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ABSTRACT

This paper presents the design and the features of a Web-based micro-world -the SORTING micro-world - constructed
for the learning of sorting algorithms by secondary level education students. The design of this microworld has been
based on modern constructivist and social theories of learning. SORTING is an interactive environment that can support
learners: a) to express their own sorting procedures in multiple representation systems (MRS), b) to express their own
approaches to typical sorting algorithms, c) to correct their sorting actions while actually sorting entities using typical
sorting algorithms by receiving immediate feedback by the system, d) to explore typical sorting algorithms in MRS when
these algorithms are automatically performed by the system, and e) to give different meanings to a sorting algorithm
when it is represented in different RS so as to acquire a broader view of this algorithm. The typical sorting algorithms in
focus are: Bubble-sort, Quick-sort and Selection-sort. The Representation Systems (RS) provided are: i) real object-based
simulations: the learner can sort simulations of real objects by using hands-on experience, ii) free-text RS: the learner can
reflect on their hands-on experience and then express their sorting approach using natural language in the form of free-
text, iii) pseudo-code RS: the learner can express their sorting approach using pseudo-code, and c) flow-chart based RS.
Animations are also provided to visualize the sorting of elements using the sorting algorithms mentioned above. These
elements are simulations of objects taken from the real lives of learners. Moreover, interactive animations demonstrating
all steps performed in sorting the said elements are provided. These animations are also interlinked with the
corresponding pseudo-code and flow-charts. Thus, learners have the opportunity to explore the algorithm execution in a
variety of RS. The system is also more adaptive to integrating sorting algorithms than those previously mentioned.
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1. INTRODUCTION

Sorting is a significant and universal activity in all cultures; associated with financial and commercial life, it
has strong social power. This power is due to the fact that sorting is based on comparisons performed on
countable entities of interest and value (Bishop, 1988). Sorting is also an element of science and technology
as well as of people’s every day life (Knuth, 1973; Linderson & Vitter, 1985; Bishop, 1988). It is worth
noting that 25% of the total active time of computers is dedicated to sorting procedures, while the time used



for account-sorting in large financial institutions is about 2 hours per day (Knuth, 1975; Linderson & Vitter,
1985). The general value of sorting is based on the fact that sorted entities usually offer opportunities for
optimistic solutions to a variety of problems, thus necessitating automation of the sorting process using
computers and, subsequently, the invention of fast sorting algorithms such as Bubble-sort, Selection-sort,
Quick sort, etc. (Knuth, 1975; Linderson & Vitter, 1985).

Despite the fact that the entities to be sorted can be in a variety of forms, such as numbers, files, objects,
etc., in every case all these entities must include measurable information. The fundamental operation implied
in the sorting process is the comparison between the entities to be sorted and their mutual transference.

Understanding sorting algorithms is difficult for students to grasp; they are procedures based on a number
of different layers of abstraction and, therefore, their understanding is based on the use of students’ higher
mental functions (Matsaggouras, 1997). Moreover, when students are faced with computer-based sorting
algorithms, a number of difficulties occur (Vlachogiannis, et all., 2001; Spohrer, & Soloway, 1989).
Specifically, students face difficulties understanding how a specific sorting algorithm works and how this
algorithm is described using basic algorithmic structures such as iteration structures, control structures and
assignment statements. Regarding iteration structures, students face difficulties in understanding the iteration
pattern used in the comparison procedure, how nesting loops work and what the meaning of both the
variables and the counters used is. In particular, students seem to confuse the static meaning of a variable
used in a mathematical equation with the dynamic meaning implied in a variable used in a computer-based
algorithm. In addition, students lack the ability to initialize the counters used while usually paying no
attention to initializing or terminating the whole sorting algorithm. Regarding assignment statements,
students seem to ignore their dynamic character and usually use them as mathematical equations. Finally,
when the use of control structures is necessary, students face difficulties in determining the kind, the value
and the position of the conditionals needed.

Providing secondary level education students with opportunities to sort measurable entities using hands-
on experience and then to reflect on their sorting actions is essential to their conceptualization of sorting
algorithms, as in this way students can become aware of the sorting approach used (du Feu, 1999). Students
also can be encouraged in their understanding of sorting algorithms by starting to express their individual
sorting approaches and then gradually move to the use of typical sorting algorithms provided by the
literature. The construction of each individual student sorting approach can become an essential background
in supporting her/his construction of the typical sorting algorithms. Moreover, understanding of a sorting
algorithm is a process of giving meaning to its representations in a variety of representation systems starting
from sorting real life entities, progressing to explain it in natural language, next forming an appropriate flow-
chart and finally translating the whole procedure into pseudo-code and, consequently, into a programming
language (Vlachogiannis, et al. 2001).

However, sorting algorithms are rapidly introduced into the curricula of secondary level education. In
fact, students are introduced directly to the Bubble-sort algorithm through its representation in pseudo-code
using Pseudo Pascal. As a result, the sorting algorithm in focus becomes a meaningless procedure and, in
most cases, students have no other choice but to memorize it.

Educational software can act as catalyst in the learning and teaching of all subjects, providing promising
opportunities for the construction of new meanings regarding the whole learning process (Papert, 1980; Noss
& Hoyles, 1996; ACM, 2001). The design of such software is usually inspired by modern constructivist and
social theories of learning (von Glasersfeld, 1987; Vygotsky 1978; Noss & Hoyles, 1996; Jonassen, 2001).
The said theories emphasize learning as an active, subjective and constructive activity placed within a rich
context that is also meaningful for the learners, including: computer tools, authentic tasks, experimentation
using hands-on experience and the use of Multiple and Linked Representation Systems (MLRS), (von
Glasersfeld, 1987; Bishop, 1988; Jonassen, 2001). The essential role of educational software provision with
MLRS in student learning has been acknowledged by many researchers (Kaput, 1994; Kordaki & Potari,
1998; Borba & Confrey, 1996; Kordaki, 2005). Using MLRS, students have the opportunity to observe how
the variation in one representation system (RS) can affect the other RS provided. In this way, students can
explore different views of the concepts in focus and have the opportunity to put them in a broader context.
Using MLRS, students also can make connections between different kinds of knowledge they possess, such
as intuitive, visual and symbolic knowledge (Kordaki & Potari, 1998; Borba & Confrey, 1996). The role of
MR-based educational software in the learning of concepts regarding Computer Science and Engineering is
also acknowledged (Vlachogiannis et all. 2001; Zikouli, Kordaki and Houstis, 2003; Kordaki, in press).



A number of animation materials for the learning of sorting algorithms, including educational software
(ES), have been reported. Some well-known examples are: a) ‘Sorting out Sorting’ (Baecker, 1981). This is
based on video presentations, introducing the idea of representing data elements in a sort by bars with length
of the bar corresponding to the sort key value of the element. These bars are presented in a sort using 9
sorting algorithms, b) ‘Balsa’ ES (Brown, 1980). This is also based on visualization of sorting entities but a
variety of sorting algorithms can be used simultaneously, ¢) Xtango ES (Stasko, 1990), which also supports
visualization of sorting entities using a plethora of sorting algorithms. In addition, users can interact with
these visualizations (and stop the procedure at any time) as well as create and run their own sorting
algorithms, d) ‘GAIGS’, web-based ES (Naps, 1990), which supports algorithm visualization as well as text-
based information about sorting, and e) Sort Animator (Dershem & Brumnund, 1998), which supports visual
presentation of the sort animation which is demonstrated in relation to its code. Students are allowed to
specify different colors to the sort animation, the number of elements being sorted as well as the speed of
animation and its execution. In addition, the lines of code are highlighted as they are executed by the
animation. All these aforementioned ES are based on presentations (in a visual or textual form) of an
algorithm in execution and are mainly dedicated for higher education. Despite the above, ES for the learning
of sorting algorithms by secondary level education students, allowing them to express their own intuitive
sorting approaches in MRS as well as their own approaches, including their mistakes, to typical sorting
algorithms, and helping them to smoothly pass from an intuitive knowledge to a more sophisticated
knowledge regarding sorting algorithms, has not yet been reported.

Taking into account all the above, we constructed a web-based micro-world - the SORTING micro-world
- aiming to provide students with opportunities to construct the concept of a sorting algorithm through: a)
their active involvement in sorting entities using their own sorting approaches and expressing these in a
variety of RS, b) their active involvement in sorting entities using typical sorting algorithms provided by the
literature and expressing these algorithms in a number of RS, ¢) their exploration of dynamic representations
(in the form of animations) of typical sorting algorithms in a number of linked RS. Such a computer learning
environment has not yet been reported.

This paper is organized as follows: In the following section, the rationale of SORTING is presented.
Next, the general architecture and the features of SORTING and a description of the activities that students
can perform within this context are demonstrated. Finally, there is a discussion of the features of this
microworld and proposals for future research work are given.

2. THE RATIONALE OF SORTING MICROWORLD

The design of SORTING was the result of a synthesis of three models; namely, the learning model, the
subject matter model and the student model. In the following section, the aforementioned models are
presented.

2.1. The learning model

The construction of the learning model was based on modern contructivist and social theories regarding
knowledge construction (von Glasersfeld, 1990; Vygotsky, 1978). Constructivist learning theories emphasize
the active, subjective and constructive character of knowledge, placing learners at the centre of the learning
process (von Glasersfeld, 1990). In addition, social theories of learning stress the importance of computer
tools, and more specifically the significance of computer-based learning environments in helping learners to
express their own knowledge as well as to explore the knowledge of others integrated in these environments
(Noss & Hoyles, 1996; Crawford, 1996a; Crawford, 1996b). Constructivist learning also stresses the need for
learner experimentation by acquiring hands-on experience while using primary sources of data
(www.ncrel.org/sdrs/areas/issues/content/cntareas/science/sc500.htm.). Moreover, the role of authentic real life
problems is appreciated in motivating the learners to be actively involved in their learning. Furthermore, a
number of researchers acknowledge the significant role of MLRS for learners in: a) the development of a
broader view of the concepts in focus, as well as realization of the basic aspects and structure that constitute
these concepts, by making translations and transformations of a concept in the different RS provided (Dettori
& Lemut, 1995; Dyfour-Janvier, Bednarz, & Belanger, 1987; Kordaki, 2003), b) actively constructing their




own knowledge by experimenting with cognitive transparent RS, c) exploring the knowledge of others by
experimenting with ‘cognitive opaque’ dynamic RS, d) supporting their mental internal representations
related to a specific learning concept (Sutherland, 1995), e) motivating them to be actively involved in their
learning, especially when the RS provided are related to learner interests, and f) becoming their primary
references regarding a learning concept (Dyfour-Janvier, Bednarz, & Belanger, 1987; Kaput, 1987). On the
whole, understanding a concept is a process of giving meaning to its different representations as well as
making connections between these different meanings.

Based on the above, an attempt has been made to interpret the aforesaid learning theories within the context
of the computer, aiming at the formulation of a number of operational specifications necessary for the design
of SORTING microworld. These specifications were used for the construction of the SORTING microworld
and are presented below:

Table 1. The learning model: from theoretical considerations to design principles

The ‘learning’ model

Theoretical considerations Design principles
The active role e Interactivity of the RS used in the environment
of the learner e Availability of tools to sort a number of elements from the students’ world

Availability of tools to help students:
e express their own knowledge by selecting among a variety of RS the most

The subjective character appropriate for their cognitive development

of learning e sort elements according to their own sorting procedures

e sort elements according to their views (including mistakes) about typical sorting
algorithms
Availability of tools:
e to explore the knowledge of others included in dynamic RS e.g. visual animations
The constructive character of a sorting algorithm, dynamic flow-chart and dynamic pseudo-code RS
of learning e to sort elements using different sorting algorithms

e  to sort elements using hands-on experience
e  to give appropriate feedback on learner actions for self-correction

2.2. The subject- matter model

This model has been constructed by taking into account the knowledge needed for the construction of a
sorting algorithm and more specifically the basic sorting algorithms such as Bubble-sort, Selection-sort and
Quick-sort. Bubble-sort is proposed by the secondary school curricula in Greece, while the Selection-sort and
Quick-sort algorithms have been selected to give students opportunities to compare the speed of these
algorithms as well as to develop a broader view regarding sorting algorithms. The basic parts of each specific
algorithm in focus are: a) the initialization and the termination of the whole sorting procedure, b) the iteration
pattern used in the comparison procedure, c) the kind of conditionals used, d) the assignment statements
used, and d) the variables and the counters used. The operational specifications aim to provide different kinds
of both information and actions needed to acquire all the aforementioned knowledge. The different forms of
information are as follows:
e text-based information, explaining how each sorting algorithm in focus works
e visual information, in the form of an analytic simulation of a sorting procedure where visual
objects are sorted automatically using a typical sorting algorithm
e pseudo-code, indicating how each typical sorting algorithm can be described in a language
compatible with computers
e visual information, in the form of a flow-chart indicating how the sorting algorithm in focus runs
e inter-linked information. Linking visual analytic simulation of the algorithm used with the
corresponded flow-chart and pseudo-code.

2.3 The student model



The construction of this model was based on the difficulties of secondary level education students (6™ grade,
18 year old) regarding the Bubble sort algorithm that emerged from a field study and which were reported in
the ‘Introduction’ section of this paper (Vlachogiannis, et all. 2001). In this study a primary version of this
software regarding the Bubble sort algorithm was used. The data emerging from this study indicated that, in
order to understand sorting algorithms, secondary level education students needed to: a) sort entities using
hands-on experience and receive immediate feed-back, b) explore analytic animations of the sorting
algorithms in focus automatically performed, and c¢) experience practical sorting in combination with visual
animations of sorting entities, dynamic visual flow charts and the correspondent dynamic visual pseudo-code.

Table 2. The learner model of sorting: from theoretical considerations to design principles

The learner model in performing essential tasks

Tools to sort elements:
The task of sorting using | ® by using hands-on experience
student-based sorting Tools to interpret the hands-on experience in:
procedures o free-text
e  pseudo-code

Tools to sort elements:

e  automatically

e by using hands-on experience

Tools to interpret the hands-on experience in:
The task of sorting using | ®  free-text

typical sorting algorithms | ®  pseudo-code

Tools to explore:

statements, the initialization and termination of the whole sorting procedure

3. THE FEATURES OF SORTING MICROWORLD

The SORTING microworld is organized in HTML pages. The features of SORTING are presented in its
main page and are classified into three parts: a) information, b) work place, and ¢) animations.

a) Information: General information about sorting as well as specific information for the algorithms in
focus is provided in the form of text to the learners.

b) Work place. Students are provided with four RS, in the context of which they are given the chance to
express their own: a) sorting procedures and b) conceptions regarding typical sorting algorithms in focus and
to receive immediate feedback from the system. The RS provided are:

e Simulated real objects (SRO).

e Text-based Representation Systems (TRS).

e Pseudo-code based Representation Systems (PSRS)

e  Specific Expression based Pseudo-code Representation Systems (SEPCRS)

The above RS are presented on the same page (see Figure 1) and are described below:

Simulated real objects (SRO). Students have the opportunity to experiment with a sorting procedure using
hands-on experience. In fact, students can sort SRO familiar to them (coins in Euros), firstly by using their
own intuitive sorting algorithms and, secondly, by using the sorting algorithms in focus. In this way, students
have the opportunity to reflect on their sorting actions and to be aware of the sorting algorithms they used.
The system can initiate the coins automatically by clicking the appropriate button. The system also counts the
number of swaps, comparisons and all wrong sorting actions performed when a typical sorting algorithm is
used. When a student performs a wrong sorting action, they receive an automatic response from the system.
In addition, the system sends a message when the list of coins is sorted.

Text based Representation Systems (TRS). After experimentation and reflection on a specific sorting
procedure or algorithm used in order to sort the provided coins, as described in the previous section, students
are asked to interpret their experience using a text-based representation system. This RS has been selected to
provide students with the opportunity to reflect on their sorting actions and to form an informal description

o the pattern of iteration used in the comparison procedure, nested loops, conditionals
in terms of their kind, value, and their position, variables, counters and assignment




about the sorting algorithm used. By trying to form this description, students have the opportunity to be more
conscious about the sorting algorithm they are experimenting with.

Pseudo-code based Representation Systems (PCRS). Students are asked to translate into pseudo-code the
free-text description of the sorting algorithm they used. By using pseudo-code, students have the opportunity
to move from the ‘I’ situation of the procedure, where they describe how they performed a specific sorting
procedure, to the “You’ situation, where they instruct the computer to perform this procedure using a
language compatible with it. The transfer from ‘I’ to “You’ is difficult and not obvious for students (Zikouli,
Kordaki and Houstis, 2003).

Specific Expression based Pseudo-code Representation Systems (SEPCRS). While students find
difficulties in forming a typical sorting algorithm using pseudo code, the system provides them with the

opportunity to correct their attempts by trying to put in correct order specific expressions provided. If the
result is correct the system automatically sends a message.

Figure 1. The work place element of the SORTING microworld
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c) Animation. Students are provided with extra RS:
e  Animation-based RS
e Flow-chart based dynamic RS
e Pseudo-code based dynamic RS
e  Multiple-Linked Animation RS

Animation-based RS. Animations visualizing the sorting procedure of elements to be sorted using the sorting
algorithms in focus are also provided. These elements are bars whose length corresponds to the sort key value of the
element. By observing the process of sorting these bars using different sorting algorithms, learners can acquire a primary
sense for each of them. Students also can observe the animation for sorting the Euro-coins - described in the previous
section - using the aforementioned algorithms (see Figure 1). In this way, students can reflect on these animations and
correct their own individual approaches to these algorithms.

Multiple-Linked Animation RS. Interactive animations demonstrating step by step the visual history of sorting the
Euro-coins using each of the algorithms in focus are also provided (see Figuere 2). Students can specify the speed of
animation In addition, these animations are interlinked with the pseudo-code RS as well as with flow-chart based RS. As
the sorting of coins progresses, the corresponding part of the flow-chart and pseudo-code is highlighted. When a coin
swap is performed, two pointers indicate the coins exchanged and a message is also displayed. The number of swaps and
comparisons as well as the value of counters regarding each algorithm execution step are also presented. Thus, learners



have the opportunity to explore the algorithm execution in all these RS, correct their own individual approaches to these
algorithms and acquire a broader view of each.

Technical information: The microworld has been implemented using Java applets and Visual C++.

Figure 2. Multiple ad Linked Animation RS integrated within the SORTING microworld
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4. CONCLUDING REMARKS AND FUTURE WORK

The design and specific features of a computer microworld for the learning of sorting algorithms by
secondary level education students has been presented in this paper. The design of this microworld has been
based on a modelling process consisting of the construction of three models: a) the learning model, based on
modern constructivist and social views of learning, b) the subject matter model, based on the information
provided by the literature regarding sorting algorithms and their conceptualisation by students and c) the
learner model, based on a field study regarding learner needs and difficulties while performing sorting
procedures in order to grasp concepts related to sorting algorithms. In the construction of the aforementioned
models, an attempt has been made to interpret theoretical principles in design specifications. An attempt has
also been made to exploit the advantages of computer technology in terms of the use of computational
objects and multiple and linked representation systems in the design of this microworld. The specific features
provided by this microworld have not yet been reported by other researchers.

In the context of SORTING, students can study three sorting algorithms: Bubble-sort, Quick-sort and
Selection sort. Students can use the basic features of SORTING to: a) sort entities using hands-on experience
and receive immediate feed-back, b) explore analytic animations of the sorting algorithms in focus
automatically performed, and c¢) experience practical sorting in combination with visual animations of sorting
entities, dynamic visual flow charts and the corresponding dynamic visual pseudo-code.

It is clear that more research is needed, using the SORTING microworld in the field with real students, in
order to test both its teachability and its usability. The findings emerging from such a study would be of great



assistance in the re-designing of this environment so as to meet more effectively students’ cognitive needs in
terms of their understanding of the sorting algorithms in focus.
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