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Abstract
This paper articulates stages of cognition that underpin
learning, as identified by the fields of neuroscience and
cognitive psychology. The stages are presented in the
context of developing Computer Science thinking skills.
Then strategies from educational literature (both general
and computer science specific) are mapped to each of these
stages of cognition. It is intended that this research not only
supports computer science educators in their practice, but
also models an approach to relating the cognitive phases of
learning with educational strategies that in turn may be
adapted to other learning domains.

1. Introduction

The human brain is a truly amazing object. The
approximately three pound mass comprises around 10
billion neurons that regulate cognitive activity. These
neurons are in turn surrounded by approximately 100 billion
glial cells to provide support, insulation and nourishment
(Sylwester, 1995). The cytoarchitecture of the human brain
(or way in which these neurons are interconnected) results
in the most sophisticated and flexible learning instrument
known to humankind. For instance, human infants are
capable of learning any of over 3000 languages without
initially being proficient in any of them. The human brain is
so developed that it is the only matter in the universe
capable of self comprehension (that we know of at least!).

Before the current age of brain imaging technology
educators did not have the capacity to study actual cognition
and so had to adopt a primarily behaviorist approach to
analyzing learning. But with the advent of technologies
such as CAT scans and Magnetic Resonance Imaging,
neuroscience can be used in conjunction with psychological
models of learning to provide educators with a more
sophisticated understanding of how learning occurs. As
Sylwester (1995) comments “can a profession whose charge
is defined by the development of an effective and efficient
human brain continue to remain uninformed about the
brain?” (p. 6).

The purpose of this article is to relate relevant findings from
neuroscience and cognitive psychology that will allow
Computer Science educators to construct learning resources
and activities based on a more scientific understanding of

how learning occurs. It is not the intention of this paper to
offer suggestions about how specific computing concepts
should be taught — this would be different for each skill and
context, and is an enormous task that will not be covered
here. However, this article does provide a map to strategies
from educational literature that address the general thinking
stages involved in many (if not all) learning experiences in
computing. The belief is that it is important for educators to
at some point be presented with an explanation of brain
functioning as it relates to learning to form part of their
professional skillset, to allow them to design learning
experiences from a more informed and scientific foundation
(Rumelhart, 1989).

2. Cognitive processes in learning computing
Obviously there are literally millions of cognitive events
that occur while a student is engaging in a computing
learning task. It will never be possible to describe all of
these, and at this stage scientists only have a broad
understanding of how different components of the brain
operate and interrelate. As well, the type of thinking in
which students engage will depend not only on the task but
also the student’s approach towards that task. Nevertheless,
recent developments in cognitive science have resulted in
several models of brain functioning to be proposed. These
in turn provide insight into some of the mental processes
required for students to learn computing. These processes
(or stages) are presented below by way of example, and
incorporate aspects of attention, selection, comprehension,
retrieval, synthesis, memorization, and abstraction.

Imagine this scenario. Suppose you are teaching an
introductory computer programming laboratory class and
you want your students to learn about the process of
iteration by working on the following task:

“Write a program that uses a ‘for’ loop to calculate the
sum of the first 10 square numbers.”

What do findings from neuroscience and cognitive
psychology tell us about what goes on in the mind of the
learner after you have asked them to complete such a
question from their laboratory worksheet?



To start with, you need to hope that your instructions have
captured the students’ attention. That is to say, you hope
that the verbal information contained in your request for
students to complete the question from their practical sheet
has been registered by the approximately 30,000 auditory
receptors that a typical student possesses (Naarendorp,
2006).

You also hope that student’s vigilance network was
adequately active to signal their orienting network, which
can in turn engage their executive network so that the task
description can be processed in working memory (Byrnes,
2001). The right parietal and right frontal lobes are required
to maintain a vigilant state (see figure 1). The parietal lobes,
the superior collicus and thalamus are required to shift
orientation to a particular stimulus, while the anterior
cingulated gyrus is thought to be the key brain structure
involved in the executive network (Byrnes, 2001).
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Figure 2. Sub cortical regions (Byrnes, 2001)

Assuming the task description does enter the student’s
working memory, neuroscientific research indicates that this
auditory information has about 2-3 seconds to be interpreted
and relevant aspects selected for further processing before it

is lost (Anderson, 1995). This involves coordination of the
right brain to synthesize the vast amounts of information
being received by the students’ sensory fields and their left
brain to select individual elements from their perceived
environment that are identified as important for further
analysis (Sylwester, 1995). Experiments suggest that the
working memory network includes the prefrontal cortex (in
the frontal lobes) and several areas to which this cortex is
connected, especially the parietal cortex, hippocampus, and
thalamus (Byrnes, 2001). Other studies suggest that tasks
involving verbal working memory excite Brodmann Area
40 of the left parietal lobe and three specific Brodmann
areas in the left frontal lobe (Byrnes, 2001). An intricate
and complex process considering we are still only the stage
of selecting relevant information from the environment!

Before students can engage with the learning task, they
must first comprehend the information contained in the
instructions. Once students read the task from their practical
sheet, it will need to be correctly interpreted by the
orthographic processor (which processes written letters and
words), the meaning processor (which interprets the
meaning assigned to words) and the context processor
(which constructs a coherent interpretation of the task, often
called the “referential representation” or “situational
model”) (Seidenberg & McClelland, 1989). The extra striate
area (surrounding the occipital region) is required for
orthographic processing, while the Broca area of the frontal
lobe and areas in the medial temporal lobe play a pivotal
role in semantic processing (Byrnes, 2001).

As well, students need to retrieve relevant records (long
term memories) relating to the task from their cerebral
cortex, which is where permanent memories are stored.
Different types of knowledge need to be retrieved from
permanent memory:
— declarative (or factual) knowledge, such as that relating
to the syntax required to write a “for” loop
— procedural knowledge, for instance, how to operate the
Integrated Development Environment to debug and
compile programs
— conceptual knowledge, relating to understanding how
the mechanics of a “for” loop can be used to design a
solution to the task at hand.
This declarative knowledge is primarily stored in the frontal
and medial temporal lobes of the cerebral cortex. On the
other hand, it is the striatum (anterior and lateral to the
thalamus) that is required for storing more procedural skills
(Byrnes, 2001).

Not only do these records need to be retrieved and
comprehended but they also need to be synthesized in an
appropriate sequence if a correct solution to the problem is
to be derived. To achieve this, the corpus callosum (which
facilitates communication between the hemispheres) and the



cingulate gyrus (involved in coordinating several areas of
brain functioning) come into play. Only if these regions
effectively related all required records in a complete and
ordered sequence can the solution be derived.

Once students have constructed the solution, they need to
commit explicit aspects of the learning episode to memory.
Once again structures in the medial temporal lobe are
required, including the hippocampus, entorhinal cortex,
parahippocampal cortex and perirhinal cortex (Squire &
Knowlton, 1995, cited in Byrnes p. 66). The thalamus — the
brain’s relay station for cerebral cortex transmissions — is
also heavily utilized (see figure 3).

However, for deep learning to have occurred it is not
enough for episodic and declarative aspects of the
experience to be allocated to memory; translation of the
experience into semantic and conceptual forms is required.
This abstraction requires further activation of the
hippocampus (which is located in the medial portion of the
temporal lobe) to convert important aspects of the short-
term experience into more context free permanent records
(Sylwester, 1995). In this way the facts and procedures that
underpin the activity can contribute to the learner’s
conceptual knowledge base from which future problems can
be solved.

This is an exhausting and complex trail of brain activity that
identifies just some aspects of brain functioning and only at
a broad level. Obviously deconstruction of the thinking
required to complete such a task can occur (almost) ad
infinitum. For instance, in order to process the mathematic
aspects of the problem, the autonomous brain regions that
comprehend and produce numeric representations (both in
orthographic and verbal form) will be required (McCloskey,
Aliminosa, & Sokol, 1991). This involves the use of the
inferior occipital-temporal areas and the left perisylvian
areas of the brain (Dehaene & Cohen, 1997). Then for
actual semantic calculation of the numeric information to
occur will require use of the bilateral inferior parietal areas
of the brain (Dehaene & Cohen). And so on...

It is not intended that educators remember the specific
details of the process described above — it is presented for
their information and to provide references if individuals are
interested in pursuing particular aspects. The overriding
point is this: by understanding the sorts of processes that
need to occur in the human mind in order to complete a
computing task, educators can design instruction and
activities that account for each of these stages. This careful
deconstruction of mechanics is important because if
students are unable to complete but one of these cerebral
processes required for a completing a prescribed learning
activity, then unfortunately they will not succeed in
understanding.

3. So what can be done to assist learning?
Learning has many definitions at many different levels
(computational, algorithmic, implementation). At an
“implementation” level learning can be considered the
forming of permanent records of declarative, procedural and
conceptual knowledge, by establishing relatively permanent
synaptic connections among relevant neurons (Byrnes,
2001). Using this implementation level definition, capacity
to learn computer programming depends on a person’s
“experience-dependent plasticity” (Greenough, Black, &
Wallace, 1987) which is a neuroscientific term that
describes the creation and or reorganization of new
synapses.

Educators, however, generally operate at the
“computational” and “algorithmic” levels when it comes to
learning. They consider what has to be learnt and postulate
the steps required to accomplish this, without regard for the
underlying cognitive restructuring that needs to occur. This
is, of course, perfectly valid — it is not feasible to design
learning experiences targeted at specific cytoarchitectural
manipulation. However, just as Piaget progressed the field
of education by considering the underlying constructs of
thinking rather than just the observed inputs and outputs (as
was the approach taken by the behaviorist model of
education), considering the neuroscientific aspects of
cognition provides educators with the opportunity to design
educational experiences based on a better understanding of
how learning actually occurs.

So the questions becomes, based upon the components of
thinking identified by neuroscientific research that are
required to complete computer programming tasks, what is
it that Computer Science educators can do to best promote
learning effective?

The proceeding discussion presents tactics to assist each of
the following cognitive stages required for learning:

1. Capturing attention

2. Focusing/selecting
perceptive field

3. Comprehension

4.Retrieval of relevant records (declarative, procedural,
conceptual)

5. Synthesizing and sequencing records (problem solving)

6. Memorizing important aspects of the learning episode

7. Abstracting concepts.

important elements from the

3.1 Attention

Attention is the first stage of Gagne’s (1985) famous
Conditions of Learning Model. No learning can occur
unless the instructor or task has captured the students’
attention. Vygotsky (1978) proposed two kinds of attention,



“natural attention” and *“higher order attention.” While
natural attention was said to be largely involuntary and
closely linked to immediate perception, higher order
attention was proposed to be voluntary, symbolic and
strategic (Byrnes, 2001). This higher order or “selective”
attention is required for effective learning and can be
distinguished by dimensions of orienting, filtering,
searching and expecting (Plude, Enns, & Brodeur, 1994).

Given that capturing and maintaining attention is essential
for student learning, what strategies can pedagogues
execute to facilitate this process? Educational literature
offers several recommendations:

1. Cater to learning preferences

2. Appeal to student interests

3. Adopting active processing approaches to instruction
4. Well prepared delivery

There are several different models for classifying learning
preferences. For instance preferred sensory perception
(Visual, Audio, Kinesthetic, ref: Willingham, 2005), the
Felder-Silverman Index of Learning Styles (Sensing versus
Intuitive, Visual versus Verbal, Active versus Reflective,
Sequential versus Global, ref: Thomas, Ratcliffe,
Woodbury, & Jarman, 2002), field dependency (Field
Dependent versus Field Independent, ref: Witkin, Moore,
Goodenough, & Cox, 1977), and Kolb’s Learning Style
Inventory (Activists, Reflectors, Theorists, Pragmatists, ref:
Howard, Carver, & Lane, 1996) are all ways of analyzing
students’ learning styles. The problem with these models is
that in any classroom of students a variety of learning styles
will be represented, and in most cases it is not practical to
prepare different resources for each type. How these
theories are helpful in practice is to remind educators of the
various dimensions of learning preferences, so that they
may develop instruction and activities catering to all (either
simultaneously through multi-faceted delivery or at one
time or another in the learning experience).

The importance of appealing to student interest is pervasive
across educational literature. Shuell (1986) in his Review of
Educational Research article, “Cognitive conceptions of
learning,” states:

If students are to learn desired outcomes in a reasonably
effective manner then the teacher’s fundamental task is to
get students to engage in learning activities that are likely
to result in their achieving those outcomes. (p. 429)

Relevance forms a key component of several renown
models of teaching including Brown, Collins, and Duguid
(1989) - “Situated Cognition” and Knowles (1984) —
“Andragogic Theory of Adult Learning.” People have a
natural disposition to certain objects, subjects, and themes.

Providing learning experiences based on contemporary
topics that are practically relevant to students is crucial to
gain and maintain their attention.

Educational researchers such as Wittrock (1991) argue that
active processing promotes greater retention because it
fosters enhanced attention to the to-be-learned material. The
following quote by Glasser (1990) is well publicized for a
reason:

... we learn:

10% of what we read

20% of what we hear

30% of what we see

50% of what we both see and hear
70% of what we discuss

80% of what we experience

95% of what we teach someone else.

It arguably encapsulates the fundamental principle of
education - the more actively involved a student, the deeper
the learning experience. When students are so engrossed
with the learning activity that they lose all sense of time and
place, the chance of interference from extraneous sources is
minimizes and more a more effective learning experience
results (Csikszentmihalyi, 1991). Providing student-centred
tasks leading to active engagement is another strategy for
gaining and maintaining student attention.

Most educators have observed wavering student attention
when lesson materials provided are inadequate or the
lecturer is not confident with the work. Research by Smith
(1985) involving 448 students found that teacher
uncertainty was significantly detrimental to student
achievement, while lesson discontinuity negatively affected
student evaluations of the lesson. Having well prepared
instruction and activities increases the likelihood that
student attention will be captured and maintained.

As well as all the points made above, it is important for
educators to understand the limitations of students’
attention. Research shows that people who are in early
stages of learning a skill find it difficult to attend to other
aspects of a situation due to the capacity limitations of
working memory (Anderson, 1990). It is for this reason that
novice programmers would not usually be able to write an
unfamiliar programming structure (say, a “for” loop) and
listen to other instructions at the same time. Over time,
however, the execution of such a skill becomes increasingly
automatic and learners would be able to complete such a
task without involving as much cognitive load. In this way,
working memory capacity is said to be “freed up” by the
automization of skills (Byrnes, 2001). This highlights the
importance of separating instructional and practice phases
of learning when students are first learning computing
skills.



3.2 Selection

Any instructional episode or task description contains some
information that is relevant to learning, and other
information that is superfluous. As a matter of automaticity
students will choose to ignore some attributes of the
experience being presented to them (such as the accent of
the speaker, the background color of the page, the room that
they are in, and so on) and select other attributes as
important to process (keywords in the task description, hints
offered by the instructor). Student progress is hindered
when they either ignore information that is important to the
task at hand or focus upon information that is irrelevant.

While students need to develop the ability to select relevant
information from a problem statement without assistance,
facilitators can accelerate pupils’ progress by deliberately
aiding the selection process. There are several tactics for
accomplishing this:

1. Implicit or explicit emphasis
2.Triggering students’ conscious selection network
3. Metacognitive reflection upon the selection process

Implicitly emphasizing important aspects of the problem
statement or learning activity that require greater attention
improves learning (Mayer, 2005b). This sort of “signaling”
(or *“highlighting”) may be static or dynamic. Static
signaling takes the form of using visual effects to emphasize
important elements of the learning materials, for instance,
using “metacommunicative” strategies such as text
highlighting, central placement of diagrams, or increasing
the size of a learning object (Hatcher, 2003). Dynamic
signaling includes using tone of voice or pointer tools to
direct student attention to the material upon which they
should focus. As well, focusing students’ attention upon
important elements of the task can also take an explicit form
through either textual or verbal references, such as “the
aspects of this task that you should be paying careful
attention to are...”

Lecturers can also execute strategies to activating students’
conscious selection network. Prescribing tasks such as
identifying pertinent aspects of a problem statement or
prompting students with questions like “what do you
perceive to be the key elements of the following
program...” can develop their ability to select information
relevant to learning. By improving students’ selection
capacities the level of extraneous cognitive load they will
experience is reduced, which increases the amount of
working memory they can dedicate to the problem at hand
(van Merriénboer & Ayres, 2005).

Metacognition is defined by Slavin (1994) as “monitoring
one’s own learning behaviors to determine the degree of
process and strategies needed for accomplishing

instructional goals” (p. 232). Throughout the instructional
process, explicitly educating students about how learning
occurs and drawing their attention to the various stages of
their own thinking can provide them with skills to intercept
ineffective cognitive processes and replace them with
efficient strategies. For instance, educators can develop
students’ metacognitive awareness of selection as a
component of problem solving by using asking reflective
questions such as “whenever you are given a problem to
solve, are how much time do you spend selecting key
information and discarding that which is irrelevant? What
strategies do you employ to accomplish this?” Such
questions help to develop students’ control facilities, which
in turn effect students’ ability to progress to higher levels of
thinking (Schoenfeld, 1985).

These are obvious and simple tactics, but their use can
sometimes mean the difference between student progressing
to comprehend a task as opposed to misunderstand content
and requirements. Which specific tactics are employed will
depend on the facilitator’s assessment of the level of
support required by students.

3.3 Comprehension

Just because the necessary and sufficient aspects of
instruction have filtered through to student’s working
memory, does not mean that they have achieved
comprehension. There are several strategies proposed
amongst the literature for assisting comprehension. The
following will be briefly discussed:

1. Prescribing tasks of appropriate scope and level

2. Appropriate use of media

3. Providing scaffolding (heuristics, hints, examples)
4. Collaborative learning approaches

In education the “scope” of a learning episode refers to the
amount of novel conceptual material introduced (Reigeluth,
1980). An important aspect of instructional design is to
determine a scope that will not surpass the information
processing capabilities of the target audience but that is also
expansive enough to maintain student interest. The “pitch”
of a task refers to the level of difficulty of the content being
addressed. Materials should be pitched within the students’
“Zone of Proximal Development” (Vygotsky, 1978) which
is the difficulty level at which students can develop an
understanding of concepts based on the scaffolding
provided. Providing tasks of appropriate scope and pitch is
a prerequisite to effective learning.

Salomon’s (1994) Symbol System Theory points out that
appropriately matching the medium to the message reduces
the level of elaboration and recoding required for learner
comprehension. If students require instruction on how to
compile a simple “for” loop program, then a page of textual



description or verbal instruction is a far less effective means
of delivery than an audio-annotated desktop recording or
lecturer demonstration via a data projector. Similarly,
experiments in multimedia have indicated that by carefully
synthesizing auditory and visual information in a
complimentary manner improves comprehension beyond
that which can be achieved using one modality alone
(Mayer, 2005a).

“Scaffolding” (Vygotsky, 1978) is the provision of
resources to assist learners in completing a task that they
would not have been able to perform unaided. Scaffolding
can take the form of visual cues, verbal definitions,
navigational support, textual descriptions, and the like, all
aimed at developing students from a state of incomplete to
complete understanding. Research validates the use of
scaffolding in learning to program. Hendrix, et al. (2000)
found that providing students with control structure
diagrams to support the reading of computer code lead to
increased comprehension. Applin’s (2001) use of program
skeletons to support student learning significantly improved
student grades in their final examination. The nature of
scaffolding prescribed in computer science education will
depend on the material requiring comprehension, and is
limited only by the instructional designers’ imagination.

Collaborative learning approaches afford opportunities to
improve comprehension (Jonassen, Lee, Yang, & Laffey,
2005). Collaborative approaches allow a student’s mental
models to be revealed, compared to other students, and as
such weaknesses in their understanding to be identified and
remedied (either by self, peer or instructor). The instant
feedback provided by collaborative approaches allows such
misconceptions to be intercepted at an early stage. There are
several computer science education studies that evidence
improved understanding through collaborative approaches
such as cooperative learning (Beck, Chizhik, & McElroy,
2005), pair programming (McDowell, Werner, Bullock, &
Fernald, 2002; Nagappan et al., 2003) and Problem Based
Learning (Kay, et al., 2000). If collaborative approaches are
well implemented they can develop a general culture of
questioning and sharing which can in turn improve student
comprehension (Chase & Okie, 2000; Jonassen, et al.,
2005).

3.4 Retrieval

One of the most difficult aspects of learning to program is
not being able to retrieve the information required to solve a
particular problem. Retrieval may take the form of recall or
recognition, with recall being the higher order task because
it requires learners to spontaneously remember an item of
information rather than merely confirm its occurrence.
Tactics that educators can employ to assist the retrieval
process include:

1. Providing explicit cues
2. Stimulant questioning
3. Encouraging the use of external memory aids

Cues are aspects of the environment or a rehearsal system
that can cause records to be shifted from being in a state of
low activation to being in a state of higher activation,
allowing the record to become available to working memory
(Byrnes, 2001). Pedagogical approaches such as “advanced
organizers®” or “pre-quizzes” can serve to activate records
that will be of use in a proceeding exercise. Even if students
have already mastered the skills being tested the time is not
wasted; over-learning can lead to automaticity freeing up
working memory for the development of higher order
thinking abilities.

Appropriately timed questioning (either rhetorical or direct)
is another way facilitators can engage student recall (Slavin,
1994): “Remember in class when we discussed the 3
important features of a “for’ loop?” Of course, students
should be encouraged to create cues for themselves when
forming schema. Facilitators can enquire “Did you give
yourself a tactic for remembering the important features of a
“for” loop when we covered them in class?” This reminds
students to take responsibility for managing their
recollective abilities.

When beginning programming, using external memory aids
such as syntax summaries and typical examples can allow
students to more effectively focus their attention upon
higher level problem solving and design tasks (Renkl,
2005). However evidence suggests that it is important to
fade this type of scaffolding to avoid student dependency on
such aids (Sedig, Klawe, & Westrom, 2001; Teles, 1994).
Active approaches to memorization can alleviate such
learner dependence (see below).

3.5 Synthesizing and Sequencing (Problem
Solving)

Once relevant permanent records have been retrieved the
challenge becomes one of synthesizing and utilizing that
information to solve the problem at hand. Learning problem
solving is a complex task as it requires coordination of
several components of the mind. Due to the dynamic nature
of problem solving, collaboration and modeling techniques
have proven successful because they allow frequent
interchange of ideas, and insight into expert cognition,
respectively.  Problem solving requires conceptual

! “Advanced organisers are problems, tasks, or stories
presented at the beginning of a lesson general statements
given before instruction to orient students to material they
are about to learn and to help them recall related
information” (Ausbubel, 1960).



knowledge, i.e., the ability to understand the meaning and
appropriate use of facts and procedures, or “knowing why”
(Byrnes, 2001). It is the ability to combine declarative,
procedural, and conceptual knowledge in a strategic,
efficient and context sensitive way.

Educational literature provides several recommendations for
lecturers to develop students’ problem solving skills:

1. Using problem solving teaching heuristics

2.Expert Modeling (Implicit presentation of reasoning
sequences, critical thinking, and controls)

3. Explicit explanation of problem solving techniques

4. Metacognitive tasks

5. Collaborative problem solving exercises

Muller, Haberman and Averbuch (2004) present a set of
guidelines for teaching problem solving patterns in
Computer Science. This may be applied to finding the
solution to a specific programming problem or it may be
used as a more abstract, general approach to solving
problems. It involves the following components:

a.Providing a representative example of a type of
problem

b. Providing a definition and description

c. Specifying a pattern name

d. Identifying similar patterns and similar problems

e. Comparing to other types of solutions

f. Identifying typical uses of the pattern

g. Highlighting common mistakes and difficulties

h. Pattern composing (for problems whose solutions may
be composed of several problems)

i. Practicing the modification of pattern related solutions
to solve alternative problems.

Muller, Haberman, and Averbuch (2004) point out that the
use of every stage is not required in all teaching situations
that relate to problem solving. However, taken as a whole,
the heuristic provides a thorough checklist for teachers.

Observing experts in action is espoused as one of the most
effective techniques for developing programming expertise
in novice learners (Collins, Brown, & Holum, 1991).
“Modeling” offers Computer Science educators the capacity
to impart thought processes, problem solving techniques
and a whole range of other underlying skills that are not
made explicit or at least not embedded in their context when
other methods of teaching are employed. Expert modeling
offers students a “Cognitive Apprenticeship” (Collins, et al.,
1991) through which critical thinking processes are
demonstrated and thus can be subsequently adopted by
learners. Modeling also has the added advantage of being
able to implicitly impart attitudes towards problem solving,
such as persistence and enjoyment.

That is not to say the behavior modeling process need
necessarily be devoid of explicit explanation. For instance,
Landa's (1976) Algo-heuristic theory can be deployed
specifically to support expert modeling. Algo-heuristic
theory deconstructs the conscious and especially
unconscious mental processes that underlie expert learning,
thinking and performance in any domain. This theory
presents a system of techniques for getting inside the mind
of expert learners and performers to uncover the underlying
processes involved. These are then decomposed into
elementary components — mental operations and knowledge
units — which can in turn be used to teach algorithmic
and/or heuristic based tasks. Thus by combining instructor
modeling with Algo-heuristic support, students are exposed
to both implicit and explicit expertise development
mechanisms.

Problem solving is another aspect of cognition particularly
suited to metacognitive reflection because of its
multifaceted nature and the need to choose an appropriate
course of action from a number of possibilities. Ginat
(2001) proposes the use of “self-explanation” tasks for the
development of metacognition, which forces students to
reflect upon and justify their control decisions. In this way
learners can critically evaluate the success of their and other
students’ problem solving tactics, thus improving their
overall problem solving ability on future tasks. Landa
(1976) also suggests that tasks requiring students to
compose algorithms and heuristics for solving problems
requires them to identify the general thinking processes
involved in deriving solutions, which promotes
metacognitive development.

Finally, collaborative learning allows students to compare
and contrast their problem solving techniques to those of
others. It affords opportunities for students to learn
“vicariously” (Bandura, 1977) through both example and
non-example. Such approaches have been met with reported
success. For instance, Kay, et al. (2000) found that by
adopting a Problem Based Learning approach to teaching
introductory programming which involved the pervasive use
of collaboration, the mean examination mark improved
from 63% to 91% over a two year period. Beck, Chizhik, &
McElroy (2005) report significant gains in computing
understanding through cooperative learning tasks as
opposed to independent learning approaches (p = 0.010).

3.6 Committing to Memory

One of the most common frustrations that educators recount
is teaching a lesson requiring previously learnt knowledge
and finding that students have not remembered the ideas
and concepts they need. Learning requires encoding, that is,
taking sensory information and transforming it into
permanent records (Anderson, 1995). But how can
educators best ensure that students form a mental



representation of the experiences which are presented to
them? There are several techniques suggested by
educational literature to assist recollection of facts:

1. Rehearsal

2. Organization

3. Elaboration

4. Consolidation

5. Associative memorization techniques
6. Developing metamemory skills

7. Impactful instruction

Rehearsal is the process of repeating or “re-experiencing” a
particular stimulation or thought pattern (Anderson, 1995).
Practice affects the “string” of a memory, which is the ease
with which it can be retrieved from memory and made
available to consciousness. Practice allows semantic
declarative memories to become procedural long term
memories that are automatic (Sylwester, 1995). Many
studies have shown that the amount of practice preformed
increases the string of a record which in turn results in
improved student recollective performance (Byrnes, 2001).
This does not mean that students should be continually
dragged through meaningless drill exercises — however for
skills that require automaticity (such as declarative syntactic
knowledge) time spent wrote learning concepts can improve
the efficiency with which students tend to higher level tasks.

Organization is “the process of arranging to-be-remembered
material into subgroups and hierarchies of subgroups”
(Byrnes, 2001, p. 61). This sort of task forces students to
analyze where different chunks of knowledge reside in
relation to existing concepts. The advantage of organization
tasks such as creating concept maps or constructing a
“micropedia” of computing terms is that they promote the
development and reinforcement of deeper understanding by
requiring learners to identify the relationships between
components of knowledge.

Elaboration “pertains to the process of ‘going beyond the
information given’ and embellishing a raw experience with
additional details” (Byrnes, 2001. p. 56). Setting tasks that
require a student to elaborate, such as “Write an explanation
of how a “for’ loop works in conversational language for
someone who has never learnt about programming” requires
that students reformulate their knowledge, assimilating it
into their existing schemata. Such tasks require a deeper
level of processing which leads to better retention of
material (Anderson, 1995).

Consolidation refers to the revisiting of concepts in order to
maintain their place in permanent memory. Findings
suggest that memories decay in an exponential manner
unless they are revisited (Byrnes, 2001). By simply spacing
learning out over the duration of a course concepts are more

easily maintained and students retain the prerequisite
knowledge they require for formation of new concepts,
meaning less time is lost to relearning. Dempster (1998)
describes spacing as “one of the most dependable and
replicable phenomena in experimental psychology...with
considerable potential for improving classroom learning”
(p. 627). By attempting a similar task two days later and
then again two weeks later strong memories can be formed
that may have otherwise being forgotten due to decay or
loss of retrieval cues.

Taken together, these first four techniques for committing to
memory  (rehearsal, organization, elaboration, and
consolidation) represent the dimensions of the Levels of
Processing Theory, which proposes that the more attention a
concept receives, the greater its strength in memory. It
should be noted, however, that there are other tangential
approaches for committing information to memory, based
upon associative techniques. Pegword pneumonics, the
“keyword method” and the “method of loci” are three
popular approaches for facilitating memorization and recall
(Slavin, 1994). By applying such techniques to computing
curriculum students not only learn the declarative
knowledge or heuristics being addressed but also about how
to apply memory strategies to their learning.

One important type of metacognition is “metamemory.”
Metamemory refers to a person’s knowledge and beliefs
about how their memory works (Flavell, Miller, & Miller,
1993). Students may be challenged with “Of the strategies
identified above, which are the most appropriate for
learning syntax?” and “what sort of techniques would be
most effective for you when studying for an exam?”
Students who are aware of their memory’s functioning and
have developed tactics for performing memorization tasks
have an obvious advantage over those who do not.

Designing impactful instruction that burns concepts into the
minds of the learner will assist the retrieval of the concepts
at later stages. Metaphor, analogy, diagrams, catering to
different learning styles, and providing multiple
representations of information (Dual Code Theory) are all
techniques that enhancing encoding and retention.
Emotionally charged learning experiences are much more
likely to be recalled, referred to as the “flashbulb” memory
phenomenon (Byrnes, 2001). It is also worth pointing out
that designing instruction similar in form to the conditions
under which the material will be called for has been shown
to improve the likelihood of retention (Bransford, et al.,
1982).

It is important to note that different students will have
different innate levels of ability at remembering different
types of knowledge. Students with natural declarative
memorization abilities will more quickly acquire



lexical/syntactic knowledge of programming languages.
Those with strong procedural aptitude will more quickly
become familiar with semantic attributes of a language and
the tasks associated with programming (like operation of the
IDE). Students with high level conceptual abilities will
more readily excel at problem-solving and design tasks.
Identifying these different components of thinking
associated with learning to program allows instructors to
better diagnose and remediate student difficulties, and helps
pupils to identify and address the area of learning that
causes them the most concern.

Another point worth reflecting upon is the extent to which
effort should be applied committing different types of
computing skills to memory. For instance, through frequent
and deliberate revisiting of linguistic aspects of
programming (syntax) students can develop a level of
automaticity that will allow them to retrieve constructs more
easily. This makes sense, as it frees up students’ working
memory to address higher level ideas and concepts. Some
effort may be spent committing common algorithmic tasks
to memory, offering students a template from which to
construct solutions for semantically similar situations.
However because of the degree of variability between
algorithmic implementations automaticity needs to be
balanced with understanding. Finally, it would be unwise to
spend time committing design solutions to memory for the
purposes of developing student design skills — tasks
involving creativity and reflectivity require understanding
rather than memorization due to their strong dependence on
context.

3.7 Abstraction
Hazzan (2003) presents three definitions of abstraction:

1. abstraction level as the quality of the relationships
between the object of thought and the thinking person
(Wilensky, 1991);

2. abstraction level as reflection of the process-object
duality (Dubinsky, 1991; Sfard, 1991);

3. abstraction level as the degree of complexity of the
concept of thought. (p. 97)

In other words, abstraction is the process of generalizing
specific concrete memories to applications other than the
one experienced in the learning con