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Introduction

One of the hallmarks of “higher” intelligence is the ability to act flexibly and adaptively, rather than
being governed by simple habit. For example, we may drive the same route to and from work each day, but
we can pull ourselves out of this habit when necessary (e.g., to stop at the store on the way home). Many
findings point to the critical role of the prefrontal cortex in such flexible behavior. However, the exact nature
of its role is uncertain. In this chapter, we use neural network models to explore the role of the prefrontal
cortex in the development of flexible behavior in the first years of life.

Infants often demonstrate a lack of flexibility by perseverating, repeating prepotent or habitual behaviors
when they no longer make sense. For example, as soon as infants will search for a toy that is presented
and then hidden, they search perseveratively, continuing to reach back to old hiding locations after watching
as the toy is hidden in a new location (Diamond, 1985; Piaget, 1954). Infants will even perseverate when
objects are fully visible in front of them. For example, when faced with two towels to pull — one with a
distant toy on it and one with a toy behind it — infants will choose the towel with the toy on it. However, if
the towels are switched so that the towel that was to the infants’ left (e.g., with the toy on it) is now to the
infants’ right, infants perseverate, continuing to pull the towel on the same side as before though it does not
yield the toy (Aguiar & Baillargeon, 2000).

These perseverative behaviors are not limited to infancy; children also demonstrate them quite reliably.
For example, most 3-year-olds can correctly sort cards according to experimenter instructions (e.g., with
all of the blue cards going into one pile, and all of the red cards going into another pile). However, when
instructed to switch to a different sorting rule (e.g., to sort the cards by their shape rather than their color, with
all of the trucks going into one pile, and all of the flowers going into another pile), 3-year-olds perseverate,
continuing to sort by the initial instructions (Zelazo, Frye, & Rapus, 1996). Six-year-olds show the same
pattern when asked to judge a speaker’s feelings from utterances with conflicting emotional cues (e.g.,
a sentence with happy content — “l won a prize” spoken in a sad tone of voice) (Morton & Trehub, 2001).
When instructed to judge the speaker’s feelings from the content of her utterances, most 6-year-olds succeed.
However, when instructed to switch and judge the speaker’s feelings from her tone of voice, many 6-year-
olds perseverate, continuing to base their judgments on content (Morton & Munakata, in press-b; Morton,
Trehub, & Zelazo, in preparation).

In all of these cases, infants and children appear quite sensible in their initial behaviors — searching in the
correct location for the hidden toy, pulling the appropriate towel, and sorting cards and judging utterances
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according to experimenter instructions. However, they appear quite inflexible in their subsequent behaviors,
perseverating with their previous responses when they no longer make sense — searching in the incorrect
location for the hidden toy (making the “A-not-B” error), pulling the inappropriate towel, and sorting cards
and judging utterances without apparent regard for the experimenter’s current instructions.

Interestingly, even as infants and children perseverate with their previous responses, they sometimes
seem to indicate through other measures that they have some awareness of the correct response. That is,
they show dissociations in their behavior. For example, even as infants reach perseveratively to a previous
hiding location for a toy, they occasionally gaze at the correct hiding location (Piaget, 1954; Diamond, 1985;
Hofstadter & Reznick, 1996). Further, in violation-of-expectation variants of the A-not-B task, infants look
longer when a toy hidden at B is revealed at A than when it is revealed at B, following delays at which they
would nonetheless search perseveratively at A (Ahmed & Ruffman, 1998). Perhaps even more compelling,
even as children sort perseveratively according to a previous rule, they can correctly answer questions about
the new rule they should be using, such as where trucks should go in the shape game (Zelazo et al., 1996), or
what aspect of a speaker’s voice they should be listening to (Morton & Munakata, in press-b; Morton et al.,
in preparation). These dissociations in infants’ and children’s behavior provide an important constraint
on theories of perseveration. Further, behavioral dissociations are a salient aspect of development more
generally (e.g., Berthier, DeBlois, Poirier, Novak, & Clifton, 2000; Hood & Willatts, 1986; Piaget, 1952;
Spelke, Breinlinger, Macomber, & Jacobson, 1992). Understanding such dissociations may thus be an
important step in understanding the development and organization of our cognitive systems (Munakata,
2001a; Munakata & Stedron, in press).

Another important constraint on theories of perseveration is the remarkable decalage (Piaget, 1941,
1967), or temporal uncoupling of similar cognitive developments (Flavell, 1963), observed across various
tasks. That is, infants succeed in the A-not-B task years before they succeed in the card-sorting task, and
children succeed in the card-sorting task years before they succeed in the speech interpretation task. Chil-
dren’s apparent abilities to overcome perseveration and respond flexibly thus depend heavily on exactly what
task they face.

The prefrontal cortex plays a critical role in reducing perseveration and in supporting flexible behav-
ior more generally (Diamond, in press; Miller & Cohen, 2001; Miyake & Shah, 1999; O’Reilly, Braver, &
Cohen, 1999; Roberts & Pennington, 1996; Stuss & Benson, 1984). For example, impaired prefrontal func-
tioning often leads to perseverative behaviors. Some of the most dramatic examples come from human adults
with prefrontal damage, who may exhibit Environmental Dependency Syndrome, inappropriately carrying
out habitual responses supported by particular environmental stimuli (Lhermitte, 1986). For example, one
such patient, upon entering her physician’s home and seeing dirty dishes in the kitchen, began to wash them.
Another patient, upon seeing paintings on the floor with a hammer and nails, began hanging the paintings.
Such patients have also put on multiple pairs of glasses when presented with them individually, and even
used a makeshift urinal when presented with it (Lhermitte, 1986). In all of these cases, patients simply
carried out prepotent responses to particular stimuli, rather than responding flexibly based on the particular
context, in which it would have been more appropriate to inhibit those behaviors. The prefrontal cortex
has also been implicated in more systematic tasks like those described above. For example, patients with
prefrontal damage perseverate in tasks like Zelazo et al.’s (1996) card sorting task (Milner, 1963). When the
sorting rule is changed, patients respond based on habit (the first sorting rule) rather than responding flexi-
bly to feedback indicating that the rule has changed. Similarly, adult monkeys with lesions to the prefrontal
cortex perseverate in the A-not-B task (Diamond & Goldman-Rakic, 1989, 1986). And, human infants’
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eventual success in this task is correlated with event-related potential measures recorded over frontal cortex
(Bell & Fox, 1992).

Thus, there is general agreement that the prefrontal cortex plays a role in reducing perseveration, that
there is a decalage in when children succeed in overcoming perseveration, and that behavioral dissociations
emerge in tasks that require flexibility, with one measure yielding perseveration and another measure sug-
gesting awareness of the correct response. In this chapter, we use neural network models to explore three
remaining questions about perseveration in infancy and childhood:

e How does prefrontal development reduce perseveration?
o Why are dissociations observed in perseveration?

e Why do children show the remarkable decalage in their flexibility, overcoming perseveration at such
different ages across various tasks?

We consider each of these questions in turn, and close by comparing the answers that emerge from our
neural network explorations to other accounts of perseveration.

Prefrontal Cortex and Perseveration

Neural network models have helped to understand how the development of the prefrontal cortex can
reduce perseveration (Dehaene & Changeux, 1989, 1991; Morton & Munakata, in press-a; Munakata, 1998;
Stedron, Munakata, & Sahni, 2002). In this chapter, we explore an account based on a distinction between
“active” and “latent” memory traces (Munakata, 2001b). In the neural network framework, active traces
take the form of sustained activations of network processing units (roughly corresponding to the firing
rates of neurons), and latent traces take the form of changes to connection weights between units (roughly
corresponding to the efficacy of synapses). According to the active-latent account:

e Perseveration occurs based on a competition between latent memory traces for previously relevant
information and active memory traces for current information.

e Latent memory traces, subserved primarily by posterior cortex, result when organisms change their
biases toward a stimulus after processing it, so that they may respond differently to the stimulus on
subsequent presentations. These latent traces are not accessible to other brain areas, because synaptic
changes in one part of the brain cannot be communicated to other areas. Rather, latent traces can only
influence processing elsewhere in the system in terms of how they affect the processing of subsequent
stimuli, and resulting patterns of activation.

e Active memory traces, subserved primarily by prefrontal cortex, result when organisms actively main-
tain representations of a stimulus. Unlike latent traces, such active representations may be accessible
to other brain areas in the absence of subsequent presentations of the stimulus, because neuronal firing
in one region can be communicated to other areas.

e Flexible behavior can be understood in terms of the relative strengths of latent and active memory
traces. The increasing ability to maintain active traces of current information, dependent on develop-
ments in prefrontal cortex, leads to improvements in performance on tasks such as A-not-B.
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Behavioral and physiological data motivate the active-latent distinction central to the proposed theory of
perseveration. For example, neurons can “remember” information in two distinct ways: through sustained
firing for a stimulus (active), or through changes in firing thresholds or synapses that affect neurons’ sub-
sequent firing to a stimulus (latent). When monkeys performed a task that required memory for a specific
stimulus item, neurons in the prefrontal cortex showed sustained firing for the stimulus, across intervening
stimuli (Miller, Erickson, & Desimone, 1996). This active memory is consistent with a number of neural
recording and imaging experiments in the prefrontal cortex (e.g., Cohen, Perlstein, Braver, Nystrom, Noll,
Jonides, & Smith, 1997; Fuster, 1989; Goldman-Rakic, 1987a). In contrast, on an easier task that required
memory for any familiar stimulus, monkeys solved the task using some form of latent memory in neurons
in the inferotemporal cortex; these neurons showed no maintained firing signal, but showed reduced firing
when familiar stimuli were presented again (Miller & Desimone, 1994). Monkeys appeared to simply pro-
cess stimuli and as a result, laid down latent memory traces for them, resulting in facilitated processing (i.e.,
reduced firing) when they were repeated. Neurons in prefrontal and posterior parietal cortex have shown
the same active-latent distinction for memories of spatial locations (Steinmetz, Connor, Constantinidis, &
McLaughlin, 1994). Finally, humans with frontal lobe damage show deficits in working memory, but are
unimpaired in discriminating novel and familiar stimuli (see Petrides, 1989 for review). Such recognition
memory might depend on latent memory traces that do not require the prefrontal cortex, whereas working
memory requires information to be kept active for manipulation.t

The active-latent account shares several features with and builds upon existing accounts and computa-
tional models of perseveration. Many accounts and models similarly posit perseveration to arise based on a
competition between two kinds of information, and describe something akin to the latent or active elements
of the active-latent account (e.g. Butterworth, 1977; Dehaene & Changeux, 1991; Diamond, 1985; Harris,
1986; Wellman, Cross, & Bartsch, 1986; Thelen, Schoner, Scheier, & Smith, 2001). Further, many accounts
and models have similarly emphasized working memory as a primary mechanism of prefrontal cortex, with
other functions (e.g., inhibition of prepotent responses) emerging from this more basic mechanism (Cohen &
Servan-Schreiber, 1992; Goldman-Rakic, 1987b; Kimberg & Farah, 1993; Miller & Cohen, 2001; O’Reilly
etal., 1999; Roberts, Hager, & Heron, 1994). In this view, prefrontal cortex subserves the ability to maintain
and manipulate information in working memory, in the absence of supporting stimuli (e.g., across delays) or
in the face of interfering stimuli. Prefrontal cortex can thus serve to represent task-appropriate information,
such as the most recent hiding location in the A-not-B task or the most recent rule in the card sorting task.
These representations support flexible behaviors, and via competitive interactions throughout the cortex, the
representations supporting inappropriate or habitual behaviors are inhibited.

We explore the active-latent account by testing neural network models in all of the developmental tasks
described above: the classic A-not-B task (Piaget, 1954), the towel-pulling task (Aguiar & Baillargeon,
2000), the card sorting task (Zelazo et al., 1996), and the speech interpretation task (SIT, Morton & Mu-
nakata, in press-b; Morton et al., in preparation). The models provide a unified framework for understand-
ing perseveration across a range of conditions (e.g., with hidden or visible objects, with or without explicit
rules) and ages (from infancy through childhood). The models also lead to novel behavioral predictions. As
outlined above, this unified approach to perseveration shares much in common with existing approaches;
however, the active-latent account contrasts with other theories, as we elaborate in the Discussion section.

1\We view active memory as only one component of (rather than equivalent to) working memory.
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Figure 1: Simplified version of the A-not-B network and the elements of an A trial (adapted from Munakata, 1998a):
The activation level of the input units for the three segments of the trial is shown by the size of the white boxes. The
“Object” input indicated whether a cover (“C”) or toy (“T”) was visible.

A-not-B

This simulation (Munakata, 1998) explored infants’ perseveration in searching for hidden objects. Ac-
cording to the active-latent account, after infants repeatedly attend to a hiding location and reach there, they
lay down latent traces biasing them toward that location, making them more likely to reach there in the fu-
ture. To overcome that tendency and reach to a new location, infants must maintain active memory traces for
the most recent hiding location of an object. The full simulation evaluated many variants of the A-not-B task
not covered here, so we simplify the presentation of the network architecture and environment to include
only those elements covered in the simulations described in this section.

Architecture and environment

The network was comprised of two input layers that encoded information about the location and identity
of objects, an internal representation layer, and two output layers for gaze/expectation and reach (Figure 1).
The gaze/expectation layer responded (i.e., updated the activity of its units) to every input during the A-
not-B task, while the reaching layer responded only to inputs corresponding to a stimulus within “reaching
distance”. This updating constraint was meant to capture the fact that infants’ reaching is permitted at only
one point during each A-not-B trial, when the apparatus is moved to within the infant’s reach, whereas noth-
ing prevents infants from forming expectations (which may underlie longer looking to impossible events)
throughout each trial.2

2The model simplifies over nuances in infants’ gazing and reaching. For example, infants’ gaze is sometimes restricted during
A-not-B experiments so that they cannot gaze continuously at a recent hiding location, whereas the model gazes continuously. And,
infants may plan or imagine reaching movements prior to the point when they can reach to the A-not-B apparatus, so that they may
activate brain areas relevant for reaching to some degree prior to the actual reach, whereas the model cannot activate its reaching



6 Prefrontal cortex and perseveration

The network’s feedforward connectivity included an initial bias to respond appropriately to location in-
formation, and also developed further biases based on the network’s experience during the A-not-B task.
The initial bias allowed the network, for example, to look to location A if something were presented there.
Infants enter A-not-B experiments with such biases, so this manipulation may be viewed as a proxy for
experience prior to the A-not-B study. The network’s feedforward weights changed based on its experi-
ence during the study according to a Hebbian learning rule, such that connections between units that were
simultaneously active tended to be relatively strong. The network’s latent memory thus took the form of
these feedforward weights; they reflected the network’s prior experiences and influenced its subsequent
processing.

Each unit in the hidden and output layers had a self-recurrent excitatory connection back to itself. These
recurrent connections were largely responsible for the network’s ability to maintain representations of a
recent hiding location; units that are active tend to remain active when they receive their own activity as
input through sufficiently large weights. The network’s active memory thus took the form of maintained
representations on the network’s hidden and output layers, as supported by its recurrent connections. To
simulate gradual improvements with age in the network’s active memory, the strength of the network’s
recurrent connections was manipulated, with “older” networks having higher recurrence. This manipulation
might be viewed as a proxy for experience-based weight changes that have been explored elsewhere (e.g.,
Munakata, McClelland, Johnson, & Siegler, 1997).

The simulated A-not-B task consisted of four pre-trials (corresponding to the “practice” trials typically
provided at the start of an experiment to induce infants to reach to A), two A trials, and one B trial. Each
trial consisted primarily of three segments: the presentation of a toy at the A or B location, a delay period,
and a choice period (Figure 1). During each segment, patterns of activity were presented to the input units
corresponding to the visible aspects of the stimulus event. The levels of input activity represented the
salience of aspects of the stimulus, with more salient aspects producing more activity. For example, the
levels of input activity for the A and B locations were higher during choice than during delay, to reflect the
increased salience of the stimulus when it was presented for a response.

Performance and internal representations

For all analyses of the network’s performance, the network’s percent correct response was computed as
the activation of the appropriate output unit divided by the sum of activation over all possible output units.
For example, the network’s percent correct reaching on A trials was computed as the activity of MLB for the
reaching layer. The model simulated the A-not-B error (successful reaching on A trials with perseverative
reaching on B trials), and improvements with age (Figure 2). The model also showed earlier sensitivity on
B trials in its gaze/expectation than in its reach, a finding that we will return to in the Dissociations section.

The network performed well on A trials at all ages because latent changes to the feedforward weights,
built up over previous trials in which the network represented and responded to A, favored A over B. These
latent memories thus supported enough activity at A that the network’s ability to maintain activity at A had
little effect on performance. The internal representations of a relatively young network during an A trial
(Figure 3) showed that even with relatively weak recurrent weights to support the active maintenance of the
most recent hiding location, the network was able to strongly represent A during all three segments of the

units until the actual reach. Nevertheless, the model captures an essential difference between gaze/expectation and reach in the
A-not-B task — infants have many more opportunities to gaze and to form expectations than to execute reaching responses.
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Figure 2: Percent correct responses as a function of age: On A trials, the network is accurate across all levels of
recurrence shown. On B trials, the network responds non-perseveratively only as the recurrent weights get stronger.
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Figure 3: A young network’s representations during an A trial (adapted from Munakata, 1998a): Only the strongest of
the feedforward weights are shown; these reflect the network’s latent bias toward A that developed during the practice
trials. The network responds correctly to A in gaze/expectation and in reach.
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Figure 4: A young network’s representations during a B trial (adapted from Munakata, 1998a): Again, only the
strongest of the feedforward weights are shown. The weaker weights (not shown) that support a correct response to
B allow the network to represent and gaze at B when a toy is presented there (as infants do). However, after the toy
is hidden, the network’s weak ability to maintain an active representation of B cannot compete against the network’s
latent bias toward A (reflected in the strong feedforward weights shown). The network thus responds perseveratively
to A in gaze/expectation and in reach.

trial. Thus, the latent memories in the network’s weights, biasing it toward A, allowed it to respond correctly
toward A even with only a weak ability to actively hold the most recent hiding location in mind.

In contrast, the network’s ability to maintain activity for the most recent hiding location was critical to its
performance on B trials, because the network had to maintain a representation of B in the face of the latent
bias to respond to A. The activity of the units of the young network during a B trial (Figure 4) indicated
that the network appropriately represented and responded to B in gaze/expectation during the presentation
of the toy at B, when the B input unit was strongly activated. Infants in the A-not-B task similarly look
to B when an object is hidden there. However, the memory for B faded during the delay, when the A and
B input units were equally activated, so that the internal representation activity showed little evidence of
which location was recently-attended. If judged at that time on the basis of active traces alone, the network
showed little memory of prior events. However, the network showed strong evidence of memory for the
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previous trials by making the A-not-B error at choice, indicating the influence of latent traces. In particular,
the network’s connection weights had learned to favor activity at A over B, based on the preceding pre-trials
and A trials. Thus, by repeatedly attending and responding to one location, the network became increasingly
likely to attend and respond there. Stronger recurrent weights allowed an older network to maintain an active
memory of B during the delay. That is, the older network was better able to hold information about a recent
hiding location in mind, rather than simply falling back to its biases for previous locations.

Predictions

The A-not-B model led to the novel prediction that infants’ may show a U-shaped pattern of performance
in their perseveration, at first showing worse performance with increasing age and then better performance.
That is, networks at the youngest ages (weakest recurrent weights) in Figure 2 showed more persevera-
tion than slightly younger networks. This prediction of U-shaped performance has since been supported
(Clearfield & Thelen, 2000).

The patterns of network activity during A and B trials reveal how increases in recurrence can hurt
network performance. The representations of very young networks are so weak that they fade quickly over
even A trial delays, leading to weak prepotent responses to A. As these representations become stronger,
they fade less quickly over A trial delays, leading to stronger prepotent responses to A. In effect, the more
the network keeps A in mind (as recurrence increases), the more biased the network becomes to respond
to A. Becoming increasingly able to keep something in mind helps only if B can be kept in mind long
enough to sustain the delay; otherwise — if the system must perseverate — it is better off the less it keeps
things in mind. Longer delay periods make the U-shape more prominent, because the recurrent weights
influence the network’s activity most during delay; the longer their period of influence, the more evident
their contribution.

Towel-pulling

This simulation (Stedron et al., 2002) explored infants’ perseveration when retrieving visible objects. As
described earlier, infants presented with two towels, one with a distant toy on it and one with a toy behind
it, will pull the correct towel to retrieve the toy, but perseverate and pull the incorrect towel (with the toy
behind it) when the toy’s location is switched (Aguiar & Baillargeon, 2000). Infants also perseverate in other
tasks with fully visible objects. For instance, when presented with a toy inside a transparent box, infants
will perseveratively attempt to reach the toy through the closed top of the box, rather than through an open
side (Diamond, 1981). Perhaps counterintuitively, a competition between active and latent memory traces
can also account for such perseverative behaviors with visible objects. Latent memory traces result from
repeated behaviors (e.g., pulling the initially correct towel) or prepotent tendencies (e.g., to reach directly
for visible objects). Active memory traces represent currently relevant information (e.g., which towel should
be pulled, how the toy in the transparent box can be retrieved). When latent memory traces are stronger than
the active memory traces, infants perseverate.

Why is active memory helpful with fully visible objects? Active memory can bolster representations of
fully visible information, allowing one to attend to the critical features of the environment (e.g., De Fockert,
Rees, Frith, & Lavie, 2001). For example, an adult may not normally attend to the color of a companion’s
shirt, but active memory may help the adult attend to that feature if he or she is trying to follow the com-
panion through a large crowd. Similarly, in the towel-pulling task, active memory can help infants’ attend
to which towel currently holds the toy. The stronger the representation of this critical information, the more
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Figure 5: The towel-pulling network and the elements of an A trial: The input units encoded information about the
identity of objects (toy and towel) and their placement (on and attached). A toy sitting behind a towel would activate
the toy and towel units only (as on the right side of the trial shown). A toy sitting on a towel would activate the toy,
towel, and on units (as on the left side of the trial shown). A toy that attached to its supporting towel would activate
the toy, towel, on, and attached units; this condition will be discussed in the Decalage section.

likely active memory will prevail over latent memory, enabling the infant to reach to the correct towel. We
explore these ideas in a simulation of infant behavior in the towel-pulling task.

Architecture and environment

The network was comprised of two input layers that encoded information about the location, identity
and placement (e.g., toy on towel) of the objects, and three layers that represented the two locations of the
objects: an internal representation layer (hidden layer), a prefrontal cortex (PFC) layer, and an output layer
for reaching (Figure 5).

Feedforward connections linked the network’s input layers to the hidden and PFC layers, and the hidden
layer to the output layer. This feedforward connectivity included an initial bias to accurately encode the
location of various aspects of the display. For example, the weight from the left “On” input unit was
strongly connected to the left hidden unit and the left PFC unit, and the weight from the left hidden unit
was strongly connected to the left output unit. This initial bias allowed the network to represent and respond
to the location of a toy on a towel preferentially over a toy behind a towel. Infants appear to bring such a
bias into the towel-pulling task. Like the A-not-B model, the network developed a bias (latent traces in the
form of stronger feedforward weights) for the towel location that originally supported the toy based on its
experience with the task, according to a Hebbian learning rule.

Each prefrontal unit had a self-recurrent excitatory connection back to itself, and an excitatory connection

to the corresponding hidden unit. These recurrent connections were largely responsible for the network’s
ability to maintain an active representation of the current (and visible) location of the towel supporting
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the toy. This model and subsequent ones thus elaborated the A-not-B model architecture by incorporating a
separate prefrontal layer for this active memory function, rather than simply using self-recurrent connections
on the hidden layer as a proxy. Again, the network’s aging was simulated by strengthening the recurrent
connections.

The towel-pulling task consisted of four A trials, in which the same towel (at location A) supported the
toy, and one B trial, in which the other towel (at location B) supported the toy. Each trial consisted of three
segments: the presentation of the toys placed on (or behind) the towels at the A and B locations, a short
delay in which reach was prevented (simulating a brief period in the behavioral studies when a screen was
placed between the infant and the towels to prevent immediate reach), and a choice period when the towels
and toys were again visible (Figure 5). During each segment, patterns of activity were presented to the input
units corresponding to the visible aspects of the stimulus event. Activity was low and equally distributed
across all input units during the delay period, to reflect the lack of any particular visual input due to the
occluding screen.

Performance and internal representations

As in the A-not-B model, the network’s correct response was computed as the activation of the appro-
priate output unit divided by the sum of activation over both output units (e.g., A;‘_;B on A trials). The
model simulated infants’ correct towel-pulling on A trials, their perseverative towel-pulling on B trials, and
improvements with age.

The network performed well on A trials at all ages because of the network’s initial bias to reach to the
towel supporting the toy. Because the network responded to the same towel supporting the toy throughout
the four A trials, an initial bias for the towel supporting the toy at the A location was strengthened as a result
of latent changes to the feedforward weights.

During the B trials, this latent bias to respond to the old towel competed with the network’s ability to
strongly represent information about the new towel supporting the toy. As with infants, the information
about the two towel choices was fully visible to the network. The total input activation on the correct
side was greater than the activation on the previous side, because the “on” unit was active only on the
correct side. The recurrent connections were necessary for amplifying this greater activation for the correct
side, thus more strongly influencing the activation of the hidden units. In younger networks with weaker
recurrent weights, the latent bias for the old location was stronger than the activation for the correct location
provided by the PFC layer, leading to perseveration. In older networks with stronger recurrent weights, the
stronger PFC representation of the correct location provided stronger input to the hidden layer, and stronger
competition against the latent bias for the old towel, leading the network to reach to the correct towel.

Predictions

The towel-pulling model led to the novel prediction that infants at different points in development may
show an interesting pattern in how quickly they pull the towel on B trials. In the model, reaction time
is measured in terms of processing cycles required before the model settles on a stable response. The
network produced a developmental inverted U-shaped reaction time curve in its performance, responding
most quickly when it was very young and perseverating and when it was very old and succeeding. In
contrast, the network responded slowly at a transitional age, just prior to its first success and just after its first
success. These differences in reaction time resulted from differences in the degree of competition between
the active representation for the current location of the towel supporting the toy and the latent bias for the
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old location. Specifically, the more imbalanced this competition, the faster the competition was resolved,
and the faster the reach. These results suggest that infants should be fastest when they are either really
perseverating or really succeeding (i.e., when they are far from the transition period from perseveration to
success), and they should be slowest in the transition period. Thus, the model makes clear developmental
predictions about reaction times that we are now testing.

Card sorting and Speech interpretation task

These simulations (Morton & Munakata, in press-a) explored children’s perseveration in using prior
rules rather than current rules for sorting cards (Zelazo et al., 1996) and judging the emotion of a speaker
(Morton & Munakata, in press-b; Morton et al., in preparation). According to the active-latent account,
children need to maintain a strong active representation of the current (post-switch) rule to overcome latent
biases that are established or strengthened by use of the prior (pre-switch) rule. Failure to do so results in
perseveration.

The networks for the two tasks had virtually equivalent architectures, differing only in the strength of
initial biases and the labeling of units. Consequently, the underlying causes of perseveration and dissociation
were identical for both models. To simplify the presentation, we focus on the results from the card sort
model, and save a discussion of the differences between the models for the Decalage section.

Architecture and environment

The networks consisted of three input layers, an internal representation layer, a PFC rule layer, and an
output layer (Figures 6 and 7). In the card sorting network, the input layers encoded the shape and color of
the test cards, verbal descriptions of these features, and the sorting rule. The two output units represented the
sorting trays in which children place the test cards, and were labeled red/flower and blue/truck respectively.

The network’s feedforward connectivity included an initial bias to respond appropriately to color and
shape information, and also developed further biases based on the network’s experience during the card
sorting task. The “Red” hidden unit, for example, became active when either the “Red” visual features or
the “Red” verbal features units were active, and the “Red/Flower” output became active when either the
“Red” or the “Flower” hidden units were active. Children appear to bring such biases with them into the
card sorting task. As in the A-not-B and towel-pulling models, these connections changed with experience
according to a Hebbian learning rule, such that the network’s latent memory took the form of stronger
connections between units. And as in those models, the network’s aging was simulated by strengthening the
recurrent connections supporting the network’s active representations.

The simulated card sorting task consisted of 2 demonstrations of the pre-switch rule, 6 trials with the
pre-switch rule, and 6 trials with the post-switch rule. Each simulated trial of the card sort task included a
statement of the rules followed by a presentation of a test card (Figure 6).

Performance and internal representations

We measured the network’s percent correct response as the activation of the appropriate output unit
divided by the sum of activation over both output units. For example, the network’s percent correct response
on a trial with a red flower in the color game was computed as the output activity of %. The network
simulated good pre-switch performance at all ages, and perseveration in the post-switch trials with age-

related improvements.
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Figure 6: Simplified version of the card sort network and the elements of a trial (R=red, B=blue, T=truck, F=flower,
C=color, and S=shape). In the inputs with ”go here,” the corresponding output unit was activated for the network to
indicate where the card should go.

In pre-switch trials, networks at all ages sorted correctly because the demonstration trials had slightly
biased the feedforward weights in favor of the preswitch rule. For example, the internal representation of a
young network presented with a blue flower showed that even in the absence of a strong representation of
the color rule, the network strongly represented the blue aspect but not the flower aspect of the test card in
its hidden layer. This, in turn, caused the network to sort in terms of the color rather than the shape of the
test card. Continued experience correctly sorting the test cards further strengthened the feedforward weights
in favor of the preswitch rule.

The network’s age (strength of recurrent connections) played a larger role in performance on the post-
switch trials. Young networks were unable to maintain a strong active representation of the shape rule for the
full duration of a trial, and therefore were unable to overcome the latent bias to internally represent the color
rather than the shape of the test cards. Consequently, young networks responded to color and not shape. In
contrast, older networks had stronger recurrent connections that allowed them to maintain a strong active
representation of the shape rule. This active representation strengthened the representation of shape in the
hidden layer, allowing older networks to overcome the latent bias to represent color.

Predictions

According to the active-latent account, children’s ability to rapidly switch rules in response to verbal
instructions depends on variations in the strength of active memory. This leads to the prediction that in-
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Figure 7: Simplified version of the speech interpretation network and the elements of a trial (H=happy, S=sad,
C=content, and P=paralanguage). In the inputs with “press the ... button,” the corresponding output unit was activated
for the network to indicate which button should be pushed.

creasing the delay between the delivery of a new rule and test should compromise children’s ability to
switch. A longer delay would give more opportunity for the active representation of the new rule to decay,
making it more difficult to overcome a latent bias for using the old rule. Conversely, repeating the new rule
more frequently might facilitate switching, due to a strengthening of the active representation of the new
rule.

In addition, the model suggests a more effective method than direct instruction for helping perseverating
children switch to a new rule. The model predicts that children may be more likely to switch to a new
rule (e.g., sorting cards by color after sorting them by shape), if they could gain some experience with the
new rule that would strengthen latent memories for it. For example, after sorting cards by shape, children
could easily sort cards by color if the cards were completely blue or red, without any shapes on them to
conflict with the color cues. According to the model, this experience would strengthen children’s latent
representations for the new color rule, making them more likely to switch to color when presented with
the original cards (e.g., red trucks and blue flowers). In contrast, direct instructions to switch to a new
rule would be less effective, if children could not maintain active representations of the new rule. We are
currently testing these predictions.

Dissociations

The preceding simulations demonstrate how improvements in active memory can reduce perseveration
across a range of conditions (e.g., with hidden objects, fully visible objects, and explicit rules). However, as
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discussed earlier, infants and children sometimes show dissociations in their behavior, perseverating despite
seeming to demonstrate that they know what they should do. How can the problem then be one of active
memory? For example, if children can answer questions about the correct card sorting rule, and infants can
look at the correct hiding location in the A-not-B task, how could their incorrect perseverative responses
reflect limitations in remembering the rule or the hiding location?

This type of challenge builds on the assumption that memory is an all-or-nothing construct — either
present or absent. From this standpoint, if individuals succeed on one memory test (e.g., by answering a
question about a rule), their memory must be fine, so perseveration must be attributed to other factors.

In contrast, if one allows that various capacities may be graded in nature rather than all or nothing,
memory limitations can in fact explain perseveration and dissociations in behavior (reviewed in Munakata,
2001a). That is, memories, perceptions, rules, and so on may vary in their strength rather than simply being
present or absent (e.g., Farah, O’Reilly, & Vecera, 1993; McClelland, Rumelhart, & PDP Research Group,
1986; Mathis & Mozer, 1996). Strength might be instantiated by the number of neurons contributing to a
particular representation and the firing rates and coherence of those neurons. Weak representations might
suffice for some tasks but not others, leading to dissociations in behavior. For example, some degree of
memory for a card sorting rule might support the ability to answer questions about the rule, but not to
correctly sort a card when faced with the conflicting features present in it. When children perseverate with
an old rule (e.g., sorting a red truck by its shape rather than by its color) despite appearing to know the
new rule (by correctly answering the question, “Where do red things go in the color game?”), the sorting
measure requires resolving a conflict between rules (i.e., deciding where to place an object that is both red
and a truck) whereas the knowledge question does not. A weak memory for the color rule might allow
children to correctly answer non-conflict questions, but not to respond correctly when presented with the
conflict inherent in the sorting task.

Thus, if one allows that memory may be graded in nature, with weaker representations sufficing for
some tasks but not others, behavioral dissociations can be understood in terms of memory limitations. We
use neural network simulations to explore the role of graded representations in dissociations observed across
perseverative tasks.

A-not-B

As shown in Figure 2, the A-not-B model, like infants, showed earlier sensitivity on B trials in its
gazelexpectation than in its reaching (Munakata, 1998). This dissociation can be understood by considering
a network slightly older than the one shown in Figures 3 and 4. (The younger networks perseverated in both
gaze/expectation and reaching.) With stronger recurrent weights, the slightly older network was better able
to hold in mind information about a recent location (Figure 8). The gaze/expectation system was able to take
advantage of this information with its constant updating, showing correct responding during presentation
and delay, which carried over to choice. In contrast, the reach system was only able to respond at choice.
Because the network’s active memory for the most recent location faded with time, by the choice point the
network’s internal representation reflected more of the network’s latent memory of A. The gaze/expectation
system was thus able to make better use of relatively weak active representations of the recent hiding loca-
tion.

Similarly, infants may show earlier success in gaze/expectation variants of the A-not-B task because
they can constantly update their gazing and their expectations. As a result, they can counter perseverative



16 Prefrontal cortex and perseveration

A B

A B
GazelExp O I:I:I Reach

Present aJ
Delay aI

H Internal
Choice &

Figure 8: A slightly older network’s representations during a B trial (adapted from Munakata, 1998a): The network
responds correctly to B in gaze/expectation, but reaches perseveratively to A.

tendencies on B trials by gazing at B and forming expectations about B during the presentation, delay, and
choice trial periods. In contrast, infants can only reach at the choice point, by which time their memories
have become more susceptible to perseverative biases.

Unexpectedly, very young networks showed slightly more perseveration in gaze/expectation than in reach
(Figure 2). The basis for this difference was again the different rates of updating in the two output systems.
Networks with relatively weak recurrent weights tended to default to the prepotent response, in which case
the continual updating of the gaze/expectation system led it to show more of this prepotent response than
the reach system. In effect, when recurrence was high enough to keep the right location (B) in mind, then
“repeating” it, as the gaze/expectation system did, helped performance; in contrast, when recurrence was
low so that the wrong, prepotent location (A) came to mind, then repeating hurt performance. In other
words, if infants can hold B in mind to some degree, they can show more sensitivity to this information in
their continually updating gaze/expectation systems than in their reaching. However, if infants cannot hold
this new location in mind (and in fact switch to representing A based on their latent biases), they will show
less sensitivity to the correct location in their continually updating gaze/expectation systems, which are now
updating more frequently than the reach system on incorrect information. The simulation thus yielded the
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novel empirical prediction that infants may perseverate more in gaze/expectation than in reaching early in
development, a prediction that we are now testing.

Card sorting and Speech interpretation task

Like 3-year-olds, young models (both card sort and SIT models) correctly answer simple questions about
the post-switch rules, but fail to sort cards according to these rules in the post-switch trials. These behaviors
can be understood by considering the degree of conflict that must be resolved in the two tasks. Sorting
involves a high degree of conflict, because both previously and currently relevant sorting dimensions are
presented (e.g., an object to be sorted is both a truck and blue). Under these circumstances, a weak rep-
resentation of the post-switch dimension does not lead to a correct response because this representation
cannot compete against a strong representation of the pre-switch dimension. In contrast, answering simple
knowledge questions (e.g., “Where do the trucks go in the shape game?”) involves no conflict, because only
information about the post-switch dimension is presented. Under these circumstances, a weak representa-
tion of the post-switch dimension can support correct performance because there are no other competing
representations.

This account led to the prediction that children would no longer show an advantage on knowledge ques-
tions relative to sorting if the knowledge questions contained the same amount of conflict as test cards. This
prediction was confirmed. When knowledge questions contained information about both the pre- and the
post-switch dimensions (e.g., “Where do the blue trucks go in the shape game?”), 3-year-olds’ knowledge
of the post-switch rules no longer outstripped their sorting behavior (Munakata & Yerys, 2001). This pattern
of findings has also been observed with 6-year-olds in the speech interpretation task (Morton & Munakata,
in press-b).

Finally, the model suggests that active representations are required in complex tasks involving conflict,
whereas latent representations can suffice in simple tasks that contain little or no conflict. For example,
networks needed to maintain a strong active representation of the shape rule to switch from sorting by color
to sorting by shape, and to correctly answer conflict knowledge questions. However, weak latent represen-
tations sufficed for answering simple questions that contained no conflict. Indeed, networks continued to
answer simple knowledge questions correctly even if active memory was eliminated altogether by setting
the weight of the recurrent connections to 0. This may imply that with development, representations become
stronger both quantitatively and qualitatively. Early in development, performance in certain tasks may be
supported almost exclusively by latent representations. These latent representations may become stronger
with development, and may additionally benefit from an increasing contribution from active memory. Thus,
developmental changes in the strength of representations may comprise both quantitative and qualitative
changes.

Decalage

The preceding simulations demonstrate how graded representations might lead infants and children to
show dissociations in their behavior, succeeding on one task (e.g., looking to a hidden object, answering a
question about a rule) while failing another task meant to measure the same knowledge (e.g., reaching for the
hidden object, sorting cards based on the rule). This section explores a related phenomenon: Why do infants
and children master formally similar tasks at different ages? This phenomenon of decalage (Piaget, 1941,
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1967) poses a challenge to many theories of development. Most theories attribute infants’ or children’s
success in a task to the development of a certain ability or collection of abilities. However, if a putative
ability is operative in one task at an early age, why does the same ability not appear to be operative in a
formally similar task until later in development?3

In this section, we consider two instances of decalage in perseverative tasks: one within variants of the
towel-pulling task, the other across the card sort and speech interpretation tasks. Infants show a decalage in
variations of the towel-pulling task from 7 to 11 months. Infants at all of these ages pull the correct towel on
A trials (i.e., the towel that will yield the toy), but succeed or fail on B trials depending on the task variant.
Nine-month-old infants succeed on B trials if they are shown that the toy is attached to the towel during
presentation, but they perseverate on B trials if the toy is simply placed (unattached) on the towel. Eleven-
month-old infants succeed in both versions of the towel pulling task while 7-month-old infants perseverate
in both versions. The attached and unattached versions of the task are formally equivalent (choose a towel
on the B trials based on the same features used to make the decision on the A trials, rather than perseverating
to location), but infants show a decalage in when they succeed on these tasks.

The towel-pulling model simulated this decalage naturally, based on the strength of active representations
and their ability to compete with latent representations of previous behaviors. Specifically, the network had
stronger representations for a toy attached to a towel than for a toy on a towel, allowing younger networks to
successfully overcome prepotent responses. The network’s input units represented the stimuli by encoding
the presence of the towel, the toy, whether the toy was on the towel, and whether the toy was attached to the
towel (Figure 5). Thus, the toy, towel, and on units were activated on the correct side for both variants of the
task, but the attached unit provided additional activity on the correct side for the attached condition only.
With mid-range recurrent weights (reflecting 9-month-olds) this additional input was sufficient to override
the prepotent response supported by the latent representations. However, when the toy merely sat on the
towel, the resulting lower level of input activity was not sufficient for the network’s active representations to
override the prepotent response. At younger ages (lower recurrent levels), the additional input provided by
the attached unit could not be maintained enough to overcome the latent bias. At older ages (higher recurrent
levels), the network could maintain activation for the correct side to overcome the latent bias, regardless of
the additional input provided by the attached unit.

According to this account, infants with some active memory abilities may overcome perseverative ten-
dencies, if their developing active memories are bolstered by strong input from the environment supporting
correct responding. That is, infants can better maintain a representation of the correct choice if that choice
is made more salient. When a toy is attached to a towel, this provides such environmental support for the
correct choice. Nine-month-old infants can use this additional information to strengthen their active repre-
sentation of the correct choice, to succeed with attached toys while perseverating with toys that are simply
on towels. Younger infants’ active memory abilities are too weak to benefit from the greater input for the
correct choice, and older infants’ active memory abilities are too strong to see benefits from this greater
input.

The card sorting and speech interpretation tasks provide another interesting example of decalage. These
tasks are formally equivalent (switch from one dimension to a conflicting dimension for classifying stimuli),

3Dissociations might be viewed as a broad class of discrepancies in behavior (any case where one measure shows success, and
another measure meant to tap the same knowledge shows failure), with instances of decalage as a particular type of dissociation
(i.e., behavioral discrepancies across tasks that are formally similar).
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but most 4-year-olds pass the card sorting task while most 6-year-olds fail the speech interpretation task.
The card sorting and speech interpretation models simulated this decalage naturally, based on the strength
of latent representations underlying prepotent responses. Specifically, the network had stronger latent rep-
resentations to override for the speech interpretation task than for the card sorting task. At the outset of the
simulations, feedforward connections were stronger for content than paralanguage in the speech interpreta-
tion task, whereas they were equal in strength for shape and color in the card sort model. This manipulation
reflected the fact that children come into the speech interpretation task with a strong pre-existing bias to re-
spond to content, a bias that is stronger than any bias that children bring to the card sorting task. As a result
of these stronger latent representations, the model required stronger recurrent connections to overcome the
prepotent response in the speech interpretation task than in the card sorting task (see also Cohen & Servan-
Schreiber, 1992). That is, the model showed a decalage, by succeeding in these formally similar tasks at
different ages.

In this way, our active-latent account provides a natural framework for understanding why infants and
children show decalages in their mastery of formally similar tasks. Tasks may have the same formal de-
mands, but differ in how much support they provide for active representations of the correct response (as in
the on and attached versions of the towel-pulling task), or in how strong the latent representations are that
must be overcome (as in the card sorting and speech interpretation tasks). Infants, children, and networks
may thus succeed or fail on formally similar tasks depending on the competitive dynamic between latent
representations underlying perseverative responses and active representations supporting currently relevant
information.

Discussion

Our active-latent account of perseveration, dissociation, and decalage shares much with existing ap-
proaches (e.g., Cohen & Servan-Schreiber, 1992; Dehaene & Changeux, 1991; Goldman-Rakic, 1987b;
Thelen et al., 2001). We discuss the relation between our active-latent account and these similar theories
elsewhere (Morton & Munakata, in press-a; Munakata, 1998; Munakata, Sahni, & Yerys, 2001; Stedron
et al., 2002). Our active-latent account contrasts with several other theories. We discuss three such alterna-
tives here: working memory and inhibition, miscategorization, and reflective consciousness.

Working memory and inhibition

Our account of perseveration and prefrontal cortex has focused on the primary construct of active mem-
ory, a component of working memory. In this view, prefrontal cortex does not serve specifically to inhibit
prepotent responses; instead inhibition falls out of the more basic mechanism of working memory (Co-
hen & Servan-Schreiber, 1992; Goldman-Rakic, 1987b; Kimberg & Farah, 1993; Miller & Cohen, 2001;
O’Reilly et al., 1999; Roberts et al., 1994). In contrast, other accounts have focused on working memory
and inhibition as separate mechanisms subserved by prefrontal cortex (Diamond, 1991, 1998; Fuster, 1989).

The critical difference between the working memory and inhibition accounts is whether a separate mech-
anism of inhibition needs to be attributed to prefrontal cortex. Our simulations serve as an existence proof
that working memory alone may be sufficient, because perseveration is reduced solely by changes to the
working memory system. Two additional types of evidence further suggest that inhibition may fall out of
the more basic mechanism of working memory, rather than being a separate construct. First, impairing
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working memory impairs inhibitory abilities. For example, adults have more difficulty inhibiting inappro-
priate eye movements in the anti-saccade task when simultaneously engaging in a working memory task
(Roberts et al., 1994). Such data suggest that the same mechanisms may contribute to working memory and
inhibition. Second, the nature of cortical connectivity suggests that inhibition is not a function localized
to one region (i.e., prefrontal cortex) that inhibits other regions. Instead, inhibitory interneurons show very
diffuse patterns of connectivity within circumscribed regions of cortex, and long-range intracortical connec-
tions are excitatory (Shepherd, 1992; White, 1989). This evidence supports the idea that the inhibition of
prepotent responses arises from the use of working memory, dependent on prefrontal cortex, to support ap-
propriate behaviors; the inhibition of inappropriate behaviors falls out of competitive interactions dependent
on inhibitory interneurons throughout the cortex.

Miscategorization

The miscategorization account proposes that infants (and adults) perseverate because they fail to en-
code relevant information when the task changes (Aguiar & Baillargeon, 2000; Baillargeon & Wang, 2002).
According to this account, they would succeed if they only attended to the relevant information, but their
miscategorization of the task as old leads them to ignore the task changes and rely on prior solutions. For
example, after repeatedly searching in the correct hiding well or pulling the correct towel, infants miscat-
egorize a new trial (with a new location for the hidden toy or for the correct towel for retrieving a toy) as
old; they perseverate to the same location because they fail to notice that the toy has moved. Similarly,
after repeatedly sorting cards by color or making judgments about emotion based on content, children might
perseverate with these rules because they fail to notice that the experimenter has specified a new set of
rules. Thus, the miscategorization account focuses on what infants and children encode, whereas the active
memory account focuses on what infants and children can maintain in memory.

Miscategorization may contribute to perseveration in some tasks but does not appear to explain all per-
severative behavior. For example, children do much better at switching to a new rule in the card sorting task
if negative feedback is provided when they perseverate (Yerys & Munakata, 2001). The negative feedback
may change children’s assumption that the task is the same as the previously mastered task (with the old
sorting rule), thus enabling them to encode and act on the new rule. However, even with negative feedback,
some children still sort perseveratively, suggesting that miscategorization cannot be their only difficulty. In
addition, infants who perseverate in the A-not-B task receive similar negative feedback (the well they search
in is empty and they do not get to play with the toy), yet they often continue to perseverate in subsequent
trials (Butterworth, 1977).

The miscategorization and active memory accounts may lead to different predictions about infants’ reac-
tion times, which would help to address the role of these factors in perseveration (Stedron et al., 2002). As
described earlier, the active memory model predicts an inverted U-shaped reaction time curve across devel-
opment: infants will have the slowest reaction times just before and after they succeed at the task, whereas
much younger (perseverating) infants and much older (non-perseverating) infants will be much faster. In
contrast, the miscategorization model of this task may not predict a significant change in reaction time for
infants who are first succeeding and older infants, because both can encode and remember changes to the
task, and so should perform similarly.



Munakata, Morton, & Stedron 21

Reflective consciousness

Cognitive Complexity and Control (CCC) Theory (Zelazo & Frye, 1997) and the related Levels of Con-
sciousness framework (Zelazo, 2000), emphasize the role of reflection and higher-order representations in
the development of executive control. For example, according to the Levels of Consciousness framework,
reflective consciousness allows infants to maintain representations of hidden objects in working memory. In
the absence of reflection, awareness of an object is confined to the present, and unrecoverable if the object
is removed from view. As a result, infants fall prey to prepotent responses when searching for hidden toys.
Similarly, according to CCC theory, 3-year-olds in the card sorting task fail to use post-switch rules they
evidently know because they are unable to reflect on these rules and subordinate them to a higher-order rule.
In sum, age-related advances in reflective consciousness allow increasingly complex representations to gov-
ern action. This account has been explored through a neural network model (Marcovitch & Zelazo, 2000)
using the cascade correlation learning algorithm (Fahlman & Lebiere, 1990), according to which networks
recruit additional units as they are needed to solve tasks.

Accounts that emphasize the role of reflective consciousness contrast with our active-latent account in
several ways. For example, the Levels of Consciousness framework argues that infants must be able to reflect
on representations to maintain them in working memory. In contrast, our active-latent account focuses on
the more basic mechanism of recurrence for understanding infants’ abilities to maintain active memories.
Further, CCC theory argues that the difficulty of a task is related to its formal complexity: tasks that require
the use of embedded rules are more difficult than tasks that involve the use of simple rules. However, as
described earlier, children show a decalage in performance across tasks with equivalent formal complexity
(card sorting and speech interpretation). It appears that this decalage may not be easily interpretable within
the basic CCC framework. In contrast, our active-latent account naturally accounts for this decalage in terms
of the strength of latent biases that need to be overcome.

In addition, whereas CCC theory argues that knowledge-action dissociations occur because children are
unable to reflect on their knowledge, our active-latent account maintains knowledge-action dissociations are
more apparent than real. Knowledge appears to outstrip action only when they are measured under differ-
ent conditions. When knowledge and action are measured under more equivalent conditions, systematic
dissociations disappear (Morton & Munakata, in press-b; Munakata & Yerys, 2001).

Conclusion
Our neural network explorations suggest the following answers to the questions that guided this chapter:

e How does prefrontal development reduce perseveration?

The development of prefrontal cortex can support the strengthening of active representations — of
hidden toys, towels to pull, or rules for sorting cards or judging utterances. Stronger active repre-
sentations can compete better against latent representations that build over repeated experience and
support perseverative behaviors.

e Why are dissociations observed in perseveration?

The strengthening of active representations is not an all-or-nothing process; these representations are
graded in nature. Weak representations may allow infants and children to succeed in some tasks (e.g.,
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those that require less effort or involve little conflict) but not others (e.g., those that require more effort
or involve greater conflict).

Why do children show the remarkable decalage in their flexibility, overcoming perseveration at such
different ages across various tasks?

The strength of active and latent representations influences when infants and children can pass a task.
One version of a task may support stronger active representations (e.g., for a toy that is attached to a
towel in addition to being on it) than those of a formally similar task (e.g., for a toy that is simply on
a towel); younger infants may succeed only in the task that supports stronger active representations.
In addition, stronger latent representations (e.g., representing a bias to speech content after years of
processing speech) require stronger active representations to overcome them than do relatively weak
latent representations (e.g., those established during a few trials in a card sorting experiment).

In exploring each of these questions, we have found neural network models to be particularly useful tools, for
specifying our theories in working models, testing the abilities of the models to simulate the developmental
timecourse of behaviors observed in infants and children, and generating testable empirical predictions that
may help to distinguish our theories from alternative theories. For all of these reasons, neural network mod-
els provide a useful tool for understanding cognitive development more generally (Elman, Bates, Johnson,
Karmiloff-Smith, Parisi, & Plunkett, 1996; Munakata & Stedron, 2001).
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