the idea that stimulus novelty in the 
DCCS task functions as an exogenous stimulus factor that directs attention 
towards a particular dimension (analogous to Fisher, Thiessen, Godwin, Kloos, 
& Dickerson, 2013). Current results are consistent with the competing memory 
systems account (Munakata, 1998), which assumes that latent memory of the 
pre-switch rule is dependent on all stimulus features that were correlated to 
the sorting location.

5.1  

Introduction

Cognitive flexibility is the ability to flexibly adapt behavior in relevant ways 
to the environment. Cognitive flexibility is regarded as one of the executive 
functions but also involves other executive functions: working memory to 
remember what is needed in the new situation and inhibition to suppress 
the tendency to direct attention and to act according to the old situation or 
any external lure (Diamond, 2013). A common way to investigate cognitive 
flexibility is by using task-switching or set-shifting tasks, such as the Wisconsin 
Card Sorting Task (Milner, 1964; Huizinga, Dolan & van der Molen, 2006). A 
remarkable improvement in cognitive flexibility occurs between three and five 
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years of age (Carlson, 2005; Diamond, 2013). Children of this age improve on 
a wide range of tasks, such as Luria’s tapping task (Diamond & Taylor, 1996), 
appearance reality tasks (Flavell, Flavell, & Green, 1986), and the Dimensional 
Change Card Sorting (DCCS) task (Zelazo, 2006; Zelazo, Frye & Rapus, 1996).
The DCCS task is the simplest paradigm to measure cognitive flexibility in 
preschoolers, mostly used between 3- and 5 years of age. The DCCS is a rule-
switching task in which the experimenter explains the sorting rules to the 
preschooler. Target cards that differ on two dimensions, usually shape and color 
(e.g., a red boat and a blue rabbit), mark two sorting locations. Children are 
asked to sort test cards with novel pictures composed of the same dimensional 
features (e.g., a blue boat and a red rabbit). After a few trials sorting according to 
one rule, the pre-switch rule (e.g., matching color), the experimenter introduces 
a new rule, the post-switch rule (e.g., matching shape). Most 3- and 4-year-olds 
are able to sort according to the pre-switch rule, but a large proportion of 3- 
and 4-year-olds cannot make the rule switch and hence perseverate in sorting 
according to the pre-switch rule. 
 Many different perspectives have been introduced to explain 
cognitive inflexibility in children (Cognitive Complexity & Control (CCC) theory, 
Zelazo & Frye, 1997; Learning and Response-Conflict Resolution, Ramscar, 
Dye, Gustafson, & Klein, 2013; Attentional inertia account, Kirkham, Cruess & 
Diamond, 2003; Activation-deficit or negative priming hypothesis, Chevalier 
& Blaye, 2008; Müller, Dick, Gela, Overton, & Zelazo, 2006; Re-description 
theory, Perner and Lang, 2002; Competing memory systems account, Morton 
& Munakata, 2002; Munakata, 1998). Several of these theoretical perspectives 
assume that a necessary switch in attention from one to another stimulus 
dimension is the limiting factor of children’s cognitive flexibility. According 
to the attentional inertia theory (Diamond, Carlson & Beck, 2005; Diamond 
& Kirkham, 2005; Kirkham, Cruess & Diamond, 2003), children have the 
tendency to continue to focus attention on what had previously been relevant 
and they need inhibitory control to direct attention to a different stimulus 
dimension. According to the activation-deficit or negative priming account 
important factors for perseverative behavior are representation maintenance 
and activation of previously inhibited information (Chevalier & Blaye, 2008; 
Müller, Dick, Gela, Overton, & Zelazo, 2006). 
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Fischer, Thiessen, Godwin, Kloos, & Dickerson (2013) describe how, in a 
paradigm comparable to the DCCS, selective sustained attention in young 
preschoolers depends on both endogenous and exogenous factors. Exogenous 
factors are characteristics of the stimuli, mainly their salience to the child. 
Endogenous factors are those factors that are under cognitive control of the 
individual. With development, the relative impact of endogenous factors 
on children’s behavior increases (Fisher et al., 2013; Snyder & Munakata, 
2010; Smith & Yu, 2012). If exogenous factors limit performance in sustained 
attention tasks, in rule-switching tasks, such as the DCCS task, these exogenous 
factors may help to switch attention (Snyder & Munakata, 2010). The reverse 
may be true as well. Exogenous factors could also hamper rule switching by 
increasing attention to the pre-switch rule. The assumption of this approach is 
that exogenous factors could draw attention to specific aspects of the stimuli. 
For example, the introduction of stimulus novelty could direct attention to the 
dimension with novel features in a similar way as novel objects attract attention 
(Fischer et al., 2013). The aim of the current study is to test this specific 
hypothesis: that an exogenous factor, stimulus novelty, directs attention to 
the novel stimulus features and thus affects preschoolers’ performance on the 
DCCS task. 
 Several studies report on the effects of experimental manipulations 
in the DCCS task that introduce novel stimulus features together with the rule 
switch (Zelazo, Müller, Frye & Marcovitch, 2003; Yerys & Munakata, 2006). 
In case only features of one dimension changed (the pre-switch relevant 
dimension, also called the negative priming version, or the post-switch relevant 
dimension, also called the partial change version) the effects on switching 
behavior are not conclusive. In particular, Zelazo et al. (2003) report a trend 
towards more children switching in case the post-switch relevant dimension 
changed and a trend towards more children perseverating in case features 
of the pre-switch relevant dimension changed. In contrast, in their negative 
priming condition, Yerys and Munakata (2006) report more children switching, 
albeit with a slightly different version of the DCCS. The most convincing effect 
is that novel features for both stimulus dimensions (color and shape; total 
change version) result in a positive effect on switching behavior (two out of 
three experiments in Zelazo et al., 20031).

VanBers_proefschrift19.indd   111 10-02-14   16:13



112

 Van Bers, Visser, and Raijmakers (2014, Chapter 4) studied the 
effect of exogenous factors that are not related to the sorting rules, i.e. card 
shapes (outlines) and card position on the screen, on 3-year olds’ switching 
behavior, in comparison with changes in stimulus features that are related 
to the sorting rules. In this study it was found that changes of card shape 
and changes of card position improve DCCS performance. In addition, they 
replicated earlier findings that a total change of related stimulus features 
results in improved performance. In contrast to conclusions of earlier studies, 
however, the found effect was not an increase of the number of participants 
who switch but a decrease of the number of errors perseverators make. That is, 
the average success rate of perseverators was not around zero, which it was in 
the control condition, but was around .2. Changes of card shape also resulted 
in perseverators showing more correct trials (success rate is around .1). An 
explanation of this dissimilar finding is that earlier studies could not reliably 
distinguish between these two interpretations of improved performance on a 
group level. 
 Stimulus novelty has effect on children’s DCCS performance, but 
how is not clear. Yerys and Munakata (2006) suggest that such exogenous 
factors disturb the sustained attention to the pre-switch relevant features, and 
thus result in improved DCCS performance. However, according to Yerys and 
Munakata there are at least two possible ways in which stimulus novelty could 
cause a disturbance in sustained attention. On the one hand, the introduction of 
stimulus novelty could attract attention to the dimension with novel features in 
a similar way as novel objects attract attention (Fischer et al., 2013). According 
to this hypothesis, it is important for which stimulus dimension novel features 
are introduced. We call this the directional hypothesis. On the other hand, the 
introduction of stimulus novelty could also have a non-directional effect on the 
sustained attention to the pre-switch rule. According to this hypothesis, novelty 
only acts as a distractor for the attention to the pre-switch relevant dimension. 
Only the salience and total amount of novelty is hence important. The discussed 
effect of a total change of related stimulus features that is consistently found 
(Zelazo et al., 2003; Van Bers et al 2013b, Chapter 4) supports this hypothesis. 
The current study aims at disentangling these possible effects of stimulus 
novelty on children’s DCCS performance. 
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 With a standard DCCS task that has two stimulus dimensions that 
vary between cards, the different hypotheses cannot be distinguished very 
well. For example, if stimulus novelty is introduced in the post-switch relevant 
dimension and improves performance, do children use the post-switch rule due 
to attraction of attention to the post-switch relevant dimension or do they use 
the post-switch sorting rule because novelty diverts attention away from the 
pre-switch relevant dimension, and the post-switch relevant dimension is the 
only alternative there is? To distinguish these hypotheses about the influence of 
stimulus novelty on switching performance, for the present study we designed 
a DCCS task with three stimulus dimensions that vary between target and test 
cards resulting in three possible sorting rules: a pre-switch sorting rule, a post-
switch sorting rule, and a third dimension sorting rule that is never relevant 
for the task (cf. Déak, 2003). We designed four experimental conditions by 
introducing new stimulus features in one or two stimulus dimensions. See the 
methods section for the complete design of the study. Introduction of novelty 
in the third stimulus dimension provides a strong test for the directional 
hypothesis: it is predicted that children make more sorts based on the third 
dimension, while the non-directional hypothesis predicts that children make 
fewer sorts based on the pre-switch relevant dimension (in comparison with the 
standard condition). Table 5.1 shows hypothesized attention change according 
to the two hypotheses for all conditions. The predictions could be translated 
in predictions about DCCS performance. An increased attention to the pre-
switch relevant dimension (+ pre) would result in fewer children switching. 
An increased attention to the post-switch relevant dimension (+ post) would 
result in more children switching or perseverators making more occasional 
correct sorts. An increased attention to the 3rd dimension (+ 3rd) would result 
in more children sorting according to the 3rd dimension or more occasional 
sorts to the 3rd dimension. Less attention to the pre-switch relevant dimension 
(- pre) would result in more children switching or more occasional correct 
sorts by the perseverators. The predictions in Table 5.1 could also be translated 
into predictions for the reaction times of responses from switchers (Diamond 
& Kirkham, 2005). It is predicted that less attention for the pre-switch relevant 
dimension (- pre) and more attention to the post-switch relevant dimension (+ 
post) would result in a faster post-switch response. More attention to the pre-
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switch relevant dimension (+ pre) and the third dimension (+ 3rd) would result 
in a slower post-switch response. 

Table 5.1 Predicted attention change for the four task conditions.
 

Note. Pre denotes change of features of the pre-switch relevant dimension, post 
denotes post-switch relevant dimension, 3rd means the stimulus dimension 
that is never relevant, pre+post means both the pre-switch and the post-switch 
relevant dimensions.  Hence, ‘+ pre’ means that in the post-switch phase there is 
more attention for the pre-switch relevant stimulus dimension (compared to the 
standard condition).

 In the experiment presented below, a 3-dimensional version of the 
DCCS task was used with shape, color, and size as stimulus dimensions that 
vary between test cards and target cards. Shape and color are the prevailing 
dimensions for DCCS tasks; size was used before in only a few experiments (e.g. 
Déak, 2003). In addition to the standard condition, keeping all stimulus features 
equal in the post-switch phase, we constructed four experimental conditions in 
which for one or two stimulus dimensions novel features were presented in 
the post-switch phase of the task. Features of size as stimulus dimension never 
changed because size differences could not be made large enough to create 
six different values. For this reason we did not construct a condition with all 
stimulus features changing. The expectation is that the introduction of novel 
stimulus features influences children’s sorting behavior according to one of the 
hypotheses depicted in Table 5.1. 

relevant&dimension.&Only&the&salience&and&total&amount&of&novelty&is&hence&important.&The&discussed&
effect&of&a&total&change&of&related&stimulus&features&that&is&consistently&found&(Zelazo&et&al.,&2003;&Van&
Bers&et&al&2013b,&Chapter&4)&supports&this&hypothesis.&The&current&study&aims&at&disentangling&these&
possible&effects&of&stimulus&novelty&on&children’s&DCCS&performance.&&

With&a&standard&DCCS&task&that&has&two&stimulus&dimensions&that&vary&between&cards,&the&
different&hypotheses&cannot&be&distinguished&very&well.&For&example,&if&stimulus&novelty&is&introduced&
in&the&postNswitch&relevant&dimension&and&improves&performance,&do&children&use&the&postNswitch&rule&
due&to&attraction&of&attention&to&the&postNswitch&relevant&dimension&or&do&they&use&the&postNswitch&
sorting&rule&because&novelty&diverts&attention&away&from&the&preNswitch&relevant&dimension,&and&the&
postNswitch&relevant&dimension&is&the&only&alternative&there&is?&To&distinguish&these&hypotheses&about&
the&inDluence&of&stimulus&novelty&on&switching&performance,&for&the&present&study&we&designed&a&DCCS&
task&with&three&stimulus&dimensions&that&vary&between&target&and&test&cards&resulting&in&three&possible&
sorting&rules:&a&preNswitch&sorting&rule,&a&postNswitch&sorting&rule,&and&a&third&dimension&sorting&rule&
that&is&never&relevant&for&the&task&(cf.&Déak,&2003).&We&designed&four&experimental&conditions&by&
introducing&new&stimulus&features&in&one&or&two&stimulus&dimensions.&See&the&methods&section&for&the&
complete&design&of&the&study.&Introduction&of&novelty&in&the&third&stimulus&dimension&provides&a&strong&
test&for&the&directional&hypothesis:&it&is&predicted&that&children&make&more&sorts&based&on&the&third&
dimension,&while&the&nonNdirectional&hypothesis&predicts&that&children&make&fewer&sorts&based&on&the&
preNswitch&relevant&dimension&(in&comparison&with&the&standard&condition).&Table&5.1&shows&
hypothesized&attention&change&according&to&the&two&hypotheses&for&all&conditions.&The&predictions&
could&be&translated&in&predictions&about&DCCS&performance.&An&increased&attention&to&the&preNswitch&
relevant&dimension&(+&pre)&would&result&in&fewer&children&switching.&An&increased&attention&to&the&
postNswitch&relevant&dimension&(+&post)&would&result&in&more&children&switching&or&perseverators&
making&more&occasional&correct&sorts.&An&increased&attention&to&the&3rd&dimension&(+&3rd)&would&result&
in&more&children&sorting&according&to&the&3rd&dimension&or&more&occasional&sorts&to&the&3rd&dimension.&
Less&attention&to&the&preNswitch&relevant&dimension&(N&pre)&would&result&in&more&children&switching&or&
more&occasional&correct&sorts&by&the&perseverators.&The&predictions&in&Table&5.1&could&also&be&
translated&into&predictions&for&the&reaction&times&of&responses&from&switchers&(Diamond&&&Kirkham,&
2005).&It&is&predicted&that&less&attention&for&the&preNswitch&relevant&dimension&(N&pre)&and&more&
attention&to&the&postNswitch&relevant&dimension&(+&post)&would&result&in&a&faster&postNswitch&response.&
More&attention&to&the&preNswitch&relevant&dimension&(+&pre)&and&the&third&dimension&(+&3rd)&would&
result&in&a&slower&postNswitch&response.&&!
Table*5.1& Predicted+attention+change+for+the+four+task+conditions+

Note:&pre&denotes&change&of&features&of&the&preNswitch&relevant&dimension,&post&denotes&postNswitch&relevant&dimension,&3rd&means&the&
stimulus&dimension&that&is&never&relevant,&pre+post&means&both&the&preNswitch&and&the&postNswitch&relevant&dimensions.&&Hence,&‘+&pre’&
means&that&in&the&postNswitch&phase&there&is&more&attention&for&the&preNswitch&relevant&stimulus&dimension&(compared&to&the&standard&
condition).&!

In&the&experiment&presented&below,&a&3Ndimensional&version&of&the&DCCS&task&was&used&with&
shape,&color,&and&size&as&stimulus&dimensions&that&vary&between&test&cards&and&target&cards.&Shape&and&
color&are&the&prevailing&dimensions&for&DCCS&tasks;&size&was&used&before&in&only&a&few&experiments&
(e.g.&Déak,&2003).&In&addition&to&the&standard&condition,&keeping&all&stimulus&features&equal&in&the&postN

Condition Directional&hypothesis NonNdirectional&hypothesis

PreNswitch&relevant&change +&pre Npre

PostNswitch&relevant&change +&post Npre

3rd&dimension&change +&3rd Npre

PreNswitch&+&PostNswitch&relevant&change +&pre&+&post NNpre

` &74&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
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5.2 

Method

Participants
A total of 299 children participated in this study: 135 4-year-olds (M = 53.3 
months, SD = 3.2, range = 48 - 59, 81 boys and 54 girls), and 164 5-year-olds 
(M = 65.7 months, SD = 3.4, range = 60 - 71, 66 boys and 98 girls). We tested 
another 30 children but their data could not be used because they did not pass 
the pre-switch phase (n = 22), refused to complete testing (n = 1), or due to 
experimenter error (n = 7),. Children were recruited from primary schools 
in the Netherlands. Informed consent was obtained from the parents of all 
children who participated.

Design
Within each age group, children were randomly assigned to one of five 
conditions: the standard condition (n = 78, 36 four-year-olds and 42 five-year-
olds, M = 59.9 months, SD = 7.5, range = 48 - 71, 40 boys and 38 girls), the 
pre-switch relevant change condition (n = 54, 26 four-year-olds and 28 five-
year-olds, M = 59.9 months, SD = 7.2, range = 48 - 71, 25 boys and 29 girls), the 
post-switch relevant change condition (n = 62, 24 four-year-olds, 38 five-year-
olds, M = 60.4 months, SD = 7.1, range = 48 - 71, 30 boys and 32 girls), the 3rd 
dimension change condition (n = 53, 27 four-year-olds and 26 five-year-olds, 
M = 59.8 months, SD = 6.1, range = 48 - 70, 28 boys and 25 girls), and the pre-
switch + post-switch relevant change condition (n = 52, 22 four-year-olds, 30 
five-year-olds, M = 60.3 months, SD = 6.9, range = 49 - 71, 24 boys and 28 girls).
The conditions differed in which dimension of the stimuli changed between 
the pre-switch and the post-switch phase of the task. In the standard condition 
test cards and target cards in the pre-switch phase were equivalent to the test 
and target cards in the post-switch phase. In the pre-switch relevant change 
condition the values of the stimulus dimension that is relevant during the pre-
switch phase changed, both in the test and the target cards. In the post-switch 
relevant change condition the values of the dimension that is relevant in the 
post-switch phase changed. In the 3rd dimension change condition the values 
of the dimension that is irrelevant in both the pre-switch and post-switch 
phase changed. And finally in the pre-switch + post-switch relevant change 

VanBers_proefschrift19.indd   115 10-02-14   16:13



116

condition the values of both the dimension that is relevant in the pre-switch 
phase and the dimension that is relevant in the post-switch phase changed. The 
combinations of the three different sorting rules and the order of the sorting 
rules were counterbalanced and crossed within each age x gender cell. With 
the exception that size was never the changing dimension, because it was too 
difficult to distinguish six levels of size and to label all these sizes. The three 
used sizes were labeled small, middle, and large.

Materials
The experiment was conducted using a laptop computer with a separate 
touch-screen monitor. The task was programmed using the software package 
Authorware version 7.0. Stimuli were presented against a dark grey background 
(1024 x 768 pixels). Three target cards (270 x 220 pixels) were depicted in the 
bottom of the screen. A test card (270 x 220 pixels) appeared in the top center 
of the screen when the experimenter pressed a key on the laptop computer. 
Children sorted the test cards by touching the appropriate target card. The test 
card then moved to the chosen target card and disappeared. See Figure 5.1 for 
an example of the computer screen.
 
  

Figure 5.1 Example of the computer screen during a trial: the left panel 
depicts the screen before the test card is presented and the right panel when the 
test card is presented.

 
 

! & ! &
Figure*5.1+ Example+of+the+computer+screen+during+a+trial:+the+left+panel+depicts+the+screen+before+the+
test+card+is+presented+and+the+right+panel+when+the+test+card+is+presented.&!
 For&the&preNswitch&phase&targetN&and&test&cards&were&the&same&in&all&conditions.&The&target&
cards&depicted&a&big&yellow&rabbit,&a&small&red&Dish&and&a&medium&size&blue&pig.&The&test&cards&depicted&
a&small&blue&rabbit,&a&medium&size&yellow&Dish&and&a&big&red&pig.&Each&test&card&matched&one&target&card&
on&the&dimension&color,&one&target&card&on&the&dimension&shape&and&one&target&card&on&the&dimension&
size.&Therefore,&the&correct&answer&when&sorting&by&color&was&the&wrong&answer&when&sorting&by&
shape&or&size.&For&the&postNswitch&phase&the&targetN&and&test&cards&depended&on&the&condition&and&
relevant&sorting&rules.&Shapes&could&change&to&frog,&snail&or&cat.&Colors&could&change&to&orange,&green&or&
purple.&As&in&the&preNswitch&phase,&each&test&card&matched&one&target&card&on&the&dimension&color,&one&
target&card&on&the&dimension&shape&and&one&target&card&on&the&dimension&size.&See&Figure&5.2&for&
examples&of&the&stimuli&used&in&the&preNswitch&phase&and&the&postNswitch&phase&of&the&task&in&the&Dive&
conditions.&!
Procedure&
Children&were&tested&individually&in&a&quiet&room&in&their&primary&school.&Once&the&child&was&
comfortable&with&the&experimenter,&the&touch&screen&was&introduced&and&the&experimenter&veriDied&the&
child’s&knowledge&of&the&shapes,&colors&or&sizes&that&were&present&in&the&preNswitch&phase&of&the&task.&

The&experimenter&then&explained&the&sorting&rules&of&the&preNswitch&phase&and&demonstrated&
the&sorting&of&the&three&different&test&cards.&The&child&was&then&asked&to&sort&six&test&cards&himN&or&
herself.&The&three&different&test&cards&were&presented&in&pseudoNrandom&order,&so&that&no&test&card&was&
presented&more&than&twice&in&a&row.&On&every&trial&the&experimenter&repeated&the&relevant&sorting&
rules.&Immediately&after&the&repetition&of&the&rules&a&test&card&was&presented.&The&experimenter&labeled&
the&test&card&with&the&relevant&dimension&only&(e.g.&“This&is&a&red&one.”).&Children&were&not&given&
feedback&on&their&sorting.&A&child&had&to&sort&at&least&Dive&of&the&six&test&cards&correctly&to&pass&the&preN
switch&phase.&

At&the&start&of&the&postNswitch&phase&the&experimenter&veriDied&the&child’s&knowledge&of&the&
shapes,&colors&or&sizes&that&were&relevant&in&the&postNswitch&phase&of&the&task.&The&experimenter&then&
explained&the&sorting&rules&of&the&postNswitch&phase,&but&did&not&demonstrate&the&sorting&of&the&three&
different&test&cards.&The&child&was&then&asked&to&sort&nine&test&cards&himN&or&herself.&As&in&the&preN
switch&phase,&the&three&different&test&cards&were&presented&in&pseudoNrandom&order,&the&experimenter&
repeated&the&relevant&sorting&rules&before&every&trial,&labeled&the&test&card&with&the&relevant&dimension&
only,&and&children&were&not&given&feedback&on&their&sorting. 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For the pre-switch phase target- and test cards were the same in all conditions. 
The target cards depicted a big yellow rabbit, a small red fish and a medium 
size blue pig. The test cards depicted a small blue rabbit, a medium size yellow 
fish and a big red pig. Each test card matched one target card on the dimension 
color, one target card on the dimension shape and one target card on the 
dimension size. Therefore, the correct answer when sorting by color was the 
wrong answer when sorting by shape or size. For the post-switch phase the 
target- and test cards depended on the condition and relevant sorting rules. 
Shapes could change to frog, snail or cat. Colors could change to orange, green 
or purple. As in the pre-switch phase, each test card matched one target card 
on the dimension color, one target card on the dimension shape and one target 
card on the dimension size. See Figure 5.2 for examples of the stimuli used in the 
pre-switch phase and the post-switch phase of the task in the five conditions.
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Figure 2.! Examples of target cards and test cards used during the pre-switch phase 

and post-switch phase of the task in the five conditions.

Procedure

! Children were tested individually in a quiet room in their primary school. Once the 

child was comfortable with the experimenter, the touch screen was introduced and the 

experimenter verified the child’s knowledge of the shapes, colors or sizes that were 

relevant in the pre-switch phase of the task. 

! The experimenter then explained the sorting rules of the pre-switch phase and 

demonstrated the sorting of the three different test cards. The child was then asked to sort 

six test cards him- or herself. The three different test cards were presented in pseudo-

random order, so that no test card was presented more than twice in a row. On every trial 

the experimenter repeated the relevant sorting rules. Immediately after the repetition of the 
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Figure 5.2 Examples of target cards and test cards used during the pre-
switch phase and post-switch phase of the task in the five conditions.

Procedure
Children were tested individually in a quiet room in their primary school. 
Once the child was comfortable with the experimenter, the touch screen was 
introduced and the experimenter verified the child’s knowledge of the shapes, 
colors or sizes that were present in the pre-switch phase of the task.
The experimenter then explained the sorting rules of the pre-switch phase 
and demonstrated the sorting of the three different test cards. The child was 
then asked to sort six test cards him- or herself. The three different test cards 
were presented in pseudo-random order, so that no test card was presented 
more than twice in a row. On every trial the experimenter repeated the relevant 
sorting rules. Immediately after the repetition of the rules a test card was 
presented. The experimenter labeled the test card with the relevant dimension 
only (e.g. “This is a red one.”). Children were not given feedback on their 
sorting. A child had to sort at least five of the six test cards correctly to pass the 
pre-switch phase.
 At the start of the post-switch phase the experimenter verified the 
child’s knowledge of the shapes, colors or sizes that were relevant in the post-
switch phase of the task. The experimenter then explained the sorting rules of 
the post-switch phase, but did not demonstrate the sorting of the three different 
test cards. The child was then asked to sort nine test cards him- or herself. As in 
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the pre-switch phase, the three different test cards were presented in pseudo-
random order, the experimenter repeated the relevant sorting rules before 
every trial, labeled the test card with the relevant dimension only, and children 
were not given feedback on their sorting. 

Statistical approach
Most experimental DCCS studies with preschoolers show that the number of 
correct post-switch trials is bimodally distributed. Therefore, performance is 
usually reported dichotomously: switching (5 or 6 trials correct, out of 6 post-
switch trials) or perseverating (1 to 4 trials correct). For a standard DCCS task 
the threshold of 5 correct trials (i.e., 83%) can be statistically motivated (Van 
Bers, Visser, van Schijndel, Mandell, & Raijmakers, 2011, Chapter 2). This is not 
necessarily true for a non-standard DCCS task (Van der Maas & Straatemeier, 
2008): in case the accuracies of switchers and perseverators change a threshold 
of 5 could be no longer appropriate, resulting in an incorrect conclusion about 
the number of switchers. Determining an appropriate threshold is even less 
straightforward in the case of 9 post-switch trials as used in the current 
study. For example, in 9 trials sequential effects might be expected, such as 
perseverating a few trials before switching to the post-switch rule. 
 Hence, improved performance on a group level by experimental 
manipulations could have completely different interpretations: one 
interpretation is that stimulus novelty facilitates switching, as for example 
Yerys and Munakata (2006) conclude. Alternatively, stimulus novelty may affect 
the accuracy of a sorting strategy. An increase in the occurrence of scores 3 and 
4 in the post-switch trials could be an indicator of such changes in accuracy of 
sorting strategies. To resolve this interpretation problem we used latent Markov 
models (Visser, 2011) for statistical analysis. The methods section of Chapter 4 
of this thesis provides a detailed description of the statistical approach. Here, 
we will only give a short summary. 
 As in Van Bers et al. (2011, Chapter 2) we modeled trial-by-trial 
accuracy data of post-switch trials with latent Markov models. For each 
condition separately we selected the optimal number of latent states (i.e., 
behavioral modes) on basis of the Bayesian Information Criterion (BIC; 
Schwarz, 1978). We expected to find two or three modes representing switching, 
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perseverating, and (in some conditions) sorting according to the third 
dimension. By the application of latent Markov models we estimated for each 
condition multiple parameters: a) the probabilities of responses (i.e., switch, 
perseverate, 3rd dimension) in each behavioral mode; b) the probabilities of 
responding according to the behavioral modes at the first post-switch trial; c) 
the probabilities of a transition between behavioral modes at each post-switch 
trial. 
 Differences between experimental conditions were tested by 
comparing parameters of respective models. To this end, we formulated multi-
group models and we compared model fits of multi group models with and 
without parameter equalities by means of likelihood-ratio tests (Azzalini, 
1996). In the case specific parameters differences were found between 
conditions, we made pair-wise comparisons between each condition and the 
standard (control) condition. The alfa level for these comparisons was divided 
by the number of comparisons made (4) and hence adjusted to .012.

5.3 

Results

Preliminaries
In the post-switch phase of the task, most children either responded correctly 
on at most 2 trials (22%) or at least 7 trials (71%) of the 9 post-switch trials. 
Hence, for the standard analyses we dichotomized the data in children passing 
(> 6 correct post-switch trials) and failing (< 7 correct post-switch trials). A 
chi-square test on the number of children passing and failing did not reveal a 
gender difference, but it did reveal an age difference, χ2(df = 1, N = 299) = 14.19, 
p < .001; fewer 4-year-old children were passing the post-switch phase (60%) 
than 5-year-olds (80%). Each of the five experimental conditions consisted of 
several sub-conditions depending on the pre-switch and post-switch rule that 
was relevant. Comparing the sub-conditions based on the pre-switch relevant 
dimension, we found that the sub-conditions with size being the relevant 
pre-switch dimension were easier than the other sub-conditions, χ2(df = 1, N 
= 193) = 24.92, p < .001; Here, only the conditions are included that include 
a sub-condition with size as the pre-switch relevant dimension. There was 
no systematic difference between sub-conditions based on the post-switch 
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relevant sorting rules. 

Standard analyses
To analyze differences between conditions in a standard way we collapsed over 
gender and we disregarded the sub-conditions with size being the pre-switch 
relevant rule (see Figure 5.3). There is a difference between conditions, χ2(df 
=4, N = 216) = 13.16, p = .01. Planned comparisons (all conditions compared 
with the standard condition) show that only the pre-switch + post-switch 
relevant change condition differs from the standard condition, χ2(df =2, N = 
103) = 11.56, p < .001. 

 

Figure 5.3 Percentage of children (with standard errors) passing the pre-
switch phase of DCCS task. Black (grey) bars denote conditions without (with) 
size being the relevant pre-switch dimension. Numbers below bars is N for each 
condition.

Model-based analyses
To test differences between conditions and sub-conditions in more detail 
we modeled the trial-by-trial three-valued nominal responses of the post-
switch phase by Latent Markov Models (see Methods section). The first step 
of the procedure was to determine the optimal number of states per condition 
(separating also sub-conditions with size as the pre-switch relevant dimension). 
For all conditions, three-state models did not result in stable solutions of the 
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transition&probabilities&were&not&signiDicantly&different&between&conditions,&χ2(df&=&8)&=&8.74,&p&=&.36.&
The&probability&of&a&transition&from&the&switch&state&to&the&perseveration&state&equaled&.01&and&the&
probability&of&a&transition&from&the&perseveration&state&to&the&switch&state&equaled&.05.&The&subsequent&
step&was&to&test&for&differences&in&response&probabilities&between&conditions,&representing&the&error&
rates&of&switching&and&perseverating.&The&response&probabilities&of&the&switch&state&were&not&
signiDicantly&different&between&conditions,&χ2(df&=&8)&=&9.32,&p&=&.32;&these&probabilities&were&.97,&.02,&
and&.01&for&the&correct&response,&the&perseverating&response,&and&the&3rd&response&option&respectively.&
There&were&signiDicant&differences&between&the&conditions&in&the&response&probabilities&of&the&
perseverating&state&indicating&that&for&perseverators&the&response&options&(correct&response,&
perseverating&response,&and&the&3rd&response&option)&differed&between&conditions,&χ2(df&=&8)&=&27.84,&p&
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parameters because the estimations of multiple parameters were on boundaries 
(zero or one). Hence, we prefer to present the two-state models, which were 
always more optimal than the one-state models (using BIC as model selection 
criterion). The two states in all conditions were a switch state (high probability 
of switching) and a perseveration state (high probability of perseverating). The 
next step was to combine the models for separate conditions in a multi-group 
model and test for differences between conditions in parameter estimates. As 
an additional constraint, we set all parameters but the initial parameters equal 
between the sub-conditions within a condition (e.g., the standard condition 
with and without size as the pre-switch relevant dimension). In total, the multi-
group model consisted of eight groups. Comparisons of conditions with the 
standard condition were always made such that size and non-size sub-conditions 
were tested simultaneously. Model comparison by means of a likelihood ratio 
test showed that the transition probabilities were not significantly different 
between conditions, χ2(df = 8) = 8.74, p = .36. The probability of a transition 
from the switch state to the perseveration state equaled .01 and the probability 
of a transition from the perseveration state to the switch state equaled .05. The 
subsequent step was to test for differences in response probabilities between 
conditions, representing the error rates of switching and perseverating. The 
response probabilities of the switch state were not significantly different 
between conditions, χ2(df = 8) = 9.32, p = .32; these probabilities were .97, 
.02, and .01 for the correct response, the perseverating response, and the 3rd 
response option respectively. There were significant differences between the 
conditions in the response probabilities of the perseverating state indicating 
that for perseverators the response options (correct response, perseverating 
response, and the 3rd response option) differed between conditions, χ2(df = 
8) = 27.84, p < .001. Planned paired comparisons (with α = .013 correcting 
for multiple comparisons) showed that the response probabilities of the 
perseverating state in the 3rd dimension change condition marginally differed 
from the standard condition, χ2(df = 2) = 7.96, p < .018 (with an alfa-level of 
.012, see methods section). Finally, we tested for differences between the initial 
probabilities (i.e., the probability of being in the perseverator and switcher 
state at the first post-switch trial). There were significant differences between 
conditions in the initial parameters, denoting the proportion of switchers 
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and perseverators, χ2(df = 8) = 27.84, p < .001. Planned comparisons showed 
that only the 3rd dimension change condition and the pre-switch + post-
switch change condition differed from the standard condition (3rd dimension 
change condition: χ2(df = 2) = 13.75, p = .001; pre-switch + post-switch change 
condition: χ2(df = 1) = 13.85, p < .001). Table 5.2 shows the estimated parameter 
values for all conditions.

Table 5.2 Parameter values of the constrained multi-group latent 
Markov model for the five conditions.
 

Note. °denotes a marginal difference with the control condition at the .05 level; * 
denotes a significant difference with the control condition at the .013 level. The 
response probabilities in the switch state are .97, .02, .01 for correct, perseverating 
and the 3rd response option respectively; the probability of a transition from 
the switch state to the perseveration state and the switch state is .010, and the 
probability of a transition from the perseveration state to the switch state is .05 
in all conditions.  

 By assigning individuals to the model states based on posterior 
probabilities (see Visser, 2011 and Methods section Chapter 4) we could classify 
their performance as switching (only in the switch state), perseverating (only 

<&.001.&Planned&paired&comparisons&(with&α&=&.013&correcting&for&multiple&comparisons)&showed&that&
the&response&probabilities&of&the&perseverating&state&in&the&3rd&dimension&change&condition&marginally&
differed&from&the&standard&condition,&χ2(df+=&2)&=&7.96,&p&<&.018&(with&an&alfaNlevel&of&.012,&see&methods&
section).&Finally,&we&tested&for&differences&between&the&initial&probabilities&(i.e.,&the&probability&of&being&
in&the&perseverator&and&switcher&state&at&the&Dirst&postNswitch&trial).&There&were&signiDicant&differences&
between&conditions&in&the&initial&parameters,&denoting&the&proportion&of&switchers&and&perseverators,&
χ2(df+=&8)&=&27.84,&p&<&.001.&Planned&comparisons&showed&that&only&the&3rd&dimension&change&
condition&and&the&preNswitch&+&postNswitch&change&condition&differed&from&the&standard&condition&(3rd&
dimension&change&condition:&χ2(df&=&2)&=&13.75,&p&=&.001;&preNswitch&+&postNswitch&change&condition:&
χ2(df+=&1)&=&13.85,&p&<&.001).&Table&5.2&shows&the&estimated&parameter&values&for&all&conditions.&!
Table*5.2& Parameter+values+of+the+constrained+multi0group+latent+Markov+model+for+the+Hive+
conditions+

Note:&°denotes&a&marginal&difference&with&the&control&condition&at&the&.05&level;&*&denotes&a&signiDicant&difference&with&the&control&condition&at&
the&.013&level.&The&response&probabilities&in&the&switch&state&are&.97,&.02,&.01&for&correct,&perseverating&and&the&3rd&response&option&
respectively;&the&probability&of&a&transition&from&the&switch&state&to&the&perseveration&state&and&the&switch&state&is&.010,&and&the&probability&of&
a&transition&from&the&perseveration&state&to&the&switch&state&is&.05&in&all&conditions.&&+!

By&assigning&individuals&to&the&model&states&based&on&posterior&probabilities&(see&Visser,&2011&
and&methods&section&Chapter&4)&we&could&classify&their&performance&as&switching&(only&in&the&switch&
state),&perseverating&(only&in&the&perseveration&state),&or&being&in&transition&(shifting&between&the&
switch&state&and&the&perseveration&state&or&vice&versa).&Age&differences&were&found&in&the&number&of&
children&perseverating,&switching&and&being&in&transition,&χ2(df&=&2,&N&=&299)&=&9.87,&p&=&.007.&Table&5.3&
(left&2&columns)&shows&the&percentages&(N)&of&4N&and&5NyearNolds&with&different&DCCS&performance&
over&all&conditions.&!
Table*5.3& DCCS+performance+within+age+groups+(percentages+and+N)+

Condition Response&probabilities&
perseveration&state&
correct&&&&&&pers.&&&&&&&&&3rd

Initial&
probability&
switch&state

Standard .04 .91 .05 .43

Standard&N&size .04 .91 .05 .94

PreNswitch&relevant&change .10 .84 .06 .56

PostNswitch&relevant&change .00 .90 .10 .67

PostNswitch&relevant&change&N&size .00 .90 .10 .91

3rd&dimension&change .04 .80 .16&&&&&&° .49&&*

3rd&dimension&change&N&size .04 .80 .16&&&&&&° 1.0&&*

PreNswitch&+&postNswitch&relevant&change .04 .96 .00 .83&&*

All&Conditions&

3D&version

Standard&Condition&

3D&version

Van&Bers&et&al.&(2011)&

Standard&2D&version
Age 4 5 4 5 4 5

Switching 59&(80) 76&(124) 36&(9) 42&(11) 48&(13) 96&(26)

Perseverating 29&(39) 15&(25) 48&(12) 35&(9) 7&(2) 0&(0)

In&transition 12&(16) 9&(15) 16&(4) 23&(6) 44&(12) 4&(1)

Z &80&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
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in the perseveration state), or being in transition (shifting between the switch 
state and the perseveration state or vice versa). Age differences were found in 
the number of children perseverating, switching and being in transition, χ2(df 
= 2, N = 299) = 9.87, p = .007. Table 5.3 (left 2 columns) shows the percentages 
(N) of 4- and 5-year-olds with different DCCS performance over all conditions.

Table 5.3 DCCS performance within age groups (percentages and N).
 

 Based on this assignment, the differences between conditions were 
also tested in the relative speed of the first post-switch trials when novel 
stimulus features have only just been introduced and are expected to have 
their largest impact. As discussed in the introduction clear predictions about 
differences between conditions were only made for the children eventually 
switching. To this end, we calculated the difference in RT between the first four 
post-switch trials and the pre-switch trials for the children who eventually 
managed to switch. This subgroup consists of the children who switch and the 
children in transition. There is a main effect of condition on RTs, F(4,145) = 
3.37, p =  .01. Contrast analysis shows that the pre-switch relevant change (p 
= .012), the post-switch relevant change (p = .003), and the pre-switch + post-
switch relevant change condition (p = .02) differ from the standard condition. 
See Table 5.4 for the difference in RT between the pre-switch trials and the 
post-switch trials in the five conditions.

<&.001.&Planned&paired&comparisons&(with&α&=&.013&correcting&for&multiple&comparisons)&showed&that&
the&response&probabilities&of&the&perseverating&state&in&the&3rd&dimension&change&condition&marginally&
differed&from&the&standard&condition,&χ2(df+=&2)&=&7.96,&p&<&.018&(with&an&alfaNlevel&of&.012,&see&methods&
section).&Finally,&we&tested&for&differences&between&the&initial&probabilities&(i.e.,&the&probability&of&being&
in&the&perseverator&and&switcher&state&at&the&Dirst&postNswitch&trial).&There&were&signiDicant&differences&
between&conditions&in&the&initial&parameters,&denoting&the&proportion&of&switchers&and&perseverators,&
χ2(df+=&8)&=&27.84,&p&<&.001.&Planned&comparisons&showed&that&only&the&3rd&dimension&change&
condition&and&the&preNswitch&+&postNswitch&change&condition&differed&from&the&standard&condition&(3rd&
dimension&change&condition:&χ2(df&=&2)&=&13.75,&p&=&.001;&preNswitch&+&postNswitch&change&condition:&
χ2(df+=&1)&=&13.85,&p&<&.001).&Table&5.2&shows&the&estimated&parameter&values&for&all&conditions.&!
Table*5.2& Parameter+values+of+the+constrained+multi0group+latent+Markov+model+for+the+Hive+
conditions+

Note:&°denotes&a&marginal&difference&with&the&control&condition&at&the&.05&level;&*&denotes&a&signiDicant&difference&with&the&control&condition&at&
the&.013&level.&The&response&probabilities&in&the&switch&state&are&.97,&.02,&.01&for&correct,&perseverating&and&the&3rd&response&option&
respectively;&the&probability&of&a&transition&from&the&switch&state&to&the&perseveration&state&and&the&switch&state&is&.010,&and&the&probability&of&
a&transition&from&the&perseveration&state&to&the&switch&state&is&.05&in&all&conditions.&&+!

By&assigning&individuals&to&the&model&states&based&on&posterior&probabilities&(see&Visser,&2011&
and&methods&section&Chapter&4)&we&could&classify&their&performance&as&switching&(only&in&the&switch&
state),&perseverating&(only&in&the&perseveration&state),&or&being&in&transition&(shifting&between&the&
switch&state&and&the&perseveration&state&or&vice&versa).&Age&differences&were&found&in&the&number&of&
children&perseverating,&switching&and&being&in&transition,&χ2(df&=&2,&N&=&299)&=&9.87,&p&=&.007.&Table&5.3&
(left&2&columns)&shows&the&percentages&(N)&of&4N&and&5NyearNolds&with&different&DCCS&performance&
over&all&conditions.&!
Table*5.3& DCCS+performance+within+age+groups+(percentages+and+N)+

Condition Response&probabilities&
perseveration&state&
correct&&&&&&pers.&&&&&&&&&3rd

Initial&
probability&
switch&state

Standard .04 .91 .05 .43

Standard&N&size .04 .91 .05 .94

PreNswitch&relevant&change .10 .84 .06 .56

PostNswitch&relevant&change .00 .90 .10 .67

PostNswitch&relevant&change&N&size .00 .90 .10 .91

3rd&dimension&change .04 .80 .16&&&&&&° .49&&*

3rd&dimension&change&N&size .04 .80 .16&&&&&&° 1.0&&*

PreNswitch&+&postNswitch&relevant&change .04 .96 .00 .83&&*

All&Conditions&

3D&version

Standard&Condition&

3D&version

Van&Bers&et&al.&(2011)&

Standard&2D&version
Age 4 5 4 5 4 5

Switching 59&(80) 76&(124) 36&(9) 42&(11) 48&(13) 96&(26)

Perseverating 29&(39) 15&(25) 48&(12) 35&(9) 7&(2) 0&(0)

In&transition 12&(16) 9&(15) 16&(4) 23&(6) 44&(12) 4&(1)

Z &80&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
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Table 5.4 Difference in RT between pre-switch and post-switch trials.
 

Note. results are only for the participants who switched at the last trial. * indicates 
a significant difference with the standard condition. 

5.4 

Discussion

The present large scale DCCS experiment (N = 299) was set up to study the 
question how children’s DCCS performance was affected by exogenous factors, 
in particular stimulus novelty. We compared predictions from two hypotheses: 
attention is directed to the dimension with novel features (the directional 
hypothesis) or attention to the pre-switch relevant dimension is decreased 
due to any stimulus novelty (the non-directional hypothesis). To this end, we 
adapted the standard version of the DCCS task in two ways: First, we varied 
stimuli in three dimensions: color, shape and size resulting in a 3D-DCCS task. 
Second, we introduced stimulus novelty in several stimulus dimensions at the 
start of the post-switch phase. 
 Modeling the post-switch trial-by-trial behavior showed that 
3D-DCCS post-switch behavior could best be described as switching (following 
the post-switch rule), perseverating (following the pre-switch rule), or shifting 
between these two behavioral modes during the nine post-switch trials. Sorting 
according to the third dimension did occur, but was not found as a systematic 
behavior. The addition of a third dimension made the task more difficult 
compared to the (classical; Zelazo et al., 1996) DCCS task with 2 dimensions as 
reported in Van Bers et al. (2011, Chapter 2), χ2(df = 2, N = 105) = 22.14, 
p < .001 (see Table 5.3, last 4 columns). Remarkably, taking size as the 
pre-switch relevant stimulus dimension simplified the task considerably. 

Based&on&this&assignment,&the&differences&between&conditions&were&also&tested&in&the&relative&
speed&of&the&Dirst&postNswitch&trials&when&novel&stimulus&features&have&only&just&been&introduced&and&
are&expected&to&have&their&largest&impact.&As&discussed&in&the&introduction&clear&predictions&about&
differences&between&conditions&were&only&made&for&the&children&eventually&switching.&To&this&end,&we&
calculated&the&difference&in&RT&between&the&Dirst&four&postNswitch&trials&and&the&preNswitch&trials&for&the&
children&who&eventually&managed&to&switch.&This&subgroup&consists&of&the&children&who&switch&and&the&
children&in&transition.&There&is&a&main&effect&of&condition&on&RTs,&F(4,145)&=&3.37,&p&=&&.01.&Contrast&
analysis&shows&that&the&preNswitch&relevant&change&(p&=&.012),&the&postNswitch&relevant&change&(p&=&.
003),&and&the&preNswitch&+&postNswitch&relevant&change&condition&(p&=&.02)&differ&from&the&standard&
condition.&See&Table&5.4&for&the&difference&in&RT&between&the&preNswitch&trials&and&the&postNswitch&
trials&in&the&Dive&conditions.&!
Table*5.4& Difference+in+RT+between+pre0switch+and+post0switch+trials+

Note:&results&are&only&for&the&participants&who&switched&at&the&last&trial.&*&indicates&a&signiDicant&difference&with&the&standard&condition.&&!
5.4* Discussion!
The&present&large&scale&DCCS&experiment&(N&=&299)&was&set&up&to&study&the&question&how&children’s&
DCCS&performance&was&affected&by&exogenous&factors,&in&particular&stimulus&novelty.&We&compared&
predictions&from&two&hypotheses:&attention&is&directed&to&the&dimension&with&novel&features&(the&
directional&hypothesis)&or&attention&to&the&preNswitch&relevant&dimension&is&decreased&due&to&any&
stimulus&novelty&(the&nonNdirectional&hypothesis).&To&this&end,&we&adapted&the&standard&version&of&the&
DCCS&task&in&two&ways:&First,&we&varied&stimuli&in&three&dimensions:&color,&shape&and&size&resulting&in&a&
3DNDCCS&task.&Second,&we&introduced&stimulus&novelty&in&several&stimulus&dimensions&at&the&start&of&
the&postNswitch&phase.&&

Modeling&the&postNswitch&trialNbyNtrial&behavior&showed&that&3DNDCCS&postNswitch&behavior&
could&best&be&described&as&switching&(following&the&postNswitch&rule),&perseverating&(following&the&preN
switch&rule),&or&shifting&between&these&two&behavioral&modes&during&the&nine&postNswitch&trials.&
Sorting&according&to&the&third&dimension&did&occur,&but&was&not&found&as&a&systematic&behavior.&The&
addition&of&a&third&dimension&made&the&task&more&difDicult&compared&to&the&(classical;&Zelazo&et&al.,&
1996)&DCCS&task&with&2&dimensions&as&reported&in&Van&Bers&et&al.&(2011,&Chapter&2),&χ2(df&=&2,&N&=&105)&
=&22.14,&&
p&<&.001&(see&Table&5.3,&last&4&columns).&Remarkably,&taking&size&as&the&preNswitch&relevant&stimulus&
dimension&simpliDied&the&task&considerably.&Apparently,&it&was&easier&to&switch&selective&sustained&
attention&away&from&the&size&dimension,&compared&to&the&shape&and&color&dimensions.&Maybe,&because&
size&was&only&a&relative&value&and&not&an&absolute&value&where&one&could&focus&on.&We&are&not&aware&of&
any&cardNswitching&studies&that&report&on&size&as&the&relevant&preNswitch&dimension&(cf.&Déak,&2003).&&

Likewise&earlier&Dindings&with&a&standard&2DNDCCS&task,&introducing&novel&features&for&only&the&
preNswitch&relevant&dimension&or&the&postNswitch&relevant&dimension&did&not&have&a&signiDicant&effect&
on&3DNDCCS&performances.&A&null&result&could&still&be&consistent&with&both&the&directional&and&the&nonN
directional&hypotheses,&but&parameter&estimates&are&in&the&direction&of&the&nonNdirectional&hypothesis.&
The&introduction&of&stimulus&novelty&in&the&third,&never&relevant&dimension&shows&some,&marginal&
evidence&for&the&directional&hypothesis:&ModelNbased&analyses&showed&that&perseverating&children&

Condition ∂RT&sec&(se)

Standard 1.56&(.40)

PreNSwitch&relevant&change 0.77&(.16)&*

PostNSwitch&relevant&change 0.47&(.30)&*

3rd&dimension&change 1.10&(.24)

PreNswitch&+&postNswitch&relevant&change 0.74&(.19)&*

& & &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
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Apparently, it was easier to switch selective sustained attention away from the 
size dimension, compared to the shape and color dimensions. Maybe, because 
size was only a relative value and not an absolute value where one could focus 
on. We are not aware of any card-switching studies that report on size as the 
relevant pre-switch dimension (cf. Déak, 2003). 
 Likewise earlier findings with a standard 2D-DCCS task, introducing 
novel features for only the pre-switch relevant dimension or the post-switch 
relevant dimension did not have a significant effect on 3D-DCCS performances. 
A null result could still be consistent with both the directional and the non-
directional hypotheses, but parameter estimates are in the direction of the 
non-directional hypothesis. The introduction of stimulus novelty in the third, 
never relevant dimension shows some, marginal evidence for the directional 
hypothesis: Model-based analyses showed that perseverating children made 
marginally more occasional sorts to the third dimension. A second effect 
of stimulus novelty in the 3rd dimension shows some evidence for the non-
directional hypothesis, more children were switching. However, differences 
between the standard condition and the 3rd dimension change condition were 
small. 
 A large difference was found between the standard condition and the 
pre-switch + post-switch relevant change condition, where stimulus novelty 
was introduced for both the shape and the color dimension: More participants 
were switching. Although the pre-switch + post-switch relevant change 
condition was easier than the standard condition, this particular finding differs 
from the effect found in Van Bers et al. (2014, Chapter 4). In the latter study, the 
effect of stimulus novelty in both the pre- and post-switch relevant dimensions 
was that perseverating children were making more occasional correct sorts. 
Nevertheless, both effects are supporting the non-directional hypothesis, 
which would indicate that selective sustained attention to the pre-switch 
relevant dimension was weakened by the introduction of stimulus novelty, 
without necessarily directing selective attention towards the dimension with 
the novel features. 
 Analysis of reaction times of the switchers, analogous to Diamond and 
Kirkham (2005), shows that responses were faster in the pre-switch relevant 
change condition, the post-switch relevant change condition, and the pre-
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switch + post-switch relevant change condition than in the standard condition. 
These results, and especially from the pre-switch relevant change condition, 
support the non-directional hypothesis. 
 Results of the current study show clear evidence for the non-
directional hypothesis about the effect of stimulus novelty on switching 
performance. In the introduction we discussed card-switching performance 
from the perspective that exogenous and endogenous factors affect sustained 
attention (Fischer et al., 2013). However, not all theoretical perspectives on 
card switching consider switching attention to be the limiting factor of cognitive 
flexibility. The competing memory systems account (Morton & Munakata, 
2002; Munakata, 1998) provides an alternative explanation for most of the 
current results. According to this account perseverative behavior is due to 
weak active (short-term) memory that cannot overrule the learned habit to 
sort according to the first rule, stored in latent memory. Latent memory stores 
associations between specific stimuli and sorting locations. Consequently, 
changing any stimulus feature that was correlated to a specific location 
weakens the latent memory for the pre-switch rule (Yerys & Munakata, 2006). 
Hence, the competing memory systems account makes the same predictions 
about the introduction of stimulus novelty as the non-directional hypothesis 
and is consistent with the present results. 
 Another different aspect of DCCS performance might be difficult 
to explain by the competing memory systems account. In the current study 
(see also van Bers et al., 2011 (Chapter 2), and other chapters of this thesis) 
we observed a considerable number of children perseverating the first rule 
only for a few trials after which they finally switch. Since actually executing 
the rule strengthens latent memory for it in the competing memory systems 
account (as in most computational models; van Bers et al., 2011, Chapter 2), 
this observation requires additional assumptions about the dynamics of DCCS 
performance. One possible assumption would be that repeating the rule each 
post-switch trial strengthens active memory for the post-switch rule more 
than latent memory for the executed pre-switch rule. With this additional 
assumption, children could also switch after perseverating for a few trials (but 
see Morton & Munakata, 2002). 
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Conclusion
Results of the current study show clear evidence for the non-directional 
hypothesis about the effect of stimulus novelty on switching performance. 
That is, the introduction of stimulus novelty at the moment of a rule switch 
weakens the strength of the pre-switch rule. These results oppose the idea that 
stimulus novelty is mainly an exogenous stimulus factor that directs attention 
(Fischer et al., 2013). In contrast, stimulus novelty might disrupt attention in 
a non-directional way. Current results are also consistent with the competing 
memory systems account, which assumes that latent memory is dependent on 
all stimulus features that are correlated to the sorting location. According to 
this perspective stimulus novelty of any dimension correlated with a sorting 
location would weaken the effect of latent memory in favor of active memory. 
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Footnote
1 The original motivation for most of these studies was to assess the 
representation of sorting rules among preschoolers: abstract representations 
(same colors go together), feature-based representations (e.g., red goes with 
red and blue with blue) or stimulus-based representations (e.g., red truck goes 
with red fish and blue fish goes with blue truck). A later study (Van Bers, Visser, 
& Raijmakers, in press, Chapter 3) shows that all children who learn the pre-
switch rule have an abstract rule representation, suggesting perseveration on 
dimension rather than on dimensional features. Hence, rule representations 
do not seem to be a valid explanation of the perseverative performance for the 
DCCS.
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Preschoolers learn to 

switch with causally 

related feedback

This chapter is based on:
Van Bers, B.M.C.W., Visser, I., & Raijmakers, M.E.J. (2014). Preschoolers learn to 
switch with causally related feedback. Manuscript in revision.
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Abstract
Training cognitive flexibility in preschoolers is of great interest, but not 
easy to achieve. Intensive training, but not feedback alone could improve 
preschoolers’ switching behavior after one day (Espinet et al., 2013). In three 
experiments we study the effects of feedback on preschoolers switch behavior 
with a computerized version of the Dimensional Change Card Sorting (DCCS) 
task. The task was designed such that feedback was connected to the stimulus 
and causally related to children’s behavior. Experiment 1 and 2 show that 
children receiving feedback on their post-switch behavior performed better 
than children administered a standard (no feedback) DCCS task. This effect 
transferred to a subsequent standard DCCS task after five minutes and after 
one week. Experiment 3 shows that children switched to the new post-switch 
sorting rules and not to rules that oppose the pre-switch sorting rules. These 
results highlight preschoolers’ sensitivity for the design of feedback in learning 
an abstract rule (Diamond, 2006b).

6.1 

Introduction

Executive control is an umbrella term for a set of cognitive abilities that 
subserve flexible goal-directed behavior (Zelazo, Carlson & Kesek, 2008). The 
development of executive control in early childhood is predictive of success 
later in life (as indexed by e.g., academic achievement, health and income; Blair 
& Razza, 2007; Moffit et al., 2011). Interventions intended to improve executive 
control might therefore serve an important goal. Successful examples of these 
interventions are specific preschool curricula (Diamond, Barnett, Thomas & 
Munro, 2007), aerobics, martial arts, yoga or mindfulness (Diamond & Lee, 
2011), and training programs targeting the specific components that constitute 
executive control (e.g. Karbach & Kray, 2009; Kloo & Perner, 2003; Rueda, Checa 
& Cómbita, 2012; Thorell, Lindqvist, Bergman, Bohlin & Klingberg, 2009). 
 One of the cognitive abilities that constitute executive control is 
cognitive flexibility (Diamond, 2013; Huizinga, Dolan, & van der Molen, 2006; 
Zelazo, Müller, Frye & Marcovitch, 2003). It is the ability to change plans in 
response to relevant changes in the environment, and complementary to 
maintain activities when changes in the environment are irrelevant (Diamond, 
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2006a). The Dimensional Change Card Sorting (DCCS) task is a very often used 
paradigm to study cognitive flexibility in preschoolers (Zelazo, 2006). In this 
task, children are required to sort two bivalent test cards according to shape 
or color on two stacks marked by target cards. Each test card matches one 
target card on color and the other target card on shape. After sorting a series 
of test cards according to one dimension (e.g. color), children are asked to sort 
the same test cards according to the other dimension (e.g. shape). Nearly all 
3- to 5-year-olds sort correctly in the pre-switch phase, regardless of which 
dimension is presented first. Most 3-year-olds perseverate in the post-switch 
phase by sorting test cards according to the initial dimension, whereas most 
4- and 5-year-olds switch immediately to the new dimension when asked to 
do so (Kirkham, Cruess & Diamond, 2003; Perner & Lang, 2002; Zelazo, Frye & 
Rapus, 1996). 
 A few studies have looked at the possibility to train cognitive 
flexibility. Espinet, Anderson and Zelazo (2013) isolated the role of reflection 
in a training study for preschoolers with a computerized version of the DCCS 
task. According to the Cognitive Complexity and Control theory-revised (CCC-r; 
Zelazo et al., 2003) children who perseverate on the DCCS task have difficulties 
in reflecting on their rule representations, that is formulating and using a 
higher order rule for selecting which set of rules (color rules or shape rules) 
must be used. Children that perseverated on a standard DCCS task were given 
reflection training, and after one day performed exactly the same standard 
DCCS task again. The training procedure consisted of corrective feedback on 
post-switch performance and reflection on the child’s rule representations 
(based on Kloo and Perner, 2003). The combination of corrective feedback 
and reflection training resulted in improved performance on the post-training 
DCCS task, whereas corrective feedback alone or mere practice with the DCCS 
task alone did not.
 Bohlman and Fenson (2005) studied the effects of feedback on the 
performance of preschoolers in a manual version of the DCCS task. Results 
showed that children who received corrective feedback on their post-switch 
performance switched to the correct sorting rules. However, successful 
performance on the DCCS task with feedback did not lead to improved 
performance on a subsequent standard DCCS task that was administered 
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immediately after the first DCCS task. Bohlman and Fenson concluded that 
poor performance on the standard DCCS task can be interpreted as the inability 
to monitor ones own performance in the absence of clear guidance, because in 
a DCCS task with feedback (i.e., clear guidance), 3-year-olds had no problem 
switching to the correct sorting rules.
 In the current project we focus on the effects of feedback on preschoolers 
switch behavior. What aspect of feedback is effective? The corrective feedback 
in the study of Espinet et al. (2013), and the study of Bohlman and Fenson 
(2005), consisted of verbal feedback on the child’s post-switch performance in 
combination with demonstration of the correct sorting of the test card when 
the trial is incorrect. In the study of Espinet et al. a computerized version of the 
DDCS task was used, and the experimenter pointed to the correct button on the 
response pad while saying: “You are supposed to press this button”. In the study 
of Bohlman and Fenson a manual version of the DCCS task was used and the 
experimenter turned the test card face-up and moved it to the correct sorting 
tray while saying: “Remember, in the shape game all the birds go here”. The 
results of both studies show that corrective feedback is effective for switching 
in the task at hand, but not enough to learn to switch in a subsequent task, i.e. 
there is no transfer or carryover effect. 
 Infant studies show that an important aspect of feedback is the 
connectedness of the feedback to the stimulus (Diamond, Lee & Hayden, 2003; 
Diamond, Churchland, Cruess, & Kirkham, 1999). Diamond et al. (2003) tested 
9- and 12-month-old infants on a non-matching to sample task. In this task the 
child was presented an object. After a delay, the object was presented again 
together with a novel object. The child was rewarded for choosing the novel 
object. In the standard version of the task the reward was in a well beneath the 
stimulus. Children younger than 21 months did not succeed on this version of the 
task. But when the reward was attached to the base of the stimulus (although a 
separate and separable object), most infants of 9 and 12 months age succeeded. 
The importance of physical causality above spatial and temporal proximity 
was also shown for newborns (Mascalzoni, Regolin, Valortigara & Simion, 
2013). Diamond (2006b) argues that perceiving conceptual connections in the 
absence of physical connections is an elementary ability that is even not fully 
mature in toddlers. Learning to switch, that is the transfer of DCCS training to a 
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subsequent DCCS task, involves learning of an abstract rule instead of stimulus 
response associations. In the feedback condition of the study of Espinet et al. 
(2013), and the study of Bohlman and Fenson (2005), the feedback was given 
by the experimenter and not connected or causally related to the stimulus (the 
test card the child sorted). That is, in this type of feedback it seems there is 
no perceived mechanical or necessary link between the child’s action and the 
feedback. This could have been a reason why their feedback training was not 
effective for subsequent DCCS task performance. 
  In the current study we examined the immediate and long-term 
effects of feedback that is connected and causally related to the stimulus 
in a computerized version of the DCCS task. Experiment 1 compared the 
performance of children administered a standard version of the DCCS task 
with that of children given feedback on the post-switch trials with a connection 
between stimulus and feedback on a touch screen monitor. Whether children 
learned from the received feedback was assessed with the administration of two 
subsequent standard DCCS tasks with different stimuli, one after five minutes 
and one after one week. Experiment 2 replicated the findings of Experiment 
1 with an extended version of the first DCCS task with six extra post-switch 
trials, such that children could not copy the complete procedure of the first 
task to the second and third task. Since the first six post-switch trials of the 
first task were exactly the same in the two conditions, we could test for possible 
pre-existing differences between the two conditions in Experiment 2 as well. 
Chatham, Yerys, and Munakata (2012) postulated the idea that children who 
receive feedback in the post-switch phase of the DCCS task might sort the post-
switch test cards according to rules that oppose the pre-switch sorting rules 
and hence use the pre-switch concepts for their post-switch sorting rules. In 
Experiment 3 we introduce new test cards that distinguish between the post-
switch rules and the opposite pre-switch rules.

Experiment 1

6.2 

Method

Participants
A total of 56 three-year-olds participated in this experiment (M = 41.5 months, 
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SD = 3.9, range = 35 - 52 months, 29 girls). We tested another 23 children but 
their data could not be used because they did not pass one or more of the pre-
switch phases (n = 17), or did not complete testing (n = 6). A child had to sort 
at least five of the six test cards correctly to pass the pre-switch phase. Children 
in this and the other two experiments reported in this article were recruited 
from day-care centers and preschools in the Netherlands. Informed consent 
was obtained from the parents of all children who participated.

Design
Children were randomly assigned to one of two conditions: the feedback 
condition (n = 27, M = 42.0 months, SD = 4.1, range = 36 - 52 months, 14 girls) 
or the control condition (n = 29, M = 41.0 months, SD = 3.6, range = 35 - 47 
months, 15 girls). In both conditions children performed three DCCS tasks. All 
three tasks consisted of six pre-switch trials and six post-switch trials. The first 
two tasks were administered on the same day with a five-minute break between 
them. The third task was administered one week after the administration of the 
first two tasks. Children in the feedback condition received feedback on their 
sorting in the post-switch phase of the first DCCS task only. During the other 
two tasks no feedback was given. Children in the control condition did not 
receive feedback in any of the tasks. The order of the two sorting dimensions 
was counterbalanced within each condition but the same in the three tasks.

Materials
The experiment was conducted using a laptop computer with a separate touch-
screen monitor. Stimuli were presented against a dark grey background. Two 
light grey sorting stacks were present in the bottom left and right corner of 
the screen. Above them the target cards were depicted. A test card appeared at 
the bottom center of the screen when the experimenter pressed a key on the 
computer. Children sorted the test cards by touching the appropriate target 
card or sorting stack. The test card then moved to the chosen sorting stack and 
turned around. See Figure 6.1 for an example of the computer screen.
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Figure 6.1 Example of the computer screen.

 In each task a different set of target- and test cards was used. The 
card-set used in the first DCCS task consisted of the shapes and colors: frog, 
snail, red and blue. The card-set used in the second DCCS task consisted of the 
shapes and colors: chicken, rabbit, yellow and green. The card-set used in the 
third DCCS task consisted of the shapes and colors: pig, fish, orange and purple. 
See Figure 6.2 for the target cards and test cards used in the three DCCS tasks 
in both conditions in Experiment 1.
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Figure 6.2 Target cards and test cards used in the three DCCS tasks in 
both conditions in Experiments 1 and 2. 
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Procedure
Children were tested individually in a quiet room in their day-care center 
or primary school. Once the child was comfortable with the experimenter, 
the touch screen was introduced and the experimenter verified the child’s 
knowledge of the shapes or colors that were relevant in the pre-switch phase 
of the first task. 
 The experimenter explained the sorting rules of the pre-switch phase 
and demonstrated the sorting of the two different test cards. The child was 
then asked to sort six test cards him- or herself. The two different test cards 
were presented in pseudo-random order, so that no test card was presented 
more than twice in a row. On every trial the experimenter repeated the relevant 
sorting rules. Immediately after the repetition of the rules a test card was 
presented. The experimenter labeled the test card with the relevant dimension 
only (e.g. “This is a red one.”). Children were not given feedback on their sorting.  
 At the start of the post-switch phase the experimenter verified the 
child’s knowledge of the shapes or colors that were relevant in the post-switch 
phase of the first DCCS task. The experimenter explained the sorting rules of 
the post-switch phase, but did not demonstrate the sorting of the two test cards. 
The child was then asked to sort six test cards him- or herself. As in the pre-
switch phase, the two different test cards were presented in pseudo-random 
order, the experimenter repeated the relevant sorting rules before every trial, 
and labeled the test cards with the relevant dimension only. Children in the 
feedback condition received feedback on their sorting of the post-switch 
trials. If the test card was sorted correctly, the test card moved to the chosen 
sorting stack and turned around. The experimenter gave enthusiastic feedback 
(“Yes, well done. That is were the red ones go in the color game”). If the test 
card was sorted incorrectly, the test card also moved to the chosen sorting 
stack but did not turn around. The experimenter gave verbal feedback and 
modeled the correct sorting of the test card (“No, that is not correct. In the 
color game the red ones go here”). The experimenter then touched the correct 
sorting stack and the test card moved to the sorting stack and turned around. 
Children in the control condition were not given feedback on their sorting. All 
cards they sorted (correct and incorrect) moved to the chosen sorting stack 
and turned around. After the administration of the first DCCS task, there was 
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a break of approximately five minutes during which the experimenter and the 
child read a book. The administration of the third task was one week after the 
administration of the first two tasks. The procedure for the administration of 
the second and third DCCS task was exactly the same as the procedure for the 
administration of the first DCCS task, except that children in both conditions 
were not given feedback on their sorting.

6.3 

Results

No significant effects were found for gender or order of the two sorting 
dimensions in this and the other two experiments reported in this article. 
Therefore, all results were collapsed across those variables in the three 
experiments. In the post-switch phases of the three DCCS tasks in Experiment 
1, most of the children either responded correctly on zero or one (feedback 
condition: 16%; control condition: 54%) or five or six (feedback condition: 73%; 
control condition: 30%) of the six post-switch trials. Given the bimodal nature 
of the data nonparametric analyses (chi-square tests) were used to analyze the 
data. Children who sorted at least five of the six post-switch trials correctly 
were considered to have passed the post-switch phase. The percentage of 
children passing the post-switch phase of the three tasks in the two conditions 
in Experiment 1 is shown in Figure 6.3. More children passed the post-switch 
phase in the feedback condition compared to the control condition in the first 
DCCS task, χ2(df = 1, n = 56) = 13.09, p < .01, the second DCCS task, χ2(df = 1, n 
= 56) = 4.58, p < .05, and the third DCCS task, χ2(df = 1, n = 56) = 12.09, p < .01.
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Figure 6.3 Percentage of children passing the post-switch phase in the 
three tasks in the two conditions in Experiment 1.

6.4 

Discussion

The results of Experiment 1 show that three-year-olds can learn to switch when 
given feedback in the post-switch phase of the DCCS task. But do children really 
learn to switch between rules or do they simply copy the procedure of sorting 
six cards according to one set of rules and then six cards according to another 
set of rules? To test this we added six post-switch trials to the first DCCS task 
in Experiment 2. Feedback was only provided in the last six post-switch trials 
of the first task in the feedback condition. Since the first six post-switch trials 
of the first task were exactly the same in the two conditions, we could test for 
possible pre-existing differences between the two conditions in Experiment 2 
as well.
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Experiment 2

6.5 

Method

Participants
A total of 51 three-year-olds participated in this experiment (M = 41.7 months, 
SD = 3.3, range = 37 - 47 months, 24 girls). We tested another 37 children but 
their data could not be used because they did not pass one or more of the pre-
switch phases (n = 29), or did not complete testing (n = 8). 

Design 
Children were randomly assigned to one of two conditions: the feedback 
condition (n = 26, M = 41.6 months, SD = 3.6, range = 36 - 47 months, 14 girls) 
or the control condition (n = 25, M = 41.7 months, SD = 3.3, range = 36 - 46 
months, 10 girls). In both conditions children performed three DCCS tasks, as 
in Experiment 1. 

Materials & Procedure
The materials and procedure of Experiment 2 were exactly the same as in 
Experiment 1, except for the number of post-switch trials in the first DCCS task. 
In the second experiment children in both conditions were asked to sort 12 
test cards in the post-switch phase of the first task. Children in the feedback 
condition received feedback on their sorting in the last six post-switch trials. 
Children in the control condition were not given feedback on their sorting. In 
the second and third DCCS task of Experiment 2 children in both conditions 
received six post-switch trials and were not given feedback on their sorting. 
See Figure 6.2 for the target cards and test cards used in both conditions in 
Experiment 2.

6.6 

Results

In the post-switch phases of the three DCCS tasks in Experiment 2, most of 
the children either responded correctly on zero or one (feedback condition: 
18%; control condition: 65%), or five or six (feedback condition: 64%; control 
condition: 27%) of the six post-switch trials. The percentage of children passing 
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the post-switch phase of the three tasks in the two conditions in Experiment 
2 is shown in Figure 6.4. More children passed the post-switch phase in the 
feedback condition compared to the control condition on the second half of the 
post-switch phase of the first DCCS task, χ2(df = 1, n = 51) = 12.28, p < .01, on 
the post-switch phase of the second DCCS task, χ2(df = 1, n = 51) = 5.79, p < .05, 
and on the post-switch phase of the third DCCS task, χ2(df = 1, n = 51) = 12.24, 
p < .01. There was no difference in performance between the two conditions on 
the first half of the post-switch phase of the first DCCS task.

 

Figure 6.4 Percentage of children passing the post-switch phase in the 
three tasks in the two conditions in Experiment 2.

6.7 

Discussion

The results of Experiment 2 show that three-year-olds really learn to switch 
in the post-switch phase of the DCCS task, and not simply copy the procedure 
of the first DCCS task when performing the two subsequent DCCS tasks. Also, 
no pre-existing differences between the feedback condition and the control 
condition were found. Although the results of experiment 2 provide evidence 

! !
Figure*6.4& Percentage+of+children+passing+the+post0switch+phase+in+the+three+tasks+in+the+two+
conditions+in+Experiment+2&!
6.7* Discussion!
The&results&of&Experiment&2&show&that&threeNyearNolds&really&learn&to&switch&in&the&postNswitch&phase&
of&the&DCCS&task,&and&not&simply&copy&the&procedure&of&the&Dirst&DCCS&task&when&performing&the&two&
subsequent&DCCS&tasks.&Also,&no&preNexisting&differences&between&the&feedback&condition&and&the&
control&condition&were&found.&Although&the&results&of&experiment&2&provide&evidence&that&children&
really&learn&to&switch&in&subsequent&tasks,&even&when&these&consist&of&fewer&trials&than&the&number&of&&
trials&in&the&Dirst&task,&the&experiment&is&not&conclusive&about&what&exactly&children&have&learned.&In&
particular,&one&alternative&hypothesis&stems&from&Chatham,&Yerys&and&Munakata&(2012),&who&
postulated&the&idea&that&children&who&receive&feedback&in&the&postNswitch&phase&of&the&DCCS&task&might&
sort&the&test&cards&in&the&postNswitch&phase&according&to&rules&that&oppose&the&preNswitch&sorting&rules&
(e.g.&red&goes&with&blue&and&blue&goes&with&red)&and&hence&use&the&preNswitch&concepts&for&their&postN
switch&sorting&rules.&Therefore,&we&introduce&new&(nonNconDlicting)&test&cards&in&Experiment&3&that&
distinguish&between&the&postNswitch&rules&and&the&opposite&preNswitch&rules.&The&nonNconDlicting&test&
cards&exactly&match&the&target&cards.&If&children&use&opposite&preNswitch&rules&they&are&expected&to&sort&
these&cards&incorrectly.&If&children&use&the&postNswitch&rules&or&the&preNswitch&rules&(when&they&
perseverate&in&the&postNswitch&phase)&they&are&expected&to&sort&these&cards&correctly.&&! !

Experiment*3*

6.8* Method!
Participants+
A&total&of&52&threeNyearNolds&participated&in&this&experiment&(Mage+=&41.4&months,&SD&=&3.0,&range&=&35&N&
47&months,&21&girls).&We&tested&another&10&children&but&their&data&could&not&be&used&because&they&did&
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that children really learn to switch in subsequent tasks, even when these 
consist of fewer trials than the number of  trials in the first task, the experiment 
is not conclusive about what exactly children have learned. In particular, one 
alternative hypothesis stems from Chatham, Yerys and Munakata (2012), who 
postulated the idea that children who receive feedback in the post-switch 
phase of the DCCS task might sort the test cards in the post-switch phase 
according to rules that oppose the pre-switch sorting rules (e.g. red goes with 
blue and blue goes with red) and hence use the pre-switch concepts for their 
post-switch sorting rules. Therefore, we introduce new (non-conflicting) test 
cards in Experiment 3 that distinguish between the post-switch rules and the 
opposite pre-switch rules. The non-conflicting test cards exactly match the 
target cards. If children use opposite pre-switch rules they are expected to sort 
these cards incorrectly. If children use the post-switch rules or the pre-switch 
rules (when they perseverate in the post-switch phase) they are expected to 
sort these cards correctly. 

Experiment 3

6.8 

Method

Participants
A total of 52 three-year-olds participated in this experiment (M = 41.4 months, 
SD = 3.0, range = 35 - 47 months, 21 girls). We tested another 10 children but 
their data could not be used because they did not pass the pre-switch phase (n 
= 7), or did not complete testing (n = 3).

Design
Children were randomly assigned to one of two conditions: the feedback 
condition (n = 26, M = 40.6 months, SD = 2.8, range = 36 - 45, 11 girls) or the 
control condition (n = 26, M = 42.2 months, SD = 3.0, range = 35 - 47 months, 
10 girls). In both conditions children performed one DCCS task directly 
followed by a generalization phase. Children in the feedback condition received 
feedback on their sorting in the post-switch phase of the DCCS task. Children 
in the control condition did not receive feedback. The order of the two sorting 
dimensions was counterbalanced.
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Materials
 The materials used in Experiment 3 were the same as in the first DCCS task of 
the first two experiments. The target cards in all phases of the task depicted 
a red frog and a blue snail. The test cards in the pre-switch phase and post-
switch phase of the task depicted a blue frog and a red snail. Each test card 
matched one target card on color and the other target card on shape. In the 
generalization phase four different test cards were used: Two conflicting test 
cards depicting a blue frog and a red snail (as in the pre-switch phase and the 
post-switch phase), and two non-conflicting test cards depicting a red frog and 
a blue snail, exactly matching the target cards. See figure 6.5 for the target cards 
and test cards used in both conditions in Experiment 3.

Pre-switch 
and post-switch 
phase

Generalization 
phase

Figure 6.5 Target cards and test cards used during the pre-switch phase, 
the post-switch phase, and the generalization phase in the two conditions in 
Experiment 3.

Procedure
The procedure for the administration of the pre-switch phase and the post-
switch phase of the DCCS task in Experiment 3 were exactly the same as in the 
first DCCS task in Experiment 1. All children performed six pre-switch trials and 
six post-switch trials. Children in the feedback condition received feedback on 
their sorting in the post-switch phase, while children in the control condition 
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were not given feedback on their sorting. Immediately after the post-switch 
phase, children were administered eight generalization trials. Two trials with 
conflicting test cards, followed by two trials with non-conflicting test cards, 
two trials with conflicting test cards, and finally two trials with non-conflicting 
test cards. The rules of the game were not repeated during the generalization 
phase, but the child was encouraged to keep on playing the same game (“You 
are doing great. Just continue what you are doing”). The experimenter did not 
label the test cards but simply asked “Where does this one go?”. Children were 
not given feedback on their sorting in the generalization phase.

6.9 

Results

In the post-switch phase of the DCCS task, most of the children either responded 
correctly on zero or one (feedback condition: 8%; control condition: 48%), or 
five or six (feedback condition: 73%; control condition: 38%) of the six post-
switch trials. The percentage of children passing the post-switch phase and the 
generalization phases in the two conditions in Experiment 3 are shown in Figure 
6.6. More children passed the post-switch phase in the feedback condition 
compared to the control condition, χ2(df = 1, n = 52) = 6.32, p < .05. The criterion 
for passing the conflicting generalization phase and the non-conflicting 
generalization phase was sorting all four cards correctly. Performance on the 
conflicting generalization trials in the two conditions matched performance 
on the post-switch trials. More children passed the conflicting generalization 
phase in the feedback condition compared to the control condition, χ2(df = 1, 
n = 52) = 13.18, p < .01. Performance on the non-conflicting generalization 
trials did not differ between the two conditions. Almost all children sorted all 
four non-conflicting generalization trials correctly. Only three children in the 
feedback condition and two children in the control condition made one mistake.

 

VanBers_proefschrift19.indd   146 10-02-14   16:13



147

Figure 6.6 Percentage of children passing the post-switch phase, the 
conflicting generalization phase, and the non-conflicting generalization phase in 
the two conditions in Experiment 3.

6.10 

General discussion

In three experiments we studied the effects of feedback on preschoolers 
perseverative behavior on the DCCS task. Results of the first experiment show 
that children who received feedback performed better compared to children 
who were administered a standard (no feedback) DCCS task. Children in the 
feedback condition also performed better compared to children in the control 
condition on a subsequent standard DCCS task after five minutes and after a 
week. In the second experiment we replicated the findings of Experiment 1 
with an extended version of the DCCS task, such that children could not copy 
the complete procedure of the first task to the second and third task. These 
results suggest that children learned to switch and that the effects of feedback 
were not transient. The results of the third experiment show that children did 
use post-switch sorting rules based on a new sorting dimension instead of 
reversing their pre-switch sorting rules. What the children learned was how to 
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switch in a DCCS task, and not only a new sorting rule in the task at hand, as in 
former feedback-only conditions of the DCCS task (Bohlman & Fenson, 2005; 
Espinet et al., 2013). 
 Our intervention was a rather small adaptation and did not take 
much longer to administer than the standard DCCS task. Children received 
the following corrective feedback on their post-switch performance in a 
computerized version of the DCCS task: If the trial was correct, the test card 
moved to the chosen sorting stack and turned around while the experimenter 
gave positive verbal feedback. If the trial was incorrect, the test card also moved 
to the chosen sorting stack, but did not turn around (as if the computer stopped 
working). The experimenter gave negative verbal feedback and demonstrated 
the correct sorting by touching the correct sorting stack. Thereafter the test 
card moved to the correct sorting stack and turned around.
 Why is this intervention successful? What aspect of our procedure 
is effective? In the current project and in the studies of Espinet et al. (2013), 
and Bohlman and Fenson (2005), the experimenter gave verbal feedback 
whether the child sorted the test card correctly or not. Moreover, in all three 
studies the correct way of sorting the test cards in the post-switch phase was 
demonstrated to the child after an incorrect trial. However, only in the current 
study did transfer occur of DCCS training to a subsequent standard DCCS task. 
Learning to switch, that is the transfer of DCCS training to a subsequent DCCS 
task, involves learning of abstract rules (if color game, things of the same color 
go together, if shape game things with the same shape go together; Zelazo et al., 
2003). For learning abstract rules, perceiving the connectedness of stimulus and 
reward is essential for infants and preschoolers (Diamond, 2006b). Compared 
to earlier studies, the unique feature of the current study seems to be  that 
there was a causal relation between the feedback the child received and the 
stimulus, without intervention of the experimenter. This task feature provides 
the impression that the computer is causally reacting to the participants’ action 
on the stimulus. Future research should directly compare a condition with only 
verbal feedback and a condition with only causally related feedback to draw 
stronger conclusions about the effective aspects of feedback.
 Although the results of our study clearly show that children can learn to 
switch between conflicting sorting rules when given causally related feedback, 
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it is very unlikely that this means we improved the cognitive flexibility or even 
cognitive control of preschoolers with our rather small adaptation. Additional 
inquiry is needed to examine the far transfer of the effects of causally related 
feedback on preschoolers’ perseverative behavior found in the current study. 
For example transfer to related but different cognitive control tasks. Because 
the development of cognitive control is predictive of success later in life 
(Blair & Razza, 2007; Moffit et al., 2011), interventions that improve cognitive 
control early in life are highly relevant. The current study shows preschoolers’ 
sensitivity for the design of feedback in learning an abstract rule, which is 
a very small but promising first step in the direction of an intervention to 
improve cognitive control.
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The main goal of this thesis is to gain insight into the cognitive flexibility of 
preschoolers. In five empirical chapters we made novel contributions on 
three important issues in this field. First, we investigated the dynamics of 
development concerning this important ability. Secondly, we empirically tested 
key questions about the mechanisms underlying performance and development 
on the Dimensional Change Card Sorting (DCCS) task (Zelazo, 2006). Finally, 
we introduced an analysis method that is more developmentally appropriate 
than standard ways of analyzing DCCS task data. This general discussion starts 
with a summary of the main findings of the five empirical studies in this thesis, 
and then continues with the discussion of a number of issues that are key to 
furthering insights in this field. First, we discuss a methodological issue that 
concerns all studies in this thesis, namely exclusion of children who did not 
pass the pre-switch phase of the task. Next, we discuss the implications of our 
results for the main theoretical frameworks and computational models that 
have been proposed to explain preschoolers’ behavior and development on the 
DCCS task. We then return to the conflict cusp model introduced in Chapter 
2. In this model the dynamics of the developmental process on the DCCS task 
is formalized without specifying a mechanism of change in terms of neural or 
cognitive systems. We propose a substantive interpretation of the variables 
controlling development in this model based on the results of the empirical 
studies in this thesis. Finally, we discuss directions for future research.

7.1 

Summary of main findings

In Chapter 2 the dynamics of development on the DCCS task were 
investigated in 3- to 5-year-old children using a computerized version of the 
task. Model-based analysis showed that development on the DCCS task could 
best be described as a discontinuous change in performance for the post-
switch phase of the task. In addition to a perseveration group and a switch 
group, a transitional group that showed transitions between perseverating 
and switching during the post-switch trials could be distinguished. However, 
additional empirical research is needed to get a more complete picture of the 
developmental dynamics and test specific hypotheses about the variables 
controlling the developmental process. Computational models of performance 
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and development on the DCCS task proposed in literature cannot, in their 
current forms, explain our results. In the discussion of Chapter 2 a conflict cusp 
model for the transition from perseverating to switching on the post-switch 
phase of the DCCS task is proposed that could serve as a starting point for 
future studies about the dynamics of DCCS performance development. This 
model is further elaborated below. 
 The abstractness of children’s rule representation in the pre-switch 
phase of the DCCS task is studied in Chapter 3 by letting 3- and 4-year-old 
children perform a standard DCCS task and a separate generalization task. In 
the generalization task children were asked to generalize their sorting rules 
to novel stimuli in one of three conditions. In the relevant change condition 
the values of the relevant sorting dimension changed, in the irrelevant change 
condition the values of the irrelevant dimension changed, and in the total 
change condition the values of both dimensions changed. All children showed 
high performance in the relevant change condition, which implies an abstract 
rule representation at the level of dimensions (‘same colors go together’) 
of the pre-switch rules. Performance in the relevant change condition was 
significantly better (and faster) than performance in the other two conditions. 
Children with higher cognitive flexibility (switchers on the DCCS task) more 
often switched their attention to the irrelevant dimension in the generalization 
task when only the values of the irrelevant dimension changed. Children 
with lower cognitive flexibility (perseverators on the DCCS task) were more 
often inconsistent in their sorting on the generalization task if values of both 
dimensions changed. These findings support the idea that DCCS perseverators 
suffer from attentional inertia at the level of dimensions and that differences 
between switchers and perseverators at the standard DCCS task are not due to 
differences in the representations of sorting rules.
 The studies described in Chapter 4 and 5 investigated the influence 
of exogenous factors on the performance of preschoolers on the DCCS task. 
Exogenous factors are stimulus driven, bottom-up, and not under the voluntary 
control of the child (Fisher et al., 2013). The exogenous factors investigated in 
Chapter 4 were related to the sorting rules (changes in the values of one or 
more sorting dimensions), or unrelated to the sorting rules (changes in the 
outline shape of the stimuli or the position of the stimuli on the screen). By 
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fitting latent Markov models we could test for differences in the consistency of 
switching or perseverating between the conditions, in addition to differences 
in the proportion of switchers and perseverators. Marginally fewer children 
switched sorting rules in the card shape change condition compared to the 
control condition. Children in the total change condition (values of both 
sorting dimensions color and shape changed), and perseverating children in 
both conditions with changes that were not related to the sorting rules made 
more occasional correct sorts than children in the control condition. The 
hypothesis of Yerys and Munakata (2006) that changes in values of a sorting 
dimension would draw attention towards that dimension leading to more 
sorting according to that dimension could not be confirmed. The conclusion 
from this study is that exogenous factors can distract attention from the pre-
switch relevant sorting dimension, but not necessarily direct attention towards 
the post-switch relevant sorting dimension.
 In Chapter 5 the influence of changing the values of one or more 
sorting dimensions on the performance of 4- and 5-year-old children is 
investigated with a DCCS task with three stimulus dimensions, color, shape, 
and size, that varied between target- and test cards. The introduction of a third 
dimension made it possible to test whether children’s attention was directed 
to the stimulus with novel values of sorting dimensions. Results agree with 
the idea that changes in the values of a dimension distract attention from the 
dimension children were focusing on, but do not direct the attention towards 
the dimension with changed values. The results in Chapter 5 are consistent with 
the competing memory systems theory, which assumes that latent memory of 
the pre-switch rules is dependent on all stimulus values that were correlated to 
the sorting location (hence also the values of the irrelevant dimension).
 The study described in Chapter 6 investigated the direct and 
long-term effect of feedback on 3-year-old children’s switch behavior in 
three experiments with a computerized version of the DCCS task. The task 
was designed such that feedback was connected to the stimulus and causally 
related to the child’s behavior. Whether children learned from the feedback 
was assessed with the administration of two subsequent standard DCCS tasks 
(without feedback) with different stimuli, one after five minutes and one after 
one week. Experiment 1 and 2 showed that children receiving feedback on their 
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post-switch behavior performed better compared to children administered a 
standard DCCS task. This effect transferred to a subsequent standard DCCS task 
after five minutes and also after one week. Experiment 3 showed that children 
switched to the new post-switch rules and not to rules that oppose the pre-
switch sorting rules (e.g. from ‘same colors go together’ to ‘different colors go 
together’). These results highlight preschoolers’ sensitivity for the design of 
feedback in learning an abstract rule.

7.2  

Drop out

A total of 959 children participated in the studies in this thesis: 520 3-year-
olds, 252 4-year-olds, and 187 5-year-olds. We tested another 210 children but 
their data could not be used because they did not pass the pre-switch phase (n 
= 152), did not complete testing (n = 39), or due to experimenter error (n = 19). 
In analyzing post-switch performance on the DCCS task it is common practice 
to use only the data of children who passed the pre-switch phase (i.e. who 
sorted at least five of the six pre-switch trials correctly, a criterion which is set 
beforehand). The reason for this practice is that it is impossible to determine 
if a child can switch between rules when he or she cannot consistently sort 
according to the first rule. In the studies presented in this thesis approximately 
13% of the total number of children tested did not pass the pre-switch phase. A 
number of different explanations can be given for this seemingly high drop out 
rate compared to earlier studies with the DCCS task (e.g. Kharitonova et al., 2009: 
20%; Hanania, 2010: 1.4% and 3.2%; Bohlman & Fenson, 2006: 13%). First, in 
the studies in this thesis no feedback was provided on children’s sorting during 
the pre-switch phase. The sorting rules were repeated before every trial, and 
the test card was labeled by the relevant dimension only. When the child has 
sorted the test card, the experimenter responds neutrally by saying “Let’s play 
another one”. The drop out rate of studies that do not provide feedback in the 
pre-switch phase are comparable to ours (e.g. Diamond, Carlson & Beck, 2005; 
drop out rate = 42%).  Secondly, in studies with more than one task (Chapter 3: 
DCCS task and generalization task; Chapter 6: 3 DCCS tasks) we only included 
children that passed the first phase of all tasks. In Chapter 3 children had to 
pass both the pre-switch phase of the DCCS task and the base-line phase of the 
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generalization task. In Experiments 1 and 2 of Chapter 6 children had to pass 
the pre-switch phases of all three DCCS tasks administered. The percentage of 
children failing the first phase of the first task in these studies was comparable 
to the percentage of children failing the pre-switch phase in our studies with 
only one task, except for Experiment 2 of Chapter 6. Finally, the studies in this 
thesis were carried out on day-care centers, preschools and primary schools. 
Although we tried to test in as quiet a room as possible, this is probably not as 
quiet as a test situation in a university lab, which is a typical location used in 
many other studies. 
 As in almost all the other studies with the DCCS task, we only included 
the data of children that passed the pre-switch phase of the task in our analyses 
of post-switch performance. Not being able to consistently sort according to 
the first rule is probably caused by a problem with sustained attention, i.e. set 
maintenance (Diamond, 2013). This could be due to poor executive functions, 
but also task unrelated issues could play an important role with preschoolers. 
For example, there were also children who just refused to finish a task, which 
was rarely observed in older children. With the post-switch DCCS data we 
wanted to investigate the cognitive flexibility of preschoolers. Naturally, the 
exclusion of children that did not pass the pre-switch phase does limit the 
generalizability of the results of the studies to all 3-year-olds that learned 
to execute the pre-switch rules consistently. We do not think that excluding 
the children who did not pass the pre-switch phase importantly influenced 
the results on the post-switch phase of the task. Since we always compare 
performance in the experimental conditions with performance in a standard 
control condition of the same experiment.

7.3 

Implications of our results for theoretical frameworks 

and computational models

The results of the studies presented in this thesis have implications for the 
theoretical frameworks and computational models proposed in literature to 
explain preschoolers’ behavior and development on the DCCS task. The most 
commonly discussed theoretical frameworks are the Cognitive Complexity 
and Control theory-revised (CCC-r; Zelazo et al., 2003), the attentional inertia 
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theory (Kirkham, Cruess, & Diamond, 2003), the activation-deficit account 
(Chevalier & Blaye, 2008; Müller et al., 2006), and the competing memory 
systems theory (Morton & Munakata, 2002; Munakata, 1998).
 The Cognitive Complexity and Control theory-Revised (CCC-r) assumes 
that perseverators have difficulties in reflecting on their rule representations, 
that is formulating and using a higher order rule for selecting which pair of 
rules (color rules or shape rules) must be used on a particular trial (Zelazo et 
al., 2003). According to the attentional inertia theory inhibitory control plays a 
primary role in switching. Perseverators may know the new rules they should 
be following during the post-switch phase, but fail to inhibit attention to the 
pre-switch relevant information (Kirkham et al., 2003). Diamond and Kirkham 
(2005) interpret their results with adults on the DCCS task as attentional 
inertia that does not completely disappear with age. The activation-deficit or 
negative priming account assumes that in the post-switch phase perseverators 
fail to activate information that was automatically inhibited in the pre-switch 
phase, because it was irrelevant at that time (Chevalier & Blaye, 2008; Müller, 
Dick, Gela, Overton, & Zelazo, 2006). Finally, the competing memory systems 
theory supposes that flexible behavior depends on the competition between 
active and latent memory traces. Perseveration occurs when an active memory 
trace of the post-switch relevant sorting rules is not strong enough to compete 
against a latent memory trace of the pre-switch relevant sorting rules (Morton 
& Munakata, 2002; Munakata, 1998). These accounts do not necessarily 
contradict each other. The competing memory systems theory, for example, can 
be seen as a lower level mechanism for the attentional inertia account (Yerys & 
Munakata, 2006).
 To explain the results of empirical studies, three computational models 
of behavior and development on the DCCS task have been proposed as well 
(Buss & Spencer, 2008; Morton & Munakata, 2002; Marcovitch & Zelazo, 2000). 
These computational models specify mechanisms underlying the development 
of flexible behavior. In these models, developmental change is formalized 
in terms of one or more parameters of the model, such as the strength of 
working memory relative to the strength of latent memory (Buss & Spencer, 
2008; Morton & Munakata, 2002), or the impact of the length of training on 
performance (Marcovitch & Zelazo, 2000). Consequently, these models relate 
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to cognitive and or neural systems in the brain that play a crucial role in the 
development of flexible behavior. The computational model of Marcovitch and 
Zelazo (2000) is an implementation of the Cognitive Complexity and Control 
(CCC) theory (Zelazo & Frye, 1997), and the computational model of Morton 
and Munakata (2002) is an implementation of the competing memory systems 
theory (Munakata, 1998).
 The results of Chapter 2 on the dynamics of development on the 
DCCS task do not so much have implications for the theoretical frameworks 
described above, but so much the more for the computational models. The 
two most important characteristics of the optimal latent Markov model for 
discontinuous development in Chapter 2 are: first, the existence of  two modes 
of behavior characterized by a high and a low probability of a correct response, 
and, second, the possible occurrence of reciprocal transitions between these 
two modes over the course of the post-switch trials. One way of implementing 
these dynamics in a computational system is by a model consisting of at least 
two subsystems that have a competitive interaction. All three computational 
models mentioned earlier incorporate two separate states: a perseveration 
state and a switch state, but not all of them incorporate competitive interaction. 
In particular, the computational model of Marcovitch and Zelazo (2000) 
does not provide competition between the subsystems, and is therefore not 
consistent with the results of Chapter 2. In contrast, the computational models 
of Buss and Spencer (2008) and Morton and Munakata (2002) are composed 
of competitive subsystems or subprocesses. However, those two models do not 
predict the occurrence of reciprocal transitions between the two states over the 
course of the post-switch trials, because the stability of the initial behavioral 
mode after the switch is always increased during the post-switch trials. There 
are at least two ways in which the computational models, which do incorporate 
competition can be adapted such that they do predict reciprocal transitions. 
First, adding  noise to the internal system might be a possible solution to 
incorporate transitions over the course of the post-switch trials into the conflict 
models of Buss and Spencer (2008) and Morton and Munakata (2002). Note, 
however, that due to the nonlinear dynamics of these models, adding noise 
could importantly affect the equilibrium dynamics of the model importantly 
(e.g., Katada & Nishimura, 2009). Moreover, it is also unclear whether adding 
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noise would lead to the typical asymmetry in transition probabilities that we 
have found consistently. A second possible adaptation of these models with the 
aim generating transitions could be the added assumption that the repetition of 
the post-switch sorting rules by the experimenter during the post-switch phase 
strengthens the active memory of these rules. In this way the active memory of 
the post-switch rules could outcompete the latent memory of the pre-switch 
rules during the post-switch trials. This might be testable by varying the verbal 
instructions of the experimenter during the post-switch phase.  
 The results of Chapter 3 on the abstractness of rule representations 
in the pre-switch phase of the DCCS task is most consistent with attentional 
inertia at the level of dimensions (Kirkham, Cruess, and Diamond, 2003). 
Perseverators may know the new rules they should be following, but the 
automatic rule factor driving attention towards the old dimension is too strong. 
The competing memory systems account (Morton & Munakata, 2002) also fits 
very well with the theoretical idea of competing endogenous and automatic 
rule factors proposed in the discussion section of Chapter 3. However, the 
interpretation of the competing memory systems theory that Kharitonova et 
al. (2009) present seems to conflict with the results of Chapter 3. We come 
back to this issue in the next section (paragraph 7.4). The Cognitive Complexity 
and Control (CCC) theory (Zelazo et al., 2003) predicts that when children 
perseverate, they are perseverating on specific lower order rules (e.g. if red 
then here; if blue then here). This prediction does not match with the results of 
chapter 3 as those indicate abstract representations in both perseverators and 
switchers.
 The results of Chapter 4 and 5 on the effects of exogenous factors 
on preschoolers’ DCCS performance are most consistent with the competing 
memory systems theory (Morton & Munakata, 2002; Yerys & Munakata, 2006), 
which assumes that latent memory of the pre-switch rules is dependent on all 
stimulus features that are correlated with the sorting location (this means both 
relevant and irrelevant stimulus features). According to this perspective then, 
stimulus novelty of any dimension correlated with a sorting location would 
weaken the strength of latent memory of the pre-switch rules, and hence 
operates in favor of active memory of the post-switch rules. Note that it is not 
necessary to assume that stimulus novelty increases the strength of active 

VanBers_proefschrift19.indd   160 10-02-14   16:13



161

memory, only that it decreases the strength of latent memory.
 The result of Chapter 6 on the influence of causally related feedback 
on DCCS performance is especially interesting in the light of the results of 
Espinet, Anderson and Zelazo (2013). Based on the Cognitive Complexity and 
Control theory (Zelazo et al., 2003), Espinet et al. compared two experimental 
conditions: one condition in which children received a training that made 
children reflect on their rule representations combined with corrective 
feedback, and a second condition in which children only received corrective 
feedback. The combination of corrective feedback and reflection training 
resulted in improved performance on a post-training DCCS task after one day, 
whereas corrective feedback alone or mere practice with the DCCS task alone 
did not. From this contrast Espinet et al. concluded that reflection training was 
the effective aspect of their manipulation. The corrective feedback provided 
in the study presented in Chapter 6 is slightly different from the corrective 
feedback provided in the study of Espinet et al. The unique feature of the 
feedback in our study might have been the causal relation between the feedback 
the child received and the stimulus, without intervention of the experimenter. 
Hence, the strong argument about reflection that Espinet et al. make based on 
the CCC-r theory might not completely hold.
 Overall attentional inertia at the level of dimensions and the 
competing memory systems account (Morton & Munakata, 2002; Munakata, 
1998) seem to be most consistent with the results of the five empirical studies 
presented in this thesis. 

7.4 

Competing memory systems 
Based on the results of the studies in this thesis we would frame the competing 
memory systems account a little bit different from other discussions in 
literature (Kharitonova et al., 2009). Kharitonova et al. state that “a striking 
qualitative distinction between switchers’ and perseverators’ representations 
of rules, which affect not only the ability to update flexibly when rules change, 
but also the ability to generalize behavior to new stimuli” (page 6). According 
to our interpretation of the competing memory systems account, all children 
(who passed the pre-switch phase) have an active, abstract representation 
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of the pre-switch rules based on the sorting rules the experimenter repeats 
before every trial in the pre-switch phase. In addition, during the pre-switch 
phase all children build a latent representation of the pre-switch rules, which 
strengthens with each trial due to repeatedly sorting test cards according to the 
pre-switch rules. This latent representation of the sorting rules is less abstract 
than the active representation of the pre-switch sorting rules (As is implicit 
or procedural memory; Ashby, Alfonso-Reese, Turken, & Waldron(1998)). 
More specifically, the representation in latent memory is related to all stimulus 
features that are correlated to the sorting locations (this means both relevant 
and irrelevant stimulus features). In the post-switch phase the active, abstract 
representation of the pre-switch rules is replaced by the active and abstract 
representation of the post-switch rules based on the verbal explanation of the 
experimenter of the post-switch relevant sorting rules. Moreover, the strength 
of the active representation of the post-switch sorting rules needs to build 
up in a few trials, which might be stimulated by the repetition of the post-
switch relevant sorting rules by the experimenter before every trial. The latent 
memory of the pre-switch rules, however, is only dependent on the actual 
sorting behavior. Hence, perseverators increase the strength of the latent 
memory of the pre-switch rules and switchers decrease the strength of the 
latent memory of the pre-switch rules.
 The difference between the results of the study in Chapter 3 and the 
results of Kharitonova et al. (2009) can be explained by the difference in the 
moment children were asked to generalize their sorting rules. In the study 
in Chapter 3 we asked the children directly after the pre-switch phase to 
generalize their sorting rules to new stimuli. Both perseverators and switchers 
have an active abstract representation of the pre-switch sorting rules. In the 
study of Kharitonova et al., on the other hand, children were asked to generalize 
their sorting rules to new stimuli after the post-switch phase. This resulted in a 
difference found between the consistency of generalization between switchers 
and perseverators. For perseverators sorting in the post-switch phase is based 
on the latent representation of the pre-switch relevant sorting rules, which is 
more stimulus-specific. For switchers sorting in the post-switch phase is based 
on the active representation of the post-switch relevant sorting rules, which is 
abstract. Hence, in our interpretation of the model switchers and perseverators 
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do not construct qualitatively different representations of the pre-switch and 
post-switch sorting rules. The part of the mechanism that differs between 
perseverators and switchers is the relative strength of the latent and active rule 
representations of the pre-switch and post-switch sorting rules. Consequently 
for the two groups of children different memory systems control their sorting 
behavior after the rule switch.
 The competing memory systems model (Morton & Munakata, 2002; 
Munakata, 1998) is specified in terms of a computational model, which, for 
example, specifies the details of the interaction between the two systems. The 
level of detail is not necessary in order to generate some predictions about 
the dynamics of the system. The next paragraph specifies the competitive 
interaction in terms of a conflict cusp model.

7.5 

Conflict cusp model revisited

In the discussion section of Chapter 2 we introduced a conflict cusp model 
(Zeeman, 1976; Van der Maas & Molenaar, 1992) for the transition from 
perseverating to switching in the post-switch phase of the DCCS task. A conflict 
cusp model is an example of a formal mathematical model. Formal models 
could provide insight into the variables that control the developmental process 
without making detailed assumptions about a possible mechanism, such as in 
computational models. In order to test specific hypotheses about the variables 
that control development on the DCCS task, we return to the conflict cusp model 
of Chapter 2 and expand this model with an interpretation of the variables 
controlling the developmental process based on the results of the empirical 
studies presented in this thesis and the ideas about the competing memory 
systems account described above. 
 In the conflict cusp model, which is displayed in Figure 7.1, the 
change in the dependent variable depends on continuous variation in two 
independent variables. The interpretation of the dependent variable and 
independent variables in our cusp model is based on the competing memory 
systems account presented in the previous section based on the results of the 
studies in this thesis. The dependent variable in our conflict cusp model of 
DCCS development is the probability of a correct response on a post-switch 
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trial, and it is represented by the z-axis in Figure 7.1. The first independent 
variable in our conflict cusp model is the strength of the latent representation 
of the pre-switch relevant sorting rules, and is represented by the a-axis in 
Figure 7.1. The second independent variable in our conflict cusp model is 
the strength of the active representation of the post-switch relevant sorting 
rules, and is represented by the b-axis in Figure 7.1. Consequently, as can be 
read of from figure 7.1, strong latent memory of the pre-switch rules (high 
values on the a-axis) combined with weak active memory of the post-switch 
rules (low value on b-axis) results in a low probability of correct post-switch 
performance, hence perseverative behavior. In contrast, weak latent memory 
of the pre-switch rules (low value on the a-axis), combined with strong active 
memory of the post-switch rules (high value on the b-axis) leads to a high 
probability of correct post-switch performance, hence switching. According to 
this model, when during the post-switch phase of the DCCS task, the strength 
of the latent memory of the pre-switch rules is roughly equal to the strength of 
the active memory of the post-switch rules, the rules are in competition with 
one another and the child is in transition. This means that both correct and 
incorrect performance is part of the behavioral repertoire, and the child can 
oscillate between these behaviors (Van der Maas & Molenaar, 1992). Which 
rules such a child actually applies depends on the history of performance (did 
the child apply the pre-switch rules on former trials), a bias for a particular 
stimulus dimension or value, and perturbations of his or her behavior. 
 A perturbation can be anything that influences the strength of the 
latent representation of the pre-switch relevant sorting rules or the strength of 
the active representation of the post-switch relevant sorting rules. Perturbations 
can cause a transition from perseverating to switching, a transition from 
switching to perseverating, or less inconsistent behavior. The manipulations 
we applied in the studies in this thesis can be seen as perturbations as well. The 
exogenous factors of the studies in Chapter 4 and 5 resulted in less consistent 
behavior. And the causally related feedback provided in the experiments of 
Chapter 6 is a perturbation that strengthens the active representation of the 
post-switch relevant sorting rules and weakens the latent representation of 
the (applied incorrect) pre-switch rules. Feedback learning can both affect 
active memory and latent, procedural memory (Ashby et al., 1998). Hence, 
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the positive feedback strengthens active memory and the negative feedback 
weakens latent memory.
 

Figure 7.1 Conflict cusp model for the transition from perseverating to 
switching on the post-switch phase of the DCCS task. z = dependent variable; 
probability of a correct response on a post-switch trial, a = independent variable 
1: strength of the latent memory of the pre-switch rules, b = independent variable 
2: strength of the active memory of the post-switch rules.

 
 The variable represented on the y-axis in Figure 7.1 is called the 
splitting variable. This variable is the total strength of the representations of the 
pre-switch and the post-switch rules. When the splitting variable is increased, 
the jump between perseverating and switching becomes more extreme. 
When the splitting variable is decreased the jump between perseverating and 
switching becomes smaller. This phenomenon is called divergence. Hence it is 
predicted that decreasing the strength of the latent memory of the pre-switch 
rules is more effective for letting children switch than only increasing the 
strength of the active memory of the post-switch rules. Based on the first conflict 
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cusp model presented in Chapter 2, we designed a first pilot study to test this 
hypothesis. The aim was to decrease the splitting variable by repeating before 
every post-switch trial that the pre-switch rules were no longer relevant. This 
way we wanted to decrease the strength of the pre-switch rules. We compared 
this pre-switch rules condition with a post-switch rules condition in which we 
repeated the post-switch relevant sorting rules before every post-switch trial 
(which is the standard procedure in the DCCS task), with a condition in which 
no rules were repeated, and with a condition in which both rules were repeated. 
Although the percentage of children passing the post-switch phase suggested 
better performance in the both rules condition and worse performance in the 
no rules condition compared to the post-switch rules condition and the pre-
switch rules condition, there was no significant difference in the percentage 
of switchers between the four conditions, χ2(df = 3, N = 98) = 5.75, p = .12. 
Naturally, we aim to analyze these results with latent Markov models in order 
to test for more detailed differences, but due to time constrains we did not do 
this yet. Now, with a more detailed interpretation of the cusp model we could 
understand why this manipulation did not work as initially expected. In this 
experiment the manipulation of the pre-switch sorting rules was at an active/
explicit level, while the representation of the pre-switch rules according to the 
revised cusp model is at a latent/implicit level. In the next section we point out 
directions for further research, partly based on the conflict cusp model. 

7.6 

Directions for future research

The studies presented in this thesis all use the Dimensional Change Card 
Sorting (DCCS) task (Zelazo, 2006). The DCCS task is a widely used paradigm 
to study cognitive flexibility in preschoolers. A wide variety of experimental 
manipulations have been investigated in this task. But the consistency of all 
these results is difficult to see, because they are all driven from the different 
theoretical frameworks proposed to explain behavior and development on the 
DCCS task. It may seem that the scope of this thesis is rather limited: we only 
studied cognitive flexibility by DCCS performance. However, Focusing on one 
paradigm also has advantages. The results of the empirical studies with the 
DCCS task presented in this thesis are consistent and robust. Found results 
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are replicated in different studies or in different experiments of the same 
study. A two state latent Markov model with reciprocal transitions between 
the two states is found as optimal model in Chapter 2, 3, 4, and 5. The effects 
of exogenous factors on preschoolers’ DCCS performance found in Chapter 
4 match the results of Chapter 5. And the effect of causally related feedback 
is replicated in the three experiments of Chapter 6. The proposed analysis 
method ensures that variations of manipulations can be expressed in the same 
consistent manner.
 The results on the dynamics of development on the DCCS task 
presented in Chapter 2 come together with the results of the empirical studies 
presented in Chapter 3 through to 6 in the revised conflict cusp model. This 
conflict cusp model is an excellent starting point for future studies on the 
dynamics of DCCS performance development. Specific predictions can be 
derived from catastrophe flags. Catastrophe flags are typical properties of 
behavior that indicate, and sometimes predict the occurrence of a discontinuous 
transition (Gilmore, 1982; Scheffer et al., 2009; Van der Maas & Molenaar, 
1992). Examples of catastrophe flags that can be studied in future research are 
sudden jumps, hysteresis and divergence. Sudden jumps from perseverating to 
switching or from switching to perseverating are the result of changes in the 
normal variable. 
 The normal variable is represented on the x-axis in Figure 7.1, 
and can be interpreted as the difference between the strength of the active 
representation of the post-switch rules and the strength of the latent 
representation of the pre-switch rules, a measure of conflict. Increasing the 
normal variable results in a sudden jump from perseverating to switching 
and decreasing the normal variable results in a sudden jump from switching 
to perseverating. The phenomenon that the jump from perseverating to 
switching takes place at a higher value of the normal variable than the jump 
from switching to perseverating, is called hysteresis. The presence of sudden 
jumps and hysteresis can be studied by continuously manipulating the normal 
variable in both directions.  
 As mentioned earlier, the variable represented on the y-axis in Figure 
7.1 is called the splitting variable. This variable is the total strength of the 
representations of the pre-switch and the post-switch rules. When the splitting 
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variable is increased, the jump between perseverating and switching becomes 
more extreme and hence more difficult to accomplish. When the splitting 
variable is decreased, the jump between perseverating and switching becomes 
smaller. This is called divergence. A possible way of weakening the splitting 
variable is reducing the number of pre-switch trials (which weakens the latent 
representation of the pre-switch relevant sorting rules).  It is predicted that 
with fewer pre-switch trials fewer children will perseverate. These future 
studies would further our understanding of the dynamics of development on 
the DCCS task and test specific developmental hypotheses about the variables 
controlling the developmental process.
 Another interesting direction for future research is application of the 
knowledge we have gained on the performance and development on the DCCS 
task to other paradigms. One possibility consists of other cognitive flexibility 
tasks that are related to changing perspectives, such as Luria’s tapping task 
(Diamond & Taylor, 1996), appearance reality tasks (Flavell, Flavell, & Green, 
1986), or theory of mind tasks (Premack & Woodruff, 1978; Wimmer & Perner, 
1983). Performance on these tasks improves importantly between the ages of 
three and five years, as in the DCCS task. The question would be whether they 
share the same dynamical process of development. 
 Research in the field of executive control is very relevant, because the 
development of executive control in early childhood is predictive of success 
later in life (as indexed by e.g., academic achievement, health and income; Blair 
& Razza, 2007; Moffit et al., 2011). It is important to perform that research in a 
systematic way. This thesis introduces a conflict cusp model, which can serve as 
an excellent starting point for future studies on the dynamics of performance 
development. With the developmentally more appropriate analysis method 
presented in this thesis this can be done in a robust way.
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Introductie

Flexibiliteit is een belangrijke eigenschap in de huidige snel veranderende 
maatschappij. In een nieuwe situatie, of als de omstandigheden veranderen, 
kun je niet vertrouwen op je automatische neigingen, en is bewuste cognitieve 
controle vereist. Je fiets bijvoorbeeld elke dag via dezelfde route naar huis, 
terwijl je denkt aan wat je die dag op je werk of op school hebt gedaan, en wat 
je die avond zal gaan eten of doen. Dan op een dag is de straat opengebroken, 
en in plaats van in gedachten verzonken naar huis te fietsen, moet je bewust 
gaan nadenken over een alternatieve route naar huis. Cognitieve controle is 
nodig wanneer ‘op de automatische piloot gaan’ niet genoeg is, of je zelfs op 
een dwaalspoor zet.
 Cognitieve controle is opgebouwd uit drie componenten: inhibitie, 
werkgeheugen en cognitieve flexibiliteit. Inhibitie is het vermogen om je 
aandacht, gedrag, gedachten en emoties te controleren, en gedrag dat niet gepast 
is in een bepaalde situatie te onderdrukken. Werkgeheugen is het vermogen 
om informatie in je geheugen te houden, terwijl die informatie verwerkt wordt 
voor later gebruik. Cognitieve flexibiliteit is het vermogen om plannen aan 
te passen aan relevante veranderingen in de omgeving, en tegenovergesteld, 
door te gaan met waar je mee bezig bent als de veranderingen in de omgeving 
niet relevant zijn. Om flexibel te reageren op nieuwe situaties heb je zowel 
werkgeheugen nodig (om te onthouden wat passend is in de nieuwe situatie) 
als inhibitie (om de neiging te onderdrukken op basis van de oude situatie te 
reageren). 
 Het belangrijkste doel van dit proefschrift is inzicht te krijgen in de 
cognitieve flexibiliteit van jonge kinderen. Eerder onderzoek laat zien dat de 
cognitieve flexibiliteit van kinderen sterk verbetert als zij tussen de drie en vijf 
jaar oud zijn. Een veelgebruikte taak om de cognitieve flexibiliteit van jonge 
kinderen te bestuderen is de Dimensional Change Card Sorting (DCCS) taak 
(Zelazo, 2006). In deze taak wordt kinderen gevraagd twee test kaarten die 
verschillen in vorm en kleur op basis van hun vorm of kleur te sorteren op twee 
stapels die gemarkeerd worden door een target kaart. Iedere testkaart heeft 
dezelfde kleur als de ene target kaart en dezelfde vorm als de andere target 
kaart (zie bijvoorbeeld Figuur 3.1, pag. 63). De taak bestaat uit twee fasen: 
de pre-switch fase en de post-switch fase. De pre-switch fase begint met twee 
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demonstratie trials om de kinderen te laten zien hoe het sorteren gaat. Daarna 
wordt de kinderen gevraagd zelf zes testkaarten te sorteren op de twee stapels 
op basis van één dimensie (vorm of kleur). In de post-switch fase van de taak 
wordt de kinderen gevraagd dezelfde zes testkaarten te sorteren volgens de 
andere dimensie. Sorteerden zij in de pre-switch fase op basis van kleur dan 
switchen zij in de post-switch fase naar vorm en andersom. Kinderen wordt 
expliciet verteld wanneer ze moeten wisselen van regel, maar er zijn geen 
demonstratie trials in de post-switch fase. Kinderen krijgen geen feedback op 
het sorteren, maar de correcte sorteerregel wordt voor iedere trial herhaald, 
en de testkaart wordt alleen met de relevante dimensie gelabeld (bijvoorbeeld: 
“Dit is een rode, op welke stapel moet die?”).
 Over het algemeen sorteren bijna alle kinderen correct in de pre-
switch fase van de taak, ongeacht welke dimensie als eerste relevant is. Drie-
jarigen hebben echter grote problemen als ze moeten switchen van sorteerregel 
en op basis van de andere dimensie moeten gaan sorteren. De meeste 3-jarigen 
persevereren, dat wil zeggen dat ze de testkaarten blijven sorteren op basis 
van de dimensie die als eerste relevant is. De meeste 4- and 5-jarigen switchen 
onmiddellijk naar de nieuwe sorteerregels als daarom gevraagd wordt. Het 
moeite hebben met switchen verdwijnt echter nooit helemaal. Alhoewel oudere 
kinderen en volwassenen alle testkaarten correct sorteren in de post-switch 
fase, nemen hun reactietijden nog wel toe als ze van sorteerregel moeten 
wisselen.
 In dit proefschrift leveren we in vijf empirische hoofdstukken nieuwe 
bijdragen aan drie belangrijke kwesties in het onderzoeksveld van de cognitieve 
flexibiliteit. Ten eerste onderzoeken we de dynamiek van de ontwikkeling op 
deze belangrijke vaardigheid. De vraag of ontwikkeling stapsgewijs of continu 
verloopt is een centraal en terugkerend thema in de ontwikkelingspsychologie. 
Ten tweede, toesten we belangrijke vragen over de mechanismen die ten 
grondslag liggen aan de prestatie en ontwikkeling op de Dimensional Change 
Card Sorting (DCCS) taak empirisch. Ten slotte presenteren we een nieuwe, 
beter bij de ontwikkeling passende methode voor het analyseren van DCCS taak 
data. Standaard analyses van DCCS taak data maken gebruik van som scores (de 
scores op de zes post-switch trials worden opgeteld). De alternatieve manier 
van analyseren die in dit proefschrift wordt gepresenteerd is het modelleren 
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van trial-to-trial data van de DCCS taak met latente Markov modellen. Hierbij 
wordt de score op iedere afzonderlijke trial meegenomen. Met deze model 
analyses kunnen we onderscheid maken tussen verschillende vormen van 
gedrag, de stabiliteit van die vormen onderzoeken en bekijken of en hoe deze 
vormen afhankelijk zijn van verschillende factoren in de omgeving.

Resultaten empirische onderzoeken

 In hoofdstuk 2 wordt de dynamiek van de ontwikkeling op de DCCS 
taak onderzocht bij 3- tot 5-jarigen. Drie modellen voor de ontwikkeling op 
de DCCS taak worden gepresenteerd: een continu ontwikkelingsmodel, een 
stapsgewijs ontwikkelingsmodel, en een discontinu ontwikkelingsmodel, zoals 
dat wordt beschreven door formele modellen van fase transities. De resultaten 
laten zien dat de ontwikkeling op de DCCS taak het best kan worden omschreven 
als een discontinue verandering in de prestatie op de post-switch fase van de 
taak. Naast een perseveratie groep en een switch groep, wordt een transitie 
groep gevonden die wisselt tussen persevereren en switchen tijdens de zes 
post-switch trials. Er is echter meer onderzoek nodig om een completer beeld te 
krijgen van de ontwikkelingsdynamiek op de taak en om specifieke hypothesen 
te toetsen omtrent de onderliggende variabelen die het ontwikkelingsproces 
controleren. De in de literatuur voorgestelde computationele modellen voor 
prestatie en ontwikkeling op de DCCS taak kunnen in hun huidige vorm, onze 
resultaten niet verklaren. Als in deze modellen een kind de eerste post-switch 
trial correct sorteert blijft hij/zij correct sorteren, en als een kind de eerste 
post-switch trial incorrect sorteert blijft het incorrect sorteren. Transities 
tussen de twee vormen tijdens de post-switch fase zijn niet mogelijk. In de 
discussie van hoofdstuk 2 wordt een conflict Cusp model voor de transitie van 
persevereren naar switchen gepresenteerd dat als uitgangspunt kan dienen 
voor toekomstige studies naar de ontwikkelingsdynamiek op de DCCS taak.
 In hoofdstuk 3 wordt het abstractieniveau van de representatie 
van de pre-switch regel in de DCCS taak onderzocht door 3- en 4-jarigen een 
standaard DCCS taak en een aparte generalisatie taak te laten uitvoeren. In de 
generalisatie taak wordt kinderen gevraagd om hun pre-switch sorteerregels 
te generaliseren naar nieuwe stimuli in één van drie condities. In de relevant 
change conditie veranderen de waardes van de op dat moment relevante 
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dimensie. In de irrelevant change conditie veranderen de waardes van de op 
dat moment irrelevante dimensie, en in de total change conditie veranderen 
de waardes van beide dimensies. Alle kinderen doen het erg goed in de 
relevant change conditie, wat een abstracte representatie van de pre-switch 
regels op het niveau van dimensies impliceert (‘dezelfde kleuren gaan bij 
elkaar’). De prestatie in de relevant change conditie is significant beter (en 
sneller) dan de prestatie in de andere twee condities. Kinderen met een hoge 
mate van cognitieve flexibiliteit (switchers op de DCCS taak) switchen hun 
aandacht vaker naar de irrelevante dimensie in de generalisatie taak als alleen 
de waardes van de irrelevante dimensie veranderen. Kinderen met een lage 
mate van cognitieve flexibiliteit (persevereerders op de DCCS taak) reageren 
vaker inconsistent in de generalisatie taak als de waardes van beide dimensies 
veranderen. Deze resultaten ondersteunen het idee dat persevereerders last 
hebben van attentional inertia op het niveau van dimensies (het niet kunnen 
‘loslaten’ van de eerste relevante dimensie) en dat verschillen tussen switchers 
en persevereerders op de standaard DCCS taak niet veroorzaakt worden door 
verschillen in het abstractie niveau van de representaties van de pre-switch 
sorteerregels.
 De studies in hoofdstuk 4 en hoofdstuk 5 onderzoeken de invloed van 
exogene factoren op de prestatie van jonge kinderen op de DCCS taak. Exogene 
factoren zijn stimulus gedreven, bottom-up en niet onder de vrijwillige controle 
van het kind. De exogene factoren die worden onderzocht in hoofdstuk 4 
zijn gerelateerd aan de sorteerregels (veranderingen in de waardes van één 
of meerdere sorteer dimensies), of niet gerelateerd aan de sorteer regels 
(veranderingen in de omtrek vorm van de stimuli of de positie van de stimuli 
op het scherm). M.b.v. de modelanalyses kunnen we toetsen of er verschillen 
zijn in de consistentie van switchen of persevereren tussen de condities, en 
tevens of er verschillen in de proportie switchers en persevereerders zijn. 
Marginaal minder kinderen switchen van sorteer regel in de card shape change 
conditie (omtrek vorm stimuli verandert) vergeleken met de controle conditie 
(standaard DCCS taak). Kinderen in de total change conditie (waardes van 
beide dimensies veranderen) en persevererende kinderen in beide condities 
met niet aan de sorteer regels gerelateerde veranderingen sorteren iets 
vaker toevallig correct dan kinderen in de controle conditie. Er wordt geen 
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ondersteuning gevonden voor de hypothese van Yerys en Munakata (2006) die 
stelt dat veranderingen in de waardes van een dimensie de aandacht naar die 
dimensie trekken en daardoor resulteren in meer sorteren op basis van die 
dimensie. De conclusie van deze studie is dat exogene factoren de aandacht af 
kunnen leiden van de dimensie die in de pre-switch fase relevant is, maar dat 
deze de aandacht niet persé sturen in de richting van de in de post-switch fase 
relevante dimensie.
 In hoofdstuk 5 wordt de invloed van veranderende waardes van één 
of meerdere sorteer dimensies onderzocht met behulp van een DCCS taak 
met drie dimensies: kleur, vorm en grootte. De introductie van een derde 
dimensie maakt het mogelijk te testen of de aandacht van kinderen wordt 
gestuurd in de richting van de dimensie met de nieuwe waardes.  Bij een 2D 
DCCS taak is de post-switch relevante dimensie het enige alternatief voor de 
pre-switch relevante dimensie. De resultaten komen overeen met het idee dat 
veranderingen in de waardes van een dimensie de aandacht afleiden van de 
op dat moment relevante dimensie, maar de aandacht niet persé sturen in de 
richting van de dimensie met de nieuwe waardes. De resultaten van hoofdstuk 
5 zijn consistent met de competing memory systems theorie, die veronderstelt 
dat het latente geheugen van de pre-switch regels afhankelijk is van alle 
stimulus waardes die gecorreleerd zijn aan de sorteer lokatie (en dus ook de 
waardes van de irrelevante dimensie).
 De studie in hoofdstuk 6 onderzoekt de directe en lange termijn 
invloeden van feedback op het switch gedrag van 3-jarigen in drie experimenten 
met de DCCS taak. De taak is zo ontworpen dat de feedback verbonden is aan de 
stimulus (de testkaart) en causaal gerelateerd is aan het gedrag van het kind. 
Of kinderen leren van de feedback wordt getoetst met twee volgende standaard 
DCCS taken (zonder feedback) met andere stimuli, één na 5 minuten en één na 
een  week. Experiment 1 en 2 laten zien dat kinderen die feedback ontvangen 
op hun sorteer gedrag in de post-switch fase van de taak beter presteren in 
vergelijking met kinderen die een standaard DCCS taak (zonder feedback) 
doen. Dit effect generaliseert naar de volgende DCCS taak na 5 minuten en ook 
naar die na een week. Experiment 3 laat zien dat kinderen echt switchen naar 
de post-switch regels en niet naar omgekeerde pre-switch regels (bijvoorbeeld: 
van ‘zelfde kleuren gaan bij elkaar’ naar ‘verschillende kleuren gaan bij elkaar’). 
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Deze resultaten benadrukken de gevoeligheid van kinderen voor de vorm van 
de feedback bij het leren van een abstracte regel.

Conclusie

 De studies in dit proefschrift maken allemaal gebruik van de 
Dimensional Change Card Sorting taak. Uiteenlopende manipulaties zijn 
onderzocht in deze taak. Maar de consistentie van al die resultaten is moeilijk 
te zien, omdat ze gedreven worden vanuit de verschillende theoretische kaders 
die voorgesteld zijn om het gedrag en de ontwikkeling op de DCCS taak te 
verklaren. Het lijkt misschien alsof de omvang van dit proefschrift beperkt is: 
we hebben de cognitieve flexibiliteit alleen bestudeerd m.b.v. de DCCS taak. 
Maar, het focussen op één paradigma heeft ook voordelen. De resultaten van 
de empirische resultaten met de DCCS in dit proefschrift zijn consistent en 
robuust. De gevonden resultaten zijn gerepliceerd in verschillende studies of 
in verschillende experimenten van dezelfde studie. Een latente Markov model 
met twee klassen met wederkerige transities tussen de twee klassen wordt als 
optimaal model gevonden in hoofdstuk 2, 3, 4, en 5. De effecten van exogene 
factoren op de prestatie van jonge kinderen op de DCCS taak die gevonden zijn 
in hoofdstuk 4 komen overeen met de resultaten van hoofdstuk 5. En het effect 
van causaal gerelateerde feedback is gerepliceerd in de drie experimenten van 
hoofdstuk 6. De voorgestelde analyse methode zorgt ervoor dat variaties van 
manipulaties op dezelfde consistente manier kunnen worden uitgedrukt.
 Onderzoek in het veld van de bewuste cognitieve controle is bijzonder 
relevant, omdat de ontwikkeling van cognitieve controle op jonge leeftijd een 
goede voorspeller is voor succes later in het leven (bijvoorbeeld academisch 
prestaties, gezondheid en inkomen). Het is belangrijk dat onderzoek op een 
systematische manier uit te voeren. Dit proefschrift introduceert een conflict 
Cusp model dat uitstekend gebruikt kan worden als beginpunt voor toekomstige 
studies naar de dynamiek van ontwikkeling. Met de beter bij de ontwikkeling 
passende analyse methode die gepresenteerd wordt in dit proefschrift kan dat 
op een robuuste manier gedaan worden.
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