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ABSTRACT

This thesis consists of three separate papers. The first paper discusses Vygotsky's
ideas about the role of language in the development of planning skills in children. The
relation between language and planning is discussed from three perspectives: (a) the
regulatory function of language; (b) language as “a tool of thought™; and (c) the role of
communication and social interaction in the development of planning. The article concludes
with considerations of the possible educational implications of Vygotskian ideas.

The second paper presents an empirical study conducted in India. The purpose of
this study was to (a) delineate the course of development of school children's planning
skills, (b) examinc whether different levels of planning exist, and (c) explore the role of
other cognitive processes as cognitive correlates of planning. Two-hundred fifty students,
50 from each of the five taigeted grades (3, 5, 7, 9, and 11), completed a battery of
planning, attention, and simultaneous and successive processing tasks. MANOVA
indicated that the main effect of Grade was significant, whereas Gender had no siginificant
elfect on planning. Correlation and regression analyses showed that the relation between
planning tasks and attention, and simultaneous and successive processing scores varied as
a function of the planning task and the grade level. Furthermore, two planning factors

were found and cluster analyses of variables indicated that one of the tasks, Crack-the-

The third paper reports an empirical study conducted in Canada. Twenty-nine
students (10 from Grade 4, 10 from Grade 6, and 9 from Grade 8) completed six items of
the computerized Crack-the-Code task while thinking aloud. Both computer and verbal
protocols were used to examine developmental and individual differences in the four
planning components: representation, anticipation, execution, and regulation. Time and
accuracy measures together with error analyses indicated that (a) older participants solved

more items correctly within the same time, and (b) Grade 4 participants accepted incorrect



answers more readily and were reluctant to replace a disk that had already been placed.

Analyses of both verbal and computer protocols. in turn. demonstrated that (a) more

also used these components more efficiently than the younger participants,
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I. INTRODUCTION

Planning has been an important concept in cognitive psychiology since the
emergence of this field. Until recently, the development of planning skills has not received
the attention of researchers that it rightfully deserves. In a fast changing world, planning
skills may well be one of the best predictors of an individual's successful adaptation.
While knowledge that is important today may become obscure tomorrow, planning skills
are not likely to lose their importance. On the contrary, when an individual's environment
is saturated with rapidly increasing amounts of data, good planning skills may be a

This dissertation consists of three separate studies, each dealing with the

development of children's planning skills from a distinct but interrelated pDini of view.,

children. The second study (Chapter I1I) examines the relation of planning to other
cognitive processes identified by the PASS model, namely attention and simultancous and
successive processing. Moreover, the second study attempts to delineate the course of
development of children's planning skills during school years and examines whether
different levels of cognitive planning exist. The third study (Chapter V) focuses on
individual and developmental differences in the planning process. The common content of
the first two studies is the identification of the cognitive correlates of planning. The third
study attempts to divide cognitive planning into four components — representation,
anticipation, execution, and regulation — and examines development of planning as an
interplay of these components. Thus, in their distinct ways, all three studies address the

question: What is planning development the development of?

Language and Planning in Children

Chapter II presents a paper that was published in School Psychology International's
special issue on L. S. Vygotskv and contemporary school psychology (Parrila, 1995). The
chapter discusses Vygotsky's ideas about the role of language in the development of
cognitive functioning in general and in the development of planning skills in particular.
Planning is broadly defined in this chapter as a self-organizing reflective activity that

responses and environments. Moreover, two additions are suggested: (1) planning is a



cognitive function that can control and regulate the functioning of other cognitive

as a higher cognitive function, planning is mediated by a symbolic system.

Language is introduced as the most important symbolic system that mediates
thinking and planning. In Vygotsky's terminology, language is considered to be a
“psychological tool” that acts as a mediating factor between environmental stimuli and an
individual's response. In this sense, the concept of language is used to refer to one's
internal language, or “inner speech”. The relation between planning and inner speech is
discussed from two perspectives: (a) the regulatory function of language, and (b) language
as “a tool of thought”.

When children's behavior becomes verbally mediated, they gradually gain better
control of both their internal and external functioning, that is, they learn to regulate their
behavior verbally and internally, and thus break the simple stimulus-response chain. As a
consequence, behavior acquires a two-phase structure, which is a necessary condition for
planning. Chapter II reviews both Soviet (Luria, 1959; Levina, 1981; Vygotsky, 1978) as
well as some Western (Diaz, Neal, & Amaya-Williams, 1990) ideas about the way in
which the capacity to regulate one's behavior according to a plan develops. Briefly, this
development could be summarized as follows: firstly, the speech of other people obtains a
directive function in organizing the child's behavior; secondly, verbally mediated self-
control develops, enabling the child to comply with another person's directives in the
absence of that person; and, finally, the child's verbally mediated self-regulation, or the
“capacity to plan, guide, and monitor his or her behavior from within and flexibly
according to changing circumstances” (Diaz et al., 1990, p. 130), takes over the role of
organizing the child's behavior. According to Levina (1981), children should be capable of
“inner speech planning” towards the end of the first decade of their lives.

philosophy and later in psychology and psycholinguistics. In his review, Jenkins (1969)
suggested that there are three major established positions on the relations of thought and
language. The first position denies the difference between these two entities, or asserts that
thinking cannot be studied separately from language. The extreme, and outdated, form of
this position is best illustrated by Watson's (1930, p. 238) famous argument that “what the
psychologists have hitherto called thought is, in short, nothing but talking to ourselves.”
The position that thinking cannot be studied separately from language has its roots in the
writings of von Humboldt (1836/1989) who saw speech playing a decisive role in

objectifying and, consequently, in developing one's thoughts:
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Without this feature, that is, without this continuous regression of objectivity to the
subject, in which language collaborates, the formation of concepts (and
consequently all true thinking) is impossible .... speech is a necessary condition
for reflection in solitude. As a phenomenon, however, language develops only in
social intercourse, and humans understand themselves only by having tested the

comprehensibility of their words on others. (p. 101).

At the heart of this argument is the methodological problem of how to grasp thought
processes and their results without reference to linguistic processes.

The second position is opposite to the first and argues that language is dependent on
thought. The extreme form of this argument is not popular, but many theorists, especially
in the field of cognitive psychology, have argued in favor of the independence of thinking
from language. Usually they assume that cognition precedes language, but language, as a
special tool, then affects and aids thinking in various ways. However, language is not
usually seen as indispensable to thinking and some other signal system could serve the role
that language customarily plays (Jenkins, 1969).

The third position states that thought is dependent on language. To varying extents
and in slightly different forms, this position has since been advocated by such influential
theorists as Sapir (1921), Whorf (1956), and, more recently, McNeill (1987), Hunt and
Agnoli (1991), and Lucy (1992). Vygotsky (1987) essentially took this position in
emphasizing the role of inner speech in forming thoughts. Although different in form and
function from external speech, Vygotsky suggested that inner speech nevertheless has its
origins in external, social speech from whick it develops via egocentric speech. Vygotsky
(1987) saw inner speech as “‘an internal plane of verbal thinking which mediates the
dynamic relationship between thought and word” (p. 279). He suggested that thought
undergoes several changes as it is formed in speech. He saw thought to be initially an
“amorphous whole” that has to find its expression in speech. During this process, thought
is first formed in inner speech and then in outer, external speech or writing. Both inner
speech and external speech do not merely express thought but also change it to fit the
available means of expression (see Luria, 1982, for a detailed description of this process).
Thus, inner speech plays an important function in mediating between thought and its

Natural language, that is, the linguistic code, also is the main tool for
communication (both oral and written). Thus, Chapter II also discusses what role
communication and social interaction in general play in the development of planning. The
argument essentially proceeds as follows: The early transmission of culturaily accumulated



knowledge takes place almost exclusively in the child's interaction with adults and more
to a limited access o information, which, in turn, can affect the child's cognitive
functioning. The detrimental effects of insufficient acculturation, in turn, should be most
prominent in those areas of functioning that are profoundly socially determined. Since
everyday planning is profoundly socially determined and the bulk of planning skills are

learned through verbally mediated social interactions with other, mere capable planners,

communication and further, for reaching intersubjectivity (Rommetveit, 1974), or at least
some level of shared understanding of the planning situation that is a necessary condition
for teaching/learning planning.

Chapter I concludes by discussing the educational implications of the presented
ideas. The main themes in this discussion are (a) the distinction between empirical and
theoretical concepts and learning, and (b) the form that a “Vygotskian™ instructional

dialogue would take. T will return to some of these ideas in the Conclusion chapter.

Planning in Relation to Other Cognitive Processes

Chapter I1I of this dissertation presents a study that is accepted for publication by
the Journal of Applied Developinental Psychology (Parrila, Das, & Dash, in press).
Whereas the first study was essentially a review paper that focused on some of Vygotsky's
ideas and developed them in the context of planning development, the second study is
planning skills develop uniformly over the school years? (2) Is cognitive planning a
uniform psychological construct? and (3) What role may other cognitive processes play in
planning development?

The research that is reviewed in the introduction section of Chapter III suggests that
at approximately age 10, children are already capable of performing simple planning tasks
at or near adult performance level, whereas with the more complex tasks, development
continues well into adolescence. The first goal of Chapter III is to replicate these findings
with a more representative and larger sample of school-age children. Moreover, in order to
increase the comparability and replicability of our results, we mainly used standardized
planning measures rather than constructed new ones. Our results essentially confirmed that
different tasks have different discriminating values for different age groups. The most
complex planning task, Crack-the-Code, did not differentiate between the three younger
grade levels. In contrast, neither Matching Numbers nor Planned Search differentiated



place earlier in these simple planning tasks.

Our second question concerns the uniformity of planning as an explanatory
construct of cognitive functioning. The idea that planning is not a *monolithic” construct is
not new (see for example, Welsh, Pennington, & Groisser, 1991). Even the definitions of
planning offered by different researchers are often incompatible. As a consequence, two
planning studies seldom share the same focus, often making the results from different
studies difficult to compare. With little exaggeration, one could argue that planning
research has failed to produce accumulative knowledge because of extensive fragmentation
and a lack of a unifying framework. To overcome this fragmentation and to give structure
to our research, we suggest a tripartite model of planning for conceptualizing planning and
its relationship to such closely related concepts as problem-solving or strategies. Activity-
planning, action-planning, and operation-planning are introduced briefly as a nested system
that can be used to explain behavior on both molar and molecular levels of analysis. We
believe that this model can have great intuitive value both in guiding future research and in
making sense of existing findings.

The last question addressed in Chapter III has two parts: (1) What are the
“cognitive correlates” of effective performance in action-planning (or complex planning)
tasks on the one hand, and in operation-planning (or simple planning) tasks on the other?
(2) Are these cognitive correlates essentially stable across different age-groups? The
rationale for studying cognitive correlates of planning is simple. Good planning is at lcast
partly based on the fluent functioning of such other cognitive processes as encoding,
attention processes, and working memory. Yet few studies have concentrated on this
question and even fewer have produced significant findings. The most consistent finding
in the research seems to be that “general intelligence”, as measured by various traditional IQ
tests, does not correlate significantly with planning skills. The possible cognitive correlates
examined in the second paper were taken from the PASS (Planning-Attention-Simultancous
processing-Successive processing) cognitive processes (see €.g., Das, Kirby, & Jarman,
1979; Das, Naglieri, & Kirby, 1994; Naglieri & Das, 1990). Since the PASS model treats
planning, attention, simultaneous and successive processes as interdependent and jointly
responsible for producing mental activity, these processes were regarded as particularly
suitable candidates for the cognitive correlates of planning development. Not surprisingly,
our results show that significant predictors change both as a function of age and as a
function of the task. Development of planning is not only quantitative but also qualitative
and, accordingly, different components should not be expected to correlate cqually in

different ages.



Developmental Changes in the Planning Process
Chapter IV presents an as yet unpublished study that focuses on developmental and

three different grade levels solve a complex computerized action-planning task. The main
source of information on the participants' planning processes were their concurrent think-
aloud protocols that were analyzed together with computer protocols. Thus, one particular
strength of this study was a rich protocol data from two independent sources.

integrates information from external and internal sources to create and execute meaningful
behavioral responses. Moreover, we suggest that the planning process can be divided into
four components: representation, anticipation, execution, and regulation. While these

components are briefly introduced in the second article, the third article defines them in

1987). The definitions offered in Chapter IV attempt to “redefine” these concepts on the
cognitive level of analysis. Thus, one purpose of the study was to examine whether a
model of the planning process derived from neuropsychological literature could be
successfully used to describe developmental changes in planning.

The result section of Chapter IV is lengthy and mostly descriptive for two reasons:
Firstly, the task, Crack-the-Code, is relatively new (the computerized version was
developed for this study) and has never been explored in this detail before. Asa
consequernce, it is important to provide readers with sufficient information about the task
and the results to allow them to judge which elements of our findings may be artifacts of
the task and which are more generalizable across different tasks. For example, the results
of this study indicate that the time a participant spent looking at the item before moving any
disks (first-move latency) was not correlated with the accuracy of the solution, or even witi:

planning, may with this particular task reflect the visual processing demands of the colorful
display.

four planning components and how they function in unison to produce appropriate
planning responses has also not been directly addressed before. For this reason, we were
able to suggest only a few hypotheses in the introduction to guide the data analyses.
Moreover, many of our findings seem to gain more importance when cross-referenced with

the integration of information from different sources.
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The dissertation concludes with a discussion of the main findings and limitations of
the presented studies. Also, educational implications and some ideas for future research are

presented in Chapter V.
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II. VYGOTSKIAN VIEWS ON LANGUAGE
AND PLANNING IN CHILDREN

Introduction

The purpose of this article is to briefly present some of Vygotsky's original idcas
about the role of language in mental functioning and then consider how they relate to the
development of planning skills in children. Since Vygotsky wrote relatively little about
planning skills and what may effect their development, his ideas are complemented with
applicable contemporary research where necessary. Finally, the article concludes with
some consideration of the educational implications of the ideas discussed.

Planning is defined here as a self-organizing reflective activity that integrates
information from external and internal sources to create meaningful behavioral responses
and environments (see also Das, Naglieri, & Kirby, 1994; Parrila, Aysto, & Das, 1994,
Planning is a cognitive function that can control and regulate the functioning of other
cognitive processes, as well as behavioral responses, in service of some goal or purpose.
As a higher cognitive function, planning is mediated by a symbolic system, most often by
language. Planning a lesson or an experiment are good examples of planning as it is
defined here.

Until recently, planning skills have not received the attention of researchers and
educators that they rightfully deserve. In a fast changing world, planning skills may well
be one of the best predictors of an individual's later successful functioning. While
knowledge that is important today may become obscure tomorrow, planning skills will
never lose their importance. On the contrary, when an individual’s environment is
saturated with rapidly increasing amounts of data, good planning skills may be a necessary
condition for maintaining one's intellectual independence and integrity.

Since planning is defined here as a semiotically mediated activily, it is necessary to
first review briefly the role of language and semiotic mediation in Vygotsky's theory.

Vygotsky on Semiotic Mediation

There are three general themes that run through Vygotsky's writings and that .
according to Wertsch (1990) outline his theoretical vision: (1) reliance on a genctic, or
developmental method; (2) the claim that higher mental functions in the individual have
their origins in social activity and interaction; and (3) the claim that the defining property of
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human mental functioning is its mediated structure, in other words, that semiotic systems
such as human language mediate social and psychological processes.

The three general themes are closely intertwined. At the center of Vygotsky's
developmental theory is the claim that the most important qualitative transition during
development occurs when behavioral responses to environmental stimuli acquire mediated
structure. The mediated structure of behavior means that language, or some other sign
system (which Vygotsky called “psychological tools™), always acts as a mediating factor
between environmental stimuli and an individual's response. For example, when we are
engaged in planning, we form a mental representation of the situation and our actions with
the help of words (or other suitable symbols) prior to acting. As a result of mediation by

signs, the whole process of behavior changes:

connected with the use of the given tool and its control; (b) abolishes and makes

unnecessary several natural processes, whose work is accomplished by the tool; and (¢)

the mental processes that enter into the composition of the instrumental act, replacing
some functions with others (i.e., it re-creates and reorganizes the whole structure of
behavior just as a technical tool re-creates the whole structure of labor operations).

(Vygotsky, 1981b, pp. 139-140)

acquire a verbally mediated form, the process of development profoundly and irreversibly

changes:

The nature of the development itself changes, from biological to sociohistorical. Verbal
thought is not an innate, natural form of behavior, but is determined by a historical-
cultural process and has specific properties and laws that cannot be found in the natural
forms of thought and speech. (Vygotsky, 1986, p. 94)

The role of speech as a mediational tool is also central with regards to Vygotsky's
second theme: social origins of higher mental functions. According to Vygotsky (1986),
the most important function of speech is communication, i.e., facilitating social contact.
Communication is necessary for the successful internalization of social activities and thus
for the emergence of higher cognitive functions. In short, Vygotsky (1981a) believed that
this process consists of the following steps: firstly, other people act on the child;
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secondly, the child enters into interaction with those around him or her: thirdly, the child
begins to act on others; and, finally, the child begins to act on himself or herself, i.c., the
child has internalized the social interaction as a part of his or her cognitive functioning. An
important part of this process is the internalization and subsequent transformation of
external, social speech into internal, privite inner speech (Vygotsky, 1946).

To summarize, language plays a central role in all the major themes of Vygotsky's
writings. Language enables us to interact with more capable peers and adults and Luer with
written material etc., thus giving us a chance to share the accumulated knowledge of our
environment. Language is also the major source of signs and concepts used in semiotic
latter, in turn, make up most of the psychological tools that enable abstract, conceptual
thinking. Furthermore, when language is used as a mediational means — either on the
intra- or the interpsychological level — it anchors mental functioning to cultural, historical
and institutional settings (Wertsch, 1990). When children learn to speak they acquire a
system of signs that develops according to sociohistorical principles and attains meaning
from the sociocultural settings in which it is learned.

Language and Planning

Since planning is a higher cognitive function mediated by 1 symbolic systeni, the

between language and thinking. According to Vygotsky (1986), language and thinking
have different developmental roots and are separate abilities in small children. He
suggested further that the moment that language and thinking converge is the most
significant moment in the course of intellectual development. This moment “gives birth to
the purely human forms of practical and abstract intelligence” (Vygotsky, 1978, p. 24).
Despite this convergence, language and thinking do not become onc; instead, their
relationship remains variable throughout development. Vygotsky (1986) cxpressed this
relationship as follows: “Schematically, we may imagine thought and speech as two
intersecting circles. In their overlapping parts, thought and speech coincide to produce
what is called verbal thought. Verbal thought, however, does not by any means include all
forms of thought or all forms of speech” (p. 88).

Vygotsky implied that language is an important factor in the development of

! The terms language and speech are used interchangeably in this article. See Wertsch,
1990, for the distinction between the two.
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thinking in at least three different ways: First, with the help of language, children gradually
gain better control of both their internal and external functioning, i.e., they learn to regulate
their behavior verbally and internally, and thus break the simple stimulus-response chain.
As a consequence, behavior acquires a two-phase structure, which is a necessary condition
for planning. Secondly, abstract thoughts are formed with the help of language: Language
is the means by which the individual becomes capable of rising above the sensorimotor
level of thinking. He suggested further that thoughts are not only expressed in language
but they are formed in language (Vygotsky, 1986). And, lastly, language is the means by
which children get access to the accumulated sociocultural experience in their environment.

We shall discuss each of these points briefly below.
The Regulatory Function of Language

The act of planning implies that the planner is capable of regulating his or her
behavior according to the plan — planning devoid of this possibility is equal to day-
drecaming or stating the obvious. The capacity to regulate one's behavior according to a
plan is, however, not present in infants but develops gradually during childhood.
According to Luria (cited in Vocate, 1987), the developmental stages of speech in
organizing the child's behavior are: (1) speech having no effect; (2) external speech having
an activating effect on the child's movements but no inhibitory effect; (3) external speech
cliciting significative connections and organizing the child's movements; and (4) control
shifting to the child's internal speech where there is an attendant formation of verbal
principles that guide the child's movement.

Luria (1959) reported several experiments that demonstrated the first three of these
developmental stages. According to these experiments, the behavior of children as young
as one year of age can be directed by adult's speech in a simple situation that lacks conflict.
This directive role of speech, however, is not maintained if the speech conflicts with the
inert connections that arise at an earlier instruction or which began with the child's own
activity. Furthermore, Luria demonstrated that during the second year of children's lives,
visual signals are more effective than verbal signals in overcoming the inertia of motor
connections. Towards the end of the third year, however, speech starts to play a strong
excitatory role in children's behavior. The directive role of speech becomes central, but
children still have trouble with the semantic aspects of the message. As a consequence, the
inhibition of established response connection with the help of speech is still difficult.
Around the age of four years, the semantic aspect of a message finally becomes dominant
and the directive role of speech becomes more complete.
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The directive function of speech is essential for the development of verbally
mediated self-control. Verbally mediated self-control is the capacity to comply with another
person's commands and directives in the absence of the person (Diaz, Neal, & Amaya-
Williams, 1990). It is a necessary precursor of self-regulation that, in turn, can be defined
as “the child's capacity to plan, guide, and monitor his or her behavior from within and
flexibly according to changing circumstances” (Diaz et al., 1990, p. 130). These two
functions have a distinctly different structure. According to Diaz et al. (1990), in scli-
control the behavior is produced in response to internalized commands or directives: it is
organized in rigid S-R connections that environmental cues activate. In self-regulation, on
the other hand, behavior is organized into hierarchical, functional systems that can be

adjusted to changing goals and situations. Furthermore, behavior is now guided by self-

formulated plans and goals and aspects of the environment are uscd as tools and mediators

in structure, whereas self-regulation is an active and flexible form of adaptation under
internalized verbal control.

The origins of verbal self-control, and consequently self-regulation, are social: the
development of verbal self-control starts when the caregivers try to divert children's
attention and initiate specific actions through verbal requests (Schubert, 1983). Levina
(1981), in presenting Vygotsky's ideas on the regulative function of language, argued that
the regulative function of children's own speech also appeurs first in the social, or
“interpsychological” (Vygotsky, 1978), level, i.c., children will try to regulate others'
behavior with the help of speech before their self-regulative capacitics emerge. Levina
suggests further that the child's early behavior is not goal directed in the true sense of the
notion; it is more likely to be influenced by factors in the external environment than by a
conscious goal-directed plan. For Levina, speech is the means by which the child gains the
power to impose a goal on the environment. With the help of specch the child is able to

‘rearm’ more primitive concrete-visual cognition with analytical weapons — words. As a

concrete stimulus field. With the help of speech, children can, for example, bring to their
problem solving processes elements that are not immediately present (Diaz et al., 1990). In
this way speech allows children to liberate themselves from immanent but nonessential
aspects of the environment and to focus on the essential: the representation of future action
(see also, Vygotsky, 1978).

However, before all this is possible, a complicated developmental process lasting
most of the child's first decade of life is required. The first stage of this process is
characterized by speech that describes ongoing action, i.e., “constituting” specch
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(Vygotsky, 1978; Levina, 1981). A positive signal of the first stage is the presence of
speech that accompanies children's activity during the performance of any task.
Constituting speech appears well before the elements of verbal planning begin to appear in
the child's speech. At this stage speech does not yet direct action but is thoroughly
intertwined with other elements of the child's behavior. However, speech plays a useful
role as a device for exploring and labeling the environment and accumulating experience.
Gradually, and mostly through older individual's example, children's speech takes on a
more indicatory role and children start to use speech to separate the environment into
objects, first as part of social communication and then for themselves. In this way speech
becomes an investigative tool, a mechanism for mastering the surrounding world (Levina,
1981).

It is important to notice that children's behavior during the first stage may often
appear to be planful. This planfulness is, however, prelingual and more of a property of
the task or of the environment than that of the child. Speech is not used to control and
regulate action but to accompany it, and problems in practical situations are solved very
infrequently and only in cases in which verbal planning is observed (Levina, 1981).

At the next stage, children’s speech becomes less concerned with the surrounding
world and more concerned with their actions. Utterances concerned with representing the
problem become more noticeable and utterances having to do with verbal planning
gradually begin to appear. Speech is no longer restricted to descriting the action or
behavior but begins to assume an inclusive nature: it sums up the action in which the child
is currently engaged. According to Levina, summarizing speech that recapitulates the basic
action is the genetic precursor to planning speech. The only difference is that in planning
speech the child first arrives at the connections in words and then carries out the plan in
action. In this way, the child's attempts acquire a two-phased structure: they are first
preparcd by a verbal plan and only after that they are put into action (Vygotsky, 1978;
Levina, 1981). This signals the beginning of verbal planning.

Planning for others is the first stage in the development of verbal planning. The
first plans are positively present when a child turns to peers or adults and tells them about
future action before carrying it out. At this stage, it becomes possible to stimulate verbal
planning by asking the right questions or giving suggestions to children who are trying to
solve complex problems. Also, if children's speech is prevented, they will stop planning
and their behavior regresses to the earlier level (see Sokolov, 1972, for a review of this
phenomenon). The following quotation from Levina (1981) summarizes clearly the

significance of speech at this stage:
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to the visual field. The need to formulate his/her intentions verbally is the motivating
force for examining the elements of the situation. A verbal formulation emerges in
his/her actions; and, consequently, the need to examine the situation emerges. At first,
only what is directly presented to the eye exists. Then the child begins to look around.
Because of this, he/she increases his/her ability to overcome difficulties. The child

experience and thus goes beyond the boundaries of the immediately present, concrete
situation. . . . The child moves from the existence in the concrete situation to an

existence in time by means of the speech that precedes his/her actions. ( pp. 293-294)

Vygotsky (1978) also emphasized the emergence of the planning function of speech
as a landmark in the child's psychological development. Specch used for planning is not
simply an appendage of behavior, rather, it has the essential function of guiding and
directing all of the child's behavior (Levina, 1981). Like other cultural functions, verbal
planning emerges first as a function created by others and directed towards others, that is,

in the interpsychological level (Vygotsky, 1978). Then, without changing externally, it is

inner speech. For Vygotsky this later development had significant consequences:

The greatest change in children's capacity to use language as a problem-solving tool
takes place somewhat later in their development, when socialized speech (which has
previously been used to address an adult) is turned inward. Instead of appealing to the
adult, children appeal to themselves; language thus takes on an intrapersonal function
in addition to its interpersonal use. When children develop a method of behavior for
guiding themselves that had previously been used in relation to another person, when
they organize their own activities according to a social form of behavior, they succeed
in applying a social attitude to themselves. The history of the process of the
internalization of social speech is also the history of the socialization of children's

practical intellect. (Vygotsky, 1978, p. 27)

According to Levina (1981), verbal planning will assume this internal form — inner
speech planning — by the age of eight to ten years. After this, further development takes
the form of strengthening of inner speech and disappearing of external speech. At this later
stage external speech ceases to be a useful device in thinking and can even inhibit cognitive
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operations (Sokolov, 1969).
Language, Inner Speech, and Communication

When writing about the relationship between thought and language, Vygotsky
(1987) emphasized the role of inner speech in forming thoughts. The term inner speech is
usually used to signify “soundless, mental speech, arising at the instant we think about
something, plan or solve problems in our mind, recall books read or conversations heard,
read and write silently” (Sokolov, 1972, p. 1). In these instances, inner speech is equated
with speech to oneself, or concealed verbalization. Vygotsky (1987) saw inner speech
somewhat more broadly as “an internal plane of verbal thinking which mediates the
dynamic relationship between thought and word” (p. 279). Vygotsky suggested that

an “amorphous whole™ (1986, p. 219) that has to find its expression in speech. During
this process, thought is first formed in inner speech and then in outer, external speech or
writing. Both inner speech and external speech do not merely express it but also change it
to fit the available means of expression (see Luria, 1982, for a detailed description of this
process). Thus, inner speech plays an important function in mediating between thought
and its external expression, the function of which is communication. Although different in
form and function from external speech, inner speech nevertheless has its origins in
external, social speech from which it develops via egocentric speech (Vygotsky, 1986).

If we accept the linguistic genesis of inner speech and its role in forming thoughts,
we have to assume that the possession of relevant linguistic knowledge can determine an

individual's success in a given planning situation. Furthermore, this leads to the idea that

linguistic origins that their verbal communication, and thus the verification of their
existence with the help of natural language, may be difficult, Take mathematics as an

language but later gains ‘a life of its own’ to the extent that a mathematician may have
overwhelming difficulties in transforming his or her solution to words. Also, as
Huttenlocher (1976) notes, verbal fluency involves several special skills that do not
necessarily influence one's fluency in thinking, just one's competence in communicating

the results of this process.
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Furthermore, verbal mediation may have a detrimental effect on performance, as
suggested by Kearins (1981, 1986). By using visual spatial memory tasks, Kearins

grounded on verbal mediation.

These findings suggest that the role of language in planning should always be
considered in context with task demands. Planning tasks with more verbal content and of a
structure that presupposes, or at least benefits from verbal mediation, should be affected by
language abilities to a greater extent than planning tasks with less verbal content and, tor
example, more visual structure. Therefore, planning a driving route from one part of the
town to the other may not be affected by language skills to the same effect than, for
example, planning a driving lesson.

Language is also the most important medium for communication with others.
Vygotsky (1978, 1986) emphasized the role of social interaction in the development of
cognitive processes. In interaction with others, a child not only lcarns the language, which
then becomes a source for inner speech, but also what is already known by the adults and
more competent peers. The early transmission of culturally accumulated knowledge takes

place almost exclusively in interpersonal relationships, i.e., in the child's interaction with

the child's cognitive functioning. Furthermore, the detrimental effects of insufficicnt
acculturation should be most prominent in those areas of functioning that arc profoundly
socially determined.

The social nature of planning has been emphasized by several rescarchers (see, for
example, Baker-Sennett, Matusov, & Rogoff, 1993; Goodnow, 1987). The decision to
plan is in most cases socially determined. Not all situations warrant planning and children
seem to acquire the knowledge about the appropriateness of planning in different situations
during the school years (see, for example, Kreitler & Kreitler, 1987; Pca, 1982).
Furthermore, as Baker-Sennett et al. (1993) have aptly expressed, “in everyday life,
planning occurs in culturally organized institutions and social situaticns in which
individuals work with others to prepare for and carry out joint action, often necessitating
adjustments in planning to fit with the social distribution of both the planning and the
execution of the plan” (pp. 271-272).

Thus, the plans we use are socially constructed and our intcraction with others has a

formative, as well as a facilitative, function in planning development. The bulk of planning



18
skills are probably learned through verbally mediated social interactions with other, more
capable planners. This implies that speech plays a significant role in learning to plan.

Speech is the tool for communication, and further, for reaching intersubjectivity

Wertsch (1979) offe:s us a description of how this shared understanding develops
during a dialogue. He was concerned with how children develop the ability to participate
fully in a communicative situation involving a new type of activity, a simple problem
solving task. He wanted to show how during the adult-child interaction the aduit's
regulation gradually becomes internalized by the child in his or her process of establishing
and maintaining coherence between his or her own action and the adult's speech.
behaviors specified by the adult and then building a coherent account of the relationships
among speech, definition of situation and behavior” (p. 20). This means that the child
comes to share the adult's definition of the situation through following his or her
instruction during a practical activity. At the same time, the child also internalizes the
adult's verbal directives and they become part of the child's inner speech. Thus, the child
both learns to understand the specific situation and internalizes a model of the process of
building an understanding.

Wertsch's description can also be read as an example of how an adult can teach a
child to use a plan of action in a simple problem solving situation. To be effective, this
teaching necessitates successful communication of ideas in an increasingly complex level,
in other words, the development of shared understanding through reoccurring dialogues.
Wertsch (1979) states that *“other-regulation by means of uninterpretable directives seems to
be an important way of ‘luring’ the child further and further into the communication by
building up his/her definition of situation” (p. 20). This communication, in turn, models
the child's thinking processes towards those of the adult.

Perhaps the development of planning essentially consists of a series of analogous
microgenetic processes that Werisch described. More difficult tasks and more complex
environmental constraints, especially when adolescents enter in work life that is completely
governed by planning (Dreher & Oerter, 1987), demand increasingly sophisticated plans
and planning procedures that individuals learn with the help of adults and more competent

peers. Adults and peers act as models who engage in planning and demonstrate the
usefulness and the right procedure. Through social interaction with an (ever wider)
environment, individuals learn how to plan as well as what kind of plans work in different
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planning repertoire both grows and gets sharper.
Implications for School Psychology

Vygotsky's ideas are empowering for educators: Education as a form of social
interaction has a fundamental role in forming higher cognitive processes. We do not learn
to think because our brain matures in certain ways. Instead, we learn to employ the

language or literacy skills that should be taught?

Teaching the central concepts in any subject is the way to start, as most teachers
know. According to Vygotsky (1986), it is especially the “scientific” concepts that are
learned through formal education. Scientific concepts are logically defined in refation to
other concepts, as opposed to “spontaneous” concepts that emerge from the everyday
attention on sign-sign relationship (Wertsch & Stone, 1985) and to language as a system of
signs that can be manipulated. This, in turn, helps children to become conscious of the act
of thinking itself. Hence, scientific concepts provide a system of generality that is
necessary for the decontextualization of thinking processes (Lce, 1987).

But scientific concepts have to be connected to student's “spontancous” conceplts
for understanding of them to be optimal. Gallimore and Tharp (1990, p- 194) suggest that
this is the only way to achieve “the highest order of word meaning” and to “ensure that
tools of thought will be manipulated for the solution of practical problems of the
experienced world.” Thus, the language that we teach should be rich both in its scientific

How scientific concepts are best taught and how the connection between scientific
and spontaneous concepls is created are both crucial educational questions. An important
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Davydov, 1990; Karpov & Bransford, 1995; Kozulin, 1990). In theoretical learning, a
student is taught to understand a concept through its transitions and connections rather than
through its verbal definition or observable examples. Thus, the student's atterition is
focuscd to the essential characteristics of the phenomenon to be learned; essential referring
here to the connections between relevant phenomena and laws of their development
(Davydov, 1990). After a concept is learned “theoretically”, it is then used to solve
concrete problems (Karpov & Bransford, 1995). In empirical learning, the realm of a
concept is formed by comparing a number of objects or observable phenomena
cxemplifying it and identifying similar features in them. Thus, empirical learning is based

on identifying common features in a group of objects or phenomena. The second step in

cmpirical learning consists of defining the scientific concept behind the empirical
phenomenon.

While both methods can lead to the same end result, i.e., obtairing a scientific
understanding of a concept (however, see Davydov, 1990, for a counterargument) they do
not teach the same thinking processes. Empirical learning implies that the essential
characteristics of a concept can be derived from its observable characteristics through the
processes of comparison, classification, and/or abstraction (Kozulin, 1990). Theoretical
learning, in contrast, is based on conscious understanding of the essence of a concept or
phenomenon within a system of interconnected phenomena. According to Kozulin (1990,
p. 259), the goal of this understanding is “contentful abstraction”, i.e., understanding of
the central relationships in a symbolic form, which is then related to empirical
manifestations of the concept in question. As a result, a second order abstraction of the
concept is formed, which will gradually include both the scientific definition of the concept
as well as its empirical applications. At first, theoretical learning sounds feasible only in
upper grade levels but Davydov (1990) and Schmittau (1993) cite examples in which this
method was used successfully with subjects as young as 7 to 9 years of age.

The second important implication of Vygotskian views is that communication skills
and social interaction should receive more attention in educational research and practice.
According to Cole (1990), studies of language use in schools have revealed a distinctive
communication pattern called “instructional discourse”. Instructional discourse aims at
giving children information about the content of the curriculum and feedback of their
success in learning it. The teacher, in turn, is provid2d with information regarding
students’ progress. Thus, during instructional discourse, the teacher first shares a part of
his or her knowledge of the subject matter and then asks questions in order to find out how

much students have actually learned, or memorized. The primary purpose of the
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questioning is to evaluate the student's performance level rather than to obtain more
information about the subject matter. This type of questioning is rare outside of educational
settings, and learning to respond to questions whose answer is already known to the
teacher is an important task for a young learner (Mehan, 1979). Instructional discourse,
however, may not be conducive for the formation of good thinking and study skills. In its
simplest form, the teacher delivers the knowledge, the meaning, and the student's task is to
memorize it in order to know the answer to the evaluative questions. Control is external
and the thinking skills that are implicitly taught are severely limited.

Contrast the above (and maybe extensively negative) description of instructional
discourse with “Socratic dialogue™ in the SPELT (Strategies Program for Effective
Learning/Thinking; see e.g., Mulcahy, Marfo, Peat, & Andrews, 1986 Peat, Mulcahy, &
Darko-Yeboah, 1989), or with Palincsar and Brown's (1984, 1988) account of “reciprocal
teaching” and how it can facilitate student's reading comprehension. During a Socratic
dialogue the teacher leads the student through questioning to discover relationships between
different phenomena. This type of dialogue follows more teacher focused sessions during
which students are given the strategic knowledge base of a content area, and aims dircetly
at generalization via communication and comparison of ideas. The teacher's responsibility
is to guide the discussion and, consequently, students' thinking by asking leading
questions, extending students' ideas, clarifying and challenging their Fesponses ete.

In a similar manner, reciprocal teaching employs structured group discussions as i
means to teach students to think while they are reading or listening a text. The discussion
is conducted by the instructional group while the teacher participates both as a leader and as
a respondent. The dialogue is structured to the extent that the teacher directs the discussion
towards a set of predetermined strategies (in this case reading comprchension strategies of
predicting, questioning, summarizing, and clarifying).

Reciprocal teaching is an excellent example of a structured dialogue that is aimed at
generating the target processes within the participants, i.c., as their thinking processes.
Furthermore, it utilizes both experts (teacher) and more knowledgeable peers (other
students) as instruments of cognitive growth. As the authors summarize the approach, “in
reciprocal teaching, the students are learning these [reading comprchension] strategics in a
social context reflective of a social phenomenon with which students have much
experience—discussion” (Palincsar & Brown, 1988, p. 58).

The reciprocal teaching approach could also be used successfi ully to teach the
students both everyday and academic planning skills, such as applying for a job or
composing an essay. This requires, however, that the tcacher is cognizant of the planning
requirements of the tasks and can structure the discussion so that these requirements will
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group in any given task, we need to collect information on how those students who are
highly successful perform the task. If this information is not available in educational

thinking process (if they are old enough), or by asking them to think aloud while
performing the task. When this procedural data from successful individuals is combined
with the teacher's own task-analysis, sufficient information is available to decide on the
structure of instructional discussions and the structure of the interpsychological planning

processes that are being taught.
Summary

Sufficient language skills are essential for the development of higher level planning
skills. Planning would not be possible without some kind of semiotic mediation that
cnables both the self-regulation and the restructuring of the decision making process that
arc necessary conditioas for planning. When signs begin to mediate the decision making
process, a new psychclogical process is created in which the direct impulse to react is
inhibited, and, instead, the future action is first planned on a symbolic level before taking
action. In this way, “the use of signs leads humans to a specific structure of behavior that
breaks away from mere biological development and creates new forms of a culturally-based
psychological process” (Vygotsky, 1978, p. 40).

The acquisition and development of planning skills depends on the social
interactions that we enter into, as well as on the language skills available for planning and
communication. If our tools for communicating are not up to the task, we are unlikely to
obtain the complex planning skills from our environment. Similarly, if our psychological
tools for thinking are not powerful enough, we are unlikely to come up with the best
possible solution (Carroll, 1964). Although natural language is only one medium of
communication and one source of psychological tools, it nevertheless is the most important
one for both.

In Vygotsky's writings language has a profoundly empowering and “liberating”
function for the individual. First, language gives us the control of our actions by breaking
the stimulus-response chain. Later in ontogenesis, language helps us to distance ourselves
from the experienced reality and reflect upon it on a conceptual level. And finally, literacy
skills that we acquire in school open up the whole new world of dialogues, ideas,
experiences, and possibilities beyond the space and time limitations of our physical
existence. In this sense, language, an inherently social product, can also help us to rise
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above the confinements of our immediate environment.
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III. DEVELOPMENT OF PLANNING
AND ITS RELATION TO
OTHER COGNITIVE PROCESSES

Introduction

This study focuses on the (a) development of planning skills over the school years,

Planning has been a central concept in cognitive psychology since the publication of
Miller, Galanter, and Pribram's seminal book Plans and the Structure of Behavior in 1960.
Planning permeates all voluntary behavior and, as Kagan (1987) noted, it is not possible to
propose a theory of human behavior without a set of constructs referring to plans or

planning.

ages. Recent studies, for example, have shown that at least some components of planning
such as the ability to span temporal separation between two actions, inhibit prepotent
responses, and form a goal and produce activity that is directed toward it are already
apparent during infancy (Diamond & Goldman-Rakic, 1983, 1985, 1986; Willatts, 1984,

1990). Accordingly, children as young as 9 to 12 months of age have exhibited

rudimentary forms of planning (Rogoff, Mistry, Radziszewska, & Germond, 1992;
infants’ ability to form plans and strategies. For example, planning is commonly
associated with the development of the capacity to manipulate mental representations and to
regulate behavior verbally and hence, it is not expected to appear until later in ontogenesis
(see c.g., Levina, 1981; Luria, 1973; Piaget, 1963).

Luria (1959) suggested that the self-regulatory function of speech undergoes major
development during the preschool years. As children develop, they are increasingly able to
both initiate and inhibit activities guided by internal speech. Studies have shown that
preschool and kindergarten children are capable of devising and executing simple plans (see

1989; Haake, Somerville, & Wellman, 1980; Klahr & Robinson, 1981; Wellman,
Fabricius, & Sophian, 1985), particularly if these plans are based on their knowledge of
familiar events (Hudson & Fivush, 1991), and are aided by the utilization of overt speech
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schooling, children have at least some “metaplanning” skills. That is, they have a
preliminary conceptual understanding of what planning is and when it is nceded (Gauvain,
1989; Kreitler & Kreitler, 1987).

years. Children learn to apply their skills in planning to a broad range of tasks. By the age
of 8, for example, children learn to complete tasks such as simple forms of Tower of Hanoi
(Klahr & Robinson, 1981; Welsh, Pennington, & Groisser, 1991), mazes and errand
running tasks (Gardner & Rogoff, 1990; Gauvain & Rogoff, 1989; Pea & Hawkins,
1987), and Delayed Alternation (Levin et al., 1991). By age 10, children should be
proficient in the Wisconsin Card Sorting Task (Kirk & Kelly, 1986; Levin et al., 1991:
Welsh et al., 1991), the Rey-Osterrieth Complex Figure (Kirk & Kelly, 1986), and the
Matching Familiar Figures Test (Welsh et al., 1991). Development of planning skills,
particularly in more complex and demanding tasks, may be an cspecially prolonged process
that continues well into adolescence and beyond (see, e.g., Becker, Isaac, & Hynd, 1987:
Dreher & Qerter, 1987; Levin et al., 1991; Parrila, Aystd, & Das, 1994; Passler, Isaac,
& Hynd, 1985; Pitt, 1983; Welsh et al., 1991]).

The existing research, then, seems to validate the intuitive expectation that relatively
simple planning tasks are mastered by school-age children in the early grades.
Performance on more complex planning tasks, however, continues to develop beyond
middle childhood and through adolescence. The first goal of the current study was to
replicate these earlier findings with a more representative and larger sample of school-age

Our second question deals with the uniformity of planning as an explanatory
construct of cognitive functioning. The inclusion of a planning construct in a model of
intellectual functioning has theoretical, empirical, as well as clinical support (Telzrow,
1990). Yet, very few standardized planning mcasures are available and researchers
commonly design their own tasks. Moreover, the term planning has been used to account
for a multitude of behaviors that, overtly, may not seem to have much in common. As a
consequence, the definition of t: - term has become vague and two theorists using the tcrms
“planning” or “plan” may not ¢i.:¢ the same focus (Scholnick & Fricdman, 1987). For
example, Newell, Shaw, and Siniv.i (1959) viewed planning as problem solving in a
simplified, abstracted problem space, whereas Miller et al. (1960) defined plans as
hierarchical control processes. For Hayes-Roth and Hayes-Roth (1979), planning
consisted of anticipating a goal-directed course of action. In their integrative review of the
conceptualization of planning, Scholnick and Friedman (1987) included six components

(forming a representation of the problem, choosing a goal, deciding to plan, formulating a
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plan, cxcc'uling and monitoring the plan, and learning from the plan) and three different
levels of functioning (in the reality of a problem, in accordance with an imagined scheme,
and in the role of mediator between the scheme and behavior). We suggest that a fertile
way of conceptualizing planning and its relationship to such closely related concepts as
problem-solving and strategies is to consider how planning relates to the three levels of
analysis—activity, action, and operation—as introduced by Leontjev (1978, 1981).

Three Levels of Planning

At the level of activity, planning can be conceptualized as a method of realizing or
aiming toward one's general life goals and motives, such as self-fulfillment, self-
improvement, education, career development, or planning for a retired life. When our
mental activity has an objective or goal, planning appears as a separate activiry distinct from
imagery. As an activity, planning is a molar unit of analysis that can be used to explain an
individual's behavior in general. For example, plans for a life after retirement will provide
a framework within which a person's behavior can be explained and understood. The
function of activity-planning is to mediate between a person's life goals and the external,
objective world. In order to achieve this, activity-planning entails components that are not
necessarily present in other forms of planning. The components unique to activity-
planning include selection and shaping of one's environments so that they maximally
support, or minimally impede, the fulfillment of one's life goals. Problem finding, or the
creation and definition of relevant problems that need solution, is also unique to activity-
planning. Other possible components of activity-planning, such as forming a
representation of external and internal variables that may influence goal attainment,
choosing subgoals, and anticipating the course of action that is needed to realize the goals
and subgoals, can also be present in planning as an action, which is discussed next.

Action-planning is equivalent to problem solving. While activity-planning is best
understood as movement toward realizing one's general life goals, action-planning aims at
achieving a particular goal or solving a particular problem. Everyday examples of action-
planning include scheduling daily meetings, running errands efficiently, or ferrying all the
children to their respective schools, clubs, visiting places and back. Problems and goals of
action-plans can be components of activity-plans as well. For example, if a general life-
goal is to obtain a secure and well-paying profession, then the activity-plan may involve
such components as deciding upon the most suitable educational institution, financing
one's studies, and finding the right type of employment. Action-planning can involve
forming a mental representation of the problem, the (external and internal) constraints on

planning, the goal, and the course of action to be taken (i.e., formulating a plan in
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advance), as well as executing the resulting plan and monitoring the whole process. Figure
3-1 presents the main components of action-planning. Note that these components are

present in activity-planning as well.

Anticipation A Execution

) I

Representation — , Ragulation

Goals & Objectives

Figure 3-1. Main Components of Action-Planning.

But action-planning can also be an opportunistic process, or “planning-in-action”,
when task demands or the planner's skilis favor this approach (Hayes-Roth & Hayes-Roth,
1979; Rogoff, Gauvain, & Gardner, 1987). Planning-in-action involves continuous
evaluations and revisions of plans while they are being implemented. This recursive nature
of planning-in-action is described in Figure 3-1 by the bidirectional arrows connecting the
four components. The main feature of action-planning is that it emerges as a responsc to a
given problem; therefore, it is oriented toward the present as well as the future.

At the level of operations, plans are equivalent to strategics and tactics, and consist
of working toward the solution of a problem (or a part of it) in accordance with task-
imposed constraints (i.., meeting environmental conditions). Everyday examples of
operation-plans would include locating a book in a library or using household machines.
The main feature of an operation-plan is that it needs to satisfy the specific conditions
associated with the task and, consequently, it is oriented towards the present. Because the
goal, or the end-result, is often given, operation-planning involves forming a representation
of the task and conditions, choosing the possible operations to be undertaken, and then
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cxccutingthcsc steps. Thus, operation-planning includes all the components of action-
planning identified in Figure 3-1, but the difference is that the arrows are now
unidirectional due to increased task-constraints. Another difference is that the process of
choosing between possible operations or ways to proceed is not necessarily conscious if
we have available “prepackaged information” (Scholnick & Friedman, 1993), that is,
automated tactics or strategies that are associated with positive outcomes. For example, the
Planned Search task (sec below for description) can be solved efficiently by utilizing visual
scarch strategies that are already automated due to practice with real life visual search tasks
only onc possible method of proceeding, then planning entails finding that method and
exeeuting it. At this end of the continuum, planning disappears when the task imposes
both the goal and the operations required, and the subject is allowed no degrees of
frecdom.

According to this conceptualization, ‘planning’ and ‘plan’ are generic terms that
refer to any of the three levels of analysis, whereas ‘problem solving’ refers mainly to the
action or operation levels of analysis. Strategies and tactics refer only to operation-
planning. ‘It should also be noted that our conceptualization of activity is more in line with
that of Vygotsky (see e.g., Kozulin, 1986) and emphasizes the role of symbolic cognitive
activity rather than material activity that was stressed by Leontjev.

The components in Figure 3-1 — anticipation, representation, execution, and

guides an individual's activities, actions, and operations. Sperry (1993) conceptualized
consciousness as a determining force of mental activities, as opposed to merely an
emergent phenomenon of the physical basis of mental activities. We think that the
extension of planning to incorporate the central role of consciousness will make it easier to
understand the activity-action-operation trichotomy. Activity-planning is guided by life
goals. But even in childhood, activity is guided by a child's self concept. For example,
the statement “I am a bookworm like my grandma’ will shape and determine a child's
activity-planning differently than the statement “I will be like Wayne Gretzky” . The recent
interest in improving children's self-esteem in order to better their academic performance is
another illustration of the importance of consciousness in explaining, justifying, and
guiding children's activity.

action-planning and operation-planning, and on the formulation of a plan in advance rather
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than on opportunistic planning. Research on activity-planning is difticult, mainly because
realizing one's life-goals typically takes years. This creates many problems for
experimental designs and their execution (however, see Nurmi, 1989, for an attempt to
circumvent this problem).

The second goal of the present study was to examine whether action- and operation-
planning could be differentiated with concise and abstract planning tasks. Action-planning
is especially important in tasks where finding the solution requires integration of multiple

steps into a coherent process and in tasks that are open to more than onc way of

particular order. They are also shown a label indicating how many of the colored chips are

in their correct places. The participant's task is to integrate information from all of the

order that all the information lines are true. For example, ltem S contains the following

information lines (actual colored chips are used):

- Line 2: Yellow, White, Black, Blue; “1 correct”
- Line 3: Black, Yellow, White, Blue; “0 correct”

is: White, Blue, Black, Yellow. An effective way of reaching this solution could, for
example, include (a) noticing the constraints (e.g., Blue cannot be correct in Line 2 since it
is in the same place in Line 3, which has 0 correct), (b) building a hypothesis (c.g., ;
Yellow, White, or Black is correct in Line 2 — try Yellow first), (c) testing and evaluating
the hypothesis (e.g., if Yellow is correct in Line 2, where would the other chips go —
there is no legitimate place left for White, so Yellow cannot be correct in Line 2), and so
on, until the correct answer is found. Think aloud protocols obtained from clementary and
Junior high school students (Parrila & Das, 1995) clearly show that some participants
proceed by planning before taking action. In other words, they go through the above
cycles mentally before actually placing any of the chips on the answer line. Others, in
contrast, seem to proceed by planning-in-action; for example, they first build a

Naturally, most of the participants fall somewhere in between and plan some steps
beforehand and others during the action. Thus, this task clearly includes several steps and

allows more than one way of proceeding. However, some procedures are more efficient



morc constrained in nature. Planned Search requires the participant to first identify the
target figure (picture, number, or letter) situated inside a box in the middle of a search field,
and then find an instance of the target figure in a search field that includes distractor items
belonging to the same category as the target (e.g., picture among pictures). To complete
the task effectively, the participant needs to keep the target figure in active short-term
memory for comparisons, develop an efficient way of scanning each field for the target
figure, and control for impulsivity in order to avoid choosing wrong answers. However,
because the necessary information is given directly, finding the solution does not
nccessarily demand conscious, multistep planning. Instead, the efficient scanning strategy
may be nonconscious and automatized due to extensive experience with real-life search
tasks. Nevertheless, visual search does tap into a basic mechanism of planning. This is
supported by several previous studies reported in Das, Naglieri, and Kirby (1994). For
example, a group of high school students were first divided into two groups, low and high
performers on visual search, and then compared on reading comprehension. The results
indicated that the groups were respectively less and more efficient on several
comprehension measures that indexed forward and backward inferencing and organization
in remembering the text. Moreover, Das and Heemsbergen (1983) observed that college
students who were proficient in visual search were superior to the less proficient ones in
the ‘Master Mind’ game, which resembles the Crack-the-Code task. Miller et al. (1960)
proposed a classic distinction between search and prediction as alternative paradigms to
exrlain thinking and problem solving. Visual search is likely a good example of the search
processes that can be considered to be the foundation of many planning activities.

Matching Numbers, in turn, requires the participant to identify and underline two
numbers that are the same in each of the eight rows on a page. There are six numbers per
row and the digit length increases from 1 to 3 on Card 1 and from 4 to 5 on Card 2. An
efficient performance in Card 1 can result from the very simple strategy of scanning each
row from left to right, since the numbers are short and relatively easy to remember. In
Card 2, however, such a strategy may not work because its working memory demands
grow too large for most of the participants. Instead, the participant needs to utilize different
strategies such as comparing the first two digits of each number, or comparing the first and
the last digit of each number.

It is clear from the above descriptions that while Matching Numbers and Planned
Search can both be conceptualized as planning tasks, compared to Crack-the-Code, the
number of stages through which the solution must pass is smaller and relatively constrained
in both of them. Moreover, successful performance in these tasks can be based on the
existing repertoire of strategies and tactics that are implemented without conscious
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reflection. These characteristics make Matching Numbers and Planned Search congrucnt

with our definition of operation-planning tasks. Thus, the second hypothesis was that
Crack-the-Code would have a significant distance from the other planning tasks.

Cognitive Correlates of Planning

The last question addressed in this study has two parts. First, what arc the
“cognitive correlates” of effective performance in action-planning (or complex planning)
tasks on the one hand, and in operation-planning (or simplc planning) tasks on the other?
Second, are these cognitive correlates essentially stable across different age-groups?

We know of only a few studies that have directly attempted to identify the cognitive
correlates of planning. The rationale for studying cognitive correlates of planning is
simple. Good planning is at least partly based on the fluent functioning of such other
cognitive processes as encoding, attention processes, and working memory. Deciding
precisely what these prerequisite processes are exactly is an inherently difficult task since
most researchers agree that planning is one of the more complex cognitive functions that
utilizes — as well as affects — other cognitive functions. Before introducing the cognitive
correlates included in this study, we will briefly review the cognitive corrclates that have
been considered in previous research.

In considering the role of memory span, Pea and Hawkins (1987) found that the
Digit Span task from the WAIS did not have a significant correlation with the frequency of
“high level planning decisions” when measured in two groups of school children (8 to 9
year-olds and 11 to 12 year-olds). This finding was partly supported by Parrila et al.
(1994), who reported that a factor defined predominantly by memory tasks had few
significant correlations with planning tasks. We examine this relationship again in the
present study.

The role of language (or speech) in planning has been emphasized particularly in the
Vygotskian tradition (see Levina, 1981; Parrila, 1995). Some experimental studies also
provide evidence that language skills influence skillful planning. For cxample,
McGillicuddy-De Lisi, De Lisi, Flaugher, and Sigel (1987) compared noncommunication
handicapped (NH) children with those who had a communication handicap (CH). Their
results indicated that children with CH proposed fewer initial plans and accepted plans
proposed by their siblings more often than NH children. However, children with CH did
suggest alternative plans after their siblings presented initial plans. This suggests that after
the initial external organization of the task, these children were capable of producing plans
on their own. In the same study, the Crichton Productive Vocabulary Test, which assesses

expressive language skills, had a significant correlation (.35) with the number of initial
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receptive language skills, did not correlate significantly with the number of proposed plans.
Kreitler and Kreitler (1987), in turn, found that the PPVT had no correlation with total
planning score for age 5, but had a highly significant correlation (.67) for age 7, and a
moderate correlation for ages 9 and 11 (.26 for both).

Planning has also emerged as a separate construct from general intelligence. This
seems to be the common conclusion of researchers who have used widely different
measures of planning and intelligence on both preschool and school age children (see e.g.,
Cascy, Bronson, Tivnan, Riley, & Spenciner, 1991; Das & Dash, 1983; McGillicuddy-De
Lisi et al., 1987; Nurmi, 1989; Welsh, Pennington, & Groisser, 1991).

The present study examines how the relationship between planning and the three

other PASS (Planning-Attention-Simultaneous processing-Successive processing)
cognitive processes may change across the school years. Research on PASS has not
focused on this relationship before, with the exception of Parrila et al. (1994). Since the
PASS model is described in detail in previous reports (Das, Kirby, & Jarman, 1979; Das

The PASS model is based on Luria's (1966, 1973) theory of the functional units of
the brain. According to Luria (1973), the human brain engages in three types of basic
functions, namely arousal-attention, coding, and planning. In the PASS model, planning

consists of programming, regulation, and verification of behavior (Luria, 1966), and the

Attention is a mental process that comprises at least three components as suggested by a
factor analysis of attention tasks. These components are selectivity, ability for shifting, and
resistance to distraction (Das et al., 1994). Selective attention is a specialized form of
activation (Luria, 1973) and even if the single resource theory of attention is no longer
tenable, sclection-for-action must cccur to control perceptual-motor activities (Allport,
1993). Such activities must be maintained until they are completed, and then attention
should shift to a new activity. However, attention may have to shift earlier if there is an
urgent demand from the environment. Under normal conditions, though, distractions are
to be resisted.

Simultaneous and successive processing relate to reception, encoding, and storage
of information arriving from the outside world through sensory receptors (Luria, 1973).
The incoming information can be coded in two ways. The first, simultaneous coding (or
processing), organizes information in a quasi-spatial scheme integrating separate elements
into a coherent whole. This type of coding is evident in relational thinking and in
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understanding comparative and logico-grammatical constructions. The second, successive
synthesis (or successive processing in PASS), organizes information into sequential,
temporally based schemes. Successive synthesis plays an important role in serial
reproduction and learning, spelling, perception of syntax, and in the initial phases of
reading and writing (Das et al., 1994).

The four processes are naturally interdependent. Thus, we expect that attention and
simultaneous and successive processes will emerge as significant cognitive correlates of

planning. The model of planning described above implies that the planner is capable of

are not peculiar to the PASS model. Others such as Gauvain (1992) have suggested that
allocating attention to the various demands during the planning process is an important
aspect of the development of planning skills. Siegler (1991, p. 285) suggested that “how
well children encode critical information in the task and how well they can use the
encodings to form mental models are among the key determinants of their success on nminy
problems.” Thus, it is reasonable to assume that in many planning tasks, a poor
performance may result from children's inability to perceive all of the relevant features of
the task or from inadequate attention resources, rather than from poor planning skills,
When children reach adequate performance levels in attention, simultancous, and
successive processing, their planning performance can improve because (a) children will
have better ‘raw material’ to work with in planning, and (b) they can allocate more
cognitive resources to planning when many of its components are automated.

By using a design similar to one presented here, Parrila et al. (1994) tested this
hypothesis in order to determine if attention, simultanecus processin g, and successive
processing scores would predict children's planning performance. The results indicated
that most planning scores were predicted significantly by oiher cognitive processing
components and that the contribution of the other processing components varied as a
function of the planning task. The present study will expand on these findings by
inciuding more participants and a more developmental focus.

Method

Farticipants

The participants were school children from several public schools operated by the
city school board of Bhubaneswar, the state capital of Orissa, a southeastern province in
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India. The participants came from families spanning a wide range of socio-economic
levels, excluding the extremely poor. The total number of participants was 250; 50 from
cach of grades 3 (22 females), 5 (16 females), 7 (22 females), 9 (27 females), and 11 (21
females). Mean ages (SDs in parenthesis) for grades from 3 to 11 were 8.34 (.75), 10.24
(.62), 11.96 (.70), 13.56 (.79), and 16.92 (.94), respectively.

Since our participants came from schools in India, it is necessary to ask how or
whether the cultural differences can drastically change the interrelationship of the four

that we have used in previous investigations. Several studies on children from the same
region in India have shown that these tests retained their construct validity (Dash &
Mahapatra, 1989; Dash, Puhan, & Mahapatra, 1985). Kar, Dash, Das, and Carlson
(1993) found that the planning tasks retained their essential characteristics as measures of
planning. Also, in a study relating reading ability and performance on the PASS tasks, the
results that were obtained in a Canadian sample (Das, Mensink, & Mishra, 1990) were
essentially replicated with a sample of children from Orissa (Dash & Mohanty, 1992).
Thus, we anticipated no problem in measuring the PASS processes with these tests in our

Indian sample.

Tasks

Planning Tasks

Crack-the-Code. This task is based on the popular Master Mind game and was
used by Das, Mensink and Janzen (1990) and Parrila et al. (1994) to measure planning.
The task requires the participant to determine what the correct sequence of colored chips is
when a limited amount of information is provided in the instruction line(s) (see example in
the introductory section above). The version used in this study had eight items. In the first
item, two instruction lines and three chips of different colors were used. The number of
chips was then increased step-by-step so that in the last item, five instruction lines and five
chips of different colors were used. The participant was given one trial to figure out the
correct order of chips for each item and the time limit for each item was 3 minutes.  The
task was interrupted after two consecutive failures. The participant's score was the number
of correctly solved items.

Matching Numbers. This task and Planned Search (see below) were adapted from
the battery of PASS tasks described in Das et al. (1994). Matching Numbers was
developed by Naglieri and Das (1987) and has loaded on a planning factor in previous
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research (Naglieri & Das, 1988). The task requires the participant to find two numbers that
are the same on each of the eight rows on a card. There were six numbers of the same
length in each row. In Card 1, the first row contained 1 digit numbers and the eighth row
contained 3 digit numbers. In Card 2, the number length ranged from 4 to 5 digits.
Maximum time per card was 180 seconds. The participant's score for Card | and Card 2
was the total time divided by the number of correct responses. This is an index of
matching efficiency that is sensitive to speed-accuracy tradeoff,

Planned Search. This task is similar to the Visual Search task developed by
Teuber, Battersby, and Bender (1949) and has been found to load on a planning factor by
Ashman and Das (1980), Naglieri and Das (1988), and Naglieri, Prewett, and Bardos

find a particular target stimuli situated inside a box in the middle of a scarch ficld, and then
find an instance of the target figure in a search field that includes distractor items belonging
to the same category as the target. The version used in this study consisted of four items
that used pictures as targets and distractors. Each item included two scarches, one located
at the top and the other located on the bottom of an 8 1/2" x 11" page. The time taken per
item was recorded and the participant’s planned search score, the mean time taken for the

four planned search items, was calculated.

Attention Tasks
Receptive Attention. This task is adapted from Posner and Boies (1971), who used

shifting attention from one target to another for a prolonged period of time. The version
used in this study consisted of two conditions: physical match and rame match. In the
physical match condition, the participant was given a sheet consisting of one-hundred
picture pairs (trees, fruits, flowers, birds, houses, or human faces) arrunged in a matrix
form. He or she was then instructed to point only to those pairs of pictures that were
visually alike. The time taken by the participant to complete the task was divided by the
number of pairs correctly identified to provide an index of average time taken for cach
correctly identified picture pair. The administration and the scoring procedure was the
same for the name match condition except that the participant was asked to identify the pairs

of pictures that belonged to the same taxonomic category.

Simultaneous Processing Tasks
Matrices. This task, developed by Naglieri and Das (1987), involves the
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comp]etioh of figural analogies using a progressive matrix format. The participant is
required to choose onc of six options that best completes the abstract analogy. The version
uscd in this study consisted of 35 items and the participant's score was the number of
correctly completed items. The requirement that each component of the matrix must be
interrelated to the others makes this task congruent with the simultaneous paradigm, and
this test has previously been found to load on a simultaneous factor (Naglieri & Das, 1987;
Naglieri et al., 1989).

Figure Memory. This task was used as a simultaneous marker test by Naglieri and
Das (1987), and Naglieri et al. (1989). In this task, the participant is exposed to a
geomctric design such as a square or triangle for five seconds. The design is then removed
and the participant is asked to outline the original stimulus figure within a more complex
design that includes the original figure. For a response to be scored as correct, all lines of
the original design had to be indicated without any additions or omissions. The
requircment that the design has to be incorporated into memory as a whole, so that all the
parts of the figure are interrelated, makes this task congruent with the simultaneous
paradigm. Therc were twenty items in the test. The participant's score was the total
number of items correctly reproduced.

Simultaneous Verbal. This is a verbal marker test of simultaneous processing.
This task involves evaluation of logical-grammatical relationships by the participant. The
version used in this study consisted of twenty-six items, with each item containing six
competing illustrations of design/pictorial configurations. The participant was asked to
point to one of the six figures that was commensurate with a verbal statement, such as “the
ball in a basket on a table” or “the girl pointing to the ruler with the pencil”. The test was

scored for the number of correct responses.

Successive Processing Tasks
Digit Span. This successive marker test was abstracted directly from the WISC-R.

A scries of digits of increasing length were read out to the participants, who were required
to recall the digits in the correct serial order. The task was discontinued after two
unsuccessful attempts. The participant's score was the number of correctly recalled digits
in the longest successfully completed series.

Word Series. This is a marker test of successive processing. The version used in
the present study consisted of twelve lists of words that began with a four-word series and
progressed to a six-word series. There were four lists for each of the four-, five-, and six-
word series. All the words were highly familiar two or three letter words in the
participants' first language (Oriya). The participants were required to recall each series in
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correct serial order. The number of words recalled in correct serial position constituted the

serial recall score of the participant. The maximum possible score on this test was 60,

Procedure

November 1993 and March 1994 in their respective schools by three trained investigators
who had master's degrees either in psychology or in education. The tasks were
administered in a predetermined order starting with simultancous tasks and followed by
successive, attention and planning tasks. After establishing adequate rapport with the
participants, they were tested in a private room during two separate sessions. In order to
make the instructions comprehensible, all of the tests contained practice items at the

beginning.

Results and Discussion

Multivariate analysis of variance with planning tasks as dependent variables and

Grade (5) and Gender (2) as independent variables was performed first. The results

724.68) = 1.00, p = .453. Because no Gender or Gender X Grade effects were found,
scores from male and female participants were pooled for the rest of the analyses.

The F values from univariate analyses together with the performance means and
standard deviations within each grade level are reported in Table 3-1.

Table 3-1 shows that the F' values corresponding to planning tasks arc highly
significant, suggesting that all the planning tasks were developmeniaily sensitive. To
illustrate the differences in performance means on different grade levels, Figurc 3-2
displays the standardized performance means (time scores were first multiplicd by -1) of
Matching Numbers Card 1, Matching Numbers Card 2, Planned Scarch, and Crack-the-

Code as a function of grade.
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Meuns and Standard Deviations (in parenthesis) of Planning Variables within Different

Grade Levels (N=250)

Means and standard deviations

Variables Grade3 Grade5 Grade7 Grade9 Gradell |
Crack-the-Code 1.58 1.98 2.18 3.32 3.78 13.79%**
(1.21) (1.56) (1.71) (2.10) (2.28)
Matching Numbers
Card | 14.35 9.13 6.97 6.90 6.86 22.34%%*
(7.81) (4.70) (2.75) (2.49) (3.88)
Card 2 43.41 27.77 19.00 19.20 15.39 36.60*%*
(21.21) (14.70)  (8.11) (10.21) (6.47)
Planned Search 11.16 9.51 1.717 7.27 6.37 15.28%**

(4.72) (3.75) (2.71) (2.56) (2.69)

Note. @ F values for the main effect of grade, df (4, 240).
¥ n <001,

a3

o}

]

N

c

1+

Q

=
—8— Crack-the-Code
—e— MN-Card1
-3~ MN-Card 2

—a— Planned Search

~N -

Grade

Figure 3-2. Mean z-scores for Crack-the-Code, Matching Numbers Card 1, Matching

Numbers Card 2, and Planned Search in different grade levels (N = 250).
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Figure 3-2 suggests that the developmental trends varied as a function of the
planning task. Results from post hoc Scheffé tests (p < .05) showed that Grade 3
participants performed significantly poorer than Grade 5 participants on both Matching
Numbers Card 1 and Card 2, but not on Crack-the-Code or Planned Search. Compared to

Grade 7, Grade 3 participants' performance was significantly poorer on all planning tasks

participants, Grade 3 participants' performance was significantly poorer on all tasks.

Grade 5 students, in turn, differed significantly from Grade 7 students only on
Matching Numbers Card 2. In contrast, Grade 5 students differed significantly from Grade
9 and Grade 11 students on Matching Numbers Card 2, Planned Search, and Crack-the-
Code. Grade 7 students performed significantly poorer than Grade 9 and Grade 11
students only in Crack-the-Code. None of the four planning tasks differentiated between
grades 9 and 11.

It is interesting to note that Crack-the-Code did not differentiate between grades 3, 5
and 7, and then was the only task that differentiated between Grade 7 and the two older
groups. This suggests that only the two older groups reasonably succeeded in performing
this complex task. Frequency distribution of scores (minimum 0, maximum 8) conlirmed
this: The number of participants who received a score of 2 or less was 41 in Grade 3,39in
Grade 5, and 36 in Grade 7, indicating that a vast majority of Grade 7 students were not
able to proceed beyond the simplest items. According to previous research, the ability to
selectively attend to relevant stimuli, to construct better hypotheses by systematically
limiting the search space, and to form and remember multistep plans are among those
performance in Crack-the-Code demands all of these components.

In contrast, neither Matching Numbers nor Planned Search differentiated between
the three oldest grade levels, suggesting that dramatic developmental changes take place
earlier in these simple planning tasks. We should note, however, that both Matching
although they were not significant. Moreover, for the simplest planning task (Matching
Numbers Card 1), development seemed to level off almost completely after Grade 5. This
supports the earlier findings that at approximately age 10, children are already capable of
performing simple planning tasks at or near adult performance level (as represented here by
Grade 11 students), whereas in the more complex tasks, development continues well into
adolescence. Previous research has also suggested that speed of responding continues to
develop into late adolescence and early adulthood. Our results do not support this finding
since both Matching Numbers and Planned Search are sensitive to speed of responding and
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neither of these tasks differentiated between the three older grade levels.
Different Levels of Planning

The question of different levels of planning was addressed next. Two different
methods were used: factor analysis (principal axis factoring with oblique rotation) and
cluster analysis for variables (agglomerative hierarchical cluster analysis; squared Euclidean
distance; average linkage between groups method). Grades 3 and 5 were combined to form
the elementary school group (n = 100), and grades 9 and 11 were combined to form the
high school group (n = 100). Planning scores for these analyses were calculated by using
regression analysis to obtain standardized residuals of the four planning scores with the

cffect of age partialled out within both groups.
Table 3-2 summarizes the results from the principal axis factor analysis for the

clementary and high school samples.

Table 3-2
Factor Loadings and Communalities of the Planning Tasks for Elementary School Sample

(N=100) and High School Sample (N=100; Principal axis factor analysis with oblique

rotation)
Variables Communality Factor 1 Factor 2
Elementary School Sample
Crack-the-Code 154 -.407 120
Matching Numbers Card 1 436 572 216
Matching Numbers Card 2 .688 .636 390
Planned Search 237 .001 487
High School Sample
Crack-the-Code .365 -.113 552
Matching Numbers Card 1 233 479 -.010
Matching Numbers Card 2 .590 71 .006
Planned Search .203 -.051 -.467

Factor analysis produced two factors with eigenvalues > 1 for both the elementary
and the high school sample. In the elementary school sample, Factor 1 had high loadings
from both Matching Numbers tasks (.572 for Card 1 and .636 for Card 2), and a moderate
loading from Crack-the-Code (-.407). Planned Search loaded highest on Factor 2 (.487),
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which also had secondary loading from Matching Numbers Card 2 (.390). Communalitics
were lowest for Crack-the-Code (.154) and Planned Search (.237). and highest for
Matching Numbers Card 2 (.688). This two-factor solution explained 37.9% of the total
variance, and the correlation between factors was .263.

In the high school sample Factor 1 had the highest loading from Matching Numbers
Card 2 (.771). Matching Numbers Card 1 (.479) loaded also exclusively on Factor 1.
Crack-the-Code loaded highest on Factor 2 (.552) together with Planned Secarch (-.467).
Communalities for Planned Search and Matching Numbers Card 1 were low (.203 and
.233). This solution explained 34.8% of the total variance, and the correlation between the

factors was -.380.

combined first the two Matching Numbers scores in Step 1, then Planned Search with
Matching Numbers cluster in Step 2, and, finally, all other tasks with Crack-the-Code in
Step 3.

What support do these results provide for our distinction between action- and
operation-planning? First, factor analyses produced two factors with eigenvalues greater
than 1 in both the elementary and the high school samples. Next, our task analyscs
suggested that Crack-the-Code is an action-planning task, whereas Matching Numbers and
Planned Search tasks would be operation-planning tasks. Both cluster analyses indicated

that Crack-the-Code did have a significant distance from the other planning tasks. The

loading on it . Thus, our expectations about Crack-the-Code were mostly confirmed.
Cognitive Correlates of Planning

The effects of attention, simultaneous processing, and successive processing on
action- and operation-planning tasks were analyzed separately for each grade level by first
computing raw correlations, and then using multiple linear regression analysis (forward
selection). The processing scores needed for these analyses were obtained separately for

two Receptive Attention z-scores, the Simultaneous score was formed by summing the z-
scores of Matrices, Figure Memory, and Simultaneous Verbal, and, finally, the Successive
score was formed by summing the z-scores of Digit Span and Word Serics.

Simultaneous and Successive scores correlated significantly in all other grade levels
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Attention score correlated significantly with the Simultaneous score in Grade 5 (-.285), and
with both Simultaneous (.-.495) and Successive (-.468) scores in Grade 11. Thus, there
are considerably more significant raw correlations in Table 3-3 below than there are
significant predictors in Table 3-4.

Table 3-3 displays the raw correlations between the planning tasks and the three

processing scores in different grade levels.

Table 3-3
Correlations Between Planning Tasks and Attention, Simultaneous, and Successive Scores

_in Different Grade Levels (N=250) _

Grade
7 9 11

Planning Task/ 3

Ly

_Processing score - —_
Crack-the-Code
Attention -.288% -.106 -.015 -.219 -.309%
Simultaneous 194 I A]3%* 654 F** 583 %**
Successive .198 AT 2k 341# 518k A10%*

Matching Numbers
Curd |
Attention 535%#* A406%* 337* .195 282%
Simultancous -.309* - 447+% -591%%%  _518%*k  _ 142
Successive -.269 -.552%%*% - 383** -.398%# 107
Matching Numbers
Card 2
Attention 370%* 382%* .193 237 448%*
Simultaneous -.227 -.378%* -.230 - 439%* -317%*
Successive - 433%* -.390** -,288* -.125 -117
Planned Search
Altention 157 310% .050 .099 255
Simultaneous -.066 -.345% -.065 -.215 -.360*
Successive  -.068  -.165 -.077 -.221 -.132
Note. *p < .05, ** p < .0l. *** p < 001,

Table 3-4 displays the significant predictors of planning variables as indicated by
regression analyses. In Grade 3, Attention was the only significant predictor of Crack-the-
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Code, R2 = .083, E(1,48) =4.35, p > .05. In Grade 5. Successive (R2 = .226, E(I, 48)

= 14.03, p <.001) and Simultaneous scores together explained about 29% of the Crack-

significant predictor of Crack-the-Code in Grade 7 (R? = .171, F(1, 48) = 9.87. p<.0l).
Grade 9 (R2 = 427, E(1, 48) = 35.82, p <.001), and in Grade 11 (52 =340, E(1,48) =
24.76, p < .001).

Table 3-4

Significant Predictors of Planning Variables in Different Grade Levels ( Step of entry,

cumulative R2, and significance level displayed: N=250)
_ Grade ] )

Planning Task/ 3 5 7 9 i1

Predictor _
Crack-the-Code
Attention (1) .083*
Simultaneous (2) 202%#% (1) 1T1%E (1) 427%k% () 3J0t**

Successive (1)

Matching Numbers

Card 1
Attention (1) .286%** (2) .362#:**k (D) 405+ (1) .079%
Simultaneous (1) .350%** (1) .268***
Successive (1) .304%+:#* (2) 153+

Matching Numbers

Card 2
Attention (2) .284#** (2) .246%+* (1) .200**
Simultaneous (1) . 193::*
Successive (1) .187#*% (1) .152%* (1) .083*

Planned Search

. .1ex _ (1).129*

jSimultanEDus

Note. Step of entry into regression equatior: is shown in parenthesis first, followed by

cumulative RZ and the significance level. *p < .05. ** p < 0]. *** p < 00].

Table 3-4 shows that Attention was the only significant predictor of Matching
Numbers Card 1 in Grade 3, R? = .286, F(1, 48) = 19.21, p < .001. Successive and
Attention scores together predicted almost 40% (R =.392, F(2, 47) = 15.13, p < .001)
of the Card 1 variance in Grade 5, and about 15% in Grade 11, RZ = 153, F(2,47) =
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4.24, p < .001. In Grade 7, the significant predictors were Simultaneous and Attention,
explaining about 40% of the Card 1 variance, R2 = 405, F(2, 47) =16.02, p < .001).
Finally, the Simultaneous score was the only significant predictor in Grade 9 (R‘2 =.273,

F(1, 48) = 18.01, p < .001).

processing scores (Table 3-4). The only consistent trend for Matching Numbers Card 2
seems to be the diminishing importance of the Successive score over the five grade levels.
Both in Grade 3 (R2 = .284, F(2, 47) = 9.31, p < .001) and Grade 5 (R? = .246, F(2, 47)
= 7.65, p < .01), Successive and Attention scores together explained about 1/4 of the Card
2 variance. In Grade 7, the Successive score was the only significant predictor, R2=
083, F(1, 48) = 4.33, p < .05, whereas in Grade 9, the Simultaneous score was the only
significant predictor of the Card 2 variance, R2 = 193, F(1,48)=11.45,p < .0l
Finally, in Grade 11, the Attention score was the only significant predictor, R2= .200,
F(1,48) =12.02, p < .01, of our participants performance on Matching Numbers Card 2.

Planned Search was not predicted significantly by any of the processing scores in
grades 3, 7, and 9 (Table 3-4). The simultaneous score was as a significant predictor of
Plafned Search in Grade 5, R2 =119, F(1, 48) = 6.48, p < .05, and in Grade 11, R2 =
129, F(1, 48) = 7.13, p < .05.

To summarize, the Crack-the-Code task was predicted mostly by the Simultaneous
processing score, particularly in the older grade levels, where it explained more than 1/3 of
the Crack-the-Code variance. Matching Numbers Card 1 had about 1/3 of its variance
explained in all other grade levels except in Grade 11; first by Attention in Grade 3, then
by Successive and Attention together in Grade 5, then by Simultaneous and Attention
together in Grade 7, and, finally, by Simultaneous in Grade 9. Attention was a significant
predictor of Matching Numbers Card 2 in three of the five grade levels targeted; Successive
was a significant predictor in grades 3, 5, and 7, after which it seemed to lose its predictive
value. Planned Search scores were for the most part not predicted substantially by the three

processing scores.

In general, attention and simultaneous and successive processing seem to be
relevant cognitive correlates for performance on Crack-the-Code and Matching Numbers,
but not necessarily for Planned Search. The coding and attention demands for Planned
Search are more limited than for the other two tasks, so in retrospect this result is not
surprising. What the relevant cognitive correlates for this type of visual search tasks are

remains to be seen.

one grade level to another? The disappearance of the Successive processing score as a
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significant predictor of Matching Numbers Card 2 in the older grade levels would seem to
suggest that compared to the younger participants, Grade 9 and Grade 11 students
approached the task in a qualitatively, rather than quantitatively, different manner. Perhaps
planning development in this task consists of developing better methods for solving the
task rather than becoming more efficient in applying the same method. For example, in
Matching Numbers Card 2, the younger participants may try to compare the whole 4 and 5
digit numbers, whereas the older participants may notice that comparing only parts of these
numbers is more efficient and places less strain on memory. This would explain why
Successive processing, which was assessed by two memory tasks, would lose its
importance as a predictor.

In contrast, it is possible to suggest an alternative interpretation of planning
development for Crack-the-Code and Matching Numbers Card 1 which were predicted
more consistently by the same processing score (Simultaneous and Attention, respectively).
Perhaps what develops in these tasks is the participant's competence in applying a
particular method. The change is quantitative rather than qualitative. Although this
interpretation appears reasonable for Matching Numbers Card 1, which is a simple and
quickly executed task, the same cannot be said for Crack-the-Code, which is a complex
multistep planning task. The amount of information that a participant has to process and
integrate intc a functional schema is considerably higher in Crack-the-Code than in any
other planning tasks used in this study. Therefore it is understandable that it would
correlate significantly with encoding factors such as simultaneous and successive
processing. Why this is not so in Grade 3 is more difficult to explain.

Table 3-4 gives impetus to another question: How distinct is Matching Numbers
Card 1 from the Receptive Attention task if it is predicted by i_t rather consistently? While
part of the common variability may simply result from the fact that they are both timed
tests, it is not likely to explain all or even most of the shared variance (after all, Planned
Search is also a timed test and it was not predicted significantly by the Attention score). On
Matching Numbers Card 1, the participant has to find two matching numbers (1 1o 3 digits)
in a row of 8 numbers of the same length. In Receptive Attention, the participant has to
decide whether two pictures given as a pair match, either on the basis of their simple
taxonomic category (trees, fruits, flowers, birds, houses, or human faces), or on the basis
of their appearance (i.e., do they look the same). Both of these tasks require resistance to
distraction and control of impulsivity, as well as shifting attention from one target to
another. The participant may also scan the rows on Card 1 in the same manner to which
the rows on Receptive Attention are scanned (one at a time from left to right). In this case,
however, the working memory requirements for these tasks seem to differ. Card 1
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previous numbers, whereas the only working memory requirement of Receptive Attention
is the decision criteria given in the beginning of the item (either the same name or the same
appearance). The other possibility is that the participant may decide to scan the row of
numbers differently than from left to right, for example, starting from the middle or going
back and forth. Particularly in Card 2, these alternative scanning methods should be more
prominent as the length of numbers to be compared increases. While Card 1 certainly has
commonalities with Receptive Attention, we believe that these differences are sufficient to
Justify our categorization of them as planning and attention tasks, respectively.

It should not be overlooked, however, that all planning measures include attention,
successive, and simultaneous components, and vice versa. The answer is not to look for
“pure” measures of planning; instead, we should look for tasks in which the planning
analyses should not be used as sole determiners of what tasks measure for example
planning, together with task analyses they do provide important information regarding what
tasks can be reliably labeled as planning, attention, simultaneous, and successive measures.

Our results also support the earlier findings that suggest that working memory is
generally not a significant predictor of planning performance. In this study, successive
processing was measured by two working memory tasks and in general, it emerged as a

significant predictor of planning only in Grade 5.

data only from one Attention task (with two parts). This may have affected the results and

in future research, more attention tasks should be included.

General Discussion

Our results have direct implications for the assessment of planning. As we
mentioned before, the inclusion of a planning construct into a mode! of intellectual
functioning has theoretical, clinical, and empirical support (Telzrow, 1990). How this
planning is efficiently assessed is the natural follow-up question. We believe that
researchers need to develop standardized planning measures that can be administered and
interpreted. Most planning research has involved errand running, scheduling, or complex
problem solving tasks that simulate real-life planning situations. While these tasks certainly
have greater ecological validity than, for example, the Tower of Hanoi task or the planning
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and in real-life planning tasks important factors such as familiarity and practice may affect
the results.

In contrast, laboratory planning tasks, such as the ones used in this study, offer an
abstracted planning space where the participant has complete control over the necessary
resources and the outcome of the plan (Scholnick & Friedman, 1993). Assuming that
people do plan in these situations, their performance should reflect true variability in
planning skills. But sometimes participants bring their own expectations and goals to the
testing situation, and these have an effect on how they perform (Scholnick & Friedman,
1993). Also, because the goals are provided, one important component of everyday
planning is eliminated, that is, the process of setting a goal. Thus, certain caution is
necessary in interpreting the results of the present study. These results need to be
replicated and fine-grained analyses of the process of planning as it develops in performing
these tasks is necessary — this is the topic of our current research.

Our results suggest that different tasks have different discriminating values for
different age groups. This is not surprising, given that Scholnick 2nd Friedman (1993)
suggested that developmental differences are more apparent in experimental tasks that are
novel and computationaily demanding than in tasks that require application of knowledge to
a familiar situation. The question is: When does an experimental task lose its novelty as a
measure of cognitive processing? Figure 3-1 suggests that by Grade 7, the simplest
planning tasks were already beyond this stage, whereas the same was not true for more
complex tasks. Thus, simpler tasks would have limited value in diagnosing diffcrences in
planning skills during the later school years. They may, however, still retain clinical
usefulness as identifiers of gross planning deficits, an issue that was not addressed in this
study.

The most complex planning task, Crack-the-Code, did not differentiate between the
three younger grade levels. There are at least three possible explanations for younger
participants' poor performance on this task: (1) They were incapable of formulating a
functional plan; (2) they were capable of formulating a functional plan but failed in
applying it; or (3) the task failed to elicit a planning response in the first place. Preliminary
data from think aloud protocols from Grade 4 and 6 students solving the same task (Parrila
& Das, 1995) suggests that in most cases, the last explanation is not accurate. Students do
produce plans to solve the problem but these plans are either insufficient or their application
fails.

Our second question dealt with the uniformity of the planning construct. As
expected, planning tasks did not load on one factor and Crack-the-Code seemed to have a
considerable distance from the other planning tasks. The two planning factors were
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intercorrelated; after all, they are assumed to measure two different sides of the same entity
— cognitive planning. Thus, our conceptualization of action- and operation-planning was
partially supported. The three level model of planning has, as suggested in this article,
intuitive value in attempting to integrate within one framework diverse findings in the
planning literature. Whether it has clinical or educational applications remains to be seen.
Developmental data presented in this study suggests that operation-planning develops, and
is entrenched, before action-planning. Similarly, it may be possible to identify subgroups
of children with developmental disabilities on the basis of their performance in operation-
and action-planning tasks (see e.g., Snow, 1992). If operation-planning develops earlier,
then tasks assessing it should be less sensitive indicators of planning deficiencies than
action-planning tasks. Results from a study comparing the performance of two groups of
children (with and without mental retardation) on an action-planning task (shopping in a
Carberry, 1994). Children without mental retardation were significantly better planners
than mentally challenged children (mean 1Q 49.3). However, no significant differences
were found in the variable (item location strategy) that can be conceptualized as an
operation-planning subtask within an action-planning task. This suggests that mentally
challenged children were capable of utilizing operation-planning but not necessarily action-
planning.

Activity-planning, the third level in our model, is the most difficult to study.
bright and capable problem-solver but time after time ends up making wrong choices in his
or her personal life. Thus, it seems that at least in some cases, problem solving ability
(operation- or action-planning) does not correlate with activity-planning. We also have
some preliminary empirical support for this view. Nurmi (1989), for example, asked 11-
and [5-year-old adolescents about their future hopes and how they intended to realize

responses displayed. Both groups were clearly interested in their future and had plans.
Also, level of planning increased with age but this measure did not correlate significantly
with the logical reasoning task in either age group.

If the three levels of planning can be differentiated, then the question is: Are we
teaching relevant planning skills in school to develop all levels of this complex cognitive
activity? Mathematical and science problem solving and composition writing have
traditionally been avenues for teaching planning skills. All of these areas, while
undoubtedly important, seem to concentrate on operation- and action-planning. Activity-
planning may be difficult to teach directly but it seems likely that the better conceptual



51
knowledge and understanding of social reality one has, the easier it is to come up with a
plan that has chances of taking one towards the important goals rather than away from
them. But again, we need to know more about activity-planning before we can say
anything definite. What makes a good activity-plan? What are the cognitive, as well as
noncognitive, correlates of activity-planning? These are only some of the questions that
should be addressed in future studies.

The third section of our study tested the significance of attention, simultancous, and
earlier work (Parrila et al., 1994) we found that significant predictors changed as a function
of task. Not surprisingly, current results showed that significant predictors changed both
as a function of age and as a function of the task. Development of planning is not only
quantitative but also qualitative and, accordingly, different components should not be
expected to correlate equally in different ages. Also, planning is often context sensitive and
in the correlations and significant predictors of planning performances displayed in Tables
3-3 and 34,

Planning, attention, simultaneous, and successive processing arc closely
interrelated in Luria's (1973) model of brain functioning. They are also to some extent

the functioning of the attention-arousal and coding units, the reverse can also be true. For

example, the same information can be coded in many different ways and how one manages

visually challenging task.
It is likely that attention, and simultaneous and successive processing would not

have such an impact, at least directly, on activity-planning. The PASS processes are

should directly relate only to action- and operation-planning. Our conceptualization of
planning in three levels emphasizes the richness and complexity of planning behaviors,
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well as personal values such as ‘one should be fair’ or ‘one should share’ should be
studied as independent variables in activity-planning together with more cognitive
variables. To develop appropriate measures for activity-planning, then, remains a

challenge for future research.

the cultural context of cognitive planning, and indeed of cognitive processing represented
by the tasks in this study. Although in our present study the sample consisted of students
in India and in the previous study (Parrila et al., 1994) the sample consisted of students in
Finland, we observed very similar patterns. Generally speaking, the cognitive processes
measured by the tasks in our two studies — and also in several other studies reported by
Das et al. (1994) — fit within a universal context across many cultures. Previous research,
however, has also shown that different cultural groups may approach the cognitive tasks in
different ways. For example, Das et al. (1994) noted that Canadian Native children do not
typically use successive processing, preferring to use simultaneous processing instead. In
contrast, high-caste Indian children seem to prefer successive processing strategies for
solving simultancous tasks. In terms of planning, our results suggest that operation-
planning and action-planning tasks are likely to retain their common and essential
processing characteristics across considerable cultural differences. Moreover, recent
results from a Canadian elementary and junior high school population (Parrila & Das, in
preparation) display the same two-factor structure for planning tasks evident in the present
study. Cultural influences on activity-planning, however, are likely to be considerably
greater due to the inherently social nature of this type of planning. Also, social and cultural
influences in planning are more likely to be apparent in tasks that simulate real-life planning
situations than in laboratory planning tasks such as those used in this study.

Our second comment concerns the *applied’ use of the cognitive tasks, especially,
the planning tasks. The planning concept and tests are related to real-world problems.
Planning has practical value not only for the understanding and assessment of cognitive
abilities of developmentally normal and deviant children, but also for designing prescriptive
remedial training. Some of the other contexts in which planning has been used as an
explanatory concept include children's writing of compositions and managers' success in
vigilant decision-making (see Das et al., 1994). Planning as it is conceptualized in our
tripartite model permeates all purposeful and goal-oriented behavior. We believe that future

research will expand its applications as it advances the concept of planning.
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IV. DEVELOPMENTAL CHANGES IN THE PLANNING PROCESS:
A THINK-ALOUD STUDY

Introduction

This study focuses on developmental and individual differences in the planning
process as displayed by students from Grades 4, 6, and 8 in response to a novel and
abstract task. That children reason differently within an age level or even between two
trials of the same task has been demonstrated in several studies (see e.g., Lemaire &
Siegler, 1995; McGilly & Siegler, 1989; Siegler, 1995). The current study expands on
these findings and utilizes both verbal and computer protocols to examine the development
of planning skills.

The term planning has been used to denote a multitude of behaviors that, overtly,
may not seem to have much in common. As a consequence, the definition of the term has
become vague and two theorists using the terms “planning™ or “plan” may not share the
same focus (Scholnick & Friedman, 1987). For example, Newell, Shaw, and Simon
(1959) viewed planning as problem solving in a simplified, abstracted problem space,
whereas for Hayes-Roth and Hayes-Roth (1979), planning consisted of anticipating a goal-
directed course of action. In their integrative review of the conceptualization of planning,
Scholnick and Friedman (1987) identified six components of planning: (1) forming a
representation of the problem, (2) choosing a goal, (3) deciding to plan, (4) formulating a
plan, (5) executing and monitoring the plan, and (6) learning from the plan. For the
purpose of this article, we define planning broadly as a self-organizing reflective activity
that integrates information from external and internal sources to create and exccute
meaningful behavioral responses. When defined this broadly, planning includes such
related concepts as strategic thinking, problem solving, and some forms of exccutive
functioning. Moreover, we assume that the planning process consists of four components,
which are displayed in Figure 4-1.

The planning components in Figure 4-1 — representation, anticipation, execution,
and regulation -— are derived from the neuropsychological view of planning as a frontal
lobe function (Stuss & Benson, 1986, 1987). We believe that these components also
adequately summarize planning as a cognitive function in knowledge-lcan tasks, such as
the one used in this study. The following sections will describe each of the planning

components in more detail.
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Figure 4-1. The four planning components.

Representation

Representation, or understanding, in a multi-step task can be divided into three
interrelated areas: (1) understanding of the initial problem state, (2) generation of the
necessary search methods or strategies, and (3) understanding of the end state or the goal
(VanLehn, 1989).

The main function of the initial problem representation, called a task definition, is to
generate the planner's internal representation of the spatial and causal structure of the task
(Scholnick & Friedman, 1987). In knowledge-lean tasks, the necessary information is
given in instructions and/or a task display and the participant’s task is to represent this
information in a format that maximally supports the solution process. This tends to be a
demanding task for young participants and part of the information necessary to complete
the task may be ignored. According to Scholnick and Friedman (1987), theories of
planning vary according to the attributed possible inadequateness of representation. Those
in favor of “veridical” models argue that representations are faithful to the problem space
but they may be incomplete. In contrast, “idiosyncratic” models suggest that failures in
problem solving result from distortions (rather than gaps) in representation.

A participant can also progress beyond the information provided and engage in
“elaboration” (VanLehn, 1989), or “selective encoding” and “selective combination” of
information (Davidson & Sternberg, 1984). A task definition consists of a set of assertions
that reflect the participants’ current knowledge about the task. Participants can add, delete,
and modify these assertions as they generate more information. Elaboration is a new
assertion that is added to the task definition “without removing any of the old assertions or

decreasing their potential relevance. . .. A new assertion qualifies as an elaboration
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task. Readers familiar with the math and science problem solving literature may find that
the concept of a task definition is relatively close to such constructs as “knowledge
generation” (see ¢.g., Lawson & Chinnappan, 1994) and “conceptual understanding™ (see

e.g., Schauble, 1996).

or can generate, and are used for finding the solution to the problem at hand. Seurch
methods are not provided in the instructions. Instead, participants have to cither create new

(unique) methods particularly suited for this task (based on their task definition) or import

similar kinds of problems. The selection of different methods is a function of which search
methods are available and what the planner's task definition is. If a planner has only one
method available, then this method is used. In contrast, if a planner has several alternative
methods available in his or her repertoire, then the interplay between specific task
constraints and the planner's developing understanding of them will determine which
method is chosen.

Goal representation refers to the participant’s understanding of the desired goal state
and when it is reached. Goal representation is often neglected in experimental studies. The
reason for this is that the goal state may be given explicitly to the planner or it may be casily
recognized, such as in the Tower of Hanoi task. In the Crack-the-Code task, the various

conditions for a correct answer are given in the instructions. The planner has to keep all of
them active and continuously evaluate performance against them. In this sense, the planner

is constantly reconstructing the goal state.

Anticipation

Anticipation is closely related to representation and interaction between these two
components (which are represented in Figure 4-1 by a two-headed arrow) can greatly
facilitate planning. Anticipation in this context refers to the ability to predict the
consequences of a plan or a partial-plan prior to acting upon them. Thus, in its most
elaborate form, it includes the covert testing of plans constructed by the representation
component. A more limited use of anticipation would include evaluating the
appropriateness of a single move before its completion. The main function of anticipation

in a knowledge-lean task such as Crack-the-Code is to minimize erroncous moves and
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decisions. Note that anticipation is particularly important in tasks in which later corrections
are costly and advance planning is emphasized, whereas in Crack-the-Code, which allows
for corrections, the use of anticipation may be deliberately minimized due to its relatively
large cognitive demands.

We should note here that anticipation js not equal to “anticipatory planning.”
Anderson (1983, p. 167) suggested that “if it can be shown that a system reorders a

Execution

Exccution refers to the application of plans in the environment. This can take place
simultaneously with the plan formation or after the plan has been finalized mentally. The
first type of planning is generally referred to as opportunistic planning (see e.g., Hayes-
Roth & Hayes-Roth, 1979) or planning-in-action (De Lisi, 1987; Parrila, Kystijg & Das,
1994; Parrila, Das, & Dash, in press). The second type of planning implies that execution
of a plan is a separate process during which the blueprint or plan is carried out in the
material world. Planning models that adhere to this definition are often referred to as top-
down or anticipatory models. In both cases, execution refers to overt behavior on the
planner's part. Note that in top-down models, it is possible for a participant to construct a

perfect plan in advance but then fail in its overt execution.

Regulation

Regulation refers to a myriad of skills and activities that are responsible for keeping
the planner “on track.” Regulation includes monitoring and controlling of behavior
according to the plan and evaluating the plan and its appropriateness once it is executed or
execution failures and task inappropriate behavior. The second regulatory function,
evaluation, can compensate for the lack anticipation; if there is no anticipation, then the
need for evaluation is greater. In contrast, good anticipation may preempt the need for
evaluation (but not the need for the regulation of behavior), Naturally, the most important
function of evaluation is to detect when the goal is reached. The success in goal detection,
in turn, depends directly on the representation of all the rules and conditions of the task that
the goal has to meet. Hence, as also noted by Scholnick and Friedman (1987), the failures
in evaluation can result from inappropriate standards as well as inaction (lack of

evaluation).
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We assume that the planning process in knowledge-lean multistep tasks, such as
Crack-the-Code, proceeds as a continuous cycle of refining representation, anticipating
outcomes, executing plans and subplans, evaluating the outcomes, and regulating the
behavior accordingly. The two-headed arrows in Figure 4-1 attempt to capture this
recursive nature of planning. This cycle does not, however, necessarily include all the
components. Anticipation of the outcomes may be missing and the participant may *jump”
into action (e.g., “trial-and-error” behavior) or in the most extreme case, both anticipation
and evaluation may be: missing. Representation and execution, in contrast, have to be
present by definition, althcugh the former may be scvercly limited and thus not very uselui
for the solution process.

We should also acknowledge that the planning model presented in Figure 4-1 is not
adequate to account for most real-life planning tasks. At least three constructs would need
to be added for that purpose: selection of goals and objectives, knowledge base, and
consciousness. In a knowledge-lean task, the goal and knowledge base necessary for
planning are given by definition. In contrast, many real-life planning tasks can have
several different goals, none of which are more or less correct than the others, or the goal
can be constructed and modified by the planner during the process. While this is also
partly the case in Crack-the-Code, it does have a defined correct goal state. Success in real-
life planning tasks often requires that planners have the relevant knowledge and strategics
available to them. For example, older planners can be more successful because they know
more about the task at hand, about planning in general, and about their own strengths and
weaknesses as planners in particular. Moreover, real-life planning skills are often learned
from more competent planners, as has been suggested by Vygotsky and his coworkers
(e.g., Levina, 1981), and more recently by Goodnow (1987) and Rogoff and her

individual's activities, actions, and operations (Farrila et al., in press). Sperry (1993)
conceptualized consciousness as a determining force of mental activities, as opposed to

the extension of planning to incorporate consciousness will make it easier to understand
those forms of planning that are guided by one's life goals. Even in childhood, planning
can be guided by a child's self concept. For example, the statement “I am a bookworm like

statement “I will be like Wayne Gretzky”. Recent interest in improving children's self-
esteem in order to better their academic performance is another illustration of the importance



of consciousness in explaining, justifying, and guiding children's activity.

Development of Planning

Not unlike many other areas of the developmental literature, studies on planning
development have focused far more on identifying general trends or specific group
differences than producing more detailed descriptions of individual differences and the
mechanisms of change. Accordingly, we seem to have more knowledge about the
problems that school-age children learn to solve at different age-levels than we do about
how they solve these problems, or how they learn to plan. We know, for example, that

some components of planning such as the ability to span temporal separation between two

toward it are already apparent during infancy (Diamond & Goldman-Rakic, 1983, 1985,
1986; Willatts, 1984, 1990). Most researchers, however, have expressed some doubt
associated with the development of the capacity to manipulate mental representations and to
regulate behavior verbally and hence, it is not expected to appear until later in ontogenesis
(see e.g., Levina, 1981; Luria, 1973; Piaget, 1963).

As children's language skills develop, they are increasingly able to both initiate and
inhibit activities guided by internal speech. Preschool and kindergarten children are capable
of devising and executing simple plans (see e.g., Casey, Bronson, Tivnan, Riley, &
Spenciner, 1991; Fabricius, 1988; Gauvain, 1989; Haake, Somerville, & Wellman, 1980;
Klahr & Robinson, 1981; Wellman, Fabricius, & Sophian, 1985), particularly if these
plans are based on their knowledge of familiar events (Hudson & Fivush, 1991) and are

skills; in other words, they have a preliminary conceptual understanding of what planning
is and when it is needed (Gauvain, 1989; Kreitler & Kreitler, 1987).

Planning skills seem to develop particularly rapidly during the school years.
Children learn to apply their skills in planning to a broad range of tasks. By age 8, for
example, children learn to complete tasks such as simple forms of Tower of Har:oi (Klahr
& Robinson, 1981; Welsh, Pennington, & Groisser, 1991), mazes and errand running
tasks (Gardner & Rogoff, 1990; Gauvain & Rogoff, 1989; Pea & Hawkins, 1987), and
Delayed Alternation (Levin et al., 1991). By age 10, children should be proficient in the
Wisceonsin Card Sorting task (Kirk & Kelly, 1986; Levin et al., 1991; Welsh et al., 1991),
the Rey-Osterrieth Complex Figure task (Kirk & Kelly, 1986), and the Matching Familiar
Figures Test (Welsh et al., 1991). Development of planning skills, particularly in more
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complex and demanding tasks, may be an especially prolonged process that continues well
into adolescence and beyond (see. e.g., Becker, Isaac, & Hynd, 1987; Dreher & Oerter,
1987; Levin et al., 1991; Parrila et al., 1994; Passler, Isaac, & Hynd, 1985; Pitt, 1983;
Welsh et al., 1991).

Whenever qualitative changes have been hypothesized to explain the observed
quantitative changes in performance levels, these have more often than not been ad hoe
additions rather than variables that were the focus of study. Also, such confounding

questions as “Can children apply a successiul strategy or plan if they posscss one?” have

by Hudson and Fivush (1991) with preschool age participants. In this case, studies
concentrating on the end product would provide a more negative picture of children's
planning skills than studies concentrating on the process of planning.

that few researchers have agreed on their definition of planning or what core components

developmental description should include (see also Friedman, Scholnick, & Cocking,

results from different studies can seldom be reliably compared.
In what follows, we will briefly review selected studies that have provided

possible, we will also explicate what predictions regarding the results of this study were
made on the basis of these results. According to Ellis and Siegler (1994), the development
of problem solving in knowledge-lean experimental tasks, such as Crack-the-Code,
follows a different course from tasks with which children have extensive experience. In
accordance with the focus of this study, we will mainly review studies that have used
knowledge-lean tasks, such as the balance scale task and Tower of Hanoi, and
confounding issues such as knowledge base or the effect of schooling and other kinds of

social interactions are not dealt with here.

often results from children building a better representation of the task. A good
representation of the problem and the information provided is as veridical and
encompassing as possible (Ellis & Siegler, 1994). Siegler (1991, p. 285) suggested that

“how well children encode critical inforination in the task and how well they can use the

problems.” Thus, the first condition for forming a functional task definition is that the
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participant encodes the key structural features of the task. In terms of the Crack-the-Code
task, Parrila ct al. (in press) demonstrated that school-age participants' simultaneous coding
(sce e.g., Das, Naglieri, & Kirby, 1994) skills predicted significantly the accuracy of their
performance on Crack-the-Code. Better encoding of information has been shown to affect

Rifkin, 1979), insight problem solving (Davidson & Sternberg, 1984), Tower of Hanoi
(Klahr & Robinson, 1981), and balance scale (Siegler, 1976). Better encoding, however,
does not amount to faster encoding. Instead, several studies have shown that higher
performing subjects may actually spend more time generating and manipulating information
at the beginning of the task than lower performing subjects.

Also, the answer does not seem to be that better encoders can store more
information in memory. Pea and Hawkins (1987), for example, found that a short-term
memory task (Digit Span) did not have a significant correlation with the frequency of “high

level planning decisions™ when measured in two groups of school children (8 to 9 year-

reported that a successive processing factor defined mostly by memory tasks had few
significant correlations with planning tasks. The correlation between Crack-the-Code and
the successive factor was .13 after the effect of age was controlled for. Parrila et al. (in
press) found that although Crack-the-Code correlated significantly with a successive
processing score (defined by 2 memory tasks) for Grades 5,7, 9, and 11 in a sample of
East-Indian students, it was a significant predictor of planning scores only for Grade 5.
For other grade levels, a simultaneous processing score correlated even higher with Crack-
the-Code and thus was entered first into a regression equation.

The above results suggest that rather than the “size” or span of working memory,
into working memory. Bidell and Fischer (1994) proposed that developmental changes in
the Tower of Hanoi task can be explained within the framework of the dynamic skills
model. In the dynamic skills model, change in working memory capacity depends more on
the nature of the structural relationships among the parts of representation than on
quantitative increments in the amount of information stored. The emergence of new forms
of structural relations in working memory is explained by an active process of coordination
of component representational skills. The coordination of component skills leads not only
to increased information capacity but also to qualitative changes in the ability to organize
information on-line ( see also Karmiloff-Smith, 1992, for a related argument).

Davidson and Sternberg (1984; Sternberg, 1988) suggested three processes that
could enhance encoding and manipulation of information in working memory: selective
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encoding, selective combination, and selective comparison. The first two are relevant in

the context of knowledge-lean abstract tasks. Selective encoding involves differentiating

immediately obvious in a problem. Selective combination, in turn. involves synthesizing
originally unrelated (or at least not obviously related) picces of infornution into a functional
whole that elaborates the representation. Thus, selective encoding involves deciding what
information is relevant, and selective combination involves taking this relevant information
and combining it into a more functional representation of the task and its constraints.
Davidson and Sternberg (1984) also demonstrated that gifted children outperformed regular
children in both of these representational skills. If this distinction also captures
developmental differences in Crack-the-Code, we would expect 1o see between grade
differences in our sample in both selective encoding (i.c., older children will verbalize less
irrelevant information and more relevant information) and selective combination (i.c., older
children will verbalize more elaborations on encoded information).

The second main component of representation is search methods or stritegies. In
general, older children have been found to use more advanced strategics than younger
children. This not-so-unexpected result has been verified with several knowledge-lean
tasks such as balance scale (e.g., Siegler, 1976), Tic-Tac-Toc (Crowley & Siegler, 1993),
Mazes (Gardner & Rogoff, 1990), and Tower of Hanoi (Borys, Spitz, & Dorans, 1982),
One reason for the better performance of older children is that they are generally belicved to
have more strategies in their repertoire, which they can also use more Nexibly than the

younger children (see e.g., Gardner & Rogoff, 1990).

fewer errors on the Tower of Hanoi task, the type of errors were considerably similar
across ages. She interpreted this finding to mean that when a participant’s cognitive system

was overloaded with depth of search requirements, he or she relied on “simpler procedures

conditions” (Welsh, 1991, p. 72). When successful performance on the task demanded
longer sequences of moves to be covertly hypothesized and tested prior to action, subjects
who could not meet these demands characteristically returned to using “fall buck rules”
(Siegler, 1981). These fall back rules, or backup strategics (Sicgler & Shipley, 1995), in

turn, are the same strategies that younger participants use most of the time. Thus, even

one fully functional method (Siegler, 1995). According to Siegler and Shipley (1995),
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prolonged use of multiple strategics has been verified in such diverse domains as addition,
multiplication, spelling, time telling, serial recall, number conservation, and spatial
reasoning, among others. This variability in children's thinking exists at every level:
between children of different ages, between different children of the same age, within an
individual solving the same problem twice, and even within an individual on a single trial.
If variability is a defining feature of developmental changes in search methods, then we
would expect that while older participants in general may use better search methods and
solve more Crack-the-Code items correctly, many of them will at least sporadically use less
effective scarch methods. Younger participants, in contrast, are expected to use less
effective methods more often and advanced methods only sporadically. These expectations
are in accordance with “the overlapping wave model” of development suggested by Siegler
(1995).

Du  * wment of anticipation. Predicting the consequences of future actions and
modifying the actions accordingly is a cognitive task of considerable difficulty for young
participants. Barring the effects of direct learning, one could argue, in fact, that such
activity is only possible after abstract symbolic thinking develops. VanLehn (1989) seems
to share this point of view in suggesting that young children's plans are usually made close

in time to the action and incorporate only a few actions. Klahr (1978) also noticed that his

implementing them. Instead, they broke the rules of Tower of Hanoi and attempted to
reach the goal directly. Klahr continued that only the most advanced older children (6-year-
olds) had the ability to mentally generate subgoals and to utilize strategies that temporarily
moved the child further from the goal. This last point is a clear indication of anticipation,
and Klahr's account of it suggests that some 6-year-olds are already capable of utilizing it.
Accordingly, we expect that all our participants are capable of anticipation. This does not
mean, however, that they necessarily will utilize this approach. Anticipation plays an
important role particularly in planning situations in which potential errors are costly. This
is not the case in Crack-the-Code and therefore ‘we expect that the use of anticipation will
reflect stylistic variations in planning rather than developmental differences in the capacity
to engage in anticipation. Thus, within-group differences in anticipation can be as
significant as between-group differences.

Development of execution skills. By using an easier task in which children could
rely on their existing general event knowledge, Hudson and Fivush (1991) found that
while 4-year-olds still experienced problems in executing two-step plans, 5-year-old
children were able to construct and successfully execute plans with two separate goals that
had to be coordinated. Thus, if our participants use limited “local” plans (one- or two-
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steps), then the execution of these plans should be relatively easy for our sample despite the

possible, however, that our participants build complex multistep plans prior to executing
them (that is, they engage in complex anticipatory planning). Such planning demands a
large working memory and flexible attentional strategies. Consequently, execution failures

should be more prevalent.

of regulating his or her behavior according to the plan. The first steps of this process are
often equated with the development of verbally mediated regulation of behavior.

The directive function of speech is essential for the development of verbally
mediated self-control. Verbally mediated self-control is the capacity to comply with another
person's commands and directives in the absence of the person (Diaz, Neal, & Amayi-
Williams, 1990). It is a necessary precursor of self-regulation that, in turn, can be defined
as “the child's capacity to plan, guide, and monitor his or her behavior from within and
flexibly according to changing circumstances” (Diaz et al., 1990, p. 130). Diuz ct al.

(1990) maintain that in self-control, the behavior is produced in response to internalized

into hierarchical, functional systems that can be adjusted to changing goals and situations.
Furthermore, behavior is now guided by self-formulated plans and goals, and aspects of
the environment are used as tools and mediators to attain the goals.

Diaz et al.'s (1990) definition of self-regulation is similar to the regulation function
that we have defined above. Several authors have saggested that the origins of self-
regulation are social and are internalized during the first years of life (sce e.g., Levina,
1981; Schubert, 1983; Vygotsky, 1978). Levina, for example, argued that the regulative
function of children's own speech also appears first in the social, or “interpsychological”
(Vygotsky, 1978), level. In other words, children will try to regulate other's behavior with
the help of speech before their self-regulative capacities emerge. She suggested further that
the child's early behavior is more likely to be influenced by factors in the external

environment than by a conscious goal-directed plan. For Levina, speech is the means by

Vygotsky, 1978).
The capacity to regulate one's behavior verbally is, however, not a sufficient

condition for efficient regulation of the planning process as it was defined above, Young
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children can still experience difficulties in evaluating and monitoring their planning process.
According to Scholnick and Friedman (1987), cognitive science models of regulation
generally suggest that the burden of planning comes from resource management and
allocation of attention between components. As components of planning become more
practiced and automatized, they require less effort and free resources from action for
monitoring and evaluation. Furthermore, accurate evaluation, which is a necessary
condition for efficient regulation of behavior, may be missing due to inappropriate
standards. In other words, the goal representation is incorrect.

We expect that all our participants are capable of regulating their behavior according
to the plan. However, since the goal state in Crack-the-Code is difficult to detect, we

expect that evaluations will not necessarily be successful.

Purpose of the Study
Given the knowledge-lean task and rich data (computer and think aloud protocols)

that allow us to detect both between-group as well as within-group differences, the main
questions were: (1) What developmental differences can we detect in children's planning
processes across the three grade levels targeted? and (2) How diverse are children's
preferred planning methods and approaches across, as well as, within the grade levels?

The task, Crack-the-Code, is a complex planning task that is open to several
different approaches. In contrast to tasks such as Tower of Hanoi, the participant does not
have to generate complete move sequences in advance in order to solve Crack-the-Code.
Rather, Crack-the-Code is open to both planning approaches (opportunistic planning and
advance planning) that are frequently mentioned in the planning literature and thus allows
for more stylistic variability. Moreover, since Crack-the-Code requires participants to
manipulate colored chips on the computer screen, it provides ample visual and kinesthetic
feedback and allows participants to make corrections at any point of their performance
based on their utilization of this feedback. Thus, determining the correct solution occurs
during the entire solution process rather than relying solely on the completeness of the
participant's advance plan.

To separate developmental and individual differences in planning skills from the
successful application of plans, we wanted to collect both procedural and product data.
Since children naturally talk to themselves while engaged in difficult tasks, collecting verbal
protocols should be a viable means for obtaining procedural data. The accuracy of the
solution and performance time, in turn, will provide information about the final product.

We should note that neither development of the four planning components nor
developmental changes in the Crack-the-Code task have been explored in this detailed
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manner before. Therefore the result section will be mostly exploratory in nature and we
cannot know beforehand whether all reported scores or scoring procedures will turn out to
be informative. Nevertheless, we believe that due to its complexity, Crack-the-Code relies
especially on late developing abilities such as flexible management of one's resources and
successive refinement of one's hypotheses and task representation. Thus, this task should
be a good indicator of individual differences in planning skills during the school years and

beyond.

Method

Farticipants

They attended an elementary school (Grade 4 and 6 participants) or a junior high school
(Grade 8 participants) serving a middie and upper middle class suburban residential area in
Edmonton, Canada. Our previous studies (see e.g., Parrila ct al., in press) have indicated
that the most significant changes in Crack-the-Code take place after Grade 4.

All participants volunteered to participate in the study (written permission was
obtained from their parents or guardians), spoke English as their first language, and had no
known organic, educational, language, or emotional problems. The participants were
matched on the basis of their scores in a district-wide Language Arts Achievement Test
(LAAT), Math Achievement Test (MAT), and Canadian Cognitive Abilities Test (CCAT).
CCAT is a group-administered test that has three scales: verbal, nonverbal, and
quantitative. The score used in matching was the mean of the three scale scores. All the
tests are administered in most schools in this district at the end of Grades 3, 6, and 9.
Thus, we had results from Grade 3 for all of the participants. Table 4-1 displays the
means, standard deviations, and the F values for the main effect of Grade on these
variables.

The main effeci of Grade was significant for the Mathematics Achicvement Test,
F(2,25)=3.44, p = .048. Post hoc pairwise comparisons (Scheffé test with significance
indicate that on this test, Grade 8 participants performed better than participants in the two
other grade levels. Thus, our initial matching was not completely satisfactory and these
differences should be considered when interpreting the results.
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Table 4-1
The Mean Scores in Language Arts Achievement Test (LAAT), Mathematics
Achievement Test (MAT), and Canadian Cognitive Abilities Test (CCAT) for Grade 4, 6,
and 8 Participants. _F values Show the Main Effect of Grade
Grade 3 District Wide Test Results

Grade 4 Grade 6 Grade 8§
(N = 10) (N = 10) (N=9)t F
LAAT?  Mean 51.80 49.80 54.63 1.25
(SD) (5.47) (5.83) (8.12)
MAAT2  Mean 45.20 44.60 48.00 3.44*
(SD) (2.90) (2.50) (3.25)
CCATP  Mean 114.97 111.47 111.56 .83
(SD)  (4.94) (7.24) (8.18)

Note. TN =8 for MAAT and LAAT scores due to 1 missing value
adf(2,25); bdf(2,26); *p<.05.

Task
The Crack-the-Code task is based on the popular Master Mind game and the paper

version of it has been used to measure planning in several previous studies (see e.g., Das,
Mensink, & Janzen, 1990; Parrila et al., 1994; Parrila et al., in press). In the Crack-the-
Code task, participants are shown two to five information lines that contain three to five
colored disks in a particular order. They are also shown a label indicating how many of the
colored disks are in their correct places in each of the information lines. The participant's
task is to integrate information from all of the information lines and place her or his set of
colored disks on the answer line in such an order that all of the information lines are true.

The version used in this study consisted of six items presented on a computer
(Macintosh 1Isi with 7 X 10 inch color monitor). Appendix A contains a black-and-white
reproduction of the original items. As Appendix A shows, the six items can be divided into
three pairs of formally similar and progressively more difficult items: Items 1 and 2, Items
3 and 4, and Items 5 and 6. In the first two items, two information lines and three colored
disks were used. Items 3 and 4 consisted of four disks and four information lines, and
Items S and 6 had four disks and three information lines. Items 3 and 4 can be solved
simply by noticing that the “2 correct” information line has two matching disks with one of
the two “0 correct lines”. Despite having less information lines, Items 5 and 6 are more

difficult because they have less matching placements in different information lines, and thus
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Information lines were presented on the computer screen one on top of the other,
slightly to the right of the center of the screen. Paﬁitlpnnm were asked to place the set of
colored disks, which were located randomly on the left side of the screen, in their correct
places in the answer line at the bottom of the screen. By using the mouse, the disks could
be dragged anywhere in the screen, provided that the participant had not terminated his or
her performance by clicking the “Done” button at the lower left corner of the sereen. The
time limit for each item was three minutes.

For exampla, Item 5 contained the fDI!Dwinﬁ information lines (see Appendix A):

Participan[s were pr@vided thh four disks (one of each color) and asked to place
on the answer line. The only possible order of disks that would be consistent with the
information lines is: White, Blue, Black, Yellow. An effective way of reaching this

solution could, for example, include (a) noting the const:aints (c. g.. Blue cannot be correct
in Line 2 since it is in the same place in Line 3, which has 0 correct), (b) building a
hypothesis (e.g., Yellow, White, or Black is correct in Line 2 — try Yellow first), (¢)
testing and evaluating the hypothesis (e.g., if Yellow is correct in Line 2, where would the
other disks go — there is no legitimate place left for White, so Yellow cannot be correct in
Line 2), and so on, until the correct answer is found.

The computer recorded each participant's performance and provided the following
information:

(1) The correctness of the final answer;

(2) The sequence in which the disks were moved, as well as the starting and

ending p@int of each move;

termination of the perfcrmance)z
(4) First-move l:ite'ncy (the time between the expasurc of the task and the initiation

latencies (LhE time between placmg one disk by rcleasing the mouse and miu;uing
the next placer: » .iicking the mouse on the new disk);

(5) Move duratio:., (i time spend moving the disk on the screen); and

(6) Evaluation time at the end of the task (the time between placing the Jast disk and

terminating the performance by clicking “Done™).
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Procedure
Participants attended one individual testing session lasting from 20 to 40 minutes.
The testing took place during school hours in a private room in the participants' respective

cxample of thinking aloud while multiplying 6 times 12. Participants were then asked to
multiply 4 times 13 while thinking aloud. For participants who had difficulties
understanding the task or producing verbal output, a second practice task was used. The
idea of not asking participants to explain to the experimenter what they were thinking was
emphasized and instead, participants were encouraged to “say out loud” anything that
comes to their mind. If participants were silent for a period of 10 seconds, they were
reminded to “keep talking”.

Think aloud instruction was followed by the Crack-the-Code task instructions.
Testing sessions included three sample items to ensure that all participants knew what was
expected of them. Before and during the administration of the sample items, participants
received i+ -uction in thinking aloud.

After each item, participants were provided feedback regarding the correctness of
their answer. The purpose of this was to ensure that all participants would understand
what was required of them and to minimize the probability of them building alternative
representations of the required end result.

All testing sessions were audio tape-recorded and transcribed verbatim. The

transcriptions were then used in the data analyses that are described in more detail below.

Results

Results are reported and discussed below in three sections. The first section reports
developmental differences in “product measures™ obtained from computer protocols. These
include more traditional performance measures such as accuracy and speed of solutions, as
well as potentially meaningful indicators of participants' planning process such as move

The second section focuses on “error analyses”. Error analyses include both
incorrect moves and generated answers, as well as corrections made during the
performance.

The third section analyzes participants' verbal protocols and reports on “process
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properties”. The first part of this section describes the central within-group and between-
group differences at various stages of the planning process. The second part reports on
d;fferent search methods that our participaﬁtf; used.

and relates them points made in the mtmducuam In contrast, the purpose of the gcncml

discussion is to unite information obtained in prcvicsus; sections into more qualimtivg

descri
“prot Dtyplcal“ p]dﬂmnﬁ approm:hes are identified and describcd,
Product Measures
In this section we will rep@ft first belweenmmup dif'ﬁ:renceﬁ in perj&:mzmwe

groups in our study. The second part of this section fcnr'fust;s on the extent to which
participants’ engage in advance planning as opposed to planning-in-action. Advance

planning should be reflected in the amount of time that parﬁcipants spcnd at the hg:ninning

measure, termed ﬁrst——nzm‘e Iatgncy; shcxuld indicate the extent Dt""glubal advance
planning. It is also possible that a participant may engage in a more limited form, or
“local”, advance pl ng, later in the performance. This kind of local advance planning
would generally be reflected in increased move latencies in general, and more specifically in
increased move latency/move duration ratios that are sensitive to individual differences in
performance speed. In other words, those participants who plan their moves carefully in
advance should have higher move latency/move duration ratios than those who favor a

11l LIVYE 1dibL 1L

more direct planning—-maac:u@n apprcach. In terms of the four pkmning cnmpcmenm lungcr

careful representation formation and anticipation, althcugh this information alone is not
sufficient to draw such a conclusion.

Two other product measures are also reported below: number of moves and
evaluation time at the end of the item (operationalized as the time difference between placing
the last disk and pressing the “Done” button). Both of these measures can indicate 4 more
controlled and reflective performance, as well as willingness and ability to detect mistakes.
Thus, they can reflect both regulation and representation components.

Unless otherwise stated, product measures were subjected to Multivariale Analysis
of Variance (MANOVA) with the six Crack-the-Code item scores as dependent variables
and Grade (3) as an independent variable. This was followed by separate analysis of
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variances (ANOVA) with the product measure as a dependent variable and Grade (3) and
Correct (2) as independent variables. The latter analyses were not performed for Items 1
and 2 since most participants solved these items correctly. Due to the small sample size,
these analyses are not very powerful. For this reason, the effect size is also reported

whenever p values were marginally significant ( <.10)2.

Accuracy and Performance Time.

The mean number of correctly solved items was 2.10 (SD = .88; range = 1 to 3),
3.50 (SD = 1.27; range = 2 t0 6), and 4.78 (SD = 1.20; range = 3 to 6) for Grades 4, 6,
independent variable and Grade (3) as a dependent variable showed that the main effect of
Grade was significant, F(2,26) = 13.44, p < .001. Post hoc pairwise comparisons (all
post hoc comparisons reported in this section were computed using a joint univariate
Bonferroni test with a significance level of .05) indicated that all differences between the
three grade levels were significant. This was true despite a ceiling effect (one Grade 6 and
three Grade 8 participants solved all six items correctly).

Table 4-2 displays the number of correct answers produced by participants in Grade

4, 6, and 8 on each of the six items.

Table 4-2
Distribution of Correct Answers by Grade and Item

Grade 4 Grade 6 Grade 8
- (n=10) (n=10) _ (m=9)
pass _____pass __pass_
Item 1 7 10 9

Item 2

ltem 3
Item 4
Item 5
Item 6

Hlf‘»J‘ et ™ B RN,
lon o0 v — @

As indicated in Table 4-2, the vast majority of participants solved Items 1 and 2
correctly. These items are formally similar to the final sample item and include only three
disks and two information lines. In contrast, both Items 3 and 4, which include four disks

2 Effect size d = IMean! - Mean2l/[(SD12+8D22)/2}-5
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and four information lines, and Items 5 and 6, which include four disks and three
information lines, were too difficult for most of the Grade 4 participants. Less than half of
Grade 8 participants correctly answered each of these items.

Mean performance times are presented in Tuable 4-3. MANOVA showed no
significant overall differences between the grade levels in mean performance times, 72 =
968, F(12, 40) = 1.61, p =.127. The F values for the main effect of Grade from the
univariate ANOVAs are reported in Table 4-3.

Table 4-3
Mean Performance Times (standard deviations in parentheses) and F value for the Main
_Effect of Grade in the Six Crack-the-Code lrems
7 ) ~ Grade ) )
4 6 8
- (n=10) (n=10) (=9 7 F
Item | Mean 50.03 53.88 50.48 .08
(SD) (25.22) (24.67) (21.33)

Item 2 Mean 50.57 51.50 39.61 1.23
(SD) (12.06) (23.57) (16.83)

Item 3 Mean 68.17 104.37 104.60 2.1
(SD) (23.02) (51.41) (54.47)

Item 4 Mean 82.44 110.77 101.53 .90
(SD) (46.09) (46.58) (52.15)

Item 5 Mean 64.80 89.16 100.91 1.69
(SD) (26.01) (44.41) (57.47)

Item 6 Mean 74.98 £5.86 83.39 21

_ (SD) (32.26) (39.36) (46.46)
Note. df(2,26). No F values were significant at .05 level.

-
L

Table 4-3 demonstrates that Grade 4 participants were faster than Grade 6 or Grade
8 participants on all of the more complex items, although the main effect of Grade was not
significant for any of the items. Post hoc pairwise comparisons found no significant
differences, although for Item 3 the differences between Grade 4 and Grade 6 (d=.91)and
Grade 4 and Grade 8 (d = .87) approached significance, as did the difference between
Grade 4 and Grade 8 (d = .81) for Item 5.

Separate performance time by Grade (3) and Correct (2) ANOVAs were calculated
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interaction. The main effect of Correct was marginally significant, F(1,23)=3.19,p =
087 (d = .76), for Item 6: The correct performances involved more time (mean = 98.24
scc.) than the incorrect performances (mean = 69.41 sec.). The Grade X Correct
interaction approached significance for Item 3; the only correct performance for Grade 4
took longer than the average incorrect performance, whereas the opposite was true for
Grade 8.

In sum, accuracy of performance improved with grade but speed did not. As such,
the speed of performance can be a somewhat misleading measure since it is averaged over
correct and incorrect performances. These results indicate, however, that younger
participants produced and accepted incorrect answers faster than the older participants did.

First-Move Latency and Move Latency/Move Duration Ratio

Table 4-4 displays the mean first-move latencies on the six Crack-the-Code items

for the three grade levels.
Table 4-4

Effect of Grade in the Six Crack-the-Code Irems B

_Grade
4 6 8
(n=10) (n=10) (=9 _F

Item | Mean 8.92 12.52 13.76 .87
(SD) (5.13) (8.36) (10.89)

Item 2 Mean 8.76 18.09 10.82 2.54
(SD) (7.93) (12.26) (8.12)

Item 3 Mean 16.47 27.02 24.31 1.09
(SD) (12.63) (16.49) (20.05)

[tem 4 Mean 15.06 21.85 26.13 .79
(SD) (12.43) (14.35) (28.65)

Item 5 Mean 8.74 14.15 14.51 1.33
(SD) (5.19) (9.36) (10.99)

ltem 6 Mean 12.23 22.31 10.31 2.60
(SD) (8.47) (17.79) (8.26)

Note. df (2,26). No F values were significant at .05 level.
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Table 4-4 indicates that Grade 4 participants had shorter first-move latencies than
the cther two groups for all but one item. MANOVA, however, showed no significant
overail group differences, 72 = .88, F(12, 40) = 1.46, p = .180. Univariatc ANOVAs
produced marginally significant F values for Item 2 (p = .098) and Item 6 (r=.093). For
both items, Grade 6 participants clearly had the largest first move latencics compared to
Grade 4 and Grade 8 participants. The ditference between Grades 4 and 6 approached
significance on ltem 2 (d = .90). For Item 6, Grade 6 was significantly different from both
Grade 4 and Grade 8.

Separate ANOV As for each item showed no significant differences between
correct and incorrect performances in first-move latencies. For ltems 3 to S, the differences
were practically nonexistent. For Item 6, incorrect performances had somewhat shorter
mean first-move latency (12.6 seconds) than correct performances (18.7 seconds) but this
difference was not statistically significant.

A closer examination of the mean first move latencies within cach grade level
indicates that the relationship between the first-move latency and the correctness of the
solution was by no means stable. For Grade 6, for example, correct performances on ltem
3 had a shorter average first-move latency than incorrect performances, whercas the
opposite was true for Item 6. In Grade 8, correct performances had shorter average lirst-
move latencies for Items 3 and 5; the opposite was true for ltem 6, and, finally, there was
no difference between the two for Item 4.

Thus, first-move latency did not predict successful performances, as one may have
expected. This result suggests that the participants either did not engage in “global
planning” at the beginning of the task (i.e., they did not attempt to represent the cntire
solution), or that their global planning was not successful. It is possible, however, that
they engaged successfully in more limited “local planning”, that is, they represented and
evaluated their first one or two placements with respect to constraints at that point. To
assess this possibility, we compared the average first-move latencies for performances that
began with a correct first move with performances that began with an incorrect first move.
Subsequent ¢ tests failed to show any significant differences between the two for Items 3 to
6. Moreover, the largest difference in average first-move latencies between the two groups
was 1.6 seconds (21.8 vs. 23.4), which is hardly a psychologically meaningful difference.
Thus, somewhat surprisingly, first-move latency did not predict correctness of the first
move.

The move latency/move duration ratio was calculated next. Move duration
represents the portion of performance time during which the participants were moving the
colored disks on the computer screen, whereas move latency represents the opposite (i.c.,
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time hetween the moves). The ratio score was assumed to be an indicator of a participant's

participant spent more time planning-in-advance his or her moves. In terms of the four
planning components, high ratio scores may indicate that the participants generate more
information for each step of their performance.

Table 4-5 displays the mean move latency/move duration ratio scores for Grades 4,

6, and 8 on the six items. F value shows the main effect of Grade.

Grade 8 participants were larger than those of Grade 4 participants for all items, indicating

that their planning approach may have been different.

Tablc 4-5
Meun Move Latency/Move Duration Ratio Scores (standard deviations in parentheses) and

F value for the Main Effect of Grade in the Six Crack-the-Code Items

Grade -
4 6 8
(n=10) (n=10) =9 O OOF

Item | Mean 1.45 1.86 2.34 1.38
(SD) (.71) (1.08) (1.60)

Item 2 Mean 1.22 2.12 2.13 2.28
(SD) (.50) (1.23) (1.34)

ltem 3 Mean 1.62 2.62 2.97 1.71
(SD) (r.on) (1.64) (2.20)

Item 4 Mecan 1.25 2.89 2.16 2.09
(SD) (-57) (2.46) (1.82)

ltem 5 Mean 1.17 2.69 2.36 1.28
(SD) (.58) (2.58) (2.85)

Item 6 Mean 1.16 2.58 241 1.99
(SD) (.63) (1.77) _(2.39) _

Note. df (2,26). No F values were significant at .05 level.

Also, post hoc pairwise comparisons indicated that the differences between Grade 4
and Grade 6 approached significance for Items 2, 4, and 6, (d's = .96, .92, and 1.07,
respectively), and the differences between Grade 4 and Grade 8 approached significance
for Items 2 and 3 (d's = .90 and .79, respectively). MANOVA, however, showed that the
effect of Grade was not significant, 72 = .49, F(12, 40) = .81, p = .636. Scparate
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ANOV As for each of the items also produced no significant F values for the main effects of
Correct or Grade X Correct interaction. One reason tor the lack of si anificant 2 values can
be found in Table 4-5: For several items, Grade 6 and Grade 8 standard deviations were as
large as the means, indicating signifi nt within-group differences for this variable. Yet
these results seem to indicate that boti. planning approaches worked cqually well for our
participants.

In sum, Grade 6 participants seemed to be somewhat slower starters than Grade -4
participants, in particular, but few of the differences were significant. Moreover. neither

first-move latency nor move latency/move duration ratio scores seemed to predict correct

actually doing at the beginning of the task? Was their “planning™ activity nonconstructive'?
We will try to answer these questions later with information obtained from verbal

protocols.

Evaluation Time

Evaluation time was operationalized as the time between placing the last disk into its
respective position and terminating the performance by pressing the “Done™ button. Table
4-6 displays the mean evaluation times for Grades 4, 6, and 8 on the six Crack-the-Code
items.

Table 4-6 indicates that older participants evaluated their answers longer than
younger participants. Also, MANOVA indicated significant overall group differences in
Evaluation time, 72 = 1.66, F(12, 32) = 2.22, P =.036. This result, however, is not
entirely representaiive since four participants had one missing value (their performances on
one item exceeded the three minute time limit) and MANOVA climinated all of their
performances. For this reason, F values in Table 6 are from separatc ANOV As with Grade
(3) as a single independent variable for Items 1 and 2, and Grade (3) and Correct (2) as
independent variables for Items 3 to 6. These ANOVAs failed to show significant group
effects, although for Item 3, F value was marginally significant (p = .056). The main
effects of Correct and the Grade X Correct interaction were also not significant for any ol
the items. Particularly large standard deviations (12 out of 18 $Ds were larger than their
respective means) in evaluation times suggest large within-group differences. Morcover,
this measure captures only the evaluation that takes place at the end of the performance.
The possible “on-line” evaluation of individual moves and partial answers that miy be
taking place during the performance is not represented in this measure. We will return to

this in the process properties section.



Table 4-6
Mean Evaluation Times (standard deviations in parentheses) and F velue for the Main
Effect of Grade in the Six Crack-the-Code Items (in Items 3 to 6, the model included
Correct (2) and Grade X Correct)

~ Grade

4 6 8
(n=10) (n=10) (=9 - F

Item 1 Mean 6.23 7.18 13.37 l.1o
(SD) (4.59) (5.14) (18.36)

Item 2 Mean 5.38 5.14 8.72 82
(SD) (4.33) (5.39) (9.73)

Item 3 Mean 4.56 9.02 15.13 3.32
(SD) (5.58) (12.41) (14.95)

Item 4 Mean 6.48 6.25 5.45 .03
(SD) (4.79) (6.47) (6.92)

Item 5 Mean 6.75 [1.30 - 15.66 .32
(SD) (10.14) (12.56; (18.92)

Item 6 Mean 4.84 12.61 12.14 - 1.54
(SD) (5.100 (10.14) (12.33) -

Note. df(2,26)inItems 1 and 2; df (2, 21) in Items 3 and 4; df (2, 22) in ltem 5; and df
(2,23)in Item 6. No F values were significant at .05 level.

Number of Moves

Table 4-7 displays the mean number of moves participants produced for each of the
items as a function of Grade. F value indicates the main effect of Grade obtained from
univariate F tests in MANOVA.

MANOVA showed no significant overall grade differences in the number of moves,
T? = .82, F(12, 40) = 1.36, p = .223. For Item 5, however, the main elfect of Grade was
significant, F(2, 26) = 3.83, p = .035. Post hoc comparisons indicated that Grade 8
participants made significantly more moves for Item 5 than Grade 4 participants did. Also,
the difference between Grade 8 and Grade 6 approached significance (d =.79). For Item
2, Grade 4 participants made considerably more moves than did Grade 8 participants (d =
.83), whereas the opposite was true for Item 3 (d = .85). Neither of these differences,
however, were statistically significant. Individual ANOV As with number of moves as the
dependent variable and Grade (3) and Correct (2) as independent variables showed no
significant main effects of Correct. Grade X Correct interaction was also not significant for
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any of the items.

Tablc 4-7
Mean Number of Moves (standard deviations in parentheses) and F value for the Main

Effect of Grade in the Six Crack-the-Code Items - .

Grade
4 6 8
(n=10) (n=10) (n=9) F

ltem | Meian 4.80 3.80 3.78 .55
(SD) (3.74) (1.62) (.97)

Item 2 Mean 4.10 3.70 3.11 1.52
(SD) (1.66) (1.25) (.33)

Item 3 Mean 4.40 5.80 6.11 1.62
(SD) (.97) (3.15) (1.97)

Item 4 Mean 5.40 6.60 7.11 1.01
(SD) (2.55) (2.27) (3.30)

Item 5 Mecan 5.20 6.00 9.11 3.83*
(SD) (1.48) (2.21) (5.08)

ltem 6 Mean 7.80 5.70 7.33 1.08
(SD) (4.71) (2.16)  (245)

Note. df (2,26) *p < .05.

In sum, many older participants made more moves on most of the items. The

nature of these moves will be the focus of the next section.

Discussion of Product Measures

It seems that the above product measures captured less significant performance
differcnces than one may have expected. Similar to the findings in many previous studies,
older participants solved more items correctly. Their performance, however, was not faster
than that of the younger participants. In fact, the opposite seems to be true for our sample.
This is perhaps mainly because Grade 4 participants in particular seemed to accept their
incorrect answers more readily and were reluctant to replace a disk that had already been
placed. The first point is also reflected in their somewhat briefer evaluation times, and the
second in their somewhat lower number of moves for the more difficult items.

This would seem to suggest that Grade 4 participants either lacked the evaluation

and regulation skills necessary for recursive planning or they simply chose not to use them.
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One of the most simple decision rules that human problem solvers employ is trying to avoid
decisions that undo the effects of previous decisions (sce e.g.. Anderson. 19935 Klahr,
1985). Anderson (1995, p. 250) calls this “repeat-state avoidance™ criterion. It is possible
that reliance on *‘repeat-state avoidance™ criterion reduced the likelihood to evaluate and
make corrections for our youngest participant:.

Our results suggest that not only evaluation but also careful representation of the
situation may have been lacking for Grade 4 participants. Grade < participants exhibited
the Jowest move latency/move duration ratio scores, as well as the lowest first-move
latencies. These variables were assumed to reflect cither more “global™ planning or
generation of more information for each planning step. Neither of these variables,
however, was correlated with correct performances or correct first moves, which may be
the most surprising finding above. It is possible that first-move latency that should reflect
advance planning may instead reflect visuat processing demands of the colorful Crack-the-
Code display. Note that first-move latency does not confirm whether our participants
engaged in global advance planning or explain what type of information the participants
generated to guide the planning process. We will return to these questions later.

Many of the statistical analyses failed to show significant differences between the
three groups. Aggregating scores across formally similar items (Items 1 and 2, Items 3 and
4, and Items 5 and 6) also did not result in more significant differences. Two obvious
reasons for the lack of statistically significant differences are the small sample size and the
relatively large standard deviations for many of the variables. A study with a larger sample
size (but no verbal protocols) is currently being undertaken and should produce more
conclusive findings about the validity of th=se product measures. Large standard
deviations may reflect the use of various different planning approaches within cach group.
If this is the case, then averaging data over different planning approaches, as was donc
above, could have hidden meaningful between-group differcnces.

While only some of the above measures alone produced significant results, taken
together they may indicate some important differences between the grade levels. Grade 4
participants, for instance, were faster than the other two groups on all time measures.
Combined with the fact that they produced fewer correct answers, this indicates that they
probably approached the task in a less reflective manner and did not generate a sufficient
amount of information to guide the planning process. In other words, we could say that
they may have operated in a simplified problem space. Grade 6 participants, in contrast,
were slower than Grade 8 participants in most time measures but also solved fewer items
correctly. This could indicate that Grade 6 participants reflected upon the task more and
generated more information but failed to integrate the information into a functional task
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representation with the most relevant features present. Finally, Grade 8 participants
seemed to have used their time constructively and experienced fewer problems with the

task. Large standard deviations, however, suggest that Grade 8 participants may have used

qualitative information obtained from computer and verbal protocols before these
suggestions can be validated or refuted. This topic will be addressed in the remainder of

the results section.
Error Analyses

In this section, we will describe in detail the number and type of errors participants

commined and corrected during their performances. We expect that error analyses of this

planning process model, participants' representation is indexed by the type of errors that
are made at different grade levels. Good anticipation skills, in turn, should be reflected in
Jower number of committed errors. What errors are later corrected provides information
about the evaluation/regulation component. It is also possible that there is a discrepancy:
Anticipation of errors may be more difficult than evaluation in general, or some particular
kinds of errors may be casier to anticipate than others, whereas at the evaluation stage the
reverse could be true.

Since the vast majority of participants solved Items 1 and 2 correctly without
making mistakes, only Items 3 to 6 were included in error analyses. The number of
committed and corrected errors is reported first, followed by the analyses of what item
constraints, or rules, these errors violated and what violations were later corrected. The
last part of the error analyses focuses on the incorrect answer lines that the participants

accepted. This information may be useful indicator of participants’ goal representation.

The Number of Errors Committed and Corrected

First, the number of incorrect moves was obtained by assessing every move made
by a participant either as correct or incorrect. For this purpose, disk placement was
considered correct when the disk was placed in its correct position on the answer line.
Incomplete moves (when a participant starts a move but does not finish the placement) were
regarded as correct if the correct place for that disk was already occupied by another disk.
Finally, backup moves (when a participant removes a disk that is already placed) were
regarded as correct when a participant removed an incorrectly placed disk.

Since the number of incorrect moves can be directly dependent upon the total
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number of moves, error percentage is reported below rather than the total number of errors.
Error percentage was calculated by dividing the number of incorrect moves by the total
number of moves. Table 4-8 displays the mean error percentage (standard deviations in
parentheses) and the F value for the main effect of Grade on ltems 3 to 6.

MANOVA showed that the main effect of Grade was not significant, 77 = 39, F(8.

3, (p=.069), Item 5 (p =.098), and ltem 6 (p = .074). Tablc 4-8 indicates that on
average, about 60% of the moves made by Grade 4 participants were incorrect. The
respective percentage for Grade 6 was 50% and for Grade 8, only 34%. Post hoc pairwise
comparisons (Bonferroni test with a significance level of .05) showed that the mean error
percentage for Grade 4 was significantly greater than for Grade 8 for Items 3 and 6. and
approached significance for Item 5 (d = 1.20). None of the differences between Grade 4

and Grade 6, or between Grade 6 and 8, were significant.

Table 4-8
The Mean Error Percentage (standard deviations in parenthesis) in Grades 4, 6, and 8.

_Fvalue Shows the Main Effect of Grade

Grade B
- 6 B 8 - F

Item3 Mean .58 49 28 2.98
(SD) (.26) (.32 (.21)

Item4  Mean 44 4] 32 38
(SD) (.31) (.26) (.32)

Item5 Mean .65 .57 .36 2.54
(SD) (.22) (.36) (.26)

Item6  Mean .69 .53 .39 2.88
(SD) _C18) (.36) (24)

Note. df (2,26). No F values were significant at .05 level.

Instead of listing all of the moves, the first row in Table 4-9 displays the total
number of moves that involved placing disks, the second row displays errors in these
placements, and the third row displays subsequent corrections of these crrors for the three
grade levels on Items 3 to 6. Incomplete and backup moves were removed from these
analyses since correcting them is more likely to be based on a new decision rather than
detecting errors in the old ones, whereas the opposite is probably true for the incorrect

placements.
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ANOV As could not be calculated for corrections since both the “best” (no errors
made) and the “worst” (no corrections made) possible performance have the same value of
sero. Instead, a new variable was formed by dividing all participants into three groups (no
corrections, corrects some or all errors, no errors). Likelihood-ratio chi-squares indicated
< .001, and marginally significantly on Item 6, LR(4) = 7.95, p = .09. The main
difference between the groups scemed to be in the “no corrections” and “no errors”
categories. The “no corrections” category indicated that all but two of the Grade 8
participans rone on Item 5 and one on Item 6) corrected at least some of their incorrect
moves. i -ontrast, four to nine Grade 4 participants and four to five Grade 6 participants
accepted all their incorrectly placed disks on Items 3 to 6. The “no errors” category, in

4 for Grade 4.

Table 4-9
The Total Number of Incorrectly Placed Disks and Subsequent Corrections in Different

“Grade Levels in Items 3 10 6 o - -

__ltem3 ltem4 Item5  Trem6 Total

Grade 4  Placed Disks 41 46 46 63 196
Errors 24 21 33 44 122
Corrections 0 6 6 18 30

Grade 6  Placed Disks 48 53 53 50 204

3

Errors 21 21

Corrections 7 I
Grade 8  Placed Disks 51 52 66 59 228
Errors 16 23 33

Corrections 14 __ 14 22 ) 18 68

The differences between the three grade levels are evident in Table 4-9. On
average, Grade 4 participants corrected 25% of the errors they made, compared to 32% for
Grade 6 and 69% for Grade 8. Thus, Grade 8 participants were considerably more likely
to correct their incorrect placements than Grade 4 or Grade 6 participants. In contrast,
Table 4-9 indicates that the greatest difference between Grade 4 and 6 was in the number of
errors committed (122 vs. 101; or 62% vs. 50% of the placements), rather than in the
number of errors corrected. These results indicate that both Grade 6 and Grade 8

participants probably build more veridical representations of the items and/or anticipated
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their moves prior to executing them considerably better than Grade 4 participants. Only the
oldest participants, however, were also able to engage in effective on-line monitoring and
correcting of already committed errors.

An interesting detail in Table 4-9 is the increase in the number of placements,

participants were still unable to successfully evaluate their moves prior to completing them
(most of the placements were still incorrect), they were more likely to detect the single

move errors and attempt a new move. This increased regulation, however, did not resut in

th.at goal represeritation may have been the weakest point in their planning process.

Item Constraints

For any move to be considered correct in Crack-the-Code, it has to comply with
both general task constraints as well as specific item constraints. Every item has the same
task constraints, which are provided in the instructions at the beginning of the task,
regulating the movement of the disks and the correctness of the answer line.,

Instructions for moving the disks involve following three rules: (a) all disks from
the left hand side of the computer screen must be moved to the empty places in the answer
line, (b) only one disk can be moved to each of the answer line places, and (¢) any move
that is completed can also be reversed or changed unless the participant has pressed the
“Done” button. No participant attempted to place two disks in one place or leave places
empty. Several participants may have ignored the last rule in favor of a4 more simplistic
“repeai-state avoidance” principle, as is suggested by the low frequency of moves (Table 4-
7) and corrections (Table 4-9), particularly for Grade 4.

General instructions about the correctness of the solution were that all information
lines must be “true” at the completion of the task. This means that if the information line

says “0 correct”, none of disks can be in the same place in the answer line, and if the

in the answer line.
These general instructions translate into changing item constraints according to the

particular information lines for each item. On Item | (see Appendix A), for cxample, the

information Line 2; the answer line must have one match with information Line 1; and the
answer line cannot have 2 or 3 matches with information Line 1.
Items 3 and 4 had more information lines and, accordingly, more item constraints.
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The following is a list of constraints for Item 3 (respective information lines for Item 4 are
in parentheses):
l. The answer line must be different from Line 1 (Line 2)

The answer line must be different from Line 4 (Line 4)

woN

The answer line must have one match with Line 3 (Linz 3)

The answer line cannot have two, three, or four matches with Line 3 (Line 3)
The answer line must have 2 matches with Line 2 (Line 1)

The answer line cannot have 3 or 4 matches with Line 2 (Line 1)

o won

Constraints 1 and 2 (C1 and C2) are called negative single constraints, since they
rule out some locations as legitimate, and do not require attending to the positions of the
other disks. C3 can be divided into two different constraints: the first (C3a) is called a
positive single constraint, since it legitimizes one placement for each of the disks (i.e., they
can be the same as in the “1 correct” line) and does not require considering the position of
the other disks. The second (C3b) is particularly relevant when the participant is evaluating
his or her answer and involves ensuring that one match has been produced. It is called a
positive relational constraint because it requirc.s attending to the positions of the other disks.

Similarly, C5 can be divided further into two different constraints. The first (C5a)
is relevant when making decisions about individual moves and, similar to C3a, it
legitimizes a placement for each of the disks. Thus, when participants follow this
constraint and decide that a particular place is legitimate because the disk appears in that
place on the “2 correct” line, their decision is based on a single positive constraint. The
second constraint (C5b) involves ensuring that enough matches (2 instead of only one or
none) have been produced and thus, requires attending to the positions of the other disks.
Accordingly, it is called a positive relational constraint.

C4 and C6 are called negative relational constraints because they involve inhibiting
the production of too many matching placements and require attending to the positions of
the already placed disks. We therefore have four classes of constraints: negative single
constraints (C1 and C2), positive single constraints (C3a and C5a), negative relational
constraints (C4 and C6), and positive relational constraints (C3b and C5b). Notice,
however, that positive single constraints are different from the other constraints as they do
not recally “constrain™ participants' options and thus cannot be violated.

Participants' decision making at each step can be based on any one of these
constraints or a combination of two or more. Thus, valuable information about the
planning process can be obtained by attempting to analyze which constraints participants
attend to and which constraints they violate when completing their moves. Since this
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decision is difficult to make reliably for every move, we will concentrate here first on
incorrect moves and what constraints they violate. This will be followed by analyses of the

participants’ answer lines and which constraints were aceepted in these lines.

Single Move Errors
Error analyses of single moves concentrated on negative single constraints (C1 and

C2) and negaive relational constraints (both C4 and C6 on Items 3 and 4. and only C4 on

Items 5 and 6) because only a complete answer line can violate positive relational

cgﬂstraiﬂtsi Violation of a negative - ingle constraint occurs when a p:xrlicipam plucc O

o

orT!
possible for one move to violate both single and relational constraints. Only (hru: first
errors, fwo on Item 4 and one on Item 5 violated both type of constraints simultancously.
However, 21 consequent incorrect moves (4 on Item 3; 13 on Item 4: 1 on liem 5: and 3 on
Item 6) violated both single and relational constraints simultancously. In these cases, both
violations were included and thus the total number of violated constraints is greater than the
total number of incorrect moves. Moreover, only first errors are discussed in detail, since
consequent errors can result from the first error and therefore do not necessarily represent
independent decisions.

We should also note here that the chance-probability of producing a negative single
constraint error as the first error is considerably higher than the chance-probability of
producing a negative relational constraint error. For example, on Items 3 and 4, the first
move has a .5 chance of violating negative single constraints, and if it does not, the second
move still has an average of .45 or .55 chance (depending on the first move) of violating
negative single constraints. In contrast, the probability of producing a negative relational
constraint violation with two moves is .5 X .33. Keeping this in mind, we would expect a
larger frequency of negative single constraint violations if the two constraint categorics arc
attended to either equally poorly or equally well.

Table 4-10 displays the distribution of first errors and consequent errors over
negative single constraints (C1 and C2) and n2gative relational constraints (C4 and C6 on
items 3 and 4, and C6 on items 5 and 6) for each grade on Items 3 to 6.
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Distribution of Single Move Errors over the Error Categories in liems 3 t0 6
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The results in Table 4-10 suggest that Grade 4 participants seemed to *“favor”
violation of single constraints as their first error, whereas Grade 6 participants violated the
relational constraints more frequently. Grade 8 participants had nearly equal numbers of
both types of violations on their first errors. It is somewhat surprising that so many Grade
8 students violated negative single constraints by placing a disk into a position similar to
one in a “0 correet” lines as this is a rather obvious violation of the itemn constraints. Five
of these incorrect moves were the first moves for the item. In other words, they occurred
in a situation where all four places on the answer line were open to the participant.

In order to assess whether violations of item constraint categories (a separate
category was added for those participants who committed no errors) were independent of
grade level, a likelihood-ratio chi-square was calculated for the first errors. Two first
crrors on Item 4 (one for Grade 6 and one for Grade 8) and one on Item 5 (for Grade 4)
violated both single and relational constraints simultaneously. All were recorded as
rclational constraint violations.

These analyses indicated that violations of item constraint categories were not
associated with grade level (LRs(4) = 6.90 and 2.16 on Items 3 and 4, respectively, and
LRs(4) =5.36 and 7.28 on Items 5 and 6, respectively; all ps > .10). Thus, although
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Grade 4 participants made more errors and corrected fewer of them, there did not seem to
be any statistically significant differences in the type of first errors participants in difterent
grade levels committed. We should note. however. that only for Grade 4 were negative
single constraint violations more common, as expected by chance.

Corrected first errors. In considering the results presented in Table 4-:0. an
Grade 4 participants, for example, were more Jikely to produce single constraint violation «
than relational constraint violations, was there also a difference between the two error
categories in terms of the participants noticing the errors und correcting them? We will
attempt to answer this question here by examining the corrected first errors.

Grade 4 participants’ first errors violated negative single constraints (C1 and C2)
ten times and negative relational constraints (all C4) six times on Items 3 and 4. Only two
of these errors (both on Item 4) were corrected, one from cach error category. On ltems 3
and 6, twelve of the first errors made by Grade 4 participants violated single constraints,
and five of these were corrected. Nine first crrors violated relational constraints, four of
which were corrected.

Grade 6 participants produced 5 single constraint violations and 11 relational
constraint violations on their first errors for Items 3 and 4. Two single constraint violations
and seven relational constraint violations were subscquently corrected, indicating that
Grade 6 participants were more aware of the latter type of violations. On Items 5 and 6, in
contrast, 3 of the 5 single constraint violations but only 2 of the 10 relational constraint
violations were subsequently corrected.

Grade 8 participants corrected all of their first errors on Items 3 and 4, and all but
one on Items 5 and 6. Both of the uncorrected first errors violated negative relational
constraints. This suggests that although Grade 8 participants produced a considerable
number of single consiraint violations, they had no difficulties in detecting these later in
their performance.
type of error (if they were to correct any errors at all); Grade 6 participants were more likely
to correct a relational constraint violation on Items 3 and 4, and a single constraint violation

on Items 5 and 6; and finally, Grade 8 participants corrected most of their first crrors.

Violations that participants accepted in their answer lines were analyzed next.
Accepting an incorrect answer line can indicate either lack of regulation or inadequate goal

representation, only the latter of which is dealt with here.
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Although a single move cannot violate positive relational constraints, an answer line
(constraints C3b and C5b). C3b is violated when the answer line does not contain any
disks that match with the *1 correct” line. Respectively, C5b is violated on Items 3 and 4
line. Also, while Items 3 and 4 include all six constraints, Items 5 and 6 do not include C5
and C6.

Table 4-11 displays the distribution of answer line errors over the three item

constraint categories for Items 3 to 6.

Tablc 4-11
Distribution of Answer Line Errors over the ltem Constraint Categories in ltems 3 to 5

Constraints __Graded Grade 6 _ Grade 8
Negative Single
Item 3 I 6 I
Item 4 6 4 I
Item 5 8 2 1
Item 6 10 3 2
Total 35 15 5
Negative Relational
Item 3 7 3 1
ltem 4 7 5 2
ltem 5 6 5 2
Item 6 3 4 1
Total 23 17 6
Positive Relational
Item 3 7 3
Item 4 4 0 2
Item 5 0 0 0
Item 6 2 1 0
Total _ 13 4 - 3

Together, the resulis in Tables 4-10 and 4-11 suggest that Grade 4 participants
scemed to commit and accept all constraint violations more easily than the other two
groups. Grade 4 participants violated negative single constraints 57 times, 61% of which

were still present in the accepted answer line. The respective percentages were 47% for
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Grade 6 and 165 for Grade 8. In terms of negative relational constraint errors, Grade 4
participants accepted 51% of the errors they committed. Grade 6 participants accepted 3667,
and Grade 8 participants accepted only 15% . Also, not correctly placing enough disks

(positive relational constraints) seemed (o be a problem only for Grade 4 participants.

Discussion of Error Analvses

These results indicate that in general, the representation, anticipation, and regulation
skills of the Grade 4 participants were not as well developed as the respective skills of the
two older grade levels. The difference between Grades 6 and 8, in turn, was more
pronounced in the regulation skills. Tables 4-8 and 4-9 show that Grade 4 participants
committed more errors than Grade 6 or Grade 8 participants and seldom corrected their
errors; Grade 6 participants made fewer errors but frequently failed to correct many of
them; and, finally, Grade 8 participants both committed fewer errors and corrected more of
them. Thus, the most significant difference between Grades 4 and 6 seemed to be in the
number of errors produced, suggesting that the younger participants’ capacity to build a
sufficient representation of the items and anticipate the consequences of the moves was
more limited. In contrast, the most notable difference between Grades 6 and 8 was in the
number of errors corrected, suggesting that lack of (or inappropriate) evaluation may
explain why Grade 6 participants solved fewer items correctly. Tables 4-10 and 4-1 |
refine these conclusions by suggesting that Grade 6 participants' representation/anticipation
problems may have resulted largely from not attending to negative relational constraints,
whereas their evaluation failed to register a considerable number of both negative single and
negative relational constraint violations.

We should note, however, that for both Grades 4 and 6, cight out of the ten
participants did correct at least one of their incorrect placements, indicating that some
evaluation did take place. What seemed to be lacking was the consistent and successful use
of evaluation to counterbalance the lack of anticipation as expressed in the considerable
number of errors that these participants committed.

In order to avoid errors altogether, participants had to engage in successful covert
testing and modifying of potential moves prior to actually executing the moves. In other
words, participants who did not commit errors were able to anticipate the outcome (see
Welsh, 1991, for similar argument). In order to consistently avoid errors on Items 3 to 6,
participants had to plan ahead at least three moves. Only one Grade 6 participant (who had
no mistakes on three of the four complex items) and two Grade 8 participants (one had no
errors on three out of four items and the other completed all four items without any crrors)
were able to consistently avoid errors. For both Grades 6 and 8, the remaining six error-
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free performances were produced by five different participants. This suggests that while
they may have been able to sufficiently engage in covert testing and modifying of their
plans, these capacitics were not employed consistently across the complex Crack-the-Code
items.

A common argument in the problem solving literature is that the backup strategies
used by older participants are the same as the optimal strategies used by younger
results seem to provide tentative support for this argument. A considerable number of
single constraint violations committed by Grade 8 participants suggests that when Grade 8
participants faced a task that they could not immediately solve, some of them may have

resorted to “primitive” trial-and-crror behavior.
Analysis of Verbal Protocols

The purpose of this section is to describe how our participants approached different
stages of the planning process. We will first describe the analysis of verbal protocols and
the specific information about the planning process they provided. Each subsection will
begin with a summary highlighting the central differences between the three grade levels
before procceding into more detailed description of the findings within each grade level.
When relevant, we also compared information from verbal and computer protocols in order
to detect possible discrepancies between the two. Similar approach was used also in the
section that will describe the search methods.

Since presenting this kind of information requires considerable space, we will
concentrate here on Items 3 to 6 only because most participants solved Items 1 and 2
correctly limiting the expected variability. - Also, the findings are related to planning
components only in the discussion section that follows the analyses.

Procedure. Verbal protocols were divided into statements, each of which
represented an individual decision. These statements were further classified into four broad
categories: task definitions, move decisions, evaluations, and miscellaneous statements.
At the beginning of the items, some participants produced statements that did not seem to
consequently, these statements were removed. We should note that the frequency of such
siatements was extremely low in all grade levels and we therefore decided not to include a
separate category for task irrelevant verbalizations.

A statcment was categorized as a fask definition if it involved attending to at least
some of the information available in the item and was not associated with an attempted or
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completed move. This type of statement occurred primarily (but not solely) at the
beginning of an item prior to the initiation of any moves. The simplest task definitions
consisted of stating existing information, for instance, by acknowledging some or all of the
information lines. An example of this would be: *'zcro correct, two correct, one correct,

zero correct”. Some participants elaborated their task definitions by adding or manipulating

to (1) to interpret an information line (e.g., “zero correct, can't be any of these™), (2)
compare two information lines (“the Blue is the same and the Yellow is the same™), and (3)
make an assumption that a disk (or disks) is correct in a particular line. Finally, some task
definition statements attempted to actively limit the search space by combining information
from different lines either to limit possible correct disks for a line (e.g., “There is two
correct in the second line, it can't be Yellow™), or limit possible places for a disk (¢.g., “So
Black can't go there. Where could Black go? Black can't go there and Black could go
there or there™), or limit possible disks for a place (e.g., "Yellow could be there, Blue ..
Blue could be, and White couldn't”).

Statements that were associated with an attempted or completed move(s) were
classified as move decisions. Move decisions varied in terms of the number of disks
involved and the amount of information a participant utilized, as well as whether a
participant focused on finding a correct place for a disk, a correct disk for a place, or a
correct disk for a particular line (analogous to task definitions). Thus, move decisions
were coded according to (1) the disk involved if the focus was to find a correct place for
that particular disk (e.g., “I know White doesn't belong in the first place or in the sccond
place. So..Ithink it goes in the last place™), (2) the information line involved if the focus
seemed to be to produce a correct placement(s) for a particular line (e.g., “There is one
correct, which might be Black there”), or (3) the place if the goal seemed to be to find a
correct disk for a particular place (e.g., “And this one here, it can't be that, Okay .. uhm ..
it can't be that, so it's got to be White”). The quantity of information that move decisions
included varied from naming the disk or the place (or both; e.g., “and the Black one .. |
guess probably be here”) to considering all of the possible alternatives. Accordingly, move
decision entries with no data were coded as DISK3 , PLACE, or DISK/PLACE (or TRIAL-AND-
ERROR in some particular cases when this method of decision making was verbalized).
When a move decision included other data, it was coded either us DATA1, DATAZ, or VALID.
DATA1 was used in cases in which the move was based on only one picce of information

(e.g., “Black can go here because it was correct on that line”); DATA2 identified those

3 When coding categories are referred to in test, they are identified by smaller uppercase
letters.
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statements that utilized more than one piece of information but less than all relevant
information (e.g., “This can't be Yellow or Black, so ii has to be White” — not all the
relevant information since Blue was not mentioned); and VALID was used to signify those
statements that involved attending to all relevant information in that situation (e.g., “the
Yellow, since this one is incorrect it shouldn't be on this line. And it shouldn't be on this
line either hecause this isn't correct. So it should be either the first or the second. SoI'll
put it in the first”). The last move was not considered valid unless it was part of a decision

that involved several moves. The reason for this was to avoid false positives since the last

also acknowledged the cffects of other planned or already completed moves. The label
LINK was used to identify these instances.
Evaluation statements were classified as either focusing on (a) an ASSUMPTION

when a participant scemed to evaluate the possible outcome of a move without initiating the

the participant evaluated an already completed move; (d) a PARTIAL ANSWER when he or
she evaluated two or three moves that were already completed; and () ANSWER when he
or she evaluated a complete answer line (when all four disks are placed). All evaluations
were also labeled as correct or incorrect. Evaluations of assumptions and attempted moves
were correct if the correct place for the disk involved was not open, and incorrect if the

correct place was open. Evaluations of moves were labeled correct if the participant either

Evaluation of a move was labeled incorrect if the participant decided to accept an incorrectly
placed disk or decided to remove a correctly placed disk. A similar rationale was also used
to label evaluations of both partial and complete answers. Note, however, that a participant

to remove a correctly placed disk from the answer line. In these cases, the evaluation was
still labeled as correct.
Miscellaneous statements were those that did not belong to any of the three

categories mentioned above but seemed to have relevance to the planning process. The two

statements involved verbal regulation of behavior with general comments such as “let me
sec” and “let me think” or with more specific comments such as “start with this one up
here” and “first [ will look at the White before I place Blue and Yellow”. Confusion

statements consisted almost entirely of comments such as “I don't know” or “I'm lost”.
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Task Definitions

The analysis of task definitions indicated that when Grade 4 participants verbalized
a task definition, these were likely to be rather simple and inveived little active manipulation
of information. Only one Grade 4 participant attempted to limit the search space by
combining information from different lines in more than one item. Also, if a task definition
was not verbalized, subsequent performances provided little indication that Grade 4
participants had engaged in forming a functional representation of the task. In contrast,
most Grade 6 participants verbalized task definitions. Very few of these, however, went
beyond the information that was readily available. Grade 8 participants verbalized task
definitions somewhat less frequently than Grade 6 participants. A higher proportion of
their task definitions, however, seemed to combine information from different information
lines in order to limit the search space.

Grade 4. Five Grade 4 participants did not verbalize a task definition for Item 3.
One of the five, Fiona*, started with a regulative statement that also acknowledged some of
the information lines (*’I think I would take the one that has most correct and look at thai™).
Two verbalized task definitions acknowledged some or all of the information lines but did
not elaborate on this information. The remaining three task definitions included one to
three elaborative statements that either compared the places of disks in different information
lines, interpreted “0 correct” information lines, or assumed onc of the disks was correct in
Line 3/15 or in Line 2/2.

On Item 4, one Grade 4 participant produced four instances of limiting the search
space, three of which combined information from different lines to limit possible correct
disks for a line (two of the three were incorrect). All other participants cither verbalized no
task definitions (4 participants), stated existing information (4 participants), or made
assumptions (1 participant). Only two Grade 4 participants verbalized a task definition for
Item 5; one stated existing information and the other limited possible correct disks for Line
2/1. Finally, five Grade 4 participants verbalized a task definition for Item 6. Two stated
existing information, two cthers both limited possible correct disks for Line 3/1 and
possible correct places for one of disks, whereas the remaining task definition included
only the latter limitation.

Grade 6. Only one Grade 6 participant verbalized no task definition at the
beginning of Item 3. Three of the verbalized task definitions consisted of acknowledging

4 All names are fictional but gender specific. Grade 4 names all start with F, Grade 6
names with S, and Grade 8 names with E.

5 The first number in Line 3/1 locates the information line in display as being the third line
from the top and second number following the slash identifies it as a information line with
1 correct disk.
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some or all of the information lines, and a fourth consisted of one assumption that was
consequently evaluated and correctly rejected. All of the remaining five task definitions
included at least one instance of limiting the search space. Two correctly ruled out Yellow
as a possible correct disk for Line 2/2, whereas another two limited possible correct places
for two separate disks each. The last task definition listed possible and illegal disks for two
places.

On Item 4, two Grade 6 participants verbalized no task definitions, five stated
cxisting information, and three limited the search space once (one of these limited places for
a disk, onc limited disks for a place, and one limited possible disks for Line1/2). On Items
5 and 6, only two Grade 6 participants limited the search space (the same two participants
on both items). On Items 5 and 6, three and two participants, respectively, verbalized no
task definitions. Four task definitions on Item 5 and two on Item 6 were statements of
existing information without elaborations; one task definition on Item 5 and three on Item 6
included simple elaborative statements (assumptions or interpretations). The remaining two
task definitions on Item 5 and one on Item 6 included one statement that limited the search
space. One task definition on Item 6 included four statements that limited the possible
disks for each of the four places.

Grade 8. Three Grade 8 participants verbalized no task definitions at the beginning
of Item 3. Two of these three attempted to limit the search space after first making some
unsuccessful moves. Statements that involved limiting the search space were also evident
at least once in four task definitions. Only one of these limited possible disks for Line 2/2,
whercas the remaining seven search space limitations all limited possible places for disks.
Two long task definitions, in contrast, included stating only existing information with some
interpretations and/or assumptions.

Four Grade 8 participants verbalized no task definitions on Item 4, two stated
existing information and assumptions, and three verbalized at least one instance of limiting
search space (Emily and Eve both verbalized as many as four). On Items 5 and 6, Grade 8
participants verbalized somewhat shorter and f= wer task definitions than on Items 3 and 4.
On Item 5, four participants verbalized no task definitions, only one stated existing
information, and four participants limited the search space (once or twice each). Finally,
on Item 6, four performances included no verbalized task definitions and three participants
stated only existing information. Erin limited possible correct disks for Line 3/1 and Emily
limited the possible correct places for three different disks as well as possible correct disks

for one place.
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Move Decisions

Move decisions can be roughly categorized into those that (a) did not seem to
actively use available data, (b) used at least some data, and (¢) used all the relevant data
and/or included a reference to other decisions. Following this outline, the three categorics

“No Data”, “Data”, and *“Valid/Link” are discussed below. The first category includes all
DISK/PLACE, DISK, PLACE, and TRIAL-AND-ERROR move decisions. In these instances, no
data were verbalized to guide the decision-making. The sccond category includes those
DATA1 and DATA2 move decisions that did not include a LINK to another move. These are
presented in the third category together with VALID move decisions. Morcover, if elaborate
probability of the resulting move being correct should be higher for “*Data™ and
“Valid/Link” decisions than for the “No Data” decisions. To check this assumption, we
will also report corresponding probabilities below.

In summary, the analysis of move decisions suggested that older, and particularly
Grade 8 participants, verbalized more detailed move decisions than did younger
participants. While Grade 4 participants verbalized mainly “No Data™ move decisions,

Grade 4. More than three quarters (35 out of 44) of Grade 4 participants' move
decisions were verbalized as DISK/PLACE or DISK, and six Grade 4 participants verbalized
no other move decisions on Item 3. Thus, the vast majority of Grade 4 move decisions on
Item 3 belonged to the “No Data” category (about 8G%). The probability of the
corresponding move(s) being correct was .39 in this category. The ninc “Data” move
decisions, in turn, resulted in 10 moves, 5 of which were correct. We should also note that
Grade 4 participants verbalized no move decisions that were either VALID or included a
LINK to other decisions.

On Item 4, Grade 4 participants verbalized 58 move decisions. Again, the majority
of these (about 80%) were “No Data” decisions and five participants verbalized no other
move decisions. Ten move decisions (17%) included some data. The remaining two move
Data” decision were correct (probability .51). The respective probability for “Data” move
decisions was .64, whereas both moves that followed VALID decisions were correct.

On Item 5, Grade 4 participants verbalized 49 move decisions, 82% of which
belonged to the “No Data” category. Five Grade 4 participants verbalized only this type of
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move decisions. “No Data” decisions resulted in 38 moves, 29% of which were correct.
The nine “Data” decisions resulted in 9 moves (4 correct; probability .44). Finally, on Item
6, Grade 4 participants verbalized considerably more move decisions (64). Still, “No
Data” decisions were by far the most commion (73%) but were not necessarily less accurate
than the “Data” move decisions (22%). The probability of a move being correct was .31
for “No Data” decisions and .27 for “Data” decisions. However, the three DATA2
decisions that also included a LINK to other decisions produced three moves, only one of
which was incorrect.

Grade 6. On Item 3, Grade 6 participants showed considerably more variability in
their verbalized move decisions than did younger participants. Still, half (24 out of 48) of
the verbalized move decisions consisted of naming the disk and its place. Only one Grade
6 participant, however, verbalized no other move decisions. Three move decisions only
named the disk. These 27 “No Data” move decisions resulted in 25 moves, 14 of which
were correct (probability .56). Forty percent of the move decisions belonged to the “Data”
category. “Data” move decisions resulted in 21 moves, 12 of which were correct
(probability .56). Thus, there was no difference between the “No Data” and the “Data”
decisions in terms of the probability of producing a correct move. Finally, the two move
decisions with LINK resulted in three moves, two of which were correct.

Only one Grade 6 participant verbalized no other move decisions than “No Data™
decisions on Item 4. Approximately 57% of all move decisions belonged to the “No Data”
category, 40% belonged to the *“Data” category, and 3% (2 move decisions) belonged to the
“Valid/Link” category. These numbers are almost identical to those for Item 3. The
probabilities of the corresponding moves being correct were .57 for “No Data” decisions,
41 for “Data” decisions, and 1 for “Valid/Link” decisions (2 moves, both were correct).

On Item 5, Grade 6 participants verbalized 48 move decisions, 46% of which were
“No Data” decisions (one participant verbalized no other move decisions) and another 46%
were “Data” decisions. The “No Data” decisions resulted in 27 moves, of which only 8
were correct (probability .30). In contrast, 15 out of 25 moves that followed “Data”
decisions were correct (probability .60). Two “Data” decisions were verbalized with LINK
and both resulted in incorrect moves. Also, two move decisions were classified as VALID
and resulted in two moves (one was correct).

Two Grade 6 participants only verbalized “No Data” move decisions on Item 6. In
total, Grade 6 participants verbalized 52 move decisions on Item 6, 56% of which were
“No Data” decisions. These resulted in 33 moves with a .39 probability of being correct.
Twenty (38%) “Data” decisions resulted in 19 moves, out of which 12 were correct
(probability .63). Finally, three “Valid/Link” decisions resulted in 4 moves, only one of
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which was incorrect.

Grade § participants verbalized 50 move decisions on Item 3, only 15 of which
were DISK/PLACE move decisions. The most commonly verbalized move decision in
Grade 8 was DISK/DATA, which was verbalized 21 times. Five of these were classified as
DATA1, 12 as DATA2, and 4 as VALID.

No particular type of move decisions seemed to be associated with correct or

were associated with 5 correct (.56) and 4 incorrect moves. Somewhat surprisingly, the
two DISK/DATAZ & LINK decisions produced three incorrect moves. The first of these
Eve's DISK/DATA2 & LINK started with finding the only possible place for Black, however,
she failed to accept this decision and left the move incomplete.

On Item 4, about 44% of move decisions verbalized by Grade 8 participants
belonged to the “No Data” category, 46% belonged to the *Data™ category, and 10%
belonged to the “Valid/Link™ category. Thus, compared to Item 3, there was a minor drop
in the frequency of the most complex move decisions. One participant verbalized only “No
Data” move decisions. The probability of the corresponding moves being correct were .48
for “No Data” decisions, .54 for "Data’” decisions, and | for "Valid/Link” decisions (5
decisions with 5 moves, all were correct).

Three Grade 8 participants verbalized only “No Data” move decisions on ltem 5.
Altogether, Grade 8 participants verbalized 60 move decisions; 60% were “No Data”
decisions, 28% were “Data” decisions, and 12% were “Valid/Link” decisions. About hall
whereas the moves that followed “Data™ move decisions were slightly less accurate
(probability .40). Five out of 8 moves (probability .62) that followed “Valid/Link”
decisions were correct. Finally, on Item 6, one Grade 8 participant verbalized only “No

6. “No Data” decisions were again the most commonly verbalized (44%). About one-third
(31%) of all verbalized move decisions were “Data” decisions, and one-fourth were
“Valid/Link” decisions. The probability of the corresponding move being correct was .50
for both the “No Data” and the “Data” categories, and .71 for the “Valid/Link” catcgory.

Evaluations
In terms of evaluating their performances, the most pronounced difference between
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Grade 4 and Grade 6 seemed to be in the frequency of evaluaticas, particularly in the
frequency of answer line evaluations. Grade 6 participants' evaluations were also more
likely to be correct, although these differences disappeared on Items 5 and 6. Compared to
Grade 4, Grade 8 participants produced both a greater number of evaluations as well as
more accurate cvaluations, whereas the biggest difference between Grade 8 and Grade 6
was in the accuracy of the evaluations.

Grade 4. Only three Grade 4 participants verbalized evaluations on Item 3.
Felicity's three evaluation statements occurred while she was still completing the item.

Two of these were very brief (“no”) evaluations of an assumption and of an attempt. The
first was incorrect. Her first evaluation of a move accepted a correctly placed disk.

Farley's cvaluation of an assumption took place before he had completed any moves: He
assumed that Yellow must be the one correct in Line 3/1 (“So one correct, must be the
Yellow”) before eliminating this possibility out (“No, it can't be the Yellow”). His second
cvaluation occurred at the end of his performance and consisted of accepting an answer line
that violated both single and relational constraints. Faye's only evaluation consisted of
accepting an answer line that violated negative single constraints but had two correct in Line
2/2 and one correct in Line 3/1. In sum, Grade 4 participants verbalized only six evaluation
stalements on Item 3, three of which were incorrect.

In contrast, Grade 4 participants verbalized 21 evaluation statements on Item 4.
Eight involved assumptions or attempted moves; only two of these evaluations were
correct. Evaluations of completed moves were considerably more successful with 9 out of
12 being correct. The only evaluation of a complete answer line was incorrect. Thus, on
ltem 4, 11 out of 21 evaluations verbalized by Grade 4 participants were successful.

On Item 5, Grade 4 participants verbalized only nine evaluation statements, five of
which were correct. The only evaluation of assumption was incorrect, as was one of the
two evaluations of moves. Contrary to the previous items, evaluations of partial answers
and complete answers were most commonly verbalized (both were verbalized three times).
All evaluations of partial answers were produced by different individuals and were correct,
whereas only one of the three evaluations of complete answers was correct.

Finally, Grade 4 participants verbalized both more evaluations in general (17), and
more accurate evaluations in particular (12 correct) on Item 6. Assumptions were evaluated
twice (incorrectly) and an attempted move was evaluated once (correctly). Five out of six
evaluations of moves were correct. Partial answers were again evaluated with considerable
accuracy (3 out of 4 were correct), as were also the complete answers (3 out of 4 were
correct).

Grade 6. Grade 6 participants verbalized 17 evaluation statements on Item 3.
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Three of these statements evaluated assumptions, two of which rejected a place for one disk
(both correctly so) and the third rejected two proposed disks as correct in Line 272 (one of
these was a correct disk). Completed moves were evaluated nine times: only one of these
evaluations was incorrect and one was incomplete due to time violation. Grade 6
participants also evaluated partial answer line once (incorrectly) and complete answer lines
four times (2 were correct). Thus, about two-thirds of the evaluations verbalized by Grade
6 participants were correct on Item 3.

On Item 4, Grade 6 participants verbalized 18 evaluation statements, two-thirds of
which were correct. Seven of these involved evaluating assumed or attempted moves (five
were correct), whereas only two evaluated completed moves (both correctly). Partial
answer was evaluated three times (two were correet) and a complete answer six times (three
were correct).

On Item 5, Grade 6 participants were less accurate in their evaluations with 10 out
of 19 evaluations being correct. In particular, evaluations of moves (2 out of 8 were
correct) and evaluations of complete answers (4 out of 7 were correct) seemed to cause
difficulties. In contrast, both evaluations of assumptions as well as the only evaluation ot
an attempted move and a partial answer were correct. On Item 6, two-thirds of the
evaluations (12 out of 18) verbalized by Grade 6 participants were also correct. Six
evaluations involved assumed or attempted moves (five were correct), three involved
completed moves (two were correct), and another three involved partial answers (1wo were
also correct). Evaluations of complete answers secemed to create the most difficulties for
Grade 6 participants on this item, with only three out of six being correct.

Grade 8. Grade 8 participants verbalized 17 evaluations on Item 3, one of which
was incorrect and one of which was incomplete due to a time violation. The only incorrect
evaluation of a move resulted in accepting a single constraint violation. Four of the six
correct evaluations of moves were verbalized by Earl. Three Grade 8 participants evaluated
an assumption. Two participants evaluated partial answers. Both occurred in a situation in
which some of the disks were incorrectly placed but then subsequently were moved to
correct places. All but one evaluation of a complete answer line took place at the end of the
performance and resulted in accepting correct answers. Eric evaluated a complete answer
line twice. The first instance occurred in the middle of his performance and his somewhat
elaborate evaluation was followed by four quick moves, which produced a correct answer.

On Item 4, Grade 8 participants verbalized 19 evaluations. Assumptions were
evaluated five times (all evaluations were correct), completed moves were cvaluated four
times (all were correct), partial answer lines were evaluated two times (hoth were correct),

and complete answer lines were evaluated cight times (seven were correct). Evaluations of
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complete answers were also verbalized eight times on Item 5 (all evaluations were correct).
An assumption was correctly evaluated once. Attempted moves were evaluated three times
(two were correct) and completed moves were evaluated five times (four were correct).
Evaluations of partial answers were again completely accurate with all four evaluations
being correct. In total, Grade 8 participants verbalized 21 evaluations on Item 5, 19 of
which were correct. Finally, Grade 8 participants verbalized 18 evaluations on Item 6.
Half of these were evaluations of complete answers and most of these (8 out of 9) were
also correct. Five out of six evaluations of moves were correct, whereas both evaluations

of partial answers and the only evaluation of an attempted move were correct.

Miscellaneous Statements

This category consisted mostly of statements that indicated either verbal regulation
of behavior or confusion. To summarize, three to five Grade 4 participants verbalized
regulative statements on each of the Items 3 to 6. For Grade 6, the respective figure was
one to three, and for Grade 8 it was one to two. In contrast, Grade 4 participants
verhalized no statements that indicated confusion on any of the items, despite the fact that
they completed most of the items incorrectly. Grade 8 participants verbalized some
conlusion statements and Grade 6 participants verbalized several on each item.

Grade 4 participants verbalized three regulative statements on Item 3. Felicity
started by stating “let's see here” and Fiona began by focusing her attention on Line 2/2: “1
think I would take the one that has most correct and look at that one.” Farley's regulative
statement (“let me Lhi‘nk“) took place later in his performance.

Grade 4 participants produced six regulative statements in Item 4. Fiona again
focused on the “2 correct” line, whereas all of the other statements were similar to those
verbalized 10 regulative statements (6 and 4, respectively). On Item 6, they also verbalized
three statements that seemed to endorse their approach (“this is easy now”, “I know”).

Grade 6. Sandra was the only Grade 6 participant who verbalized a regulative
statement on ltem 3. Her statement seemed to focus her attention on Line 2/2 and Line 3/1
(“so I'll look at the two middle information lines”) and occurred after she had stated that all

of the colors must be different from the two “0 correct” lines. The only other two entries in

On Item 4, Sally verbalized three CONFUSION statements. Three participants
verbalized REGULATION statements; three instances were recorded for both Simone and
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CONFUSION statements and three verbalized regulative statements (one participant
verbalized both).

Grade 8. Two Grade 8 participants verbalized REGULATION statements on Item 3,
both involved the procedure for the item (Eve: I have to check here first” and Erica: T

go to the White one first”). Elaine, in contrast, stated “I don't know™ twice and these were

some of her moves, so in her case the confusion may weli have been valid.
Grade 8 participants produced two REGULATION statements on both Items < and 5.

twice on Item 6,

Discussion of Verbal Protocol Analysis
What do the above results tell us about the different planning components identificd

representation that participants construct at the beginning of the task. These can be very
detailed and impose constraints on future actions, as most top-down models of planning
would predict, or they can be more cursory and may include information only for the first

decision, as recursive or planning-in-action models would predict.
that would have resulted in maximum constraints on future actions. ltems 3 and 4 have
four disks and four information lines: two “0 correct”, onc “*1 correet”, and one “2 correct™.

On Item 3, Line 2/2 and Line 4/0 have two disks (Yellow and White) in the same locations.

the similarities, and deduce that the other two disks in Line 2/2 (Blue and Black) are then
necessarily correct. This approach requires both selective encoding and selective
con:nination of information (Davidson & Steinberg, 1984). No participant used this
apyroach, although several noticed that Yellow cannot be correct in Line 2/2. Since Yellow
is also in the same place in Line 3/1, the three Yellows together provided the most striking
visual clue in the display. Moreover, only one computer protocol was similar to the
protocol most likely to result from this approach (Blue and Black in first, then Yellow and
White; correct in four moves). This performance (Emma) included no other verbalizations

Item 4 is formally identical to Item 3. The two disks that arc the same in Line 1/2
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and Line 4/0 are now Blue and Black. One Grade 8 participant noticed both of these
similarities during the task definition but failed to notice the significance of this
information. Also, two Grade 8 performances that included long task definitions but no
comparison of Line 1/2 to Line 4/0 produced a computer protocol similar to one predicted
by the “ideal” approach. Thus, it is possible that although no participant verbalized the
“idcal” approach, some Grade 8 participants did utilize it.

On Items 5 and 6, only one disk is in the same position on the “1 correct” line (Line
Grade 8 participant verbalized noticing this similarity during their task definition on Item 5,
whereas two Grade 4, one Grade 6 and one Grade 8 participant verbalized noticing the

the initial scarch space was not frequently used by our participants.

We should note that many participants, particularly in Grade 4, did not verbalize
any task definitions. Furthermore, most of the verbalized task definitions seemed to merely
state the existing information or add simple interpretations and/or assumptions. This was
particularly true with many of the longer task definitions that were verbalized by Grade 4
and Grade 6 participants, which may explain why we failed to find a connection between
to spend considerable time at the beginning of the item stating the information that was
readily available rather than encoding it selectively or successfully combining relevant
aspects of it. In many cases, “selective encoding” seemed to mean that the participant
attended only to the positive information lines (and produced an answer line that violated “0O
correct” lines) or the negative information lines (and produced an answer line that contained
too many correct disks on one of the positive information lines).

Selective combination is best represented by those statements that combine
information from different lines to limit the search space. Grade 4 participants verbalized
ten such statements, compared to 22 for Grade 6 and 26 for Grade 8. Thus, combining
information was considerably less prevalent for Grade 4. A closer examination of the most
powerful of these search space limitations — limiting possible correct disks for the line
with most correct — indicated that the search space limitations may also have been lacking
in “selectivity” since two of the six search space limitations of this type were incorrect for
Grade 4. In contrast, all six similar limitations verbalized by Grade 6 participants were

Grade 4 participants were not yet fluent in more elaborate encoding methods even when

they chose to use such methods.
In Grades 4 and 6, performances that included a verbalized task definition were no
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more likely to produce a correct answer or even a correct first move than were those
performances that included no verbalized task definition. The connection between

likely to produce a correct first move {average probability .71 for Items 3 to 6 combined)
than were performances with no verbalized task definitions (average probability .26).

These results suggest that the initial representation constructed by our vounger
participants was lacking either because they failed to perceive the interconnectedness of
different pieces of information or because they did not find it as necessary to generate more
process. Instead, many participants scemed to choose a more direct approich and
proceeded to place disks immediately. This indicates that initial task representations may
have been veridical rather than idiosyncratic, although they included significant gaps.

Move decisions provide information about the “on-line™ representation that the

section clearly suggest that older participants generated more information and subscquently,
more detailed representations. Figure 4-2 displays the average probability of & move
decision belonging to one of the three categories (“No Data™, “Data”, and “Valid/Link™) for
Items 3 to 6.

Figure 4-2 indicates that Grade 4 participants verbalized mainly “No Data” move
decisions. Very few of them verbalized any valid move decisions or move decisions that
included a link to other moves.

While Figure 4-2 demonstrates that “No Data” move decisions were still the most
considerably higher than for Grade 4. Similar to Grade 4, very few move decisions were
valid or included a link to other moves.

For Grade 8, move decisions that used some or all relevant data were more frequent

than “No Data” move decisions. Perhaps the most significant difference between Grade 8

These decisions can require a considerably more complex representation of the situation
than “Data”, and particularly “No Data”, move decisions; either in terms of recognizing the
interconnectedness of two decisions or in terms of understanding the importance of an
“exhaustive search in a relatively limited search space and accepting the uncertainty of the

end result that frequently followed.
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Figure 4-2. The average probabilities of *No Data”, “Data”, and “Valid/Link™ move

decisions for Items 3 to 6.

It is also possible that Grade 4 participants generated more information and formed
betler representations than they actually verbalized. In these cases, analysis of verbal

protocols would provide an exceedingly negative picture of their planning process. As was

also tended to result in correct moves more often than simpler move decisions. The mean
probability of the resulting move being correct was .38 for “No Data” decisions, .46 for
“Data” decisions, and .88 for “Valid/Link™ decisions. Thus, it seems that differences in
verbalizations were likely to reflect real differences in the planning process and specifically
in the representation component of it. Since most Grade 4 participants failed to produce
correct answers for Items 3 to 6, we have no reason to assume that the actual move
decisions would have been based on considerably more information than was verbalized.

This suggests that if Grade 4 participants' initial task representation included significant

For Grade 6, the mean probability of the move being correct was .46 for “No Data”
decisions. .55 for “Data” decisions, and .65 for “Valid/Link” decisions, suggesting a

similar conclusion. The respective probabilities for Grade 8 were .55, .51, and .72. This
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they were generating when determining the correct locations for the disks.
e

en
In our planning process model, evaluation statements are most closely linked to the
regulation component. Correct evaluations, however, also require a veridical
representation of the conditions that a move or answer are required to meet, and evaluation
of attempted moves and assumptions indicate that the participant anticipated the
consequences of his or her intended actions. Thus, evaluation statements provide
information not only about regulation but also about anticipation and representation
components of the planning process.

Grade 8 and Grade 6 participants verbalized considerably more evaluative
statements (75 and 67, respectively) than did Grade 4 participants (53).  The difference
between older and younger participants was most pronounced in cviluations of complete
answer lines: Grade 8 and Grade 6 participants verbalized 30 and 24 (respectively)
instances of evaluating their answer lines, compared to only 10 in Grade 4. In contrast,
evaluations of assumptions, attempted moves, and completed moves were verbalized
equally as often in all three grade levels. This suggests that while Grade 4 participants may
not have been inactive evaluators in general, they cither did not perecive any reason to
evaluate a complete answer line, or they were not capable of grasping this amount of
information.

In terms of using inappropriate standards, our results indicate that Grade 4
participants had the most difficulties in evaluating their performances accurately,
particularly on Items 3 and 4 in which their evaluations were as likely to be incorrect as
correct. Evaluations of partial answers and moves were the most productive for Grade 4
participants, with all but one evaluation of partial answers being correct (all on Items 5 and
6) and 16 out of 21 evaluations of moves being correct. Evaluations of assumptions and
attempted moves, in turn, seemed to be the most problematic, with only 5 out of 15 being
correct. This suggests that Grade 4 participants experienced specific problems in
anticipating the results of their actions and more general problems in building a sufficicent
criteria for evaluations, that is, the representation of a correct solution.

Grade 6 participants were somewhat more successful in their evaluations, with an
average of two-thirds of all evaluations being correct. Evaluations of moves were most
accurate on Items 3 and 4, whereas partial and complete answer lines were problematic.
On Items 5 and 6, moves (particularly on Item 5) and answer lines were most problematic
to evaluate for Grade 6 participants. This suggests that Grade 6 participants also

experienced problems in building an accurate representation of the goal state and
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Grade 8 participants, in contrast, evaluated their assumptions, moves, partial
answers, and complete answers with almost perfect accuracy. Thus, not only did they
frequently engage in on-line regulation of their behavior but they were also capable of
forming a correct representation of the goal state and accurately anticipating the
consequences of their actions.

It is also interesting to note that statements indicating verbal regulation of behavior
were most frequent for Grade 4 participants. In contrast, Grade 4 participants verbalized
no confusion statements on any of the items, although they produced the most incorrect
moves and answers. Thus, it seems that our younger participants were willing to “guide”
the planning process, or to “keep track™ so to speak, but they were not capable of assessing
the cffectiveness of the process. Grade 6 participants verbalized both regulative and
confusion statements, indicating more flexibility and an increasing capability to also treat
the process as an object of evaluation.

The execution component was not directly represented by verbal statements;
instead, we will need to compare the verbal and computer protocols and attempt to identify
mismatches between the two. One such mismatch was explained above (Sandra's move

decision on Item 3). Only two other mismatches were identified, both on Item 6. Sandra

correctly noticed this but still continued to place Blue in Place 4, which she had ruled out.
Earl, in turn, correctly noticed that White cannot be in Place 1 or in Place 4 and thus, it had
to be placed in the “middle ones” (Place 2 or Place 3). Rather than removing a disk from
Place 2 or Place 3 to accommodate White, he placed White in Place 1, which was open.
The fact that we were able to identify only three such instances in 76 performances

suggests that execution problems were not prevalent in our sample. One obvious reason

verbalizing complex multistep plans that are more susceptible to execution problems, most
of the verbalized plans were local one- or at the most two-step plans that were followed by
an immediate execution of the entire plan. Thus, possible sources of execution problems

progress were not a concern with this sample.
Analysis of Search Methods
The final result section combines information from both verbal and computer

protocols to describe the search methods that were employed by the participants. How we
decide over the next move, or in Anderson's (1993) terms, how we search for the next
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operator, is a central question in planning and problem solving. Search methods can vary
“from blind search to executing an algorithm that is guaranteed to find a minimum-step
solution” (Anderson, 1993, p. 37). Anderson further argues that the two key features of
problem solving are difference reduction and subgoaling. Difference reduction simply
refers to the tendency of problem solvers to select moves that produce states more similar to
the goal state. In other words, if the problem solver cannot reach the entire solution
immediately, he or she will attempt to reach parts of it. Subgoaling is a difference
reduction method linked most often with *“means-ends analysis™, which is frequently cited
as the most common problem solving method.

Although means-ends analysis is a valid way of describing the problem solving
process in many experimental tasks, the structure of the Crack-the-Code task is such that
we cannot expect all aspects of a means-ends analysis to manifest in a problem solver's
performance. Possible moves in the beginning of the items are not limited in a manner that
would readily lead to subgoaling since the subgoal ordering in Crack-the-Code is
ambiguous (any of the 3 or 4 colored chips can be placed first). In other studics, children
have been found to experience difficulties in applying means-end analysis in tasks with
ambiguous subgoal ordering (Klahr, 1985). Moreover, there is not onc correct path
through the problem space, as in the Tower of Hanoi task for example, but several different
possible ones, which makes means-end analysis even more “open-ended.” This is not to
say that participants did not use means-end analysis. Rather, it is to say that in thosc
instances in which means-end analysis was used, it was used more as a heuristic guide of
the process (“I should try to figure which two are correct,” or “get one correct”). The
search method can be described better under the four categories defined below.

Thus, the problem of identifying what search methods our participants uscd was
one of describing their difference reduction method, that is, describing the kind of
reasoning on which the decisions of moves were based on. A priori task analyses and a
pilot study with Grade 4 and Grade 8 students (Parrila & Papadopoulos, 1994) identificd

four classes of search methods:

1. Trial-and-Error. In this approach, the participant (a) places the colored disks in the
answer line randomly, or (b) forms a hypothesis about the correct order of disks
without utilizing the given information.

2. Pattern. Pattern search is based on one information line and a decision is made over
at least two disks simultaneously. A good example of the use of Pattern is when a
participant decides that the two correct disks in the “2 correct” line are, for example,
Blue and Black, and then proceeds to place these colors in equivalent places in the
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reproduces one of the information lines, or part of it, on the answer line. This was
called False Pattern.

3. Climbing. Tn Climbing, the participant searches for one correct placement at a time
without simultaneously taking into consideration other disks. He or she can do this (a)
by trying to find a correct place for one disk at a time, or (b) by trying to find a correct
disk for a particular place in the answer line. While Climbing, the participant uses at
least one information line as the basis for the decision, thus the placements are not
random.

4. Combination. This is the most complex search method and includes combining
information from at least two separate information lines to simultaneously decide over
at least two placements. When Combination was detected, we also recorded how many
disks and information lines were used to make the decision. Thus, 2 X 2 Combination
included two disks and two information lines, whereas 2 X 4 Combination included
two disks and four information lines (and, thus was considerably more difficult).

The hypothesized search methods vary both in their efficacy in solving different
items and in their cognitive demands. Combination is the most advanced method and it is a
functional way of solving all the items. However, it places high demands on working
memory and therefore it may be out of reach for the younger participants. Climbing is not
a fully functional method at the beginning of any of the items because it cannot produce a
definite placement. In other words, when used as the first search method at the beginning
of the item, Climbing leads invariably to a situation where participants must choose
between two different possible placements, only one which is correct. Thus, they have a
50% chance of “guessing” correctly. In contrast, after participants have placed one or two
disks in their proper places and have therefore limited the possible placement alternatives,
Climbing can be a functional method, and even the preferred one since it does not load the
information processing system as heavily as does the Combination method. Pattern and
Trial-and-Error methods were deemed a priori to be nonfunctional approaches in all items.
(This does not mean, however, that these approaches could not produce correct

placements.) It is assumed that participants resort to these methods only when other, more

representation of the item parameters.
Procedure. In order to determine what search methods the participants used, each
verbal protocol was analyzed separately by two trained raters. As part of the training, one

verbal protocol per item per grade level was analyzed together. In the transcripts of verbal
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protocols all moves were marked together with respective move latencies and move
durations. The raters were permitted to mark down two alternatives when verbal protocols
allowed for conflicting interpretations, and computer protocols were then used 1o determine
the appropriate selection. Thus, it may be more accurate to say that the analyses of search
methods were based on both computer (moves, move latencies, nwove durations) and verbal
protocols. Since most of the protocols included more than one search method, interrater
agreement was calculated based on individual decisions (whether both raters agreed on the
search method), rather than on protocols as a whole. The raters agreed on 91.3% of the
decisions on Item 3, 87.8% on Item 4, 85.4% on Item 5, and 86.8% on liem 6.
Disagreements were solved through negotiations between the raters. Last moves were
included in these analyses only if they were part of a more comprehensive False Pattern,
Pattern, or Combination decision.

Perhaps the most concise way to summarize the analysis of search methods is to
simply count (a) how many instances of different search methods were detected in different

grade levels, and (b) how many placements were decided using cach of the scarch

same, whereas with Combination, Pattern, and Falsc Pattern, the latter count is by
definition higher than the former.

Grade 4. Climbing was the most frequently used search method on ltem 3 with 15
instances. Combination, Pattern, and False Pattern were each used two times and involved
eight, six, and eight placcments, respectively. On Item 4, most placements were also hased
on Climbing (24 instances). Combination (involving 3 placements), Pattern (involving 4
placements), and Trial-and-Error (1 placement) were each used only once, whercas False
Pattern was used three times and was responsible for 9 placements.

Item 5 performances also relied mainly on Climbing (18 instances). Pattern and
False Pattern were used three times and involved eight and ninc placements, respectively.
Finally, Combination was used twice and involved placing five disks. Both participants
who attempted Combinations first limited the search space with other methods. The only
successful performance was the one that combined Climbing witt; Combination,

On Item 6, Grade 4 participants produced considerably more moves (Table 4-7)
than on the previous items. Accordingly, they also used different search methods more
frequently, 44 times altogether. Half of the placements (29 out of 58), however, were
again based on Climbing. Four Pattern decisions that involved 16 placements and the one
False Pattern decision (2 placements) together accounted for a third of the placements.
Combination was used only once and involved two placements. The only difference in
search methods compared to previous items was the increase in the use of the Trial-and-
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Error search method. Nine Trial-and-Error decisions were made on Item 6, which is more
than on all the other items combined.

Grade 4 participants showed little variability in their search methods. All but one
uscd only one search method vn Item 3 (mean = 1.1). On Items 4 and 5, Grade 4
participants used an average 1.4 search methods. Only on Item 6 did they attempt to use
more scarch methods than did the Grade 6 or Grade 8 participants (mean = 1.4).
Morecover, four participants attempted to solve both Items 3 and 4 in exactly the same
manner despite failing Item 3. This indicates that many of the Grade 4 participants may not
have had alternative methods available for them. On Item 5, Grade 4 participants'
performances could be divided essentially into three subgroups: those that used only
Climbing, those that used Climbing with Pattern or False Pattern, and those that used only
Pattern or False Pattern. As mentioned above, Item 6 protocols were considerably longer
in many cases. However, four participants approached Item 6 in essentially the same
manner as Item 5. Three participants tried something different, and the remaining three had
mainly “more of the same.”

Grade 6. On Item 3, no Grade 6 participant used Combination. Trial-and-Error
was used four times, Pattern was used three times, and False Pattern was used once. The
Pattern search method accounted for 9 placements, whereas False Pattern and Trial-and-
Error accounted for 4 each. In contrast, we detected as many as 25 instances of the
Climbing search method in Grade 6. Thus, it seems that Grade 6 participants opted for a
cautious stepwise approach on Item 3. Mean number of used search methods was 1.4.

While Climbing remained the most frequently used search method (20 instances),
Combination resurfaced on Item 4 with four instances that accounted for 13 placements.
Three Pattern decisions involved 6 placements and four False Pattern decisions involved
altogether 11 placements. With the exception of one performance that included only one
Combination decision, all other performances used Climbing at the beginning of the
performance. Moreover, three performances that started with Climbing and ended with
Combination produced a correct answer (one participant ran out of time while still
cvaluating the answer line). On average, Grade 6 participants used 2 different search
mecthods on Ttem 4.

Climbing was the dominant search method on both Items 5 and 6 (32 instances on
both items). On both items, approximately 70% of all the placements were based on this
scarch method. Combination was used two times (involving five placements) on Item 5
and only once on Item 6 (two placements). whereas Pattern was used only once on both
items. These decisions involved four and three placements on Items 5 and 6, respectively.
The two False Pattern decisions on Item 5 involved five placements, whereas the only
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False Pattern decision on Item 6 produced a complete answer line. Finally, the Trial-und-
crror method accounted for one placement on Item 5 and for two placements on ltem 6,
Also, Grade 6 participants used more different search methods than Grade 4

participants on Items 3 and 4. This variability was also evident in each participants

similar manner. This was true whether or not they succeeded on Item 3. Within-group

variability in search methods was more limited on Items 5 and 6 — after all, Climbing
dominated most of the protocols. On average, Grade 6 participants used 1.3 search
methods on both items. Moreover, there was very little intraindividual variability between
the items: Only one participant changed her approach completely.

Grade 8. Climbing was also the method of choice for Grade 8 participants. On
both Items 3 and 4, Climbing was used to place 25 disks. This represents over half of all
placements (46 on both items). On Item 5, Climbing was used 33 times (56% of the
placements) and on Item 6, Climbing was used 34 times (72% of the placements). It is
interesting to note that the Trial-and-Error method was the second most common scarch
method used by Grade 8 participants: It was used three times on Item 3, two times on Item
4, nine times on Item 5, and as much as 12 times on Item 6. Increased use of the Trial-
and-Error method is less of a surprise when we note that one participant (Earl) deliberately
used this method four times at the beginning of both Item 5 and Item 6 *so T don't have to
keep reachirg back for them.” Also, the last three moves of Erin's correct performiinee on

Item 6 were verbalized as Trial-and-Error (“I can't figure this one, that kind of looks right”)

Combination was used four times on Item 3, three times on Item 4, seven times on
Item 5, and once on Item 6. These decisions involved 12,7, 17, and 4 placements,
respectively. Pattern, in contrast, was present only once on Item 4 and involved two
placements. Finally, False Pattern search method was used two times on hem 3 and four
times on Item 4 (involving 6 and 10 placements, respectively) but not at all on ltems 5 and
6.

Grade 8 participants displayed significant variability on Items 3 and 4: Al scarch
methods are present in at least one performance. On average, Grade 8 participants used
1.5, 1.9, 1.8, and 1.4 search methods on Items 3, 4, 5, and 6, respectively. We should
notice, however, that most performances included only Climbing and Combination.
Intraindividual variability was also somewhat limited: Only two participants (Earl and Eric)
produced protocols with more than two search methods present. Four participants who
passed Item 3, however, seemed to approach Item 4 differently, whereas three participants

mainly used the same method on both items. Two participants failed both items; one of
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themn changed the approach whereas the other used the same search methods (Climbing and

Trial-and-Error) on both items.

Climbing and Trial-and-Error accounted for 46 out of 50 placements on Item 6.
Intraindividual variability was maybe more prominent: Five participants who passed Item 5
changed their approach for Item 6. That Grade 8 participants used Climbing extensively in
these items is maybe not so surprising, given that it seemed to work for them: six correct
answers followed performances that used exclusively Climbing as the search method, and

another four correct performances used both Climbing and Combination.

Discussion of Search Methods
The above results indicate that all search methods were available to at least some

different grade levels that were based on Climbing, Combination, and nonfunctional
(Pattern, False Pattern, Trial-and-Error) search methods on Items 3 and 4 combined.
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Figure 4-3. The percentages of placements based on Climbing, Combination, and

nonfunctional (Pattern, False Pattern, Trial-and-Error) search methods on Items 3 and 4.
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Figure 4-3 suggests Grade 4 and Grade 6 participants used different search
methods to about an equal extent. Climbing was the method of choice in all grade levels,
with more than half of the placements based on this search method. The only trends in
Figure 4-3 that could explain why Grade 8 participants did considerably better than Grade 4
and Grade 6 participants, are the decrease in the proportion of placements based on
nonfunctional strategies, and the increase in the proportion of placcments hased on
Combination search method. In sum, this suggests that Grade 8 participants supplemented

=

frequent use of Climbing search method with occasional Combination and nonfunctional
decisions, whereas Grade 4 and 6 participants favored nonfunctional search methods over

Figure 4-4 displays the respective percentages for Items 5 and 6 combined.
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Figure 4-4. The percentages of placements based on Climbing, Combination, and

nonfunctional (Pattern, False Pattern, Trial-and-Error) scarch methods on Iems 5 and 6.

For Grades 4 and 8, the data on Figure 4-4 is rather similar to that on Figure 4-3.
On Items 5 and 6, Grade 4 participants used slightly less Climbing and slightly more
nonfunctional search methods, whereas the opposite was true for Grade 8. The largest
difference between the figures is evident with Grade 6: On ltems 5 and 6, Grade 6
participants used considerably less nonfunctional search methods and considerably more
Climbing when attempting to place the disks. There were also differences within the
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nonfunctional methods: while Grade 4 and 6 participants used all three of them, Grade 8
participants used only Trial-and-Error. This is not an entirely inappropriate choice on Itemns
5 and 6, particularly when it is combined with the effective on-line evaluations that Grade 8
participants were capable of utilizing. Relatively frequent use of Trial-and-Error method
docs, however, explain why Grade 8 participants produced a considerable amount of single
constraint violations.

As we have already noticed, most Grade 4 participants failed Items 3 to 6. Search
methods can contribute to these failures in two ways: The used search methods may have
been nonfunctional, or the participants may have been using functional search methods
inadequately. Both explanations seem to fit part of the data for Grade 4. The only fully
functional search method on Items 3 to 6 is Combination, and it was used only six times.
Morcover, only in one instance of these detected Combinations, did a participant utilize all
information lines — and found the correct place for all disks with the minimum number of
moves. Three other more limited Combinations produced a correct answer. All of these
were used at the end of the performance following several Climbing or Trial-and-Error
decisions that seemed to limit the search space into a manageable size for these participant.

Climbing can also be a functional search method if combined with accurate on-line
evaluation and correction of moves. As was already noted above, Grade 4 participants
were not likely to correct their mistakes. Only one correct answer in Grade 4 was the result
of a performance that utilized several Climbing decisions and corrections (13 moves
altogether). The remaining two correct performances on Grade 4 resulted from Climbing
performances in which the participants seemed to guess the first placement correctly.

Thus, our results suggest that on one hand Grade 4 participants did not use the most
functional search method (Combination) and over third of their placements were based on
nonfunctional methods (False Pattern, Pattern, and Trial-and-Error). When they did use
the best alternative search method (Climbing), it was used inadequately.

Our results suggest that Grade 6 participants were using no more functional search
methods than were Grade 4 participants. Climbing search method, however, seemed to
work considerably better for Grade 6 participants. As was observed above, Grade 6
participants approached the items in a more reflective manner which was evident in their
better task definitions, better move decisions, and increased use of evaluation. Most Grade
6 performances that used Climbing as the preferred search method and produced a correct
answer, also included successful evaluation statements or good task definitions and/or
move decisions. Thus, at least some Grade 6 participants were capable of using Climbing
adequately. The six Climbing performances that failed, in contrast, seemed to do so

because evaluations were either incorrect or missing. In sum, Grade 6 participants



120
succeeded when they used Climbing adequately. As in Grade 4, Grade 6 participants failed
Items 3 and 4 when they used Climbing inadequately or when they used nonfunctional
search methods. In contrast, inadequate use of Climbing is enough to account for Grade 6
participants failures on Items 5 and 6.

Interestingly, all but five Grade 8 performances (four by Earl) started with
Climbing search method. This indicates that at the beginning of the items, Grade 8
participants deemed the search space too large to be dealt with in its entirety and opted 1o
begin by using a difference reduction method (Climbing) to limit it. After the problem
space was more limited, and probably after noticing that Climbing decisions often involved

guessing between two possible locations, they switched to more comprehensive methods

that involve the manipulation of several disks at once. Six protocols that started with
Climbing ended with Combination and a correct solution. However, the more

comprehensive method was not always functional, as is indicated by several False Pattern
decisions on Items 3 and 4. '
Using the False Pattern search method at the end of a protocol produces an answer
line that replicates one of the information lines. This probably indicates an “idiosyncratic™
goal representation rather than a veridical, but insufficient, goal representation. Eight
performances in Grade 4 and five in Grade 6 ended with the False Pattern scarch method.

In contrast, only one Grade 8 performance included False Pattern as the last scarch method

Thus, if having an idiosyncratic representation did not secm (o be a problem at the
beginning of the task, some Grade 4 and Grade 6 participants may have had an
idiosyncratic representation of the goal state.

In sum, the most advanced search method, Combination, was used infrequently in
all grade levels. Instead, most placements seemed to be based on the Climbing scarch
method. Thus, somewhat surprisingly, the main between-group differences were not in
the preferred search method but in (a) what other search methods it was combined with,
and/or in (b) what information was generated for its disposal. Morcover, due to the fact
that most placements were based on Climbing in all grade levels, the use of other strategics
that could be classified as backup strategies was infrequent. It is interesting o note,
however, that Grade 8 participants used only Trial-and-Error on Items 5 and 6, while the
less functional alternatives Pattern and False Pattern were eliminated from of their repertoire
completely. We should also notice that similar learning, albeit to a lesser extent, was taking
place in Grade 6, as is evident in the general decreased use of nonfunctional strategics in
Figure 4. What was missing in Grade 6, however, was the sclection between the three

nonfunctional strategies.



121

General Discussion

In the introduction of this article we identified two main questions: (1) What

approaches across as well as within the grade levels? The first of these questions was
covered extensively in the various results sections. In this section, we will attempt to
integrate all this information into descriptions of different “prototypical” planning
approaches that were identified. The emphasis will be on identifying performances that
seem to share the same process structure and properties. In other words, we wish to
distinguish different planning approaches in terms of differences in representation,
anticipation, execution, and regulation.

Representation in our model consists of task representation, search methods, and
goal representation. Initial task representation was evaluated mainly on the basis of the
kind of task definition statements verbalized by the participant. Essentially, task definition
statements were classified into three groups: (1) acknowledges existing information
without elaborating, (2) acknowledges and elaborates (interprets, assumes, compares)
without selectively combining information in order to limit the search space, and (3) limits
the search space by selectively combining information. Move decisions, in turn, were used

to obtain information regarding participants' later task representations. Again, three

Four categories of search methods were identified in the previous section. Most of
our participants seemed to use only one, Climbing (i.e., they searched for one correct
frequently and therefore we witnessed less variability in search methods than expected.
For this reason, search methods were used only as supplementary information in
identifying the planning approaches.

Goul representation is evident directly in the correctness of evaluation and
False Pattern search methods to produce an answer line. As was noticed above, only
Grade 4 and Grade 6 participants used False Pattern to produce their final answer.

Anticipation was defined as the ability to predict the consequences of a plan or a
partial-plan prior to acting upon them. Anticipation was represented only in evaluations of
assumptions.

Execution referred to the application of plans in the environment. In general, we
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participants actually had to execute. Thus, execution will not figure significantly in the
planning approach descriptions.

Regulation was defined as the monitoring and controlling of behavior according to
executed. The evaluations of moves and partial answers indicated the presence of on-line
regulation of the planning process. Correct evaluation of the answer line, when it led to

new moves, can also be regarded as part of on-line regulation.

Planning Approaches
If a performance included only four moves, the regulation component may have
been lacking, particularly for those performances that produced an incorrect answer. Thus,

the number of moves was used as a first criteria to divide the performances. All

We should also note that six performances did not seem to fit any of the categories below
and subsequently were left out. Thus, the number of performances reported below (110) is
smaller than the total number of performances (116). _

I. Direct execution based on severely limited representation. This was the
“simplest” approach and, with one exception, always produced an incorrect answer with
four moves. The defining feature of this approach was lack of task definition, anticipation,
and on-line evaluation (regulation). Also, most of the verbalized move decisions included
no data other than naming the disk and its respective place, indicating that later task |
representation was also limited. Sixteen performances fit this description and all but three
of them were produced by Grade 4 participants.
category differed from those in the first category only in that they included a task detinition
that consisted of stating some of the information with no or little claboration on it.

Fourteen performances fit this description, four of which were correet. Eight performances
in this category were produced by Grade 4 participants whereas the remaining six were
produced by Grade 6 participants. Two correct performances started with the listing ol all
of the information lines. The third correct performance was verbalized as several
consequent guesses in between Confusion statements, whereas the fourth started with a
detailed and long task definition that included two cluborative statements but no statements
that limited the search space (i.e., used “selective combination™). Thus, three correct
performances may have benefited from longer task definitions, although the quality of these
task definitions was not high.

Verbalizations in most performances in Categories | and Il were too brief and
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insufficient to conclusively establish the search methods that the participants utilized.
Fourteen performances also included no evident pattern in move ordering or decision times;
instead, they gave the impression that the participant proceeded to decide on one disk at a
time without any evident data. Six performances ended with an answer line that
reproduced one of the information lines (most often the one with most disks correct). All
were coded as False Pattern. Eight performances seemed to be based on one information
linc only and were accordingly coded as Pattern. Finally, two performances were coded as
Combination. One of the two was based on two information lines only.

With the exception of False Pattern performances, which may have been based on
an idiosyncratic representation of the task constraints, most Category I and II performances
seemed to be based on a very limited representation that acknowledged some but not
enough of the task constraints. Lack of anticipation and regulation, in turn, prevented these
participants from successively refining their task representation. Thus, for the most part,
performances in Categories [ and IT seemed to be based on inadequate search methods that
operated on insufficient information.

HI. Carefid representation and execution. The eight performances in this category

ended with a correct answer in four moves based mostly on Data or Valid/Link move
decisions. Four performances also included a task definition with at least one statement
indicating that the participant limited the search space. For the most part, however, these
performances were based on careful progress, taken one step at a time, with the participants
attempting to generate as much information as possible before each individual decision,
thus indicating careful “local” planning. This was also evident in lengthy decision times for
most of the moves. Only one performance included an instance of evaluating the first move
— no other evaluation statements were verbalized. None of the performances included
anticipation. We should note that in order to produce a correct answer without any
incorrect moves one has to either use the Combination search method and simultaneously

eight performances in this category) or correctly guess between the two possible places for
a Valid move decision that acknowledged the need to guess the first placement. All eight
performances in this category were coded as using the Climbing search method. The main

the first disk. Four performances in this category, all by Grade 8 participants, started with

difference between these performances and Category I and II Climbing performances was

that, in this category, the participants generated much more information to guide the

decision making in each step. In other werds, Category III performances used Climbing
appropriately after the initial correct guess.
IV. Cuareful starters with anticipation and representation. All eight performances in
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this category included evaluations of an assumption. that is, anticipation prior to completing
the first move. The defining feature of the five correct performances (four by Grade 8 and
1 by Grade 15 participants) was that the participants noticed that their initial assumption was
incorrect and subsequently modified it. In two unsuccessful performances (one from
Grade 4 and Grade 6, respectively), in contrast, the participants accepted incorrect

assumptions. The third unsuccessful performance (by a Grade 6 participant) included first

Category III. Thus, it seems that careful initial task representation combined with

Jfunctional anticipation were the defining features of correet performances in this category,
moves and/or answer line, was not verbalized.

Three of the correct performances included the Combination scarch method,
whereas the other two seemed to be based on Climbing. In both of the Climbing

performances (both by Grade 8 participants), the participants first assumed an incorrect

assumption. This indicates that the participants were simultancously considering at least
two disks at the beginning of the item without verbalizing it. Therefore, Climbing may
misrepresent part of the decision making process for these participants. Out of all the
performances in our data, the five correct performances in this category were the only ones
that may have been using a more “global™ planning approach based on veridical and
sufficient representation. This is also indicated by relatively long first-move latencics
among these performances.

One incorrect performance started in an exactly similar manner as the correct
performances but, in this case, the participant in question accepted his incorrect assumption

and ended up having two disks correct on Line 3/1 on Item 6 (relational constraint

performances seemed to be based on the Pattern - :.srch method, indicating that the initial
representation still included gaps. Thus, the “gl--al” planning in these performances was
probably based on insufficient representation.

Performances longer than 4 moves included at least one incomplete move,
indicating anticipation, or one change, indicating on-line evaluation of a move or partial

answer. This was also evident in verbal protocols: Only six performances longer than four

this reason, performances longer than four moves were not grouped together with
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performances that included only four moves. However, Category V performances still did
not include any verbalized evaluation statements and were more similar with Category IV
V. Cureful starters with delayed anticipation. In five of the six performances with
no verbalized evaluation statcments the extra move was an incomplete move (either second
or third move) indicating that these participants may have engaged in anticipation. In one
assumption. No other on-line evaluation statements were verbalized, although three
performances ended with an evaluation of an answer line. Thus, the six performances in
this category differed from Category IV performances mainly in terms of having the
cvaluation of assumption after one or two moves rather than at the beginning of the
performance. Most performances in this category included task definitions, only one of
which included no elaboration, and at least some Data and/or Valid/Link move decisions.
All three correct performances, as well as two of the three incorrect performances, in this
category started with long task definition and successful use of the Climbing search
method. Both incorrect performances seemed to subsequently switch from the Climbing to
the Pattern search method, indicating that the participants were not able to modify their task
representations adequately after the first changes. The third failed performance was

interesting in that all move decisions were deliberate (about 20 seconds or more for each)

lines. All the other disks were then placed based on avoiding zero correct lines (negative
single constraint violations) but the last move produced a second matching placement with
Line 2/1 (negative relational constraint violation). Thus, insufficient regulation skills
combined with the inability to modify task representation on-line may best explain failures
in this category. Success, in turn, seemed to be based on good initial task representation
and careful local planning.

VL. Insufficient representation, anticipation, and regulation. Seven performances
in this category (three Grade 4, three Grade 6, and one Grade 8) all failed. None of these
performances included any task definition statements. Most placements were based on No
Data move decisions, although three performances also included some Data or Valid/Link
move decisions. Two of these rerformances started with good move decisions but then
switched to using No Data decisions. Moreover, three moves changed a correctly placed
disk into an incorrect place and another three changed a disk from one incorrect place to

another incorrect place further validating the conclusion that move decisions were not of
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evaluation statement. These verbalized evaluations, however, were as likely to be incorrect
as correct. Also, five moves removed correctly placed disks whereas four removed
incorrectly placed disks. Search methods reflected the lack of information generated: Six
performances were coded as being based on Climbing together with one of the
nonfunctional search methods (False Pattern, Pattern, or Trial-and-Error). whereas the

seventh was coded as being based only on Climbing. In sum, these performances were

components added.
V. Insufficient representation, anticipation, and regulation 2. Thirteen
P P 4
performances, all unsuccessful, matched the description in this category; Four were
produced by Grade 4 participants, six by Grade 6 participants, and three by Grade 8
participants. These performances differed from those in Category VI mainly in that
Category VII performances all included a task definition as well, The verbalized task
g p
definitions, however, were not of high enough quality to guide the planning process to a
o o y = P = p
successful solution. Seven task definitions included no claborative statements, one task

one statement that attempted to limit the search space. As above, most placements of disks
were based on No Data move decisions and verbalized evaluations were as likely to be

the components necessary for a well-rounded performance scemed to be present but the
quality of these components was not sufficient to successfully complete the items.

Most performances in this category were based on either Climbing or a combination
of Climbing and nonfunctional search methods. Three participants scemed to use Climbing
together with limited Combinations that were only based on zero correct lines and on
avoiding negative single constraint violations.

VIIL. Inflexible task representation. Seven performances (four by Grade 8
participants and three by Grade 4 participants) in this category all scemed to deteriorate as
they proceeded. Task definitions were either nonexistent or very brief, but all seven
performances started with good move decisions (DISK/DATA2 or DISK/VALID). Morcover,
verbalized evaluations of moves or first answer line attempts were also successful. The
participants did not, however, seem to be capable of modifying their existing task
representations on the basis of this feedback; instead, the fnove decisions that followed
were of poorer quality (No Data) and all performances resulted in an incorrect answer. In
other words, these participants seemed to get successively more confused when their high
quality initial local plans did not result in correct answer. Thus, participants in this

category did not seem to be capable of successively refining their task representations.
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Two Grade 8 performances also included comments that acknowledged that the process
was not going quite right. In terms of detected search methods, most of these
performances seemed to start with Climbing and end with nonfunctional search methods.
this category (seven by Grade 8 participants, four by Grade 6 participants, and two by
Grade 4 participants) were all correct. The defining feature of these performances was that
on-line regulation was successful and the participants did not accept incorrect answer lines.
Instcad, they just kept on trying until the answer was correct which also suggests that the
goal representation was well defined. In contrast, task definitions were mostly nonexistent
or very bricf and most moves were based on No Data move decisions. Also, several
performances in this category had more than ten moves with half of the moves that changed
the position of a disk resulting in incorrect placement, indicating a considerable amount of
“trial-and-error” behavior. This conclusion was supported by the analysis of search
methods: although all of these performances were correct, eight of the twelve
performances were coded as including at least one instance of using nonfunctional search
methods (Trial-and-Error, Pattern, or False Pattern).

All performances in this category started with the Climbing search method. Nine
included mentioning two disks in a one move decision. The moves that were coded as
Combination followed either a peak in decision times or an incomplete move during which
the participants seemed to gain insight into the problem. Accompanied verbalizations,
however, were mostly very brief and only one simultaneously mentioned two disks. Thus,
Combination may be an overestimation of the actual search methods used. The remaining
four performances were coded mostly as Climbing, which is a functional method when
used as by these participants: Combined with continuous on-line regulation and correction
of detected mistakes.

X. Good task and goal representation and excellent regulation. This category

included 11 performances, seven of which were produced by Grade 8 participants and four
by Grade 6 participants. One Grade 8 performance was incorrect when the participant ran
out of time (her last statement indicated that the answer line was incorrect at that point).
Successful performance in this category seemed to be based on two components: Good
move decisions and flawless evaluations. Most placements of disks were based on Data or
Valid/Link decisions and all evaluation statements were correct. Moreover, all but one
performance included more than one evaluation statement. This indicates that both on-line
task representation and goal representation were accurate. Initial task representations, in
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four ended with Combination in a similar manner as some Category IX performances.
Thus, participants in this category were using Climbing appropriately and combined cither
Category III performances seemed to also require luck to succeed with Climbing,
performances in this category substituted luck with regulation.

XI1. Careful approach. The last group was formed by those six performances (one
Grade 4 and Grade 8 participant and three Grade 6 participants) that included long and
detailed task definitions. The shortest task definition in this category included four
statements, all of which limited the search space by selectively combining information,
This careful approach was also evident in good move decisions (most placements were
based on Data decisions) and frequent use of evaluation. The careful approach was not,
however, necessarily the best possible for this task: four of the six performances in this
category failed to produce a correct answer within the three minute time limit. The average
first move decision time for these four performances was about 60 scconds (range 42.7 (o
82.3). In other words, they had spend a third of the time allowed before making any
moves. Also, none of these performances were coded as using the Combination scarch
method; instead, the participants seemed to decide carefully over one move at a time

(Climbing).

Developmental Differences

Figure 4-5 summarizes the participants performances in four categories based on
computer protocols. The bars represent the percentage of performances at cach grade level
that fell into each of the four groups. The first group consists of those performances that
failed in four moves; the second group consists of performances that failed with more than
four moves; the third group consists of performances that produced a correct answer with
more than four moves; and, finally, the fourth group consists of performances that
produced a correct answer in four moves.

The data in Figure 4-5 clearly fits “the overlapping wave” model of development
suggested by Siegler (1995), with the exception of zero entrics from Grade 8 in the first
greup. As expected on the basis of Tables 4-2 and 4-7, Grade 4 is overrepresented in the
first group with more than half of their performances ending with an incorrect answer with

only four moves. In terms of the planning approaches, all but one Grade 4 performance in
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this group belonged either to Category I or Category II. Out of the four planning

only the latter of the two was functional. In terms of search methods, these were mostly
performances that either used Climbing inappropriately (i.e., not supplemented with
anticipation or regulation), or used Climbing inappropriately and together with
nonfunctional search methods. Thus, about half of all the performances produced by
Grade 4 participants and a third of all the performances produced by Grade 6 participants
could be classified as using insufficient search methods in a limited search space. One
Grade 4 participant and two Grade 6 participants produced incorrect performances that

that was unsuccessful. None of the Grade 8 participants produced an incorrect answer

with four moves.

[ g Graded [ Grade6 [] Grades [ |
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Figure 4-5. The percentages of short incorrect, long incorrect, long correct, and short
correct peiformances in the three grade levels (based on computer protocols).

About one third of the performances from each of the three grade levels produced
an incorrect answer with more than five moves. For Grade 6, this was the highest

frequency in any of the groups. The “long incorrect” performances came mainly from

Categories VI, VII, and VIII and were described above as including all or most of the

necessary for successful recursive planning, was insufficient. Most of these performances
were coded as using either Climbing or Climbing together with nonfunctional search
methods. One Grade 4, five Grade 6, and three Grade 8 performances in this group came
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from categories in which most performances succeeded (Categories V, 1X, X, and XI).
The most common reason for failures in these cases was the time violation.
The next group consisted of long correct performances. These performances

belonged mostly to Categories V, IX, X, or XI and were described above as including, at

one was successful with four moves. In Grade 6, 12 out of 16 short performances failed,
whereas the longer performances were considerably more successful with 10 out of 24
being correct. This suggests that careful advance planning and anticipation needed to
successfully complete the items with four moves was still out of reach for most Grade 6
participants. Generating more information and opting for a more careful stepwise approach
seemed to be the most successful approach for Grade 6 and, to a lesser extent, also for
Grade 4.

Eight Grade 8, four Grade 6, and | Grade 4 performance produced a correct
answer with four moves. In terms of planning approaches, all but one of these
performances came from Categories III and IV and seemed to be mostly based on careful
task representation and possibly anticipation. Search method analysis suggested that either
these performances utilized Climbing and generated rich information for each step (careful

Thus, the majority of Grade 4 protocols were short and unsuccessful, lacking in
representation, anticipation, and regulation. Moreover, when some or all of these
components were present, they were either not sufficient to guide the planning process, or
their coordination failed. The majority of Grade 6 performances, in contrast, werc long,
This was also an adaptive change for Grade 6: Most of the short Grade 6 performances
failed whereas about 40% of the longer performances by Grade 6 participants produced a
correct answer. No Grade 8 participant failed with only four moves. In other words,
Grade 8 participants terminated their performance after four moves only if they had a
correct answer. When Grade 8 participants failed, they seemed to do so because

in modifying their task representations on-line.
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Conclusions

This was the first study to explore both the Crack-the-Code task and the planning
process model in detail. Due to the exploratory nature of this study, results were presented -
in great length and detail in order to encourage readers to make their own judgment of the
analyscs methods, the planning process model, and the task. Crack-the-Code is a complex
planning task that is open to several differcnt approaches. Both of the more generally
relerred (o planning approaches — opportunistic planning and advance planning — were
witnessed, although the latter did not seem to play as prominent a role as expected. The
fact that we did expect to see more advance planning may be an artifact of many studies
using tasks such as Tower of Hanoi that particularly promote this approach to the exclusion
of other possible approaches.

We believe that Crack-the-Code is a good indicator of planning differences, both
individual and developmental, during the later school years. Grade 4 participants
expericnced considerable difficulties in solving all but the two easiest iterns and showed the
least variability in their performances. In contrast, rich data were obtained from both
within and between grade level differences for Grades 6 and 8.

Large standard deviations were more the norm than the exception with the time
measures that were used in this study. As a consequence, many of these measures failed to
show significant differences between the groups. Averaging data over different planning
approaches, as was done in these analyses, probably hid meaningful between-group
differences.

Error analyses indicated that Grade 4 participants seemed to be behind both of the
two older grade levels in representation and/or anticipation skills as well as in regulation
skills, whereas the difference between Grades 6 and 8 was more pronounced in regulation
skills. The biggest difference between Grades 4 and 6 was in the number of errors
produced, suggesting that the younger participants' capacity to construct an accurate
representation of the items and to anticipate the consequences of the moves were more
limited. In contrast, the largest difference between Grades 6 and 8 was in the number of
errors corrected, suggesting that lack of (or inappropriate) evaluation may explain why
Grade 6 participants solved fewer items correctly.

While the analyses of search methods produced less significant between-group
differences than one would have expected, verbal and computer protocols provided rich
information on both individual and developmental differences, as is evident in both the
planning approaches and in Figure 5. With the exception of the execution component,
which did not play a major role in planning approaches, the nature of these differences was
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component was further divided into task representation, search methods, and goal

representation.

aging affects the four planning components differently, or if they could be used to
differentiate between gifted and regular students. Analysis of verbal protocols, however, is
considerably labor intensive and, as such, cannot be recommended for general use. What
remains to be done is to develop a more fine grained method of analyzing the computer

protocols and relating them directly to the planning components.
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V. CONCLUSIONS

The goal of studying the development of planning is to understand what is it that

~
o

changes, or develops, over time and what are the factors that make these changes possible.

These basic questions are often followed by several more specific ones: When does
planning appear in ontogenesis? What factors contribute to its appearance? What factors
contribute to its later development? How do changes in planning take place?

Siegler (1994) suggested recently that significant changes in thinking over the life-
span are perhaps the most remarkable characteristic of human development. He continued
that accounting for these changes should be the central goal of developmental rescarch.
This has not, however, been done adequately. Instead. “in most models of cognitive
development, children are depicted as thinking or acting in certain way for a prolonged
period of time, then undergoing a brief, rather mysterious, transition, and then thinking or
acting in a different way for another prolonged period’ (Sicgler, 1994, p. 1).

Siegler could as well have been writing about the development of planning. We have a
considerable amount of knowledge about what children should be able to do at certain age
levels. We also know something, although much less, about how some organismic and
environmental factors may contribute to the development of planning, and about what is it
that develops. To make this list complete, we could add that we know almost nothing
about how the developmental changes take place. In sum, developmental studies of
planning have been biased towards general trends and structural descriptions whereas
individual differences and descriptions of processes have been customarily lacking.

Studying change is more difficult than studying general trends or identifying
average performance levels in different groups. Study of changes includes all the
conceptual and methodological demands of the latter and “imposes the added demands of
determining what is changing and how the change is being accomplished” (Sicgler, 1994,
p. 1). Current methods of inquiry tend to conceal rather than to capture possible
mechanisms of change, such as, for example, intraindividual variability and the effect of
practice. Nor do they often allow concomitant manipulation of both organismic and
environmental variables. According to Fischer and Silvern (1985, p. 643), only rescarch
that accounts for both sources of variation “can reveal the {ull range of plasticity and
constraint arising from cognitive levels and environmental contexts.” They continue that
we need assessment techniques that “allow the detection of individual differences in
developmental sequences” and are “sensitive to the possibility that pcople recason

differently, not just more or less maturely.”
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At this point we should add one more item to the list of unanswered questions:
How can we guarantee the best possible outcome of the developmental process? This
question is particularly important for educators. While identifying general trends may be
essential for designing age-appropriate teaching methods and curriculum, a more detailed
study of the mechanisms and sources of variation in development may be necessary for
designing successful interventions in special education, especially in the burgeoning field
of cognitive remediation.

Thus, the methodological questions that we should ask are: (1) How can we

identify both general trends and individual differences in the development of planning?

design? I would like to suggest that both large scale correlational studies and smaller scale
experimental and microanalytic studies are needed and can contribute to understanding

planning development. Studies presented in this dissertation fill only some of these

possible educational implications the results may have and what limitations the reported

studies had. Each section concludes with some suggestions for future research.

Language and Planning in Children

Chapter I suggested that sufficient language skills are essential for the development
of higher level planning skills. Planning would not be possible without some kind of
scmiotic mediation that enables both the self-regulation and the restructuring of the decision
making process that are necessary conditions for planning. Moreover, the acquisition and
development of pianning skills depends on the social interactions that we enter into and if
our tools for communicating are not up to the task, we are unlikely to obtain the complex
planning skills from our environment. Similarly, if our psychological tools for thinking are
not powerful enough, we are unlikely to come up with the best possible solutions.
Although natural language is only one medium of communication and only one source of
psychological tools, it nevertheless is the most important medium and source.

Chapter Il included a separate section dealing with the educational implications of
the presented ideas. The fact that both School Psychology International and Educational
Psychologist have recently celebrated the centennial of Vygotsky's birth by publishing
special issues on his ideas is encouraging for educational psychologists. One can only
hope that the issues of instructional dialogue and theoretical versus empirical concepts and
learning will warrant serious research in the future.

While Vygotsky's ideas are appealing to psychologists, psycholinguists, and
educators alike, both the empirical testing of his ideas and evaluation of their practical
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implications are still in their infancy. Proponents of his approach often select a
decontextualized idea from his work that best fit their agenda and then extrapolate on that
idea. Seldom are these ideas subjected to rigorous empirical testing, and, to be fair, we
should note that many of Vygotsky's original ideas seem to escape simple experimentation.
For example, one of the basic premises of Vygotsky's theory is that higher cognitive
processes have their origins in the interpersonal relationships that the child enters in his or
her environment. In these relationships, the accumulated knowledge of the environment is
transmitted to the child by the adults (Luria & Yudovich, 1959). According to this
premise, having inadequate language skills would led to insufficient acculturation due to
limited access to information, which, in turn, would affect the child's thinking skills. This
hypothesis is difficult to address since the pivotal role of language in organizing higher
mental processes is another central premise in Vygotsky's theory, and the two possible
ways that language affects a child's intellectual functioning are, to say the least, difficult to
separate. This is evident in the examples given by Luria and Yudovich (1959). They cite
various Soviet studies on deaf-mute subjects and conclude that deaf-mute subjects’
complex perceptual processes are clearly underdeveloped because they are excluded from
speech communication. Their own study with identical twins, whose language
development was retarded, showed that the acquisition of speech lead to new forms of
communication with other children and induced significant changes to the structure of the
twins' conscious activity which, as a result, changed from the strictly practical to the
verbally mediated form. In all of the studies mentioned by Luria and Yudovich, neither the
amount nor the level of communication was controlled for and therefore, it is impossible to
determine what role new communication skills really played in the twins intellectual
development.

Designing studies that focus on the role of language in thinking is inhcrently tricky
and such studies seldom provide conclusive evidence one way or the other. It scems,
however, that the “linguistic relativity hypothesis” is far from forgotten and several recent
publications have attempted to rework it into a more quantifiable and testable form (sce
e.g., Hunt & Agnoli, 1991; Lucy, 1992). The premise behind these approaches is that
new models of cognition should indicate ways in which thought can be influenced by
different aspects of language and that new research methods should be able to capture the
differences reliably.

The main limitation of Chapter I1 is that it also does not provide any new data or
suggest any new approach for studying the relationship between planning and Janguage.
Some such suggestions are offered below. In Chapter 111, we introduced three levels of
planning — activity, action, and operation. Activity-planning aims at realizing onc's
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general life-goals and motives, such as career development and planning for a retired life.
It probably is more socially determined than the other two levels. Accordingly, this is the
level where language skills should have the most profound impact on planning. Firstly,
good activity-planning requires a rich knowledge-base of the environment and the forces in
it that can affect goal-attainment. Thus, both access to information as well as later
processing of that information should affect the feasibility of one’s activity-plans.
Sccondly, good activity-planning requires both understanding of other agents in the
environment as well as abilities to affect their functioning. Activity-planning does not take

fluently communicate his or her ideas with others. While activity-planning itself may be
outside the realm of experimental methods, we should be able to create complex
experimental action-planning situations in which effective communication of one's ideas is
essential for reaching the goal. We already have studies available that utilize complex
problem solving situations (see e.g., Funke, 1991), studies that examine the effect of social
interaction on planning (see e.g., Gauvain & Rogoff, 1989; Radziszewska & Rogoff,
1988), and studies that also examine the effect of the quaiity of this interaction (see e.g.,
Radziszewska & Rogoff, 1991; Dimant & Bearison, 1991; Tudge, 1989). What we seem
to be lacking is a study that combines all of these factors and obtains information of the

A second possible approach for studying the effect of language skills on planning
would be to identify simple action-planning or operation-planning tasks that have similar
formal structure but vary in their linguistic content. For example, it may be possible to
identify two math problems that require the same factual, procedural, and context specific
conceptual knowledge (see e.g., Bisanz & LeFevre, 1990), but differ in terms of how
these problems are embedded in different linguistic contexts. If a significant portion of the
observed variance in correct answers can be predicted by the participants' language skills,
then the “linguistic relativity hypothesis” would be supported.

The assumption that relevant linguistic knowledge predicts success in planning
needs to be qualified. Strictly verbal mediation may also have a detrimental effect on
performance, as Kearins (1981, 1986) has shown. By using visual spatial memory tasks,
Kearins showed that the Australian aboriginal children who showed very little evidence of
using verbal mediation and, instead, seemed to rely on visual strategies, consistently

verbal mediation.
Kearins' findings suggest that the role of language in planning should always be
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considered in relation to the task demands. Planning tasks with more verbal content and of
a structure that presupposes, or at least benefits, from verbal mediation, should be affected
by language abilities to a greater extent than planning tasks with less verbal content and, for
example, more visual structure. Accordingly, Crack-the-Code, Planned Connections. and
Matching Numbers (Chapter III) should be affected more by language skills than, for
example, Planned Search. Whether these assumptions can be experimentally verified is yet

to be seen.

Planning in Relation to Other Cognitive Processes

Larger scale correlational studies can be useful in identifying different components
and precursors of planning and planning development. For example, what is the role of
such other possible components of successful planning performance as memory, speed,
attention, simultaneous, and successive processing in determining the outcome in different
ages? We have suggested elsewhere (Parrila, Ayst&, & Das, 1994) that planning may not
be possible before the child has reached sufficient levels of functioning in the other
components of the PASS model. The results presented in Chapter 111 showed that the
significant predictors of planning performance changed both as a function of the task as
expected to make the same encoding and attentional demands. Moreover, development of
planning is not only quantitative in terms of older children solving more problems correctly
but also qualitative in terms of children in different age groups or within the sume age
group approaching the tasks in distinctly different manners. While the age related changes
in cognitive correlates of Crack-the-Code were perhaps smaller than the changes in other
planning tasks (Table 3-4), more detailed analysis of the planning process in Chapter 1V
identified several distinctly different planning approaches displayed by the participants
certainly help us to better understand how planning skills develop qualitatively.

Chapter III also indicated that different laboratory planning tasks had different
discriminating values for different age groups. This result suggests that our simpler
planning tasks would have limited value in diagnosing differences in planning skills during
the later school years. They may, however, still retain their clinical usefulness as

literature on the effects of frontal lobe lesions on cognitive functioning supports this point
of view: many neuropsychological tasks used to assess frontal lobe functioning would be
best described as simple operation-planning tasks and yet they have proved useful in
diagnosing frontal lobe damage. They are less useful, however, for the assessment of
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planning in normal populations, particularly when used with adolescents and older
participants. As a consequence, we do not currently seem to have available standardized
measures of planning skills that would capture important cevelopmental and individual
differences in adolescence and beyond. Perhaps this is the reason why researchers
in their studies.

Studying the later development of planning skills in general and the learning of
planning skills in particular is, however, important. More difficult tasks, more complex
environmental constraints, especially when adolescents enter work life that is governed by
planning (Dreher & Oerter, 1987), require increasingly sophisticated plans that they have to
learn with the help of adults and more competent peers. Peers and adults act as models

who engage in planning and demonstrate both the usefulness of planning as well as the

ever broadening) environment, an adolescent learns what kind of plans work in different
situations and why. Her or his planning repertoire both grows and gets sharper. Whether
this development results only from building up a large repertoire of discrete skills that are
not transferable to new situations and contexts (e.g., Radziszewska & Rogoff, 1988), or
also affects planning as a general higher order cognitive skill or ability that can be used
across various problem situations, is an interesting question. In order to answer this
question, we need to utilize complex planning tasks that do not build on prior knowledge.
Figure 3-1 indicates that the Crack-the-Code task may have real potential in capturing this
later development.

The third major finding in Chapter I1I related to the uniformity of the planning
construct. As expected, planning tasks did not load on one factor and the only task that
was defined as an action-planning task, Crack-the-Code, seemed to have a considerable

distance from the other planning tasks. Thus, our conceptualization of action- and

same factor with our other planning tasks does not provide conclusive evidence of the
multifaceted structure of cognitive planning. This finding needs to be replicated preferably
with other experimental tasks that can be defined a priori as action-planning and operation-
planning tasks. If the differentiation of planning levels is successful, then several other
related questions follow: Can activity-planning, action-planning, and operation-planning
be distinguished in all age and ability groups? If so, do they develop concurrently? More
importantly, what is their relationship to such real-life measuring sticks as educational

success or carcer development? We may hypothesize, for example, that while action-
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planning and operation-planning may be good indicators of carly educational success,
activity-planning. due to its nonconstraint nature, may be a better indicator of, for example,
political or managerial skills and success.

At the same time, the three levels of planning as well as their relation to cach other
has to be defined in more detail than what was done in Chapter 1. For example,
questions such as what are the general factors that make a particular cognitive activity
planning in the first place, and what are the specitic factors that then differentiate between
the three levels of planning, have to addressed. While some of the answers are provided in
Chapter 111, we should regard these only as guidelines for future theoretical and empirical
work. That the three levels of planning make intuitive sense is not enough to substantiate
their value in understanding existing planning research or in guiding future rescarch.
Before we can say anything more conclusive, a thorough review of both psychological and
educational literature on such issues as development of strategics, problem solving skills,

future orientation, life-planning skills etc. is required.

Developmental Changes in the Planning Process

Identifying the mechanisms of change — both at the microgenetic and ontogenetic
levels — requires methods that focus on processes and qualitative changes in performances
and manipulate both organismic and environmental factors. Chapter 1V presented a study
that attempted to detect both between-groups and within-groups differences in planning
processes by analyzing verbal and computer protocols of participants from three different
grade levels. Although the more traditional performance measures mainly failed 1o show
significant differences due to large standard deviations and small number of participants,
rich qualitative data enabled us to identify several different planning approaches that
captured some of the within-group differences in how the participants solved the Crack-the-
Code task. Moreover, a clear developmental picture emerged suggesting a progression
from short unsuccessful performances to short successful performances via a period of
practice with longer and more variable performances. With the exception of the execution
component, which did not play a major role in planning approaches, the nature of these
differences was adequately captured by the four planning components proposed in Chapler
Iv.

A major limitation of this study was that it only used 29 participants. While
analyzing verbal protocols from a larger sample would probably be too time consuming,
error analyses and analyses of “product measures™ (accuracy, solution speed, move
latencies, move durations, number of moves, and evaluation time) could be replicated with
a larger sample resulting in more powerful statistical tests. What has to be done first is to



145

develop a more refined method of analyzing the computer protocols and relating them
directly to representation, anticipation, execution, and regulation. In future research, we
also need to include both older participants as well as different diagnostic groups. For
example, it would be interesting to examine if aging affects the four planning components
differently, or if they could be used to differentiate between gifted and regular students.
Morcover, it would be interesting to examine whether the more *“generic” planning process
solving. One striking feature of science and mathematics problem solving literature is the
lack of common explanatory models. Instead, even the concepts used to explain, for
example, scientific reasoning (see e.g., Schauble, 1996) seem to be different from those
used to explain gcometry problem solving (Lawson & Chinnappan, 1994). Consequently,
the educational implications of the findings tend to be equalily specific. We do not seem to
have a curriculum for teaching problem solving and planning in general as much as we
have a curriculum for teaching specifics of solving one kind of math problem or one kind
of science problem. This relates to the issue of empirical and theoretical learning raised in
Chapter I1. The current methods of teaching probiem solving are essentially parallel to the
empirical learning approach and, at least according to Detterman (1993), are notoriously
poor in producing transfer. However, rather than teaching more content, as Detterman

specifically on teaching the principles of problem solving and planning per se.

Chapter 1V suggested that the Crack-the-Code task is a good indicator of
devclopmental differences in planning. Ibelieve that Crack-the-Code and protocol analysis
could also be used to examine the role of variability in learning and development.
Variability exists in children's thinking at every level: between different age and ability
groups, between two children in the same group, within a child solving similar problems,
or even within a child solving the same problem twice (Siegler, 1994). Developmental
psycholngists have generally concentrated on explaining the first type of variability, that
which exists between two groups of individuals. The other forms of variability have been
largely neglected since they pose problems for stage theories of human development that
have dominated developmental theorizing. How do we define a stage if variability within
that stage is more of a norm than an exception? While some theorist (see e.g., Fischer &
Silvern, 1985) have tried to address this question by proposing less stringent definitions of
stages, most have chosen to downplay the importance of these forms of variability and to
treat them as a nuisance rather than as an important part of cognitive development (Siegler,
1994).

Nevertheless, “detailed analyses of tasks on which one-to-one correspondences
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between age and way of thinking have been postulated indicate that children's thinking is
generally much more variable than past depictions have suggested™ (Siegler, 1994, p. 2).
When individual performances are tracked carefully we can find great variability in means
to the same end. Yet conventional study designs have tended to compare groups of
goal (Thelen, 1992). This negligence is even more serious in light of the recent findings
suggesting that variability is not just an incidental feature of thinking but contributes
directly to cognitive development and learning (Siegler, 1994; Thelen, 1992).

If, for example, within-subject variability is the largest immediately before and
during learning a new strategy, as suggested by Siegler (1994), then it should be &t usetul
index of a student's zone of proximal development (Vygotsky, 1978) within which an
intervention should benefit the student most. But variability also implies that what is good
for one child is not necessarily good for another. Thus, identifying between-subjects
variability in their preferred mode of processing, for example, is as essential for successful
interventions as within-subject variability.

The Crack-the-Code: task and protocol analysis methods developed for Chapter [V
can identify both general trends and individual differences in planning. Morcover, by
using, for example, four different items that are formally similar we should also be able
identify different learning curves and “pathways,” as well as verify the role of variability as
a contributor to learning. In the current study, two items were used in each of the difficulty
levels and we did not witness learning in terms of more participants solving the later item
correctly. However, it is likely that if we add more items in each level and provide
feedback on the accuracy of the solution, such learning would take place. Results in
Chapter IV also allow us to make specific hypotheses about what changes we may expect
to witness. With most Grade 4 participants, for example, we could expect such learning to

mean that they first add more components into their short and insufficient performances.

correct answers.
In a different context (computational models of cognitive development), Klahr
(1995, p. 356) recently remarked that “the challenge is not to construct performance

development is to understand how the continuous changes and self-modifications create
adaptive responses to the environment, as well as modify the environment to fit our plans.
The challenge for future educational studies, then, is to develop methods on how to

effectively teach the student to adapt as well as act on the environment.
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