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CHAPTER 1

Dynamic Development of Coordination
of Components in Brain and Behavior
A Framework for Theory and Research
KURT W. FISCHER
SAMUEL P. ROSE

Clearly, the growth of neural systems in the brain relates to children’s
psychological development, but the state of knowledge about brainbehavior relation.s in development has been primitive, with most research
merely establishing global correlations. Happily, recent years have
brought substantial new knowledge about the development both of
brain functioning and of actions, thoughts, and emotions. The new knowledge provides possibilities for moving beyond global correlations to
major breakthroughs in understanding. Especially promising is the
analysis of patterns of growth, where development of brain and behavior
show complex patterns that share many characteristics. These similar
growth patterns, we hypothesize, reflect underlying developmental processes for both brain and behavior. That is, brain functions and behaviors
that develop, which we call “growers,” share common developmental
mechanisms that produce similar growth curves.
We propose that two characteristics are especially important for
analyzing and explaining these common developmental mechanisms
underlying brain—behavior relations. First, many growers are connected,
with important variations in the types of connections; as a result, the
growers powerfully influence each other’s growth. Second, growers commonly move through periods of rapid change or developmental discontinuity, which often reflect dynamic underlying processes such as connections among growers- The recent advances in methods and concepts
for studying and modeling development provide ways of using these two
characteristics to analyze the processes of development of brain and
behavior.
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FRAMING RELATIONS BETWEEN BRAIN
AND BEHAVIOR IN DEVELOPMENT
Myelination, synaptic density, dendritic branching, brain mass, pruning
of neurons and synapses, and brain electrical activity all change systematically with age during childhood (Conel, 1939-1963; Holland, Haas,
Norman, et al,, 1986; Yakovlev & Lecours, 1967; see also Huttenlocher,
Chapter 4, Chugani, Chapter 5, Benes, Chapter 6, and Thatcher, Chapter 8,
this volume). Simultaneously, children’s actions, speech, problem solving,
concepts, social interactions, and emotions all change systematically.
Because all these characteristics are developingwith age, they are necessarily correlated globally, of course. Moving beyond global correlations
has been difficult because it has been unclear how to look for more
specific developmental relations among these large-scale changes.
An important arena where there has been progress is research on
modular systems in animals, especially systems involving vision. The
restrictions in scope imposed by the study of a limited system have
allowed detection of close relations between specific brain components
and specific developing behaviors (Hubel & Wiesel, 1977; Movshon &
Van Sluyters, 1981; Neville, 1991). These discoveries support the belief
that development involves straightforward brain-behavior relations, but
questions about more general relations cannot be answered by study of
modular systems alone.
Recent progress in both research on brain development and research
on cognitive and emotional development has set the stage for better
research and theory about relations between the two. For neural systems, key new knowledge about specific growth functions goes beyond
global descriptions on the one hand and narrow analyses of isolated
local brain systems on the other. For example, across large areas of the
cerebral cortex in rhesus monkeys, synapses grow and are pruned in
approximately parallel cycles that seem to be closely related to broad
cognitive changes (Changeux & Danchin, 1976; Goldman-Rakic, 1987;
Rakic, Bourgeois, Eckenhoff, Zecevic, & Goldman-Rakic, 1986). Functioning of human cortical networks and connections among them, as
indexed by brain electrical activity in specific locations, shows distinctive
developmental patterns that may likewise relate to cognitive and language
development (Hudspeth & Pribram, 1992; Thatcher, 1991; see also
Thomas & Crow, Chapter 7, Thatcher, Chapter 8, Bell & Fox, Chapter
10, and van der Molen & Molenaar, Chapter 14, this volume). There
have also been major advances in biologically realistic models of neural
networks, especially those called “parallel, distributed, resonant systems,”
and these models show learning that closely resembles that of human
beings (Edelman, 1988; Elman, 1991; Grossberg, 1988; Regier, 1992).
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Likewise for behavior, key new knowledge about specific growth
functions (especially for cognitive development) goes beyond global
stage theories on the one hand and narrow analysis of one local behavior
or knowledge domain on the other. For example, understanding of certain classes of concepts and problems shows clear upper limits in individual children at specific ages, even when the children are given instruction and practice (Fischer, Knight, & Van Parys, 1993; Fischer & Pipp,
1984b; Halford & Boyle, 1985; Kitchener, Lynch, Fischer, & Wood,
1993; Moshman & Franks, 1986; O’Brien & Overton, 2982). Diverse
knowledge domains develop in predictable correspondence, showing
close synchronies beyond global correlations with age (Campos &
Bertenthal, 1987; Case & Griffin, 1990; Case et al., 1991; Corrigan,
1983; Fischer & Farrar, 1987; see also Diamond, Werker, & Lalonde,
Chapter 12, this volume). Strong discontinuities in growth occu~for specific domains at specific ages (Fischer, Pipp, & Bullock, 1984; McCall,
1983; van de Rijt-Plooij & Plooij, 1992; van der Maas & Molenaar, 1992;
van Geert, 1991). An individual person’s understanding shows not a
single level, but a systematic range of variation that changes with both
development and domain (Brown & Reeve, 2987; Fischer & Lamborn,
1989; Granott, 1993; Rogoff, 1990).
In this chapter, we propose a framework for understanding and
analyzing relations between brain and behavior in development, making
use of the new knowledge about growth patterns for brain and behavior.
This framework is based on the hypothesis that many major developmental changes involve the coordination of components of brain and
behavior into higher-order control systems, which are called “dynamic
skills” (Fischer, 1980; Fischer, Shaver, & Carnochan, 1990). The skills
are composed of many elements interacting according to the principles
of dynamic systems (Smith & Thelen, 2993; van Geert, 1992). Before
coordination, these elements are not totally independent, but their connections are mostly weak. As coordination develops, the connections
become powerful and strongly influence the shapes of growth functions
for those skills.
The neural networks that support these control systems or skills
follow the principles, of parallel, distributed, resonant processing (Bullock
& Grossberg, 1988; Grossberg, 1988; Rumelhart & McClelland, 1988).
Each network is composed of many connected components, which are
distributed across brain areas and typically operate in parallel. The many
components interact dynamically and are regulated through feedback to
function as a system. The networks have as important components not
only neurons, but also input from the body parts and the environmental
contexts relevant to their functioning. ln reaching for an object, for
example, the structure of the arm and hand, the structure of the eyes,
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and the nature of the object are all part of the dynamic system and
powerfully affect the network. When top-down information from higher
levels of a network matches bottom-up information from body or world
(or from other connected networks), then the network resonates to produce a different type of behavior, often at a higher degree of complexity
(Fischer, Bullock, Rotenberg, & Raya, 1993). That is, the same network
can function at different levels, depending upon the configuration of
component inputs. This is one way in which contexts have powerful
effects on action, thoughts and emotion.
With development these parallel distributed networks grow in
regular cycles that move from competition among comparable networks
to coordination of networks as components in more complex systems.
The growth processes form cycles, in the sense that each new system
starts the coordination process anew, becoming a potential component
for a new coordination into a still more complex system. General cycles
of network growth are evident in neuroanatomy. brain electrical activity,
cognition, and emotion. According to our framework, the cycles typically
produce periods of rapid growth in level of functioning in alternation
with periods of slower growth, and so a discontinuity (sudden change)
in growth is a primary index of a cycle. Figure 1.2 shows one such
growth curve for relative power in the alpha band of the electro80
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FIGURE 1.1. Developmental spurts in level of relative energy in alpha BEG

in occipitoparietal (0-F) area. Relative energy (also called relative power) is the
percentage of amplitude (in microvolts) of absolute energy in one legion dwided
by the sum of the amplitudes in all regions. Data were reported by Matousek and
Petersen (1973) and reanalyzed by John (2977).
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FIGURE L2. Annual changes with age in relative energy in alpha LEG in occipitoparietal area. Changes are differences between relative energy in adjacent years shown
in Figure 1.1. Data were reported by Matousek and Petersen (1973) and reanalyzed
by John (1977).

encephalogram (EEG), from a study by Matousek and Petersen (1973;
see also John, 1977). Notice that besides the general upward growth,
there are regular cycles of rapid growth (spurts), followed by slower
growth or even decrease (plateaus). The cyclical nature of these changes
is especially obvious when the brain growth data are replotted as change
scores (the differences between EEG power in adjacent years), as shown
in Figure 1.2.
Similar growth curves are common for psychological development,
as illustrated in Figure 13, which shows growth at later stages of a complex kind of reasoning called “reflective judgment” (Kitchener & Fischer,
1990; Icitchener et al., 1993). In reflective judgment, people consider
knowledge dilemmas for which there is no simple answer, such as
whether chemical additives to food such as preservatives are helpful
(preventing illness—e.g., food poisoning) or harmful (producing illness—
e.g., cancer). Extensive prior research has found that people develop
through a series of seven stages of increasing sophistication in their
ability to coordinate viewpoint, argument, and evidence in resolving such
dilemmas (Kitchener, King, Wood, & Davison, 1989). As the graph in
Figure 1.3 demonstrates, adolescents and young adults showed spurts
in their level of understanding with each new stage of reflective judgmenL This kind of spurt-and-plateau pattern does not odcur for all
developing behaviors, but is common in people’s optimal performance—
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DYNAMIC PROCESSES OF DEVELOPMENT
OF BRAIN AND BEHAVIOR:
FROM COMPETITION TO COORDJNAT1ON
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FIGURE 1.3. Spurts in development for Stages 5,6, and 7 of reflective judgment.
Data were reported by Kitchener, Lynch, Fischer, and Wood (1993).

the most complex skills that they can control in a given domain (Fischer
& Pipp, 1984b).
Figures 1.1 and 1,3 illustrate the kinds of parallels that are often
found between discontinuities in development of brain and behavior.
There are spurts at approximately 15 and 20 years for both EEG power
and reflective judgment. Finding and interpreting such disconunuities
are not simple matters, however, because spurts and drops in growth
can occur for many different reasons in dynamic systems (van Geert,
1991). Besides emergence of a new brain-behavior process, such as a
new stage of reasoning, sharp changes can also result from component
interactions that reflect no change in underlying processes. For example,
BEG power can undergo abrupt rises or drops from competition
between connected networks (Nunez, 1981; Thatcher, Krause, & Hrybyk,
1986). Likewise, cognitive and emotional activities can vary abruptly as a
result of changes in context, emotional state, social interaction, and many
other component factors (Fischer & Bullock, 1981; Smith & Thelen, 1993).
Although the vagaries of dynamically growing systems make the
search challenging, their systematic complexity provides a methodological tool for establishing relations between growth functions for brain and
behavior. Researchers can search for links between specific discontinuities or other aspects of the shapes of growth functions. One of the central issues in designing research and building models to analyze these
growth functions is understanding how component processes are connected—how growers compete with or support each other.

Competition and coordination interact dynamically in brain and behavioral
development. Competition between neurons and neural networks is
central in most analyses of brain functioning, including both descriptions of actual neural development and connectionist models of neural
networks that learn (Edelman, 1988; Rumelhart & McClelland, 1988;
see also Huttenlocher, Chapter 4, and Thatcher, Chapter 8, this volume). Models of information processing in cognitive development likewise
emphasize competition among responses for activation (MacWhinney,
1978; Siegler, 1989; van Geert, 1991). On the other hand, evidence indicates that the large-scale changes that occur in brain and cognitive development involve a complementary process—the coordination of competing components into control systems in which the components collaborate
and strongly support each other.
Competition has been especially emphasized in the dominant view
of neurological growth that has emerged in the past 25 years. Both
neurons and neural connections compete to survive and grow
(Changeux & Danchin, 1976). Neurons that receive little input and so
are not active are pruned away; those that are active are sustained. Similarly, synapses connecting neurons compete with each other, and those
that receive ample input thrive, while those that receive minimal input
become weaker or are pruned away (Huttenlocher, Chapter 4, this volume). This competition is an important part of development and apparently accounts for many of the effects of specific experience. Experience
causes some neurons and synapses (and not others) to be active and so
to survive and grow. As a result, for example, a young kitten or child
allowed to see through only one eye will sustain connections to the
functional eye and lose connections to the nonfunctional one (Hubel &
Wiesel, 1977; Singer, 1979).
The emphasis on competition often leads to neglect of the central
role of coordination in development. One purpose of the framework we
are presenting is to correct that neglect. To explicate the nature of the
shift from competition to coordination, we analyze dynamic developmental processes from three different perspectives, all of which lead to
similar conclusions, First, research and theory on children’s cognitive
development show that processes move from competition to coordination as children construct new understandings. Second, mathematical
models of the dynamic relations between growers illuminate the properties of the shift from predominance of competition to predominance of
coordination, including its production of discontinuities in g~owthfunctions like those in Figures 1.1 to 1.3. Third, research on relations be-
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tween cortical functioning and specific cognitive developments shows
some of the ways in which development of coordination is mediated cortically.
Competition and Coordination
in Cognitive Development
In major cognitive-developmental advances, competition gives way to
coordination. The importance of coordination of components in control
systems is evident for many cognitive-developmental tasks that have
been studied extensively. Development of, for example, the skill for finding an object that has been hidden under a cloth (Piaget’s “object permanence”) depends on the infant’s capacity for holding in mind where he
or she saw the object last disappear. With that information in mind, the
infant can coordinate the location of disappearance with reaching for the
object, and thus can search under the correct cloth.
Piaget (1936/1952) suggested that the coordination of action systems provides the foundation for this and other major achievements in
cognitive development. Subsequent theorists have elaborated models of
coordination in which large increases in the sophistication of behavior
require the coordination of multiple cotnponents of action or representation into new control systems (Bidell & Fischer, in press; Case, 1992;
Case et al., 1991; Fischer, 1980; Halford, 1987).
This process of coordination can be directly observed in children’s
actions during the development of new understandings. The first indication of potential development of a new understanding is the co-occurrence of two or more competing behaviors. When children can sustain
those behaviors independently, they can begin to move from competition between behaviors to coordination of them within a single control
system. For example, when children are learning new arithmetic concepts, they often use two contradictory numerical procedures, even
showing one in their gestures and the other in their words (GoldinMeadow, Nusbaum, Garber, & Church, in press; Perry, Church, &
Goldin-Meadow, 1988). Eventually, they coordinate the two procedures
to form a new higher-level understanding.
The development of positive and negative emotional reactions
shows a similar process. When children are coping with conflicts in
social interactions, they often relate to another person as being either
“nice” or “mean” (pleasant or angry, good or bad, friend or foe). In fact,
people are frequently both nice and mean, not just one or the other, and
children gradually integrate the opponent concepts (Donaldson &
Westerman, 1986; Fischer & Pipp, 1984a; Fischer et al., 1990; Harter &
Buddin, 1987). After initially reacting in either one way or another (a
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strong form of competition), they begin to alternate between positive
and negative. Eventually they come to coordinate positive and negative
into a single interaction, and then to build successively more complex
types of coordination. For example, in constructive criticism, a person is
mean by criticizing but has the intention of being nice by helping someone to improve (Fischer & Lamborn, 1989).
The sequence of co-occurrence or alternation between competing
actions followed by coordination has been observed so often in diverse
tasks that we have proposed it as a general rule (Bidell & Fischer, in
press; Fischer, 1980; Granott, 1993): For two skills to become coordinated, a person first develops the capacity to sustain each separately and
then gradually becomes able to sustain both of them in parallel or in
alternation, Finally, building on the co-occurrence, he or she can
construct a coordination of them to form a higher-level skill or control
system, and the previously separate skills become mutually supporting.
A Dynamic Model of Development
of Coordination between Growers’
Dynamic modeling of development through specific growth equations
provides a way of specifying the interaction of competition and coordination and predicting the kinds of growth curves that they will produce.
Van Geert (1991) describes the general nature of dynamic growth equations, and Thatcher (1992; see also Chapter 8, this volume) provides an
application of them to cortical development. A simple model of this
interaction for three hierarchical growers, A, B, and C, produces growth
curves remarkably like those in Figures 1.1 and 1.3, as shown in combined scores for the three growers in Figure 1.4 (Fischer & van Geert,
1993).
in this model there are at least three growers, A, B, and C, each at its
own stage or step, which we call Stages a, b, and c. The growers are initially separate and eventually become coordinated and strongly supportive of each other. Each grower is hierarchically built on components
from the previous stage, so that Grower B, for example, is built on the
coordination of Grower A with one or more other growers at Stage a.
At the beginning all three growers start with low (zero-order) levels.
Then Grower A begins to grow, and it competes with other growers parallel to it at Stage a, but it is unaffected by Grower B because B’s level is
still low. Next, Grower A allows the beginnings of growth in B, and B coordinates A with other parallel growers from Stage a. Growers B and C
later move through a similar process. That is, Grower Ais a precursor for
Grower B, and when Grower B develops, it includes Grower A as a component. Likewise, Grower B is a precursor for Grower C, and when
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component because an abstract understanding of addition subsumes
specific addition calculations.
Similarly, Grower C involves performance of problems involving
relating the operation of addition to that of subtraction. For example, a
child explains that addition and subtraction are opposites, in that addition combines individual numbers to get a larger one whereas subtraction takes one of those numbers away from the other to get a smaller
number, and he or she also shows how the addition-subtraction relation
applies to the problems S + 8 13 and 13 S 8. Grower B, understanding the operation of addition, is a precursor for Grower C, relating the
operations of addition and subtraction. Grower C, in turn, includes
Grower B as a component.
The model begins with the basic growth equation for a single
grower such as A, not yet connected to Grower B (van Geert, 1991). The
level that the grower will reach is based on (1) its previous level; (2) its
rate of growth; and (3) the limit on its growth (the highest level it can
reach), which is called its “carrying capacity.” This equation generates
the commonly observed S-shaped growth curves, as well as other more
complex (and sometimes chaotic) patterns for some values. Here is the
equation:
-
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FIGURE 1,4. Spurts in combined performance of hierarchically supporting growers A, B, and C at Stages a, b, and c.

Grower C develops, it includes Grower B as a component. As coordination develops, the three growers develop and become related hierarchically. More complex versions of the model can explicitly include additional connected growers within each stage (e.g., Growers Al, A2, A3,
A4, and AS at Stage a). as well as more than three stages.
Much developmental research involves such hierarchical relations,
including the development of reflective judgment and the development
of “nice” and “mean” interactions. Similarly, neural network development has this hierarchical property, with later-developing networks
developing from and subsuming specific earlier networks.
In our research, we tested a hierarchical model of the development
of arithmetic concepts, which produced growth curves like that in Figure 1.4 (Fischer, Hand, & Russell, 1984). For example, Grower A involved perfQrmance and concrete explanation of simple addition problems such as 5 + 8 13. Grower B involved performance of problems
involving the concept of addition understood abstractly, as when a child
explained a general definition of addition as the combination of several
smaller numbers to produce a larger one, applying the definition to specific problems such as S + 8 13. Grower A, understanding simple addition calculations, is a precursor for Grower B, an abstract understanding
of the operation of addition. When Grower B develops, it includes A as a

-

L~+f=LAE+LAtRA±~

(1)

is the level of Grower A, with subscript t indicating the initial
time of assessment and t + f indicating an assessment at a later
time period.
RA is the rate of Grower A.
KA is the carrying capacity of Grower A, the limit on its growth.
The same equation holds for Grower B, which is simplified here by taking out the common factor L5:
La,~La(1+Ra

K3

)

(2)

For the model of hierarchical development of three growers linked
by both competition and support, we add to the basic growth equations
by making the simplest assumptions consistent with the developmental
model: Grower B does not grow until A reaches some mimimum specified level (the precursor level). After A reaches that level, B begins to
grow, and it both competes with and supports A. Similarly, Grower B
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does not grow until B reaches some minimum precursor level. After C
begins to grow, it both competes with and supports Grower B.
Here are the equations representing the processes of competition
and support between Growers A and B and Growers B and C, respectively:
LA
LA~+ (l +

RA

—

—

L~)+ S~~ALa~+~ (3)

CB.A(LB

La~+
KB

Cc.3(LcE+lLct)+Sc...BLct+l)

(4)

C~ A indicates the competitive effect of Grower B on Grower A, and
Cc ~indicates the competitive effect of Grower C on Grower B.
Similarly,
A indicates the supportive effect of Grower B on Grower A, and
~indicates the supportive effect of Grower C on Grower B.
-+
-.

Note that competition and support can be based either on the
change in a grower between two times of assessment—that is,
L~
+

+ ~,
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The effect of this hierarchical support is powerful. Grower B induces
a change in the level of Grower A, actually increasing its ultimate carrying capacity. Similarly, Grower C induces a change in the level of Grower
B, increasing its carrying capacity; this change in turn induces a further
change in Grower A Figure 1.5 illustrates these effects by plotting each
grower separately instead of combining them (as was done in Figure
1.4). When Grower B grows sharply, Grower A shows a resulting spurt;
the same happens for Growers C and B.

In our research on children’s developing skills, hierarchical growers
do in fact show these effects (Fischer, Pipp, & Bullock, 1984; Ritchener
et al., 1993). When a grower at a later stage spurts to a higher level, the
level of performance for the prior grower also spurts until it reaches the
ceiling of its scale. This effect of support carries down successive stages
in the hierarchy also, as shown in Figure 1.5. Each spurt in a later grower
in a hierarchy produces an increase in the level and carrying capacity of
the earlier growers that it supports.
This dynamic model of a developmental hierarchy shows how coordination produces strong support between hierarchically connected
growers. Development of optimal performance shows sharp discontinuities with each emergence of a later grower in the hierarchy, and later

L~,the difference between levels—or on
the level at a given time.

—

In this model, competition depends on the difference, but support
depends on the level. Competition depends on the difference between
levels at the previous times t + I and t, because large change in Grower B
or C is assumed to be disruptive to Grower A or B, respectively, during
the process of change. For example, when students are changing their
conceptions of how addition relates to subtraction (Grower C), there
will be some temporary disruption in their conception of addition alone
(Grower B). The level itself is not assumed to have its own competitive
effect, because conceptions of how addition relates to subtraction do not
themselves interfere with conceptions of addition alone.
On the other hand, support depends on the level at t + 1, not the
difference, because Growers B and C involve coordination of components with Growers A and. B, respectively. Consequently, a higher level
of understanding of the later grower promotes understanding of the
earlier one. For example, when students have a higher-level understanding of how addition relates to subtraction, their understanding of addition alone will be facilitated.
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FIGURE 1.5. Development of individual Growers A, 8, and C at Stages a, 1,, and
c. As a new grower begins to spurt, it induces a spurt in the prior grower. Also,
competition between growers produces a drop before each spurt in a grower.

16

I.

Theory and Method

growers induce higher levels of performance in connected growers far
down the hierarchy.2

Cortical Mediation of Coordination of Components
A fundamental function of the frontal cortex seems to be to hold information on line about a prior activity during the occurrence of other
activities. This function is exactly what is required for coordinating two
activities—moving them from independence or competition to co-occurrence and then coordination. In the object search task, Goldman-Rakic
and her colleagues have demonstrated that specific columns of cells in
the prefrontal cortex of the rhesus monkey hold key object location
information on line. These cells fire during the period when the information needs to be held and stop firing after the information has been used
to retrieve the object (Goldman-Rakic, 1987; see Diamond et al., Chapter 12, this volume). Monkeys that have had these cells removed can no
longer solve the search task (Piaget, 1937/1954).
In a ground-breaking study, Bell and Fox (Chapter 10, this volume)
have shown that the frontal cortex is also involved in this task in human
infants. They studied babies’ skills at retrieving objects hidden under
screens—Piaget’s (1937/1954) object permanence—and they also measured
the babies’ EEG during a quiet, alert period before problem solving.
Babies who developed successful retrieval of the object after a long delay
concurrently demonstrated spurts in EEG power in the frontal area,
indicating increased frontal activity. In addition, they also showed increased
connectivity between the frontal and occipital areas as measured by EEG
coherence, suggesting an increased capacity for the frontal area to hold
spatial information from the occipital area on line. Babies who did not successfully retrieve the object after delay showed no such frontal changes. In
a similar manner, the frontal cortex may be involved in many if not most
major cognitive-developmental advances, as suggested by Thatcher’s
(1992; see also Chapter 8, this volume) research on development of
coherence in the EEG (Case, 1992; Rabinowicz, 1979). High coherence,
which indicates that two cortical areas show synchronized wave patterns
in the EEG, is considered an index of connectivity between areas,
because neural networks show synchronized waves if they are connected. Thatcher found that the frontal cortex was involved in over 90%
of the coherence patterns that showed systematic development between
birth and 20 years. No other cortical area was so prominent.
The apparent specialization of the frontal cortex for holding information on line, which is so central to coordination of components,
seems to make it pivotal in many large-scale developmental changes.
There is even the possibility, which we elaborate upon later, that the
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frontal cortex provides the foundation for the largest developmental
reorganizations—those that mark the emergence of a new kind of unit of
activity, such as the emergence of representation and complex language
at about 2 years.
Of course, other areas of the brain must necessarily be involved too.
Even Thatcher’s data produced examples of coherence development in
some other areas. For example, the cortical areas most centrally involved
in language (Broca’s and Wernicke’s areas) demonstrated a dramatic
increase at 3 to 4 years of age in the coherence for connections between
the two hemispheres (Greenfield, 1991; Thatcher, 1991, 1992). Many
other avenues of research demonstrate the role of other brain areas, such
as convergence regions connecting disparate neural ensembles, in coordinating network functioning (Damasio & Damasio, 1992). Other brain
areas may be especially important in early development, especially
infancy, a period when Thatcher’s data did not allow fine-grained analysis of age changes over appropriately brief periods (weeks or months).
Research on development of EEG power finds that frontal involvement
is generally lower in the early years and becomes especially prominent in
adolescence (Hudspeth & Pribram, 1992).
In summary, coordination of components into control systems is a
fundamental property of development of both brain and behavior. Skills
and networks not only compete but become coordinated and provide
support for each other, in part through the mediating role of the frontal
cortex. These connections help explain the shapes of brain and behavioral development, and models of connection provide tools for analyzing
how brain and behavior work together in development. The connectivity
of skills and networks does not mean, however, that control systems are
general, unitary systems. On the contrary, the development of dynamic
systems involves shifting interplay among many components of brain,
body, and context. The result is control systems that are simultaneously
general and specific.
BOTH GENERALITY AND SPECIFICITY
IN CONTROL SYSTEMS
In most traditional information-processing models, each process is
treated as unitary; for example, there is thought to be a single buffer for
short-term memory or working memory across many tasks (Atkinson &
Shiffrin, 1968; Case, 1980). Because the processes of working memory
all occur in one place, they have a great deal of generality. In contrast to
this kind of explanation, a dominant viewpoint in neuroscience has been
that neural information processing is highly localized and specific, with
no unitary centralized process in one place (Gardner, 1983; Geschwind
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& Galaburda, 1985; 1-lubel & Wiesel, 1977). Visual information about
faces is processed in one specific brain system; auditory information
about voices is processed in another; and so forth. Processing is localized and modularized in particular places in the brain, so that each
system contains its own processes, including its own working memory
(or memories). Despite the apparent contradictions between these
views, there has been ample evidence to support both of them, as in
most fundamental controversies.
The current framework moves beyond the dichotomy between
general processes and specific, localized ones. As suggested by the classic work of I-lebb (1949) and Lashley (1950), as well as current neural
network theoty (Grossberg, 1988; Rumelhart & McClelland, 1988), control systems are parallel and distributed even while they are localized
and specific. They process information in massively parallel streams, not
in the linear, sequential fashion of most electronic computers. Their
functioning is distributed among many components throughout a wide
area of the brain (as well as the body and the context); they are not
localized in a small spot, although each neural network ~omponent in a
control system is typically locahzed within a broad neural area.
According to this framework, neural control systems are both
general and specific. On the one hand, they are general in several ways:
1. A given section of neural tissue participates in many related networks. Processing occurs not in any one place, but in different networks
that all include part of that neural section. What this means for behavior
is that many actions and concepts derive from partially overlapping
control systems. For example, a prototypic system for modularity and
localization has been the language “module” in the left hemisphere
(especially Broca’s and Wernicke’s areas). Traditionally, these areas are
often described as totally dedicated to language, but in fact they participate in a number of nonlanguage functions, including motor skills such
as use of the hands (Greenfield, 1991; Lieberman, 1991); they also show
remarkable plasticity, including the capacity to shift to the other hemisphere when there is damage to the left hemisphere early in life (see
Mills, Coffey, & Neville, Chapter 13, this volume).
2. Across large areas of the brain, networks have similar properties
of information processing even when they share no specific neural
tissue. For example, working memory components in different cortical
networks typically operate in a similar manner.
On the other hand, stated the other way round, neural systems are
specific:
1. Parts of processing do in fact occur in localized places. The distribution property of neural networks means that the location covers a
wide area, and many modules show considerable overlap.
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2. Each network contains its own processes, including its own
working memory. The processes function similarly across distinct networks. Just as gravity has similar properties with different objects, information processing follows similar principles in different networks.
Because the context functions as part of a control system, it too contributes directly to the system’s generality and specificity. Grossberg’s
(1988) “adaptive resonance theory” (ART) of neural networks captures
an important part of the contribution of context in its description of
the property of resonance. When there is correspondence between a
network’s top-down control signals and its bottom-up input, then
resonance occurs, sustaining a specific pattern of activity in the network
for a time. Context provides input for many networks and thus promotes or prevents resonance in their functioning.
The resonance property explains the basic phenomenon that we call
“developmental range”—the variation in developmental level that individual
children show for the same skill across contexts and affective states
(Brown & Reeve, 1987; Fischer & Lamborn, 1989; Vygotsky, 1978).
Contextual input produces large changes in the complexity of a child’s
behavior in a given situation (Fischer, Bullock, et a!., 1993). When the
input matches top-down control signals—which is often called “priming—a child shows high-level understanding of, for example, a story
about “mean” social interaction. When there is no contextual priming,
the same child a few minutes later shows a much lower-level understanding of mean interaction. That is, the child is unable to produce
high-level understanding on his or her own, without priming. This variation in level is highly reliable and is not easily affected by practice or
instruction. Priming consistently produces a developmentally advanced
understanding, whereas elimination of priming or affective interference
with it leads to a more primitive understanding for the same child in the
same situation. A single parallel, distributed, resonant network produces
different levels of functioning, depending on contextual input.
The architecture of each network also contributes to its generality
and specificity, as characterized by ART. Different networks have similar,
mathematically defined properties, but they have distinct, specific architecture based on their biological functions. ART facilitates the design of
biologically plausible networks with properties linked to the specific
neural systems they are designed td emulate. Many other neural network
theories use a single, generic type of network to model diverse systems
and thus miss the specificity of systems.
In any analysis of the generality and specificity of con~rolsystems
and the neural networks that support them, a factor outside the systems
themselves is also essential—regulation. A person is an organism living in
a culture, and both homeostatic bodily systems and cultural systems can
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impose order across components of brain and behavior. For example, the
concurrent growth functions of synapses in diverse areas of the cerebral
cortex in infant rhesus monkeys (Rakic et a!., 1986) seem to reflect
broad growth-regulating processes. The distinctive growth for different
areas predicted by modular models of the cortex does not occur. On the
other hand, differences that do occur, such as those in development of
connectivity for the two hemispheres (Thatcher, Walker, & Giudice,
1987), may reflect regulation by a combination of competitive and supportive processes between network components. Analysis of regulation
processes in brain and behavioral development is just beginning, as in
Thatcher’s (Chapter 8, this volume) model of the growth of connections
between cortical networks.
This sketch of the properties of developing control systems makes
clear that there is no simple opposition between generality and specificity. As people develop systems for coordinating more components,
the systems demonstrate both common patterns of growth and systemspecific patterns. Years of research and analysis will be required to
unravel the developmental relations among the many dynamically functioning control systems in human brain and behavior.

DISCONTINUITIES AND CYCLES IN BRAIN GROWTH
Fortunately, the framework we propose provides clear guidelines about
where and how to look for developmental relations between brain and
behavior. Development of control systems is founded on competition
and support among control systems grounded in neural networks, as we
have described. Control systems move through a series of successively
more complex coordinations that we hypothesize are evident in both
cognitive-developmental levels and cycles of brain growth. Emergence of
a new level is typically marked by points of discontinuity or sharp
change in the growth of brain and behavior, such as sharp spurts or
drops (Fischer, Hand, Watson, Van Parys, & Tucker, 1984; van der Maas
& Molenaar, 1992).
Brain Growth Hypothesis
So much is known about changes in brain and behavior at approximately
8 months of age that we use this period as a model of how brain and
behavior relate in development. At about 8 months, multiple indices of
both behavior and brain development produce a cluster of discontinuous
changes. For behavior, the evidence is vast, because so many studies of cog-
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nitive and emotional development have focused on the second half of
the first year. Included in the behaviors that spurt during this period are
search for hidden objects, distress at separation from the mother, and
general infant test performance (Campos, Barrett, Lamb, Goldsmith, &
Stenberg, 1983; McCall, Eichorn, & Hogarty, 1977; Seibert, Hogan, &
Mundy, 1984; Uzgiris, 1983). There is also substantial knowledge about
one of the behavioral mechanisms behind these changes: Campos and
his colleagues have shown that self-produced locomotion (crawling with
the head up, not dragging on the belly or other less effective forms of
locomotion) facilitates development of an array of spatial skills during
this period (Campos & Bertenthal, 1987; Campos, Hiatt, Ramsay, Henderson, & Svejda, 1978). For brain, the evidence is also extensive: EEG
frequency and power, some aspects of BEG coherence, glucose metabolism, and head circumference all spurt at approximately 8 months (Bell
& Fox, 1992; Chugani & Phelps, 1986; Epstein, 1974; Fischer, 1987;
Hagne, Persson, Magnusson, & Petersen, 1973).
Besides the convergence of so many measures in a single age period,
there are also two sources of evidence for a specific cortical foundation
of one of the cognitive changes during this period. In the study by Bell
and Fox (Chapter tO, this volume) of search for hidden objects, infants
who exhibited a spurt during this age period in BEG power and coherence involving the frontal cortex also produced an advance in search,
whereas infants who did not exhibit the BEG changes did not produce
the cognitive advance. A series of studies with rhesus monkeys seems to
pinpoint the basis for these developments (Goldman-Rakic, 1987; Rakic
et aT., 1986; Diamond et a!., Chapter 12, this volume): Rhesus monkeys
show a spurt in synaptic density in the frontal area, as well as in other
parts of the cortex, at the age when they develop the capacity to perform
the hidden object task. A specific column of frontal cells holds information on line about the location of the hidden object while the monkey
is searching. Removal of these cells prevents correct search, it appears
that a spurt in synaptic growth at this age may account for the cluster of
spurts in developing skills.
This cluster of changes at approximately 8 months suggests a
straightforward hypothesis about brain growth and cognitive development: When there is sudden emergence of a cluster of new cognitive
capacities, there will also be sudden changes in indices of brain growth.
On the basis of the argument presented earlier, the changes will most
likely include connections between the frontal cortex and other regions,
because new cognitive levels require co-occurrence and cQordination of
components. The changes will also involve other brain regions in important ways, such as the growth in connections among language regions
in the two hemispheres that Thatcher (1991, 1992) foUnd at 3 to 4
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years. Other changes that make connections among networks more efficient, such as myelination, may also play a role (Case, 1992; Yakovlev &
Lecours, 1967).
According to the simplest form of the brain growth hypothesis, each
new developmental level for behavioral control systems is supported by
growth of a new type of neural network that facilitates construction of
control systems at that level. Growth of the network is evident in discontinuities in both brain growth and cognitive development. The new
networks are then gradually pruned to form efficient neural systems,
during which time some indices of relevant brain growth decrease slowly
while some indices of relevant cognitive growth increase gradually.
Eventually, as the networks are consolidated, another new type of network begins to grow for the next developmental level, and another cluster of discontinuities begins.
Development thus moves through cycles of successive coordinations among simpler networks to fortn more complex ones. Processes
like the concurrent growth of synapses across cortical areas in infants
can help induce these successive levels of coordination, as can other processes, such as myelination of neurons to produce faster neural impulses
and thus allow greater coordination. Most likely, the cycles are not of an
aU-or-none nature, with changes occurring everywhere at once; instead,
they probably involve a cascade of changes that move through brain
areas systematically, such as the cycle that Thatcher (Chapter 8, this volume) hypothesizes for network connectivity.
At this point, our developmental framework moves beyond the
limits of current neural network models, requiring a property that has
not yet been successfully modeled, to our knowledge. To grow and
learn, networks must organize themselves into a long series of successively more complex levels—a developmental sequence of reorganizations or discontinuities. ART networks seem to be capable of at most one
or two such reorganizations. That is a long way from the many reorganizations (13 or morel) that seem to occur in cognitive development
(Case, 1985; Fischer, 1980; van de Rijt-Plooij & Plooij, 1992). We are
working on characterizing the kind of network that is required to
produce such a long series of appropriate reorganizations (Fischer, Bullock, et al., 1993; Molenaar, van der Maas, & Raijmakers, 1993).
A Series of Growth Spurts
A review of the literature shows that evidence for successive cycles in the
growth of various properties of the human brain is substantial, including
all ages from birth to the early 20s (Yakovlev & Lecours, 1967; see
Thatcher, Chapter 8, this volume). We describe some of the findings in
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detail, especially for brain activity, head growth, and synaptic density.
Although scores of studies contribute relevant evidence, most of them
do not sample age often enough or have large enough samples to provide precise descriptions of growth functions. The few comprehensive
studies uniformly show cyclicity in brain growth, and so it is possible to
sketch a tentative portrait of broad cycles of development in. brain
growth variables.
In general, the most powerful and precise results for human beings
involve development of brain activity. Data on human head growth (an
indirect index of brain size) also suggest cyclical growth, although there
is enormous variability in individual growth patterns. For infrahuman
primates, the descriptions of development of cortical synaptic density in
rhesus monkeys described earlier show a powerful cycle in infancy.
Combining all these data sources, we find evidence for a series of at
least 12 brain growth spurts between birth and 21 years of age. We
hypothesize that these successive cycles of growth relate in a straightforward fashion to major developments in behavior, as with the changes at
8 months of age. The evidence suggests that like most body organs
(Lampl & Emde, 1983; Lampl, Veldhuis, & Johnson, 1992), the brain
grows in fits and starts. It spurts especially sharply during 12 distinctive
age periods, with slower growth in between. Of course, individual children may vary from these particular ages. In addition, development of
specific brain areas and functions probably follows a more detailed cycle,
such as that suggested by Thatcher, based on his complex growth curves
for development of BEG coherence (Thatcher, 1991, 1992, and Chapter
8, this volume; Thatcher et al., 1987). Later, after reviewing the evidence
for brain growth spurts, we suggest a way in which complex cycles may
organize or regulate the specific spurts.
During early infancy, brain growth occurs in four rapidly occurring
spurts—at approximately 3-4, 7-8, 10-11 weeks, and 15-18 weeks of
age. It then slows down to intervals of several months, with spurts at
approximately 8, 12, and 20 months. Intervals become even larger after
infancy, with spurts at approximately 4, 7, 11, 15, and 19 or 20 years of
age. These ages are similar to those for emergence of cognitive levels, as
evidenced by discontinuities in development of actions, thoughts, and
emotions, which are discussed later (see Table 1.1, below).

Brain Activity
Research on the development of the details of human neuroanatomy is
difficult to do, because people must die for their brains to be dissected.
Technological developments have partly circumvented this problem by
providing various measures of brain activity, such as glucose metabolism
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or electrical activity (see Duf~’,Chapter 3, this volume). Much of the
research in this volume focuses on brain electrical activity, including the
BEG and event-related potentials (ERPs). Although researchers in electrophysiology are sometimes passionately committed to studying one
type of electrical component as opposed to the other, BEG and ERPs
are in fact closely linked both biologically and mathematically, and
both have their value in research (Lopez da Silva, 1991; Nunez,
1981). Discontinuities in electrical activity reflecting changes in cortical development have been hypothesized for many years (Epstein, 1980;
Rabinowicz, 1979), and the evidence is growing that systematic discontinuities do occur.
Infancy
No single study provides a detailed growth function for BEG or ERPs for
all of infancy, but several studies provide evidence for particular periods.
In EEG, there are clearly large changes during the first few months,
including a possible discontinuity at approximately 2 months, and there
are clear growth discontinuities in BEG peak frequencies and power at
approximately 4 and 8 months (Dreyfus-Brisac, 1979; Emde & Robinson,
1980; Hagne et al., 1973; Parmelee & Sigman, 1983; Schulte & Bell,
1973; Woodruff, 1978; see Bell & Fox, Chapter 10, this volume). There
is also evidence that there may be related EEG spurts in rhesus monkeys
(Caveness, 1962). Research with glucose metabolism suggests discontinuities at approximately 3-4, 8, and 12 months in human babies,

although these findings are tentative because of limitations of sample
size and composition (Chugani & Phelps, 1986; see Chugani, Chapter 5,
this volume). There are insufficient data to permit firm conclusions
about specific discontinuities in growth functions in the early weeks or
during the second year.
For ERPs in infancy, there are even fewer systematic data characterizing growth functions. Thomas and Crow (Chapter 7, this volume)
review existing data, concluding that auditory and visual evoked potentials undergo extensive developmental changes during the first 3 months
and up to 6 months of age for some variables. Most of the research has
not sampled age frequently enough to describe the specific forms of
growth functions, and often the focus has been not on describing
changes in variables but instead on the match between infants’ ERPs
and adults’. Nevertheless, there is evidence for both a general increase
in speed of response and strong discontinuities in some ERP variables,
most clearly at 6 or 8 weeks, 6 or 8 months, 12 months, 2-3 years,
and perhaps 3 months as well (Courchesne, 1978; Friedman, 1991;
Ohtahara, 1981). Findings of ERP characteristics associated with language
facility at 20 months also suggest possible discontinuities in growth of
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ERP5 to words at about that age, although that hypothesis remains to be
explicitly tested (see Mills et al., Chapter 13, this volume).
In general, evidence indicates that there are a number of discontinuities in BEG and ERP development during infancy and that research
to pin them down precisely requires measurements separated by relatively short periods—probably at least every week in early infancy and
every month in later infancy. Studies with infrequent measurements,
such as only once or twice during the first year, are common but cannot
provide adequate data to describe development during infancy.
Childhood and Adolescence

For childhood and adolescence, a classic study by Matousek and
Petersen (1973; see also John, 1977) demonstrated a series of systematic
developmental changes in the relative power of the BEG (the amount of
energy in one frequency band of the wave spectrum divided by the total
power in all bands). Figures 1.1 and 1.2 above show changes in relative
power in the alpha frequency band for the occipitoparietal region for
Swedish subjects between 1 and 21 years of age assessed in a quiet,
awake state. The cyclicity of the changes is clear: Relative power grew in
spurts, with statistically reliable increases occurring at approximately 1—2,
3-4, 7-8, 11-12, and 14-15 years (Fischer & Pipp, 1984b). There may
have been another spurt between 18 and 19 years, but it was not statistically reliable in this analysis because of the large variance in power
during the adolescent years. Other studies of narrower age periods or
with different measures also show discontinuities for some of these
age periods (Ogawa et al., 1984; Thatcher, 1991, 1992; Thatcher et a].,
1987).
Hudspeth and Pribram (1992) performed statistical analyses of the
Matousek and Petersen data for all cortical regions and found similar
changes for other scalp regions and frequency bands. With these analyses,
the changes at 18 to 19 or 20 years were statistically reliable for power in
the frontal region. For development in the first few years, their analyses
are not conclusive because ages of measurement were too infrequent.
They were unable to detect the rapid changes that other studies have
found during the first year, and they did not find that the changes at 3 to
4 years were statistically reliable. Clearly, additional research is required
to pin down developmental discontinuities during the first 4 years.
A more complex type of cycle also appears in the Hudspeth and
Pribram data (Figure 1.6), although they did not say much about it and
further research is required to determine whether it can be replicated:
There seems to be a spurt in power in the frontotemporal region,
followed by spurts starting at the back of the brain and movihg forward,
and then a repeat of the pattern. Between 1 and 2 years, there is a spurt
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FIGURE 1.6. Cycle of growth in relative energy in EEG across cortical regions. A
spurt in frontotemporal power marks the end of one tier and the beginning of the
next. Then there are clusters of spurts for each level within a tier, as well as a cycle
in the size of the spurt from back to front—parieto-occipital (P0) to temporotemporal
(TT) to centrocentral (CC) to frontotemporal (PT). The components suggesting a
cyclical pattern are marked. Data are from Hudspeth and Pribram (1992), who
reanalyzed the data ofMatousek and Petersen (1973), estimatinghalf-year BEG levels

and combining data across the four frequency bands to produce a composite index
of EEG growth for each brain region.

in frontotemporal power, followed immediately by an unusually large
spurt in occipitoparietal cortex (back of the brain), clustered with spurts
in central and temporal areas. A few years later, there is another cluster
of spurts, this time led by central cortex, which is forward in the brain.
Then, starting at about 9 years, the cycle seems to repeat: First there is a
spurt in frontotemporal cortex at 9, followed by a spurt in occipitoparietal cortex (accompanied this time by only modest changes in other
areas), and then spurts in temporal and central cortex (accompanied by
moderate changes in other areas). Finally, at 19 to 20 years, there is
another large spurt in frontotemporal power, perhaps marking the same
point in the cycle as the earlier frontal spurts. The frontotemporal spurts
can be considered as demarcating the cycles, simultaneously ending the
previous one and starting the new one. This pattern suggests intriguing
possibilities for parallels with skill development, which we explicate below in a model of brain-behavior relations.
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ERPs and metabolic measures also provide some evidence for discontinuous changes. Glucose metabolism seems to show discontinuities
at approximately 2, 4, and 10 years, and there is some indication of a
discontinuity at 7 years, although limitations of sample size and composition require caution in drawing conclusions (Chugani, Phelps, &
Mazziotta, 1987; see Chugani, Chapter 5, this volume). ~RPs show
discontinuities at approximately 2—3,7, and 11 years (Courchesne, 1978;
Dustman & Beck, 1969; Ohtahara, 1981; Stauder, Molenaar, & van
der Molen, 1993; see van der Molen & Molenaar, Chapter 14, this
volume).
Of all the measures of developing brain activity, the BEG data of
Matousek and Petersen (1973) are particularly elegant, because one
measure shows changes over the entire age period from I to 21 years.
These changes seem to show a remarkable correspondence with periods
of rapid change in metabolic and ERP measures, as well as in cognitive
development (to be described below). An even more comprehensive
data set has been collected by Thatcher (Chapter 8, this volume), who
thus far has focused primarily on analyzing development of BEG coherence. Virtually all the developmental curves for coherence show repeated
discontinuities, and in general those discontinuities mesh with the ones
found by Matousek and Petersen. Thatcher has gone beyond the simple
description of ages of discontinuity to propose a cycle of changes, moving systematically through brain regions and repeating. We do not
repeat the details of his model here, but later we explain how it provides
one of the foundations for the model connecting cognitive developmental cycles with brain growth discontinuities.

Head Size
Interestingly, data on growth in size of the head show similar cyclical
patterns of growth. The measure is usually circumference, which is
closely related to volume (Winick& Rosso, 1969). Growth patterns of
individual children are extremely variable and do not conform to the
smooth growth curves shown in most standard pediatric graphs of
growth (Lampi & Emde, 1983; Lampl et al., 1992).
Head growth in infancy is large and rapid, but studies have not
generally measured babies often enough to detect frequent, rapidly occurring discontinuities. To provide a more differentiated portrait of cycles of
brain growth during infancy, we obtained head circumferencedata that
charted growth during the first 10 months—week by week for the first
4 months and month by month thereafter. Subjects were a cross-sectional
sample of over 1,000 infants brought by their mothers for checkups to a
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pediatric clinic operated by Dr. Bonnie Camp at the Colorado Health Sciences Center in Denver, Colorado. Most mothers were teenagers.
Infants were included in the study only if they were healthy, had been
born without major complications, and had been measured for head circumference, weight, and height. Head circumference, weight, and height
all increased with age during the first year, but only head circumference
showed systematic growth cycles with age.
Figure 1.7 shows changes in head circumference from I to 18 weeks
of age. There were statistically reliable spurts at 3—4, 7—8, and 10—11
weeks.3 The growth evident in Figure 1.7 at 14-18 weeks was not statistically reliable for any single week, but when the data were grouped into
months, a reliable spurt appeared between 3 and 4 months: Head circuinference increased 3.196 (12.4 mm). Analysis of monthly changes
through 10 months showed another reliable spurt at 7 to 8 months,
when head circumference increased by 2.7% (11.8 mm) (Fischer, 1987).

The head growth spurts at 3-4 and 7-8 months correspond with the
EEG and metabolic spurts at those ages. The spurts at 3-4, 7-8, and
10—11 weeks suggest additional cycles of change in the early weeks.
A study by Lainpl and Ernde (1983) of physical growth in 27
infants early in the first year seemed to show spurts during the same
weeks. However, the emphasis of their report was on the great individual
variability in growth patterns, and the way that the data were presented
made post hoc statistical analyses of group data impossible.
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Our own intensive study of a single infant, Fischer’s son Seth, iflustrates the predominance of individual variability in growth, as well as
illustrating some of the reasons for it. Seth was born at term by
Caesarean section and was a healthy infant. The growth curve for his
head circumference did not perfectly match that in Figure 1.7, of course,
because individual variation is so large; but it did show increases of some
magnitude at the four ages of spurts shown there. One of the most dramatic effects in Seth’s growth was a drop to zero head growth for 2
weeks (17 to 19 weeks). At this age Seth experienced his first major cold,
the worst illness that he suffered during his first half-year. Head growth
did not fall to zero for any other weeks during this period. Although it is
of course impossible to be certain that the illness caused the growth cessation, the seeming effect of transitory illness illustrates how variability
can be so prominent in individual growth. Researchers must consider
not only gestational age, complications during pregnancy and birth, and
major health problems; they must even consider a child’s minor illnesses.
Other research suggests that illness may be closely related to psychological development as well (Ploolj & van de Rijt-Plooij, 1989).
After infancy, measurement of growth becomes highly unreliable, because measurement error is large relative to amount of growth
(Utermohle & Zegura, 1982). Nevertheless, there is strong evidence
from large samples that during childhood head circumference shows
growth spurts at approximately 4, 11-12, and 14—15 years, and there is
some evidence for a spurt at 6-7 years (Eichorn & Bayley, 1962; Epstein,
1974; McCall, Meyers, Hartman, & Roche, 1983).
In summary, the evidence for discontinuities in head growth corresponds generally with the evidence for those for brain activity, despite
the coarseness of head growth as an index of brain growth. In addition,
new head growth data provide evidence for three additional periods of
rapid growth in the early weeks of life—at 3—4, 7-8, and 10-11 weeks of
age.
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The most detailed data on growth of cortical synaptic density are for
rhesus monkeys, not human beings (Goldman-Rakic, 1987, 1992; Rakic
et al., 1986). They provide evidence for clear discontinuities in growth of

2

4

6

8

10

12

14

16

18

20

Age in Weeks

FIGURE 1.7. Weekly changes with age in head circumference in Camp’s sample.
Asterisks indicate changes that were statistically reliable by t-test, p < 05.

synaptic density in all cortical areas assessed. Limitations of sample size
and ages of assessment preclude definite specification of discontinuities,
but the growth functions give evidence of perhaps three discontinuities
for rhesus monkeys, at roughly 1,2, and 4½months of age. Although all
areas produced generally similar growth functions (which the authors
called “concurrent synaptogenesis”), the curves were not identical, and
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discontinuities appeared to show some differences across areas (Fischer,
1987).
Data on human cortical synaptic density are less extensive than
those for rhesus monkeys. Data exist for only the visual and frontal
areas, and both the range of ages and the sample sizes are limited
(Huttenlocher, 1979; Huttenlocher & de Courten, 1987; see Huttenlocher,
Chapter 4, this volume). Available data indicate a discontinuity in growth
at approximately 2-4 months in the visual cortex, but for other periods
age samphng is not dense enough to detect discontinuities. Maximal
synaptic density seems to be reached at different ages for the two cortical
areas-approximately 1 and 7 years for visual and frontal cortex, respectively. At these ages, density is nearly twice that for adults.
In summary, data on growth of synaptic density clearly show that
discontinuities occur in both human beings and rhesus monkeys, but
the data are too scant to permit the specification of particular age periods at which discontinuities commonly occur.
Variables That Do Not Show Discontinuities

The emphasis on changes with development, especially discontinuities,
can lead to a mistaken impression that everything develops discontinuously. On the contrary, many variables describing brain growth do not
show consistent or striking discontinuities. Development does not involve
sudden, synchronous jumps of all the child’s brain and behavior into a
new stage (Fischer & Bullock, 1981). Discontinuities reflecting new
levels of organization occur only for some brain growth variables, and
in cognitive development discontinuities occur primarily at the upper limit
of complexity, not in all behavior. Discontinuities in the sense of sudden
changes in the form of a growth curve also do not necessarily imply instability in individual differences (a distinct and common meaning of
“discontinuity”).
For example, most infants show a strong effect of emotion on hemispheric activation: Positive emotions or those eliciting approach are
associated with higher EEG activation of the left frontal cortex, whereas
negative or- avoidance emotions are linked with higher right frontal
activation (see Bell & Fox, Chapter 10, Dawson, Chapter 11, and
Davidson, Chapter 16, this volume). This difference appears at an early
age, and it remains throughout childhood and into adulthood.
Similarly, some key components of sensory ERPs emerge at an early
age and remain similar in form throughout childhood or show changes
other than developmental discontinuities (Courchesne, 1978; Friedman,
1991; see Thomas & Crow, Chapter 7, and Nelson, Chapter 9, this volume). When measured in early infancy, some of them predict language
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and cognitive development several years later (Molfese & Molfese,
Chapter 15, this volume). Sotne components correlate strongly with
facility in early language (Mills et al., Chapter 13, this volume). Even
characteristics that are strong indicators of major developmental
discontinuities, such as EEG power, sometimes also predict later skills,
such as ability to manage attention (Farmelee et al., Chapter 17, this
volume). These constancies across developmental changes are real and
constitute an important part of the whole picture of the developing
brain, indeed, development of levels of coordination of skills and neural
networks requires stable foundational elements upon which the coordinations can build.
Nevertheless, a focus on discontinuities is useful for research on
developmental levels of control systems in brain and behavior. Brain
electrical activity, head circumference, and synaptic density provide
global portraits of brain growth cycles. Across these measures, especially
the first two, there seem to be spurts in growth at approximately 4, 8,
and 11 weeks; 4, 8, and 12 months; and 2, 4, 7, 11, 15, and 19 years.
Nested within these global changes there are unddubtedly growth cycles
for particular cortical regions, as illustrated by Thatcher’s (Chapter 8,
this volume) findings. These cycles suggest not only a general link between discontinuities in brain and behavior, but a way in which broad
cycles may organize specific discontinuities. To explicate this model, we
need to introduce the evidence for discontinuities in cognitive and emotional development as well as our account of those changes.
LEVELS AND TiERS IN DEVELOPMENT OF BEHAVIOR
An important part of research on brain-behavior relations is determining
when a new level of a control system develops—what is often called a
new “stage.” The detection of developmental levels or stages has been
one of the central issues in cognitive-developmental research, where
there have been long-standing controversies about the existence and
detection of stages (Brainerd, 1978; Broughton, 1981; van der Maas &
Molenaar, 1992). Research on behavior has produced overwhelming
evidence of wide variations in developmental levels, not only across children but even within individual children.
Consequently, many researchers have abandoned the traditional
criterion for a stage—synchronous change across domains—and have
fallen back on a loose, poorly articulated criterion of some sort of qualitative change (Fischer & Bullock, 1981; Fischer & Silvem, 1985; Flavell,
1982; Piaget, 1972). This criterion does not work, because qualitative
change is an everyday occurrence. Every time a child learns a new
concept or skill, such as tying shoelaces, he or she demonstrates a

32

I. Theory and Method

qualitative change. Mere demonstration of a qualitative change or even a
developmental sequence of qualitative changes therefore does not show
stage-like development. Most Piagetian theories encounter this problem,
documenting sequences and then treating them as evidence for stages
(Case, 1985; Halford, 1987). Some additional criterion is required to
demonstrate stage-like development.
One straightforward criterion for detecting a developmental level is
a discontinuity or sudden alteration in the pattern of developmental
change—the same criterion we have used for our analyses of brain
growth. Not only is this criterion consistent with concepts of stage, but it
can be readily studied, especially with recent advances in methods for
detecting and modeling discontinuities (Fischer, Pipp, & Bullock, 1984;
van der Maas & Molenaar, 1992; van Geert, 1991). Because behavior
shows so much variation, research to detect a developmental stage or
level requires analysis of key sources of variability, whether the focus is
on discontinuity, synchrony, or some other criterion.
Mechanisms of Variation and Developmental Range
The maturity or complexity of children’s behavior varies widely and
systematically from moment to moment and across contexts and states
(Brown & Reeve, 1987; Fischer, Bullock, et al., 1993; Fischer &
Elmendorf, 1986). In a quiet, alert state, a 1-month-old infant girl looks
directly and intently at a red ball moving in front of her, and then moves
her hand clumsily in the general direction of the ball. Ten minutes later,
when the ball is presented to her while she is drowsy, she engages in neither action and seems to ignore it (von Hofsten, 1984). Is she capable of
looking at the ball and reaching toward it, or is she not?
Similarly, a 4-year-old boy watches his teacher acting out a pretend
story with dolls: The patient doll tells the doctor doll he has a cold, and
the doctor examines him and gives him medicine to make him feel
better. The boy promptly acts out a similar story, demonstrating understanding of the roles of doctor and patient in interaction. Then, 10
minutes later, his teacher asks him to show her the best story he can
about a doctor and a patient, like the one he did before. instead of
producing the complex story he did earlier, he produces a much simpler
story, making the doctor doll simply walk around the doctor’s office carrying a thermometer, with no interaction between doctor and patient. Is
the boy capable of acting out a doctor-patient interaction, or is he not?
As these examples demonstrate, the developmental stage or level of
behaviors varies with state of arousal, assessment context, emotional
state, and goal, to name just a few of the most obvious sources of varia-
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tion. Some researchers argue that such variations demonstrate that there
are no general cognitive-developmental stages (Brainerd, 1978; Flavell,
1982; Thelen & Fogel, 1989). Such arguments do not hold, because
there is no simple dichotomy between stage and variation. The organization of behavior develops systematically, as reflected by many stage
descriptions; it also varies from moment to moment. These facts are contradictory only for overly simple concepts of stage and variation. Neural
networks naturally produce this kind of variation, as we have shown earlier for ART networks.
If behavior is adaptive, then its organization should vary not only
with development but also with factors such as task and state. Likewise,
if developmental scales are sensitive measures of behavioral organization, then they should show changes as a function of these factors. The
occurrence of such systematic variation does not reflect a defect of either
the scales or the stages hypothesized. What is needed is to move beyond
the dichotomy between stage and variation to build an explanatory
system that subsumes both. Only a framework that integrates organization with variation can specify the processes that produce behavioral and
brain development.
Our framework begins with the assumption that integrating organization with variation requires considering person and context together.
We use the concept of “skill” to characterize control systems, because in
English usage, “skill” suggests a combination of person and context
(Bruner, 1973; Fischer, 1980). A skill for driving a car is tied to cars and
does not apply directly to boats, airplanes, or bicycles. It may not even
generalize effectively to driving a car with a different sort of gearshift, nor
to driving a car on mud and snow instead of paved roads. A skill is a
characteristic neither of a person nor of a context, but of a person-in-acontext, just as a neural network includes the context as part of its func-

tioning.
Askill is a control structure. ln using a skill, a person controls variations in his or her actions and thoughts in a context. Because skill development is relatively context-specific, we use the term “levels” to describe
skill development, not “stages.” People (children and adults) function at
different skill levels for different tasks, states, and situations, and under
certain conditions their development through a level will show stage
properties.
One of the principles of order amid the variability in behavior is
what we call “developmental range,” the difference between a person’s
optimal performance and his or her ordinary performance—that is,
between the person’s optimal and functional levels, The “optimal level”
specifies the most complex skills that the person can consistently
control under optimal canditions, including an alert state, a familiar
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context, practice with the task, contextual support for high-level performance, and the absence of interfering conditions (e.g., conflicting
emotions).
Without optimal conditions, people usually perform at lower steps
on a developmental scale. The limit on the variations in level a person
produces within a nonoptimal context is the “functional level” for
that context, the highest level beyond which the person’s skills do not
go without optimal support. This limit typically shows continuous,
non-stage-like growth. The removal of contextual support for high-level
performance often causes an immediate drop to the person’s functional
level, as in the example of the 4-year-old telling stories about a doctor.
Reinstitution of support produces a rapid jump to optimal level. A key
factor in this robust phenomenon of variation between functional and
optimal levels is contextual priming of important elements of the task
(Fischer, Bullock, et al., 1993). Priming induces optimal level, allowing
the child to sustain high-level understanding (which is an instance of
resonance in neural networks).
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phose on the first day of their eighth month. Yet there is an approximate
synchrony of discontinuities within a definable time interval.
The mechanism producing these approximately synchronous
spurts is the development of a new capacity to build skills at a given
level of complexity, which we hypothesize also involves emergence of a
new level of neural network. This capacity is not to be confused with the
powerful, general competencies hypothesized by Piaget (1957) and
Chomsky (1965). Unlike those (nonexistent) competencies, the change
in capacity does not automatically eventuate in skill changes. Instead,
people must take time and effort to actually build the changed skills that
the capacity makes possible, and factors such as state and task contribute to the actual skills produced. Even when people have constructed a
new skill at optimal level, they typically require optimal contextual support to produce it. Discontinuities in level are consistently evident only
under optimal assessment conditions. Most conditions under which
researchers have traditionally assessed development are nonoptimal and
produce slow, gradual, continuous growth, even when people are performing the same tasks that show discontinuities under optimal conditions.

Clusters of Discontinuities upon Emergence of a Level
According to dynamic skills theory, the optimal level shifts abruptly at
certain periods in development, showing stage-like change (Fischer,
1980; Fischer & Farrar, 1987). Within some limited age period, spurts
or other discontinuities can be detected in a wide range of different
domains. For example, there are spurts at approximately 8 months of
age in object permanence, crawling, fear of heights, detection of subjective contours, and other skills (Bertenthal, Campos, & Haith, 1980;
Campos, Bertenthal, & Caplovitz, 1982; McCall et al., 1977; Seibert et al.,
1984; Uzgiris, 1983; see Bell & Fox, chapter 10, and Diamond et a).,
Chapter 12, this volume). Late in the second year there are spurts in
vocabulary, multiword utterances, pretend play, object permanence, and
many other skills (Anisfeld, 1984; Bloom, 1973; Corrigan, 1983; McCall
et aL, 1977; Uzgiris, 1983). At about 15 years, there are spurts in arithmetic concepts, judgments about the bases for knowledge, social constructs, emotional conflicts about the self, and several Piagetian formal
operations tasks, among other things (Fischer & Lamborn, 1989; Harter
& Monsour, 1992; Kitchener & Fischer, 1990; Martarano, 1977; O’Brien
& Overton, 1982).
Of course, the various spurts for emergence of a new optimal level
are not instantaneous; they are spread over a limited time interval, forming a cluster of changes that are similar but different. They do not all occur
at exactly the same age, nor do they produce exactly the same developmental growth function. Infants, for example, do not suddenly metamor-

Tiers and Levels of Coordination of Control Systems
Evidence for clusters of discontinuities in behavior indicates development of at least 13 levels between birth and 30 years of age, as shown in
Table 1.1. The ages given for each level are for its emergence, when the
person (child or adult) can first control a number of skills at that level.
Of course, there is individual variation in exact age of emergence of each
level. In reviewing these levels, we use dynamic skills theory, which provides a framework for describing the structures of skills in any task
domain. The structures form a developmental scale of control structures
for the coordination of increasingly complex sources of variation in
behavior. We hypothesize that each level corresponds to a neural
network reorganization reflected in the brain growth discontinuities
reviewed earlier.
Qualitative changes in development can be described in three
different grains of detail. At the finest grain, skills develop through a
sequence of small, microdevelopmental steps, which skill theory predicts
via a set of transformation rules for explaining skill coordination and
differentiation (Fischer, 1980). Most steps do not involve developmental
discontinuities but are simply points along a pathway of skill construction.
Certain steps in a sequence mark the emergence of a new developmental level—a capacity to construct a new type of control system or

TABLE 1.1. Levels of Cognitive Development
11cr
Level

Reflex

Sensorimotor

Representational

Rf 1:

Single

Abstract

Examples of skills

_____________

Single, simple species-specific
action components (reflexes):
With fixed posture:
Infant looks at ball moving
in front of face.

[A] or [B]

reflexesb

Age,
3—4 weeks

Infant grasps cloth placed in

hand.
Rf2:
Reflex

Simple relations of a few reflexes:
Hearing voice leads to looking
at eyes.
Infant extends attn toward ball

[A — B]

mappingsb

7—3 weeks

that he or she sees.
Rf3:

Complex relations of subsets of
reflexes:
Looking at face and hearing
voice evokes coordinated

[A~H Bfl

Reflex
systemsb

10-11 weeks

smiling, cooing, and nodding
(greeting response).
Infant opens hand while
extending arm toward seen
ball.

Rf4/S1:

Single
sensorimotor
actions

r AE
Ft~

I rG
L

H

Relations of reflex systems to
produce a single, flexible
sensorimotor action:
infant looks at ball as it

BE ,
F

[I]

H

15—17 weeks

moves through complex

trajectory.

Infant Opens hand while
extending
toward
seen
ball,
and inarm
middle
of reach
sometimes adjusts hand to
S2’
Serasorimotor

changes in ball’s trajectory.

Simple relations of a few

[I —

mappings

7-8 months

sensorlmotor
actions:
Infant
grasps
ballfront
in order
to bring
it in
of
face to look at it.
Infant uses looking at ball to

finely guide reaching for it.
Seiisorimotor

Complex relations of subsets of
sensorimotor
infant mowsactions:
a rattle in
different ways to see
different parts of it.
Infant imitates pronunciation

systems

11-13 months

of many single words,
54/RpI:
representations

Rp2:
Representational

mappincxs

~

[01

Relations of action systems to

0

i Kp £> ~i
pj

18-24 months

produce concrete representations of objects, people, or events:
Child pretends that doll is
walking.
Child says, “Doll walk”
10

—

R]

Simple relations of representa-

3.5-4.5 years

tions:

Child pretends that two dolls
are Mom and Dad iflteracting
in parental roles.
Child understands that self
knows a secret and bad does
not know it.
(continued)

Tier
Level

Reflex

Rp3:
Representational
systems

Rp4/A1:
Single
abstractions

Sensorimotor

Representational

Abstract

Examples of skills

[Q? H

H

R~]

s!;r<—*

71% j

~

A2:
Abstract
ma in s
~ g

I

[3~]

[cl_i

A3:
Abstract
systems

—

C3J

6-7 years

Relations of representational
systems to produce abstracttons
(intangible concepts):
Child understands addition as
general operation of joining
numbers.
Child evaluates how parents
demonstrate conformity.
Child understands that honesty
is a general quality of being
truthful.
Simple relations of
abstractions:
Person understands how
addition and subtraction are
opposite operations. Person integrates two social
concepts of honesty and
kindness into the complex
concept of a social lie.

10—12 years

~5~] abstractions:

14—16 years

18-20 years

Person understands how
operations of addition and
division are related through
the ways and
the numbers
grouped
combined.are

-

A4:
Principles

Complex relations of subsets of
representations:
Child pretends that two dolls
are Mom and Dad as well as a
doctor and a teacher simultaneously
Child understands that when
water is poured from one
glass to another, the amount
of water stays the same.

Complex relations of subsets of

[C~~
H

Agec

H

c

H

~P~J

41

Person integrates several
types of honesty and kindness
in the complex concept of
constructive criticism.
General principles for integrating
systems of abstractions:
Person understands moral
principle of justice.
Person understands principle
of reflective judgment as
basis of knowledge.
Person understands principle of
evolution by natural selection.

23-25 years

Note. In skill structures, each lett~rdenotes a skill component, with each large letter designating a main component (set) and each subscript or superscript

a subset of the main component. Thin letters designate components that are reflexes, in the sense of innate action components, bold letters designate sensotimotar acuons, italic letters designate representations, and script letters designate abstractions. Lines connecting sets designate relations Iortning a mapping, single-line
arrows designate relations fonning a system, and double-line arrows designate relations forming a system of systems.
“Ages given are modal ages at which a level first appears, based on research with middle-class North American or European children. They may differ
across cultures and other social groups.
t
These lewis are hypothesized, but to date there are too few data to test their existence unequivocally
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skill. As the person enters a new level, he or she shows a stage-like spurt
in optimal performance. Each of the 13 developmental levels involves
a large, indeterminate number of steps that extend beyond the initial
period of developmental discontinuity. Levels are the grain of analysis
at which we expect research to be most productive of correspondences
between development of brain and behavior, but assessment of finegrained steps greatly facilitates detection of levels via discontinuities.
At the broadest grain, skills develop through a series of four tiers,
each involving four successive levels, as shown in Table 1.1. Tiers mark
the emergence of a radically new type of unit for controlling behavior—
reflexes, actions, representations, or abstractions, respectively. Consequently, development of the first level of a new tier is an especially
strong type of discontinuity, which should be evident in radical changes
in both behavior and brain development. For example, the emergence of
the representational tier late in the second year produces the onset of
complex language and a host of other changes that radically transform
children. Tiers can be considered cycles of growth in skill complexity,
with each tier involving a similar cycle of development through levels—
from single units to mappings to systems and finally to systems of
systems. With the level of systems of systems, a new unit emerges and a
new tier begins, so that the final level of the earlier tier is also the beginning level of the new tier. Several other theories of cognitive development hypothesize such growth cycles, with some differences in the
specific cycles (l3iggs & Collis, 1982; Case, 1985).
One task of brain-behavior research is to determine whether these
tiers and levels connect with cycles of brain change, and we suggest a
model for those connections after we sketch the skill changes in each
tier. In our sketch of the levels and tiers, we try to provide a flavor for
each. For more detailed specification, readers should consult Fischer
(1980) for the most comprehensive treatment of all levels; Fischer and
Hogan (1989) for infancy; Fischer, Hand, Watson, et al. (1984) for the
preschool years; and Fischer, Hand, and Russell (1984) for adolescence
and early adulthood.
Development of Controlled Reflexes in Early Infancy
The first few months of life produce remarkable changes in behavioral
organization, and there has been ample research describing the changes
in human infants (llg & Ames, 1955; McGraw, 1943; Mounoud, 1976)
and macaque monkeys (Parker, 1977). Indeed, the magnitude of the
changes seems to have led some scholars to assume that there is no
relation between early behaviors and later skills (Royce-Collier, 1987).
According to our analysis, the skills of later infancy ~re built directly
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upon those of early infancy. Early infancy provides a promising arena
for research on brain-behavior relations, because such vast brain changes
are occurring during this period, including massive growth of synapses
and enormous changes in EEG and ERPs (Dreyfus-Brisac, 1979; Parmelee
& Sigman, 1983; Rakic et al., 1986), The evidence suggests four levels of
skill development paralleling the four brain growth discontinuifles described
earlier, but much more research is required to specify these relations.
The first four levels involve control systems for action components
that have traditionally been called “reflexes” (Piaget, 1937/1954). (These
are not to be confused with subcortical reflexes, such as the knee jerk
or eye blink,) The action reflexes are innate, species-specific behaviors,
probably numbering in the hundreds; they include looking, grasping,
smiling, proto-imitation, listening, postural responses, and most of the
developmental reflexes described in standard assessments of newborn
behavior (Peiper, 1963; Touwen, 1976). Gradually infants combine and
differentiate these controlled reflexes, moving through four developmental levels that eventuate in a new type of skill—control systems for flexible actions.
At the first,reflex.level, emerging at approximately 3 to 4 weeks of
age, infants control single reflexes. For example, they look at or away
from a ball moving in front of their faces, as long as its motions are
limited. To show this action, infants must be in an alert state, and their
posture must be controlled to prevent interfering reflexes such as the
tonic neck reflex (AIs, 1989; von Hofsten, 1984; Parmelee & Sigman,
1983; Prechtl & O’Brien, 1982; Wolff, 1966; see Parmelee et al., Chapter
17, this volume). Similarly, the infants “voluntarily” grasp a ball placed
in one hand, or they kick their legs.
With the second level, which appears at approximately 7 to 8
weeks, infants coordinate two action components in a reflex mapping.
When seated comfortably in front of the mother, for instance, an infant
responds to her voice by looking at her eyes (Haith, Bergman, & Moore,
1977). The infant also coos or smiles in response to the mother’s voice
or face (Kaye & Fogel, 1980; Legerstte, Pomerleau, Malcuit, & Feider,
1987), and begins crude coordination of looking at a ball with reaching
for it (von Hofsten, 1984).
At the third reflex level, which emerges at 10 to 11 weeks, infants
coordinate several action components in a reflex system. The mappings
of reflexes from the previous level are combined into clusters of coordinated behaviors, with some independence from interference among
components. For example, an infant simultaneously coordinates looking
at the mother’s face, listening to her voice, and smiling at her to produce
what is often called a “greeting response” (Kaye & Fogel, 1980; Papousek
& Papousek, 1979). Similarly, infants extend a hand toward a person

42

I.

Theory and Method

or ball they see in front of them and open the hand as they reach for it
(Legerstée et al., 1987; von Hofsten, 1984).
Development of Sensorimotor Actions in Infancy
The fourth reflex level, appearing at 15 to 17 weeks, marks radical
change to a new tier—the first level of sensorimotor development. Infants
coordinate two or more systems of reflexes from the previous level to
form a single action, marking the beginning of a new tier or cycle based
on indepen.dent sensorimotor actions, which are generalizations based
on coordination of reflex systems. During the rest of infancy, in the sensorimotor tier, infants control sensorimotor actions and gradually relate
the actions to each other, acting on the world without thinking about
what they are doing independently of the action itself.
These actions have much more flexibility than the skills at earlier
levels, showing less interference from constraints of posture and reflex.
From most positions, infants turn their heads from side to side to visually follow a ball that is moving or making a sound (Bullinger, 1977;
Touwen, 1976). In eye-hand coordination, they not only extend a hand
toward a ball that they see and open the hand as they extend it, but they
also make some adjustment to their movement in midreach to follow the
ball’s movement. Many other actions besides eye-hand coordination
show similar coordinations (Lewis, 1993; Lewis & Ash, 1992). Despite
this progress, however, 4-month-olds are still a long way from the flexible coordination of eye and hand that will come later in the first year
(Piaget, 1936/1952; von Hofsten, 1989).
With the second sensorimotor level, which emerges at 7 to 8 months,
infants move through the well-documented 8-month transition, developing the ability to relate two actions in a single sensorimotor mapping.
An 8-month-old girl skillfully uses looking at a ball in many different positions to guide how she reaches for it. Similarly, she examines the ball
carefully, holding it in front of her face and turning it with her hand to
look at part of it or touching it with just her index finger (Thelen &
Fogel, 1989). By traditional criteria, this is when the child finally has
skilled eye-hand coordination and can find hidden objects under screens
in the standard object search tasks. Other types of mappings include the
coordination of vocalizing with hearing to produce babbling (repeating
simple sounds such as “mamama”; Petitto & Marentette, 1991; Ramsay,
1984), as well as the coordination of looking acts to produce perception
of a visual pattern (Bertenthal et al., 1980).
Campos and his collaborators have illuminated a process behind
some of the behavioral changes at this age (Campos & Bertenthal,
1987). In an elegant seria of studies, they have demonstrated that the
experience of crawling (especially up on hands and knees, as opposed to

1.

Dynamic Development of Brain-Behavior Coordination

43

dragging along on the belly) induces spurts in a wide range of spatial
skills, There are probably similar experiential mechanisms in operation
at all the levels.
In addition, the brain mechanisms underlying this level have been
investigated more extensively than for any other major developmental
period, as described earlier. Synaptic growth seems to be spurting during
this time, and infants show spurts in EEG power in the frontal region
and connections between frontal and occipital areas (Goldman-Rakic,
1987; see Bell & Fox, Chapter 10, this volume). These changes have
been linked explicitly to the ability to search for hidden objects, which is
also one of the skills facilitated by the development of crawling.
At the third sensorimotor level, appearing at about 11 to 13 months,
babies develop the capacity to relate a number of actions in a complex
sensorimotor system. A 13-month-old girl facilely moves a ball around,
using what she sees to guide what she does and anticipating many of the
consequences of moving the ball. When she does nOt know how to
accomplish some desired goal, such as dropping the ball so that it falls
into a small hole in a box, she experiments with different ways of holding and dropping it until she linds one that works (Piaget, 1936/1952).
At this level, infants also begin to carry out simple pretending with
stereotyped actions, such as pretending to drink from an empty cup
(Bretherton & Beeghly, 1989; Fischer, Hand, Watson, et al., 1984;
Zelazo & Leonard, 1983). And they produce a few dozen single words,
which require coordinating vocalizing with hearing specific sounds in
combination to produce the sound of the particular word (Fischer &
Corrigan, 1981; Petitto, 1993).
Development of Representations in Childhood
At 18 to 24 months, toddlers develop the fourth sensorimotor level,
which is also the first level of representations—the beginning of the
representational tier. Coordinating two or more sensorimotor action
systems into a single representation, children cognitively evoke an
object, event, or person that is not actually present. As a result, they
think of concrete properties of things independently of their immediate
actions on those things, and they use the representations to control their
actions. This period is often treated as the most important in human
development because of the rapid emergence of complex language at
this time.
In pretending, 2-year-olds make a doll pretend to walk across the
table by coordinating a system for manipulating the doll with a system
for walking. Their pretend play involves many representational categories, such as walking, eating a meal, being mean, being happy, being sad,
acting as a mother, acting as a doctor, eating a meal, or getting dressed.
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For the category of “mean,” for instance, a child makes a doll engage in
several mean actions, such as hitting and yelling (Bretherton & Beeghly,
1989; Fischer, Hand, Watson, et al., 1984). At the same age, children
show spurts in many other skills, including vocabulary and the production of sentences such as “Mommy walk” or “Jason mean” (Bloom, 1973;
Corrigan, 1983; Piaget, 1946/195 1).
The second level in childhood emerges at 3½to 4’/z years of age,
when children relate one representation to another in a representational
mapping. In pretending, they make two dolls interact appropriately in
terms of reciprocal, concrete social roles, such as mother and child or
doctor and patient (Fischer, Hand, Watson, et al., 1984). They also relate
categories for social interaction, as in a relation for “mean” social reciprocity: lf one doll acts mean, the other one acts mean in return because
the first one was mean. In perspective taking, they relate their representation that they know a secret to their representation that their fathers do
not know it (Marvin, Greenberg, & MossIer, 1976; Rose, 1990). This
level includes what have come to be called “theory-of-mind” tasks, in
which children represent other people as having minds with secrets,
wishes, memories, knowledge, and the like. Although many scholars
have argued that children develop a special mental module for these
tasks (Perner, 1992; Wellman, 1990), we believe that theory-of-mind
skills develop at about age 4 because they require representational mappings. Several other researchers have recently’ presented evidence for
similar arguments (Frye, Zelazo, & Palfai, 1992; Harris, in press).
The changes at age 4 have become a central focus of cognitive
research, as illustrated by the theory-of-mind tasks, but research on brain
development during this age period has not been extensive. There is evidence of a substantial spurt in head size at this age (Eichorn & Bayley,
1962), and it is one of the few periods during which Thatcher (Chapter
8, this volume) found evidence for growth of connections between the
hemispheres. But specific brain-behavior relations for this period remain
obscure.
For the third level, appearing at 6 to 7 years, children combine two
or more mappings to form a representational system. A 7-year-old demonstrates a system for “mean” and “nice” when she makes one doll act
mean and nice simultaneously to a second doll, who acts mean and nice
in return explicitly because of the first one’s actions. That is, both mean
and nice are applied simultaneously to the same relationship in intersecting social reciprocity. Likewise, in social roles, children understand
that two people can occupy multiple, interrelated roles, such as father
and doctor with daughter and child. With perspective taking, children
relate several aspects of perspectives simultaneously (Rose, 1990; Selman
& Schultz, 1990).
Many of the traditional Piagetian tasks involve this level, which
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Inhelder and Piaget (1959/1964) called “concrete operations.” For
example, in conservation of amount of liquid, children relate two
dimensions of quantity (height and width) in one container with two
dimensions in the other to form a representational system for total
amount of liquid. As a result, they understand that the amount of liquid
remains constant when it is poured into a different container.
Development of Abstractions in Adolescence and Adulthood
At 10 to 12 years, the fourth level of representations emerges, and the
abstract tier begins. Children coordinate two or more concrete representational systems to form a system of systems, which is also a single
abstraction, marking the first level of the abstract tier. Abstractions deal
with intangible properties independently of specific concrete people, objects, or events; they include not only concepts, but also procedures for
dealing with such properties. Although scholars sometimes associate this
level with the onset of puberty, it in fact occurs several years before
puberty for most children.
With single abstractions, preadolescents can begin to understand
many concepts as they are used by adults. For instance, a 12-year-old
compares two concrete instances of characters acting nice and mean to
each other, and concludes that intentions matter more than actions—an
abstraction. If a character intended to be nice even though his or her
behavior was overtly mean, then that character is judged positively,
while a character who intended to be mean but was overtly nice is
judged negatively. Similar coordinations produce many different abstractions, including moral concepts such as honesty, kindness, and justice;
arithmetic concepts such as addition and subtraction as operations; and
concepts in science, such as chance and exclusion of possibilities
(Fischer & Lamborn, 1989; Inhelder & Piaget, 1955/1958).
With the second level of abstractions, emerging at 14 to 16 years,
adolescents relate one abstraction to another. For example, they coordinate concepts of honesty and kindness to construct a concept of a social
lie. They relate addition and subtraction as opposite mathematical operations, differing in whether numbers are combined or separated. They
come to understand many problems in logic and science (O’Brien &
Overton, 1982), as well as the relation between argument and evidence
as bases of knowledge (Kitchener et al,, 1993). They develop understandings of some of the intricacies of people’s personahties. For instance,
they compare different aspects of themselves and experience contradictions and conflicts in those comparisons, as with being liberal in some
ways and conservative in others (Harter & Monsour, 1992).
At the next level, which appears between 18 and 20 years, young
adults coordinate several aspects of two abstractions into an abstract sys-
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tem. in a sophisticated concept of constructive criticism, people relate
two types of honesty with two types of kindness—both praising and criticizing so as to help another person both to gain confidence and to
improve (Lamborn, Fischer, & Pipp, in press). The relation between the
distantly related arithmetic operations of addition and division involves
coordination of type of connection between numbers (combining or
separating) with grouping of numbers (single numbers or multiples)
(Fischer, Hand, & Russell, 1984). In understanding the bases of knowledge, people relate argument and evidence in different viewpoints to see
how viewpoint affects the knowledge process.
The final level for which there is good evidence of discontinuity is
the coordination of two or more abstract systems to form a general principle, which emerges at approximately 23 to 25 years. Adults come to
understand the principle of reflective judgment as the basis of knowledge—the principle that across viewpoints and differences of opinion, one
can judge the probable truth of conclusions according to the quality of
arguments and evidence (Kitchener et al., 1993). Other principles that
are understood include the basis of evolution in natural selection and
the basis of morality in considerations of justice. For the arithmetic
operations of addition, subtraction, multiplication, and division, people
can understand how all four operate together in terms of a broad principle of the joining and grouping of numbers.
Although this level of skill is advanced and the examples may seem
specialized, we expect that most human adults build skills at this level
during their late 20s and beyond. Unlike all the previous levels, we know
of no evidence for discontinuities in brain development at this age, but
hardly any brain development studies have extended into the 20s, and
so further research may reveal brain discontinuities in the mid-20s. Beyond
this level, we know of no firm evidence for any further developmental discontinuities in behavior, but of course future research may reveal such
evidence there as well.
For each of these 13 levels, there is evidence for discontinuities in
development of behavior at the designated age for North American or
European middle-class samples. For the first three reflex levels in infancy, the evidence is promising but scant. For the four sensorimotor
levels in late infancy, the four representational levels in childhood, and
the first two levels of abstractions in adolescence, the evidence is strong
and extensive. For the last two levels of abstractions in adulthood, the
evidence has recently become strong, although it still involves only a few
domains. Besides these 13 levels, there may be additional times of discontinuity during infancy, childhood, or adolescence. For example, Case
(1985) hypothesizes additional levels (which he calls “substages”) in the
early preschool years, although there does not yet seem to be any firm
evidence of the additional discontinuities he predicts. Van de Rijt-Plooij
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and Piooij (in press) present evidence for several additional discontinuities in the early months for social development and mother-infant
interaction in Dutch infants. These discontinuities could reflect additional control system changes, or they could reflect fluctuations in dynamic systems that are not directly linked to changes in underlying process
(van Geert, 1991).

A Model of Brain-Behavior Relations for Levels and Tiers
For all but the last of the 13 levels (periods of discontinuity), discontinuities in brain development seem to occur at ages that are similar to
those in cognitive and emotional development; for the last period (at
approximately 25 years), there has been little research to assess brain
growth. With so many parallels, the time seems ripe to begin to build
models of brain-behavior relations that may connect the specific changes
obtained. Although there are only a few findings relevant to hypotheses
about functional brain localization of behavioral discontinuities, the data
about changes in brain activity do suggest a specific model of how cycles
of brain change map onto levels, and tiers of skill development.
In our general framework, each level is hypothesized to involve
emergence of a new type of neural network, and each tier is hypothesized to relate to some higher-order pattern in emergence of the neural
networks, perhaps marked especially by a change in frontal functioning.
The most relevant findings come from the Swedish study of development of EEG power (Hudspeth & Pribram, 1992; Matousek & Petersen,
1973) and from Thatcher’s (Chapter 8, this volume) investigation of
EEC coherence as a measure of neural connectivity. These studies combine wide age ranges and annual assessment with measurement of brain
activity.
A preliminary model consistent with these data includes two related
growth processes: (1) for each level of skill development, a growth cycle
in network connectivity; and (2) for each tier, a growth cycle in location
and extent of EEC activity, which is presumably related to connectivity
changes as well.
At each skill level, the connectivity cycle involves three phases of
growth of network connections that Thatcher (Chapter 8, this volume)
hypothesizes: Connectivity grows first in one hemisphere (right), then in
the other (left), and finally in both in parallel, and then the cycle repeats.
In general, connectivity in the right hemisphere contracts during the
cycle, moving from distant connections to close ones (from integration
to differentiation, in Thatcher’s terms). Connectivity in the left hemisphere expands, moving from close connections to distant ones (from
differentiation to integration). Discontinuities for a new level of skill are
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predicted to co-occur with each such cycle. Thatcher, in his analysis,
starts each cycle with the left-hemisphere phase; as he recognizes, however, the starting point could as well be the right-hemisphere phase or
the parallel phase because the cycle repeats. For example, the sequence

(
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TABLE 1.2. Model oi How Skill Levels in a Tier Relate to EEG Development
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The latter demarcation appears to fit the cognitive levels more closely.
Further research will be required to replicate the cycle and determine how it should be demarcated, as well as to determine whether the
cycles correspond to skill levels. Thatcher’s data fit the skill level ages in
general, but if each level represents a single cycle of network connections, the skill framework predicts an additional cycle in the middle preschool years, detection of which may require more than one assessment
per year. In addition, extrapolating the model suggests that similar cycles
will occur a number of times in the first 2 years and at least two additional times at later ages (approximately 15—20 and 20-25 years).
Each tier also must involve systematic movements in the extent and
location of connectivity growth. One possibility is that the cycles of
change in EEC power that we have shown above in Figure 1.6 (based on
the findings of Hudspeth & Pribram, 1992) reflect changes in tiers. A
model of a possible pattern for tiers is shown in Table 1,2: The border
between tiers is marked by a frontal spurt, followed by spurts moving
generally from back to front (with areas often spurting in clusters as
well). Just as one tier is ending and a new tier beginning in cognitive and
emotional development (at about I to 1½years for the representational
tier and 9 years for the abstract tier), relative EEC power spurts in the
frontal area. Then with the full start of the tier a little later, there is an
unusually large power spurt at the back (occipitoparietal), accompanied
as well by spurts in other areas (at about 2 and 11 years, respectively).
As children progress through the levels of each tier, maximal power
growth gradually moves from the occipitoparietal forward to the temporal and central areas. Next, at the border between tiers, power growth
jumps back to the frontal and then the occipitoparietal areas to begin the
cycle again. In addition, frontal power surges at age 19-20, perhaps indicating the end of the abstract tier and the beginning of another. Extrapolation of the model predicts that the pattern will occur for the reflex and
sensorimotor tiers as well, in which case the first signs of frontal fol—*
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“L3ased on Thatcher’s findings as described in chapters, this volume, coherence changes

cycle systematically through the hemispheres. One cycle of these changes is hypothesized to
involve movement through one developmental level or stage.
tBased on the analyses of Hudspeth and Pribram (1992), John (1977), and Matousek and
Peterstn (1973), PEG power seems to spurt in the frontal area at the very beginning of a new
tier (emergence of actions, representations, or abstractions in Table 1.1). Then power spurts over
broad areas of the cortex for each level. The highest spurts for each level tend to move from
back to front as a child develops through the four levels.

lowed by occipitoparietal changes should occur at approximately 3-4
weeks and 3—4 months, respectively. Of course, these tiers may involve
variations on the cycle.
The data analyzed by Hudspeth and Pribram (1992) combined data
from the left and right hemispheres, and it was therefore not possible to
analyze hemispheric differences. According to Segalowitz (Chapter 2,
this volume), children between 2 and 5 years show approximately simultaneous spurts in right frontal and left posterior coherence. This finding
suggests a more differentiated version of the model: The spurt in EEC
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power in the frontotemporal and occipitoparietal areas at about 2 years
may in fact reflect right frontal and left occipitoparietal growth. Cenerali.zed to the model, that pattern should be repeated for each tier.
This model of brain-behavior relations in development is obviously
speculative, and extensive research will be required to discover where it
works and where it does not. In brain development research, the primary
emphasis is usually placed on measurement of neural functions, and
assessments of behavior are often extremely limited, even when behavior
is an explicit focus of investigation. Richer behavioral assessments will
be required for strong research on development of brain and behavior
together. Most studies use a single behavioral task, sometimes with a few
parametric variations, Psychological development involves much more
than actions in a single task, it involves a rich diversity of activities, wide
variations in the forms of those activities, and powerful effects of emotions on those activities, To facilitate doing research on these rich variations, we briefly outline some of the ways that emotions participate in
development, and then present guidelines for doing strong research on
brain-behavior development.

Organizing Effects of Emotions
Descriptions of cognitive-developmental research often read as if people
are unemotional, logical problem solvers; in fact, of course, human
beings are distinguished not only by their intelligence but also by their
emotionality (Frijda, 1986; Hebb & Thompson, 1968). Unlike many traditional cognitive frameworks, the dynamic skills framework treats emotions as a central part of developing control systems. Various examples
we have given of skills illustrate how emotions are part of the development of control systems, such as development of “nice” and “mean”
interactions, interpersonal concepts of the social lie and constructive
criticism, and conflicts about one’s own personality. The presentation in
this chapter is necessarily brief, but the analysis of emotional development is explicated in detail by Fischer, Shaver, and Carnochan (1989,
1990).
An “emotion” (also called an “affect”) involves both an evaluation of
events, people, or actions and a reaction based on the evaluation (Barrett
& Campos, 1987; Lazarus, 1991). Examples include happiness, love,
fear, sadness, anger, shame, jealousy, and ambivalence, for each of which
people make a specific evaluation in terms of their needs that produces a
specific reaction. For instance, fear involves an evaluation of danger in a
situation and a reaction of fleeing or protecting oneself. People’s control
systems lead to the emotional evaluation, and then the reaction produced by the emotion redirects the system. Through this redirecting
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influence, etnotions fundamentally shape the ways that control systems
develop (Fischer et al., 1990).
Many studies have demonstrated discontinuities in emotional development at the ages of cognitive discontinuities shown in Table 1.1. For
example, separation distress and other fears often spurt at about 4 and 8
months of age (Campos et al., 1983; Lewis, 1993). At 18 to 24 months,
there is evidence of an increase in willfulness, temper tantrums, and fear
of monsters, commonly called the “terrible twos.” The age of 15 years
seems to bring an increase in internal conflict about one’s own personality, as well as perhaps conflicted feelings about one’s family (Fischer &
Lamborn, 1989; 1-larter & Monsour, 1992). The dynamic skills framework predicts similar emotional discontinuities for every general developmental level.
One of the most common questions that researchers have asked
about these emotional discontinuities (as well as about cognition and
emotion more generally) is this: “Which comes first, cognition or emotion?”
(Lazarus, 1991; Zajonc, 1980). This question assumes that there are
separate processes of cognition and emotion in people’s behavior and
that one can be a precursor to the other. In the skills framework, what
-develop are control systems, which subsume both knowledge/cognition
and emotion/affect. There are not separate boxes in the brain or in control systems for cognition and emotion. Neither cognition nor emotion
can be a general precursor for the other, although there may be specific
precursor relations for individual components of control systems.
Besides individual emotions such as shame and love, there is a broad,
basic dimension of evaluation underlying affect—a division into positive
versus negative or approach versus avoidance, such as “good” and “bad,”
“yes” and “no,” “nice” and “mean,” “accept” and “reject,” “pleasant” and
“unpleasant.” Research in our laboratory at Harvard has demonstrated
that children from an early age organize their social understandings in
terms of this positive—negative split. For example, 3-year-olds categorize
people and their actions as either nice or mean, and they see nice and
mean as incompatible, even when the actions they witnessed were not
split in this manner.
With development of more complex control systems, children eventually become able to bridge this split, understanding how “nice” and
“mean” (or other positive-negative splits) can be dombined in people’s
actions, as illustrated by some of the examples from our descriptions of
the 13 developmental levels (such as “nice” and “mean” social reciprocity and constructive criticism). Still, the split into positive ançl negative or
approach and avoidance remains a basic dimension of the organization
of behavior throughout life. Even adults who can bridge the split still use
concepts of good and evil, for example.
Brain activity research too shows that the positive—negative/
-
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approach-avoidance split is pervasive and fundamental, as described
in several chapters in this volume (Bell & Fox, Chapter 10; Dawson,
Chapter 11; Davidson, Chapter 16). Electrical activity in the frontal lobes
shows an early, powerful differentiation along this dimension, which
remains throughout childhood and into adulthood, Creater frontal activity in the left hemisphere relates to positive or approach affect, whereas
greater frontal activity in the right hemisphere relates to negative or
avoidance affect. There is some controversy about whether “positive—
negative” or “approach-avoidance” is the better characterization of these
findings, and there have been similar controversies in the literature on
dimensions of emotional categorization (Osgood, Suci, & Tannenbaum,
1957). For our purposes, the dimension can be defined either way. The
important point is that our framework for analyzing development ol
brain—behavior relations includes emotion as centrally as cognition, and
the general arguments made about cognitive development apply as well
to emotional development.

METHODOLOGICAL GUIDELINES FOR RESEARCH
The hypothesized relations between discontinuities in development of
brain and behavior suggest many additional avenues for research, but for
these studies to be useful, it is essential that they be designed to provide
sensitive assessments of developmental functions for both brain and
behavior. The designs most commonly used for developmental studies
are typically not sensitive enough to allow comparison of the shapes of
development or the timing of discontinuities in the two domains. Consequently, most prior developmental studies have not provided adequate
data for determining the shapes of developmental functions or relating
them across domains. The sampling of ages and the sensitivity of developmental scales have been too limited.
Several articles provide good, detailed reviews of specific methods
for studying developmental discontinuities (Fischer & Canfield, 1986;
Fischer, Pipp, & Bullock, 1984; McCall, 1983; van der Maas & Molenaar,
1992; van Ceert, 1991). Rather than repeating descriptions of those
methods, we describe a few simple guidelines for designing studies that
overcome the limitations of most prior developmental research.
The fundamental requirements of useful methods for detecting discontinuities are Use of a good “clock” and a good “ruler.” A good clock is
a way of measuring time (or some other developmental dimension) on
scales fine-grained enough to detect speed of change. The clock can be
age or any other measure that specifies the length of the interval during
which change takes place.
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Despite the obvious need for sensitive measurement of the time
dimension, most developmental studies do not sample ages frequently
enough to detect discontinuities. There must be multiple assessments
before, during, and after the period of the hypothesized discontinuity, If
developmental levels are hypothesized to develop at, for example, 3½to
4½and 6 to 7 years, then detection of the predicted discontinuities
requires an age range of at least 2½to 8 or 9 years, and behavior must be
assessed at least every 6 to 12 months.
One reason why many studies cannot detect discontinuities is that
their sampling of ages is clustered; for example, all 7-year-olds are clustered within 3 months on either side of their birthdays. A simple change
to distributed age sampling greatly increases sensitivity for developmental assessment. In- cross-sectional studies ages can beevenly distributed
across the months of the year, making age a continuous variable. This
distributed design allows straightforward detection of discontinuities, as
we have demonstrated in several studies (Fischer, Pipp, & Bullock,
1984; Kitchener et al., 1993; Lamborn et al,, in press).
The second requirement is a good ruler—a scale that is sensitive
to developmental change. The ruler can be any scale that provides
an approximately continuous measure of the variable hypothesized to
change. Many measures of brain growth are continuous variables, such
as EEC power or synaptic density, and so provide good rulers. On the
other hand, many traditional cognitive-developmental assessments consist of a single task or a few tasks that do not make good rulers. A single
task will seldom provide a good scale, because it produces a limited
sample of behavior and only a single data point.
The best cognitive assessments typically use either a set of tasks
varying in cognitive complexity and thus forming a developmental
scale, or a set of tasks of approximately the same complexity level and
thus forming a scale for number of items at that level. Such scales are
available for assessing development in many domains (Fischer, Hand,
Watson, et al., 1984; Rose, 1990; Seibert et al., 1984; Uzgiris, 1983; van
der Maas & Molenaar, 1992; van Ceert, 1991), and dynamic skills
theory provides rules and methods for constructing new scales in any
well-defined domain.
Neuroscientists often prefer to use a single task, because then they
can exercise precise control over it and parametrically manipulate it. In
our experience, many researchers refuse to consider the use of multiple
tasks, and thus eliminate the potential power they could gain from using
a better developmental ruler. Indeed, the “multiple” ~asks in many
developmental scales are really variations on a single task used within a
narrowly defined domain, such as search for hidden objects under
screens (Uzgiris & Hunt, 1975), in order to manipulate task complexity
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parametrically by introducing minor va~riationsin a single task format. As
a result, multiple tasks are really param~zricmanipulations in complexity
of a single task.
The power of a study for detecting discontinuities and relating brain
and behavioral development is also greatly enhanced by sampling
domains and assessment conditions, Different domains produce different developmental patterns, and within the same domain, different tasks
and conditions generate different developmental patterns, These effects
are among the best-documented phenomena in developmental research
(Biggs & Collis, 1982; Fischer, 1980; Flavell, 1982; Uzgiris, 1983). Performance in one task domain or one condition is not representative of
behavioral development in general, just as activity in one part of the cortex is not representative of brain activity or neurological development in
general. Although each developmental level does seem to produce a
cluster of discontinuities in many task domains and brain activfty
measures, there is still great specificity. Likewise, assessment conditions
often have powerful effects on growth curves, as illustrated by the occurrence of cognitive discontinuities under optimal conditions but not
under ordinary, spontaneous ones (optimal vs. functional levels).
An accurate general portrait of brain and behavioral development
requires a sensitive measure of time or age, a sensitive scale for change,
and sampling of a range of domains and assessment conditions. With
the framework we have suggested for predicting relations between
discontinuities in brain and behavioral development, it is possible to use
these guidelines to design powerful studies of brain—behavior relations in
development.

CONCLUSIONS: PARALLELS BETWEEN LEVELS
OF BEHAVIORAL DEVELOPMENT
AND DJSCONTINUITIES IN BRAIN GROWTH
As our sketch of the 13 developmental levels indicates, each level
requires a new type of control system to coordinate component skills,
and each produces a cluster of discontinuities in behavioral growth. Our
simple brain growth hypothesis is that each of these levels is founded in
a broad-based brain growth spurt, which produces a new type of neural
network and thus a new type of control system. The key new capacity at
each level is the coordination of components to form a more complex
control system incorporating previous skills; a key cortical region for
that capacity for most levels is probably the frontal area, which seems to
be specialized for holding information on line from various cortical
regions while other activities occur.
The convergence is remarkable between the ages of brain growth
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spurts evident in both EEC and head growth findings reviewed earlier
(as in Figures 1.1, 1.2, and 1.7) and the ages of growth spurts for cognitive and emotional developments (summarized in Table 1.1). Unfortunately, almost all relevant studies have investigated either brain growth
or behavior development, not both. There are hardly any studies that
assess development of both brain and behavior in the same people, and
so the specific connections between brain growth discontinuities and
developmental levels still have not been tested.
Findings are most extensive for the nine middle levels, because
there has been much more research for the age period from 3 months to
20 years. For the three levels hypothesized for the first 3 months of life,
head growth data seem to show discontinuities at the hypothesized ages;
behavioral data show the sorts of changes in skills that are expected,
although they do not provide strong tests for discontinuities. For the
level hypothesized for about 25 years of age, published brain growth
data are inadequate to permit a test of the levels, but for behavior there
are a few studies showing clear discontinuities at the hypothesized age.
These periods are prime candidates for descriptive research to test for
the predicted developmental levels,
For the nine levels where the evidence is extensive, the apparent
brain—behavior parallels are only the beginning of the story. An important step in research will be to test thoroughly the predicted parallels
when brain and behavioral development are measured in the same
people (see Bell & Fox, Chapter 10, this volume), but much more than
that is required. It will be essential to describe the neurological components that contribute to control systems at each developmental level and
to analyze how those components work together to produce an emerging level (see Thatcher, Chapter 8, this volume), including their network
properties. We have suggested a first simple model of how these components may develop for each psychological level and tier in terms of EEC
power and coherence. Much more research and model building will be
necessary before brain—behavior relations in development are understood. Undoubtedly, there will be many surprises along the way.
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NOTES
1. Paul van Geert worked closely with Fischer to construct this model of hier-

archical growth.
2. This effect varies strongly under different assessment conditions, For exam-

ple, conditions that induce optimal performance produce growth curves like those
in Figures 1.4 and 1.5, but less optimal conditions seem not only to lower overall
performance but also to change the form of growth. For example, conditions that
assess functional level—that is, ordinaiy performance with little contextual support—
typically produce slow, smooth growth, with no systematic discontinuities (Fischer,
Bullock, et al,, 1993; Fischer & Pipp, 1984b). The dynamic model of hierarchical
development produces not only the discontinuous curves for optimal level, but also
the slow, smooth curves for functional level, The key variables in producing the

change in shape are the growth rate and the amount of support between growers,
both of which are high for discontinuous curves and low for continuous curves.
3. The several transient drops below zero indicate small decreases in head cir-

cumference. These decreases probably result from sampling characteristics of this
cross-sectional sample, although slight decreases are physically possible in growth
of individual children.
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