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ABSTRACT

We describe an algorithm animation system for artificial intelligence search algorithms. We have identified a number learning difficulties experienced by students studying search algorithms and designed the animation system to help students to overcome these difficulties. As well as the usual single step mode for assistance in learning the individual steps of an algorithm, the system supports an innovative burst mode for visualising qualitative behaviour and facilitating comparisons between different algorithms and heuristic functions. The system has successfully been used in the classroom for 4 years and survey results indicate use of the system improves understanding. An empirical study comparing a group of 15 students using the animation system and 15 students who wrote programs for the algorithms revealed a generally similar level of understanding, however the animation group was better at dealing with questions about qualitative behaviour.

1 INTRODUCTION

Over the past decade a large number of algorithm animations have been developed, [1,3,4,9] for example. Researchers have introduced many innovations to their algorithm animations, including colour, smooth transitions from one interesting state to another, sound, and three-dimensional animations.  Searching the World Wide Web (WWW) quickly reveals a number of specific algorithm animations including various sorting algorithms, the travelling salesman problem, weighted matching, linear programming, network flow algorithms, various operations on binary search trees, AVL and Red-Black balanced binary trees, and state space search algorithms.

While there have been very few rigorous evaluations the general view appears to be that algorithm animations do not help much in so far as student learning is concerned. In some ways this is not surprising as many of these systems were developed more with a view to fancy graphics rather than pedagogy. However, even for systems which have a specific pedagogic focus the evaluations are equivocal [5,6,7].

We believe that algorithm animations can assist student learning, however, they need to be designed and evaluated appropriately. In order to design our animation system for artificial intelligence search algorithms we have carefully analyzed students' learning difficulties and developed an animation system to address these difficulties.

Our analysis of learning difficulties revealed that that the students who developed good visual representations of the changing data structures gained a deeper understanding of the algorithms. The algorithm animation that we have developed is designed to assist all students in developing such visual representations. This, together with the facility to experiment with different search parameters and receive immediate visual feedback, enables most students to achieve a deeper understanding of search concepts and processes.

1.1 Learning Difficulties

Artificial intelligence is studied towards the end of most computer science programs. Typically students have already taken courses in programming and algorithms and data structures. However, many students have considerable difficulty in understanding search algorithms, even students who previously had little trouble with the basic searching and sorting. In the course of teaching introductory artificial intelligence subjects over several years we
 observed many occurrences of the difficulties described below.

Some students have difficulty in translating the text of the algorithms into the dynamic behaviour of complex data structures in executing programs. The text of the algorithms is generally quite short, often less than a dozen lines, but these few lines can give rise to enormous data structures. Some students find this difficult to comprehend. Some students, while comfortable with trees, are not particularly comfortable with graph data structures.

Many students rote learn the text of an algorithm and can generally show the operation of the algorithm on a small problem, but their understanding remains shallow. The deeper understanding which they are lacking involves forming a coherent general framework of the relationships between the different search algorithms and predicting the kinds of behaviours that would be expected from major and minor changes to search parameters.

In general the learning difficulties fell into one of two categories -- problems with the individual steps of an algorithm and problems with qualitative judgments about algorithm behaviour and comparison of different search algorithms.

Individual Steps:  This group of difficulties relate to understanding what happens at each step of the algorithm, for example, given a tree, which node will greedy search expand next? What will be the children? Which nodes will move from the open set to the closed set? From the closed set to the open set? The single step mode of our animation system is designed to assist students with these issues.

Qualitative Judgments:  Most students who understand the individual steps of the search algorithms are unable to answer questions about qualitative behaviour, for example, over a range of problems would greedy search be better than depth first search? Would heuristic h1 be better than heuristic h2? The burst mode of our animation system is designed to assist students with these issues.

2 THE ANIMATION SYSTEM

The AI-Search [3] animation system is based on 8-puzzle problems. An instance of an 8-puzzle problem is shown in figure 1. The puzzle consists of eight numbered tiles in a 3x3 grid. A tile adjacent to the blank square can be moved into the blank square (it is actually more convenient to think of the blank as moving LEFT, RIGHT, UP, DOWN). The task is to find the smallest number of moves to go from an arbitrary initial state to the goal state. The 8-puzzle is used in virtually every AI textbook to illustrate search concepts.
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Figure 1:  Instance of  an 8-Puzzle problem

2.1 Single Step Mode

This mode is designed to assist the student to understand the individual steps of the various search algorithms. A screen snapshot of this mode is shown in figure 2. Different colours are used to represent the key data structures: the open list (yellow), the closed list (dark blue) and the current node (green). When the goal state is found the entire solution path is shown in green. The text of the algorithm is also available in a separate window if the student desires. At each click on the NEXT button one step of the algorithm is executed, the steps executed in the algorithm text window are highlighted and the updated data structures are drawn.

Single step mode also includes a user prediction option. The student is required to mentally execute the next step of the algorithm and click on the node that should be expanded next.
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                          Figure 2: Single Step Mode

2.2 Burst Mode

Burst mode is designed to assist students to understand qualitative aspects of the behaviour of a search algorithm and to make comparisons between algorithms. It is the major innovation in the system.

In burst mode the detail of each state is not shown nor are the links between states (figure 3). Each state is represented by a small coloured block. Burst mode reveals how the search space is explored and the green block (current node) shows the focus of the search.

The number of nodes expanded in a search is evident from the total area of the window covered in dots. Figures 3, 4 and 5 show the results of three different search algorithms for the problem given figure 1. It is quite easy to see that A* search (figure 5) expands the smallest number of nodes and breadth first search (figure 4) is at least an order of magnitude worse. For other instances of the puzzle (and this is a key concept the students must learn) A* search will usually be the best but breadth first search and depth first search will show considerable variation. Sometimes one is better, sometimes the other.

2.3 Coverage of the Animation

The animation contains all of the search algorithms usually described in an introductory text book on artificial intelligence. Included are depth first search, breadth first search, iterative deepening, A* search, greedy search, and branch & bound. The tiles out of place, straight line distance and the city block distance heuristics are also supported.
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                   Figure 3: Burst mode, Depth First Search
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                  Figure 4: Burst mode, Breadth First Search

2.4 Classroom Use

In the classroom we use the animation software to augment traditional lecture and tutorial teaching methods.  The students are given laboratory exercises to work on over a period of two weeks.

The exercises require students to start with a prescribed set of problems and then to construct hypotheses about the different searches and verify them by constructing their own problems.

3   EVALUATION

We have carried out two kinds of evaluation activities: formative and empirical. Formative evaluation was concerned with using student trials and feedback to ensure that the system is well designed and consistent with the cognitive processing of the learner. Empirical evaluation was concerned with determining how learning with the animation system compares with alternative methods.

3.1 Formative Evaluation

As stated earlier, one of our major goals was to construct a system that would accommodate students' learning difficulties and students cognitive processes while studying search algorithms. To achieve this we adopted a prototyping approach. We analyzed video and audio tapes of students using early versions of the system  and used the results of the analysis to adapt and refine the design. We also sat with a few students as they worked with the animation software and asked them to verbalize what they were thinking and doing. The following are some examples of design changes that resulted from these processes.
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                    Figure 5: Burst mode, A* Search

While it is very convenient to the programming to clear the screen and redraw when encountering some tricky bits of animation rendering, this is very disruptive to the concentration of the student. In trials with the prototypes many students wanted a ‘go-back one step’ button which we initially implemented by clearing and redrawing the screen but eventually had to carry out a massive reengineering to avoid clearing the screen.

Several ideas did not work out as well as anticipated. We had planned to have a mode which gave a picture of the underlying search space and its relationship to the nodes actually realized in memory. However we were unable to come up with visualizations that looked reasonable and ran in reasonable time. We had also planned to have the whole area of the closed set rendered with a pale background colour to give the visual impression of a contiguous region. However, technical difficulties with rendering the area and keeping it updated as the search progressed without too much screen flashing caused us to abandon this idea.

We are also not totally comfortable with our decision to introduce scroll bars when the displayed search graph is too big to fit in the allocated window, as occurs in figure 4. Students can lose orientation as the system writes in one place while they attempt to scroll elsewhere. It may have been better to not use scroll bars and adopt a `zoom-out' strategy, that is, re-render the search graph at a lower level of magnification. However very bushy breadth first searches would still be a problem and the different magnifications make it difficult to compare searches based on coloured areas of the screen.
3.2 Empirical Evaluation

Prior to the advent of algorithm animations there were two basic ways of learning algorithms: (1) study the text of the algorithm and work with pencil and paper, and (2) write the programs and test them on a range of data. While both approaches assist learning they each have some drawbacks. Pencil and paper methods restrict students to working with small problems only and they tend to miss the qualitative aspects of algorithm behaviour. Programming is very time consuming and generally much time and effort is spent on program design, input and output, data validation, system problems and debugging, all activities which distract from the main task of learning the algorithm. However, it was (and still is) generally believed that the only way to really understand an algorithm is to write the program for it.

Algorithm animation offers a new approach to learning algorithms. As yet, there does not appear to be a common view about the best way to use or evaluate algorithm animations [6,7] in teaching and in fact there is some doubt about the value of animations at all. Our view is that algorithm animations are useful if they (1) lead to better understanding than what is achieved by alternative approaches (programming in particular) or (2) less time is spent using the animation approach to achieve similar learning outcomes.

We have carried out a study in which one group of 15 students used the programming approach and another group of 15 used laboratory exercises based on the algorithm animations. Both groups achieved similar results on a post test. However, the animation group performed better on questions relating to qualitative performance of search algorithms. We are planning a follow-up study to further explore the areas of qualitative understanding and quality of learning in relation to time spent.

The system has now been in classroom use for 4 years and has been generally well received by students. Survey results indicate that many students think that use of the animation has increased their understanding of search algorithms. The major complaint is about the run speed. One very pleasing aspect was that students used the animation in ways that we hadn't anticipated. In one lab, for example, we found students having `algorithm races'. Two different algorithms for the same problem were started at the same time on adjacent workstations and students were watching to see which one finished first.

4. CONCLUSIONS

We have described an algorithm animation system for assisting students to learn artificial intelligence search algorithms. Common difficulties experienced by students in studying search algorithms were identified and the animation system was designed to assist with these difficulties. The system operates in single step mode and burst mode. Single step mode facilitates the learning of the individual steps of an algorithm while burst mode facilitates learning of the qualitative behaviour and comparison of algorithms.

The approach of analysing learning difficulties and then developing the animation system has been successful and led to an animation system that assists students to develop visual representations that assist learning. The system has been in classroom use for 4 years and survey results indicate that students believe that using the system increases their understanding of search algorithms.

The question of whether algorithm animations result in better learning remains open.  However, we have established that, given the same amount of time, students using the animation were better able to describe the qualitative behaviour of search algorithms than students who wrote the programs from scratch.
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