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Chapter 1

Introduction

Abstractions have been one of the human mind's key features to evolve technolog-

ically. When faced over many details altogether, we tend to group them undera

common pattern, thus creating an abstract idea that holds those details, in order to

understand them better as a unity. Sometimes we do not group ideas together but

replace them with simpler ones, e.g., symbols. Analogies and metaphors are other

forms of abstraction, which tie real world facts with our knowledge. In this �eld,

humans are really good at buildingvisualmetaphors.

Computer Science itself is built on multiple levels of abstraction, therefore it

has a complex nature. This inherent complexity demands the existence of various

graphical representations for the concepts related to Software and Computer Sci-

ence in general; as they do not have any reallookand are hard to understand. These

visual metaphors were the subject of many novel studies that tried to evaluate the

bene�ts of symbolic software representation on human understanding (e.g., [8] or

[16]). They were the �rst primitive forms ofSoftware Visualization(SV).

In the beginning of the 1980's, the advent of better display devices involved

the in�ection point in this discipline: the origins ofmodernSoftware Visualiza-

tion. The new technology opened a wide range of graphical capabilities, which

also offered the possibility of enhancing previousvisualizations, giving them dy-

namism. Since then, there has been a constant effort to maintain a well structured

classi�cation of the knowledge in the Software Visualization �eld.

In this chapter, some necessary concepts and de�nitions about the Software Vi-

sualization �eld are introduced. Then, a little background information to introduce

the context of this thesis; and, �nally, the objectives of this work.

1



CHAPTER 1. INTRODUCTION 2

1.1 De�nitions and Concepts

One of the most popular modern de�nitions for Software Visualization is the one

proposed by Price et al. [40]:

“We de�ne SV as the use of the crafts of typography, graphic design,

animation, and cinematography with modern human-computer inter-

action technology to facilitate both the human understanding and ef-

fective use of computer software.”

This de�nition also organizes the SV discipline into smaller topics of interest.

SV is essentially divided in two �elds: algorithm visualization and program visu-

alization. The termProgram Visualizationrefers to the use of various techniques

in order to help human understanding of computer programs.Algorithm Visualiza-

tion deals with a higher level of abstraction. Each term is composed by different

subtypes. Figure 1.1 illustrates this.

Static Code
Visualization

Static Data
Visualizaqtion

Code
Animation

Data
Animation

Algorithm
Visualization

Static
Algorithm

Visualization

Algorithm
Animation

Software Visualization

Visual Programming

Program
Visualization

Figure 1.1: Terms of Software Visualization in literature [40].

The key difference between algorithm visualization and program visualization

is the difference between algorithm and program itself. An algorithm is, by nature,

a more abstract entity than a program, and it is not necessarily tied to the com-
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puter science context. Then, the inherent concreteness of programs makes their

categorization a bit more detailed. Aside from this, both terms share a main tar-

get: provide techniques to enhance the human understanding of algorithms and

programs, respectively.

Within algorithm visualization we can �ndStatic Algorithm Visualizationand

Algorithm Animation. The absence of the time dimension, in the former case, and

its presence, in the latter case is the main frontier between the two terms. Algorithm

�owcharts are the most illustrative example of static visualization, and a set of

slides presented in sequence constitutes a primitive form of algorithm animation.

As for program visualization, there is also static visualization and animation.

But because programs are mainly composed by data and code, this divisionhas to

be applied to each of them. Even though the termVisual programmingappears as

a subset of program visualization, it has a different nature than its superset (shown

in Figure 1.1). Citing Price et al. [40] once again:

“Program visualizationhas been de�ned by several authors, but the

general consensus is that it is the use of various techniques to en-

hance the human understanding of computer programs, whilevisual

programmingis the use of `visual' techniques tospecifya program in

the �rst place.”

Sometimes the frontier between static code and data visualization and visual

programming is not clear because the tools used for the latter often help under-

standing programs. For instance, UML class inheritance diagrams are used to

specify programs1 but also serve asmapto guide code reading on a large piece

of software. Interestingly, even bare code indentation andpretty printing2 belong

to the static code visualization term.

Finally, visual debuggers fall into the category of data and/or code animation

tools, depending on the particular characteristics of the debugger itself.

1.1.1 Conventions

Along the document, the difference between program and algorithm visualization

is not taken as strictly because they share the majority of concepts, elements and

mechanics. However, the termprogramshall always refer to source code under-

1Those diagrams combine data with code altogether, as classes hold data and code too.
2Code highlighting, like most modern text editors are capable of.
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standable by a compiler, e.g. Java, whereasalgorithmshall remain as a placeholder

to more abstract concepts; for instance, when referring to pseudo-code.

Program or algorithm animation refers to a sequence of visualizations, each

of these representing astateof the program or the algorithm. Unless explicitly

speci�ed, both termsstateand stepare used in reference to the contents of the

data structures at a particular instant. Moving from one state to another, whether

forward or backwards in time, is referred as atransition.

When an animation or a transition is said to besmoothlyanimated a short and

fast sequence of frames3 is showed to imitate physical kinematics. Also related,

the termdisplacementis used as the action of changing the location of a graphi-

cal element, but does not necessarily imply smooth animation. Explained in bare

words, the wordsmoothwill be used to explicitly refer to animation as in cartoon

movies, not as in SV.

1.2 Background

The history of Matrix began at at the Laboratory of Software Technology early

in the 1990's. The department faced an average load of 500 students per year on

the Data structures an algorithmscourse. The lack of human resources to grade

students' exercises promoted the creation of an automated assessment system. It

was called TRAKLA [12].

TRAKLA introduced a new concept:algorithm simulation[20]. The students

had to demonstrate how a given algorithm manipulates a given data structure step

by step. The usual process was to sketch it with pencil and paper and then making

a transcriptionto a textual format, suitable to be sent over email. After that, the

TRAKLA server would grade the exercise and return some feedback to the student

by email.

The problem with a textual format is that it is very error prone. Simulating

an algorithm on paper and then having to write the simulation again following a

particular syntax is a slow and tedious task. To overcome this problem, a graphical

interface called TRAKLA-EDIT orTred[18] was created.

With TRAKLA-EDIT the students would graphically manipulate visual repre-

sentations of data structures; then the textual version, susceptible to be graded by

TRAKLA, would be automatically generated. Thus, the human errors introduced

by manually typing the exercises solutions in TRAKLA format could be avoided.

3Frame as inframes per second.
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TRAKLA-EDIT constituted the �rst work of the laboratory on the SV �eld be-

cause it enabledvisual algorithm simulation[19] on top of TRAKLA. Yet still,

TRAKLA-EDIT use was not mandatory to submit the exercises' solutions.

Despite the integration provided by WWW-TRAKLA [19], which combined

TRAKLA and TRAKLA-EDIT with other telematic tools4, TRAKLA-EDIT was

a separate application from TRAKLA both with different tasks: the latter auto-

matically assessed solutions submitted by students, and the former helped creating

those solutions. A number of drawbacks arose from this situation. First, thecre-

ation of new exercises was double effort: creating the TRAKLA exercises and the

corresponding TRAKLA-EDIT front-end. Second, the obtained feedback from the

system was not instantaneous as the student had to wait for a response email. And

third, the correct solutions of the exercises, or assignments, were not available in

graphical form; i.e. TRAKLA-EDIT was not able to interpret TRAKLA syntax,

but only generate it from user input.

In order to solve these problems, a completely new design called Matrix [21,

23, 25] was created in 1999. The Matrix framework combined the featuresof

TRAKLA and TRAKLA-EDIT together with a number of new functionalities. In

2003, WWW-TRAKLA was �nally succeeded by TRAKLA2 [22, 24, 31],based

on the Matrix framework. TRAKLA2 solved all the problems mentioned above:

creating new exercises required only one implementation and was easier thanks to

Matrix's facilities, the feedback was now instantaneous, and the student could now

review the model solution with a graphical animation.

Another great advantage of TRAKLA2 over TRAKLA is the unlimited num-

ber of resubmissions. TRAKLA allowed a limited number of them; the student

was able to submit the answer a couple of times, getting feedback in between.

The reason for this limitation was the fact that an exercise assigned to an student

had always the same data; i.e., randomization only happened once per student. In

TRAKLA2 the exercise data is randomized every time the exercise is reset.

Not only TRAKLA2, but some other tools have been built upon Matrix: Ma-

trixPro [14, 15], a tool to generate algorithm animations on the �y, and the Matrix

Visual Tester [30], a visual debugger.

4Tools such as email, newsgroups and WWW forms.
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1.3 Motivation

Human attention is a limited and precious resource, which is often overlooked in

the design of interactive software systems. Despite the high standing achieved, the

Matrix framework still has some small details that could be improved.

Laakso et al. [26] evaluated the Matrix framework through the TRAKLA2 ex-

ercise system. A part of the study involved a usability test that gave interesting

results. One suggestion from that paper, among all the discussion, turned to be one

of the motivations of this thesis:

“[. . . ] Another suggestion was to display the model answer window

below the user's answer in order to facilitate comparisons and error

detection. Automatically marking incorrect keys with another color

was also expected to make it easier to �nd errors.”5

Another area needing some improvements is the exercise model answer anima-

tion. Matrix visualizes animations as a sequence of images representing the state

of the data structures. Some TRAKLA2 exercises' model answers are dif�cult to

track, thus dif�cult to understand. Chapter 3 reviews in depth these details.

Therefore, the main motivation is to modify speci�c parts of the Matrix frame-

work and, eventually, some TRAKLA2 exercises in order to improve the user expe-

rience. Also, �ll in the gaps of some basic expected features in SV systems today,

features that a unique framework such as Matrix cannot miss with the advent and

availability of computer graphics power.

1.4 Scope

Price [40] de�ned a set of categories to describe and characterize a SV system.

These categories conformed thePrincipled Taxonomy of Software Visualization

([40]). Figure 1.2 enumerates them.

Each category addresses a particular aspect of a SV system:

Scope: The range of programs or algorithms that the SV system may take as input

for visualization.

Content: The subset of information visualized by the SV system.

5See [26], section5.3 Results and Discussion, page 60
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Figure 1.2: The six top-level categories of Price [40].

Form: The visual elements and characteristics utilized to construct the visualiza-

tion.

Method: The speci�cation of the visualization.

Interaction: The interaction mechanisms between the user and the SV system.

Effectiveness: The results achieved by the SV system.

Figure 1.3 illustrates the way these categories are related to each other and to

the environment of a SV system.

From all the terms shown in Figure 1.1, the work presented in this thesis only

focuses in the dynamics of SV, that is, mainly algorithm animation. The reason is

simple, static visualization techniques are older and mature; and Matrix does not

suffer from bad graphical metaphors for static data representation.

Therefore, the emphasis is focused on theForm category, which is scoped in

how the SV systems present visualizations. This category is subdivided asshown

in Figure 1.4.

Of all the subcategories, the following are of main interest:

Animation: How the system presents animations, either smoothed or not (see sec-

tion 1.1.1).
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Program to be visualized
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Software Visualization
Software

User

Visualization
of Software

UserVisualizerProgrammer

SV System Developer

C: Form

F: Effectiveness

Figure 1.3: The SV model according to the six top-level categories.

Color: in visualizations, how it is used.

Multiple views: refers to the use of different synchronized visualizations of pro-

grams, algorithms and/or data.

This work is developed, then, around certain visual algorithm animation fea-

tures of Matrix and TRAKLA2 that can be improved or are missing. All goals are

focused on providing better feedback to the student, to aid gaining better under-

standing of the data structure manipulations through algorithms.

For the cause, TRAKLA2's basic exercise set6 served as the analysis subject as

well as the test bed for the prototypes. In particular, the exercises' model answers

were specially interesting as they constitute the most useful feedback and were

very sensitive to the alternatives presented here.

Sticking to the basic set of exercises has some advantages and drawbacks. The

exercise set constitutes a great platform for new feature evaluation with real testers,

as the exercises are simple and well de�ned; this also implies that regressiontests

are easier to design. On the negative side, there is the inability to test visual im-

provements over existing advanced features such as the possibility to dragcomplex

6The exercises used in theData structures and algorithmscourse at TKK.
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Figure 1.4: The Form category of Price [40].

data structures, as a whole, into other complex data structures, thus composing

them.

1.5 Structure of this Thesis

Chapter 2 introduces some psychology theoretical background to support most of

the important design decisions taken. Next, Chapter 3 presents an overview of the

Matrix framework features, together with an analysis of certain aspects subjected

to possible improvements. In order to catch some ideas to import into Matrix,

Chapter 4 reviews some of the most relevant SV applications of the time. The

implemented functionality is described in Chapter 5. Finally, Chapter 6 discusses

more subjective topics and provides some ideas for the future.



Chapter 2

Cognitive issues

This chapter presents a brief summary of the psychological theoretical background

which has in�uenced most on how information is displayed in computer interfaces.

The last section of this chapter (Section 2.4) explains some practical implications

of the outlined cognitive theories over the SV context.

The majority of discussions in later chapters rely on the key concepts exposed

here.

2.1 The vision process

Colin Ware [52] states:

“Consider the eyeball as an information-gathering searchlight, sweep-

ing the visual world under the guidance of the cognitive centers that

control our attention. Information is acquired in bursts, a snapshot for

each �xation. From an image buffer, the massively parallel machinery

of early visual processing �nd objects based on salient features of im-

ages. Once identi�ed, complex objects are scanned in series, one after

another, in a much slower process.”

His work describes in detail how the human brain responds to visualizations,

and thus, how to take advantage in order to provide intuitive graphical represen-

tations of various kinds of data. Among all that knowledge, there is a special

interest on concepts like eye movements, attention, the Useful Field of View and

pre-attentive processing. All of them are related to the human vision process.

10
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Vision is probably the richest and most dense information channel humans deal

with. Although the early stages of vision process huge amounts of information,

most of it is �ltered out or dropped along the different stages.

The process begins in the eye, which is constantly moving seeking information.

There are three important types of eye movement:

Saccadic movement:When the eye moves rapidly from one �xation point to an-

other. This movement is said to beballistic; meaning that �rst the destination

spot to look at is decided in the brain, then the muscles are signaled to ac-

celerate and decelerate the eyeballs towards the given point and �nally the

movement is performed. Once the eye is moving it is not possible to �x-

ate images in its path. This means there is a gap between �xations where

nothing was perceived nor processed. These gaps are calledsaccadic sup-

pressions[42].

Smooth-pursuit movement is executed when the eye follows an object which is

moving smoothly in the visual �eld. It also allows head and body movements

while maintaining �xation on such a moving target.

Convergent movement: When an object moves toward us, our eyes converge.

When it moves away, they diverge. Convergent movements can be either

saccadic or smooth.

Eyes also perform refocus oraccommodationwhen the distance from the tar-

get object changes. As with the convergent movement, accommodation doesnot

apply on the topics covered in this thesis. Curiously, convergent movementsand

accommodations are neurologically related to each other.

A common scenario in software visualization is sitting in front of a computer

display; in this situation there are no objects approaching or going away from the

viewer, geographically speaking. In other words, the distance betweenthe viewer

and the display is �xed.

Note that in spite of the fact that computer systems can be used to display 3D

graphics, where objects can perform viewer approach movements, theycannot be

considered as such. Current domestic 3D graphical engines are based upon an

optical model called thepinholecamera, which does not match with the human

optical, lens based, model. From the pinhole camera all objects are seen clearly

regardless of their distance from the observer; contrary to lens camera, where focal
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distance de�nes the objects that are seen clearly. Objects at different distances are

blurred.

Therefore, convergent movements and accommodation are irrelevant concepts

within the context of this thesis.

2.2 Visual attention and the Useful Field of View

Referring to visual attention, Colin Ware [52] also writes:

“Visual attention is largely tied to eye movements: We attend to what

we �xate. [. . . ] A searchlight is a useful metaphor for describing the

interrelationship among eye movements, visual attention, and the use-

ful �eld of view. In this metaphor, visual attention is like a searchlight

used to seek information. We point our eyes at the things we want to

attend to. The diameter of the searchlight beam (measured as a visual

angle) describes the useful �eld of view. The direction of the search-

light beam is controlled by eye movements.”

A formal de�nition for the useful �eld of view(UFOV) is: “The size of the

region from which we can rapidly take in information”. Interestingly, this size

is variable; depending on the task, the UFOV is wider or narrower. Figure2.1

illustrates this. If the task consists of reading the text, the UFOV adjusts to a letter

(glyph) or word scale, otherwise the UFOV is enlarged and a diamond is seen.

Notice how the diamond shape itself can become a distraction from the reading

process. Shape recognition by closure is one of the Gestalt laws and it is an uncon-

scious process. The action of reading is performed using a sequence of saccadic

eye movements jumping from one word to the next and from one line to the next.

The different lengths of each line, respect to the previous, makes more dif�cult to

�nd the beginning of the next line, thus enlarging the delay between the last �xated

word and the next. Because of this, more visual processing (unconsciously) is per-

formed and the diamond appears as a recognized pattern and the UFOV is widened.

A �nal result can be the sensation of being able to read as well as recognizing the

diamond, but the reality is that both processes are interleaved due to changes in the

UFOV angle.

Other in�uences can also affect the width of the UFOV: object density and

stress, for instance, are inversely proportional to the UFOV angle.
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}
When

we read, we
see each word

individually and thus
the useful �eld of view is

small (few degrees). But we
can recognize larger shapes even

when looking from the same distance.
This means the useful �eld of view has

grown to a wider angle. Such behavior shows the
different kind of �xations. As you read this, you are

not aware of the shape of this paragraph. If you
look at it without reading you see a diamond

shape. This is a result of one of the
Gestalt laws: closure, not covered

here but one of the most in�u-
encing theories in modern

cognitive psychology
and visual pat-

tern recog-
nition.

}

Figure 2.1: Different scales of the UFOV.

Normally, objects outside the UFOV are literally out of our attention, thus,

almost unseen by later vision stages. This does not mean those objects are invisible

but, as we are not paying attention at them, they are not actively monitored. Early

vision stages can still be triggered by certain changes in the scene and force an

attention shift towards them. In practice, this means that the UFOV is sensibly

enlarged for certain kind of visualstimulus. The most important one is motion [38].

Moving targets are quickly identi�ed even at long distances from the line of sight1.

But the reaction to those moving targets responds to a more basic behavior:

orientation re�ex. Whatever sudden and unexpected change in the environment,

which can be cached from our senses, attracts our attention from the normal think-

ing �ow. Just like a hardware interruption pauses the current executionin a mi-

croprocessor. These reactions are not rational because they are interpreted by the

neurons near the cortex and it is also a common feature among animals. An orien-

1The maximum distance measured in [38] was20± from the line of sight; leaving an UFOV
diameter of40± .



CHAPTER 2. COGNITIVE ISSUES 14

tation re�ex can be produced by any kind of stimulus, the obvious examples are:

an unrecognized noise or sound, and a moving target near in the �eld of vision.

Moving or blinking targets are a typical way of requesting user's attention from

a graphical user interface. The user may be browsing through the web and a new

mail message arrives; a bouncy icon, a blinking message, a sliding box or asound

are common ways to provide the noti�cation in a non-obtrusive way. And there are

not too many other effective options, as Colin Ware [52] justi�es:

“Essentially, the problem is how to attract the user's attention to in-

formation outside the UFOV. For a number of reasons, the options are

limited. We have low ability to detect small targets in the periphery of

the visual �eld. Peripheral vision is color-blind, which rules out color

signals. Saccadic suppression during eye movements means that some

transitory event occurring in the periphery will generally be missed if

it occurs during an eye movement. Taken together, these facts suggest

that a single abrupt change in the appearance of an icon is unlikely

to be an effective signal. Common examples of this are changing the

color of an icon and causing the �ag on a mailbox icon to be raised.

Such events are likely to be missed unless the user includes the icon

in an explicit monitoring schedule.”

Web banners exploit similar techniques (motion and blink) to attract attention;

because of that abuse, sometimes thehabituationphenomenon occurs and those

stimulus are ignored. Christian Balkenius [3] wrote a detailed introduction to at-

tention, orientation re�exes and habituation.

2.3 Preattentive processing

Consider the task of �nding the bigger disc in Figure 2.2(a) or �nding the square in

Figure 2.2(b). At a glance, both targets are almost immediately identi�ed, without

the need of a sequential search through the images. The mechanism behindthis

perception ispreattentive processing[50].

The reason why these objects are so easily identi�ed is that their distinctive

visual features (size and shape, respectively) are processed by the early stages of

vision. Such salient features are said to be preattentive. There is a great, but lim-

ited, number of preattentive features; some of the most popular ones are:size,

shape (as seen in Figure 2.2), orientation, closure, addition, length, width, color
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(a) Size (b) Shape

Figure 2.2: Some pre-attentive visual features.

(hue), curvature, concavity or convexity and lighting direction to name a few. Some

motion properties are also interesting preattentive features: direction and velocity

for example. Such characteristics have to be different than the majority of objects

surrounding, that is howrelativemotion becomes preattentive.

Contrary to what it may seem, preattentive features cannot be ordered interms

of importance, i.e., the existence ofstrongerandweakerpreattentive features has

not been proved yet. Although intuitively it could seem that relative motion is

stronger than, say, shape. In this case motion not only in�uences preattentive pro-

cessing but also the UFOV, as mentioned in section 2.2. Using static images, then,

preattentive features cannot be sorted byef�ciency2.

There are some conditions that reduce the effectiveness of preattentive process-

ing, or even suppress it. Generally, preattentive features work very well for �nding

and tracking down tasks, when the number of targets are small among a largeand

homogeneous object set. Sometimes the task consists in �nding an object that has

multiple distinctive features (but not unique) altogether, while being surrounded by

objects (thedistractors) which share some of these features but not all. It has been

proved that, in this case, the search cannot be done preattentively and,thus, re-

quires a higher attention effort by performing a serial search. Figure 2.3 illustrates

this. It is easy to �lter out the big circles, the big squares or the small circles;but

�nding the small square does not come as natural as in Figure 2.2(b). Therefore,

care must be taken when trying to join together various preattentive features, as

they can become an obstacle rather than an improvement.

There are several theories trying to explain the reasons and the mechanisms

of preattentive processing in the early vision states. However, in this context the

2The time it takes to identify an object with a preattentive feature.
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Figure 2.3: Combined features slow down searching.

only interest in the results, and then these theories are not covered. Forfurther

information, consult [50] and [51].

2.4 Vision and Software Visualization

Baecker [2] wrote about the importance of program and algorithm animationto

describe program and algorithm behavior. He outlined the basic characteristics of

animations to achieve their goals as a learning aid:

“To be effective, algorithm animation must abstract or highlight only

the essential aspects of an algorithm. We must decide which program

text and which data to represent, how they are to be visualized, and

when to update their representations during the execution of a pro-

gram. Most importantly, we must try to enhance relevant features and

suppress extraneous detail, to devise clear, uncluttered, and attractive

graphic designs, and to choose appropriate timing and pacing.”

The beginning of the graphical user interfaces (GUIs) era faced important de-

sign challenges. In a GUI, the correct layout of the information is crucialto pro-

duce intuitive and ergonomic interfaces. The Gestalt theory [17] established a solid

base to understand human perception and how it naturally recognizes patterns, for-

mulated in terms oflaws of organization: proximity, similarity and others. The

in�uence of Gestalt theory is present in common GUI designs today; although, as

mentioned in Figure 2.1, is not going to be covered here.

Same challenges apply on the SV �eld. The relationship between SV and hu-

man perception is so obvious that it tends to be implicitly assumed. Understanding

the mechanics behind our visual processes provides very accurate hints on how to
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successfully produce clear, uncluttered and attractive visualizations, as mentioned

by Baecker. Otherwise animations can be dif�cult to follow, which is an obstacle

to concentration, therefore becoming counter-productive as a learningaid.

The use of preattentive features to highlight certain parts of the visualization

combined with smooth animation, blinking or other motion effects are a powerful

tool to guide human attention along the whole algorithm animation. This guid-

ance therefore plays an important role to make the animation effective as stated by

Backer.

In the following chapters, speci�c uses of the presented content will be ana-

lyzed in more detail.



Chapter 3

Matrix in detail

As commented in Section 1.2, the introduction of Matrix provided a solid base to

build diverse SV tools. This chapter describes the functionality details of theMa-

trix framework and its two most notable applications: TRAKLA2 and MatrixPro.

Next, an in-depth analysis of some improvable areas is presented.

3.1 Matrix functionality

The Matrix framework can be considered a unique system within the SV world,

mainly because it is built on top of two important pillars: visual algorithm simula-

tion and automatic assessment. Both features are rarely found, specially together,

among well known SV systems.

Visual algorithm simulation was introduced in Section 1.2 as an enhancement

to algorithm simulation present in Matrix's predecessors. Visual algorithm simu-

lation allows direct manipulation of data structures through a graphical represen-

tation. The user can drag these graphical components, thus simulating the modi�-

cations made by an algorithm over the data structure. Internally, Matrix separates

completely the graphical representation from thereal data structure. From now

on, the termmodelwill refer to the data structure and the termviewto the model's

graphical representation.

Figure 3.1 shows a view of a binary search tree. The Matrix framework is

�exible enough to allow all kind of operations on data by solely using a mouse-like

input device; the user can modify the links between the nodes, move the keysfrom

one node to another; even the whole data structure can be dragged and dropped

onto another. If properly con�gured, it is also possible to swap keys and create

18
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Figure 3.1: Visual structure example, Binary Search Tree.

new nodes. Many other data structure views are also supported, e.g. arrays and

linked lists, and new views can be created by extending the framework.

Separating views from models also allows showing different views of the same

data structure (model), all at the same time; therefore, changes performedon the

model, through any of the views, is then propagated to all its views. For example,

Figure 3.2 presents two different views of a priority queue, or binary heap. The user

may swap two keys by dragging one key onto another. Notice that the destination

node does not have to belong to the same view as the source, which means that

keys can be dragged within the array view, the tree view or from one view tothe

other, all resulting in the same operation. Both views keep updated consistently to

the model data.

Figure 3.2: Example of multiple views representing the same model.

Views can also be con�gured to enable or disable certain features and opera-
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tions; like choosing different behaviors for drag and drop1 or setting the view as

read-only, which forbids any operation to be performed. This functionality allows

to reuse views in different contexts.

Matrix also has the ability to undo and redo operations performed on data struc-

tures, allowing the user to rectify the algorithm in case of involuntary errorsintro-

duced by, for instance, slips using the input device. Such a feature is possible

thanks to the fact that all changes to models are memorized by an entity called

animator: a framework component that allows navigating back an forth over the

change history.

The combination of the model and the animator constitutes the essence of the

second pillar of Matrix: automatic assessment. Having the sequence or history of

all the operations performed on a model means that data structures' sequences of

states can be reproduced and compared at any time. Indeed such sequences are no

other than the simulated algorithm. Chapter 5 describes some more details about

this.

But Matrix is only a framework. All the explained functionality has to be

exposed to the user through applications. As mentioned at the beginning of this

chapter, the two leading applications using the Matrix framework are TRAKLA2

and MatrixPro.

3.1.1 TRAKLA2

The �rst application to use Matrix, and the one that motivated Matrix's develop-

ments, was TRAKLA2 [22, 24, 31]. Even though it may only be seen as a set

of algorithmic exercises2, TRAKLA2 is also composed of a set of integrated web

technologies and other helper tools for course management and statistics.

There are two web interfaces to TRAKLA2: the monitor and the student in-

terface; the former dedicated to administer and con�gure the latter. The student

interface is from where exercise submissions are sent. All the submission data is

collected and stored into a database, from which any kind of statistics can begen-

erated. TRAKLA2's core components are the exercises, they are shown in the form

of an web applet capable of interact with the user.

For the purpose of this work, only the exercise applet will be referred towhen

mentioning TRAKLA2. In other words, just the set of exercises is taken intoac-

count and the other telematic tools inside and around TRAKLA2 are discarded out
1Possible choices are swapping, replacing or inserting behavior, amongothers.
2As introduced in Section 1.2.
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of the evaluation presented here. Interestingly, TRAKLA2 and the Matrix frame-

work are historically tied together, like mentioned at the beginning of this section;

in fact, the set of exercises is part of Matrix itself.

Moving on to the feature overview, TRAKLA2 brings to the user all the fea-

tures already commented. Functionality designed to overcome TRAKLA-EDIT

problems enumerated in Section 1.2: instant randomization of data to allow unlim-

ited number of resubmissions, visual model solutions and a more friendly APIto

create new exercises. In the last case, automatic assessment does not have to be

implemented for each exercise; the Matrix framework only needs the user submis-

sion and the correct solutions to compare them automatically and give immediate

grading feedback. But these details are deferred until Chapter 5.

Figure 3.3 shows an example of a TRAKLA2 exercise. The student solvesthe

exercise by dragging visual representations of data structures, thus simulating the

algorithm. Basically what has been explained so far. Each time the exercise isreset,

new data is generated randomly. There is also the possibility of viewing the model

solution, which also invalidates the submission therefore forcing a reset. After

solving the exercise, the student can submit and get immediate feedback about the

correctness of his or her answer.

Figure 3.3: TRAKLA2: Binary Search Tree insertion.

Once again, TRAKLA2 is much more than a bare exercise applet. But from
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this thesis' perspective, there is no reason to review the rest because itis not related

to the SV �eld.

3.1.2 MatrixPro

The second SV application to use the Matrix framework was MatrixPro [14, 15].

Its main objective is to serve as a rapid algorithm animation creation tool. A typical

scenario, or use case, may be a lecture presentation: with MatrixPro it is possible

to generate the animation live, or prior to the lecture for later display in case ofa

more complicated animation.

Animations are created completely graphically, identical to the way the exer-

cises are solved. Nevertheless, the views3 offer more functionality: drop-down and

context menus, and the possibility to nest and drag whole data structures. It is also

possible to control thegranularityof the animation, i.e., the operation grouping or

how many operations are performed in a single animation step.

Figure 3.4 shows some examples of generated animations through visual al-

gorithm simulation. Similarly to TRAKLA2, graphical elements can be dragged

around the visualization area; but instead of solving an exercise, an animation is

being created.

(a) Binary heap (b) Red-black tree

Figure 3.4: MatrixPro showing visual data structures

As mentioned in the previous section, the TRAKLA2 exercise set, in practice,

is a part of the Matrix framework. Therefore, MatrixPro bene�ts from this and

makes the exercises also available to the user, thus giving the possibility to execute

them off-line. Thus, MatrixPro can be considered a superset in functionality of the

3Visual data structures.
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TRAKLA2 exercise applet.

Despite the �exibility provided by MatrixPro in order to generate algorithm

animations, some features available in the framework are not exposed to the user.

One example situation could be teaching a particular data structure like an AVL

tree: the lecturer might be interested in showing how the tree grows for different

random cases. Animations are stored literally, not conceptually. Obviously, such a

scenario can be easily solved by generating the animation live for every new input

data or, if applicable, using an exercise model solution. When the visualization

needs become complex, MatrixPro does not provide enough power and �exibility;

at this point, there is no other way than coding on top of the framework directly.

3.2 Areas of improvement

Sticking to the visual aspects of Matrix, already stated in Section 1.4, there are

three fronts where appropriate solutions could improve the overall user experi-

ence: the completeness of model answers, the grading feedback, and the animation

transitions.

The reader may notice the emphasis on model answers along the text. Model

answer visualizations are the perfect environment for analysis and experimentation

about strictly visual features, for two reasons:

1. They can fully expose Matrix capabilities, because they are built directlyon

top of the framework API4.

2. There is no interference with user interaction. Apart from being able towalk

through the animation, the user cannot perform visual algorithm simulation

on model solution views.

This section only describes parts of the framework that could bene�t from im-

provements. Details about possible solutions and implementations are revealedin

the following chapters.

3.2.1 Model answers

Before Matrix, by the time TRAKLA was being used, the model solutions were not

in graphical form. They were only useful to �nd out mistakes and misconceptions

from the corresponding exercise. The situation with the Matrix framework changed

4In other words, they have to be coded.
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dramatically; now model answers are often checked by the students before trying

to submit any exercises. They could also be used in lecture demonstrations.

Therefore, because the relevance of the model solutions is greater, their teach-

ing effectiveness has to be better. Currently, in Matrix some exercises, the model

solutions do not display enough information. One example of this is the recursive

MergeSortexercise, whose model answer is shown in Figure 3.5. The model an-

swer only shows the merge process but it is very hard to follow the recursive calls,

which are an important part of the algorithm. In particular, most of the recursive

exercises suffer from this lack of visual hints to help tracking the algorithm.

Figure 3.5: MergeSort model answer

Adding the necessary artifacts to the affected exercises would improve theuser

experience and could make their model solutions even more suitable for lecture

demonstration. Care must be taken, though, because overloading the model answer

window can have negative effect, even becoming a bigger obstacle for the student's

understanding.

3.2.2 Grading feedback

Thanks to the instantaneous feedback provided in Matrix, the student cancomplete

whole exercise subsets5 being con�dent about the correctness of his/her submis-

sion. The problem with the current feedback approach is, again, the lack of infor-

mation. The given feedback for any kind of submission, whether is correct or not,

is the number of stepsmatchingthe model answer. Figure 3.6 illustrates this.

There are two important issues with such feedback. First, the number of oper-

ations performed on the views of the exercise do not necessarily match the number

5In TRAKLA2 they are known asrounds.
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Figure 3.6: Grading feedback window

of steps the model solution has. Hence, it is dif�cult to have a precise certainty on

where the error happened. Although it does not affect all exercises, a notorious ex-

ample is the priority queue. Insertions or deletions may require the user to perform

several key swaps that are recorded in separate steps. However, the model answer

groups all those swaps as a single step, one insertion or deletion. Therefore, if the

exercise consists of three insertions the model answer will be composed ofthree

steps whereas the submitted answer will probably contain more.

Second, misconceptions and slip mistakes are not differentiated. Therefore, a

student may understand an algorithm correctly but, because of an accidental mis-

take produced while simulating the algorithm, the con�dence on the knowledge

may be damaged.

Similarly to the previous section, it is important to measure well the amount

of help provided. Too much guiding, when a mistake is reported by the system,

could be counterproductive on learning because the student might end up following

instructions from the system instead of trying to understand and solve the exercise.

3.2.3 Animation transitions

It is common knowledge that learning can only be effectively accomplished when

the learner is paying attention to the matter being taught. Software Visualization

is no exception. Algorithm animations are only useful as learning tools when the

users or students follow them. Otherwise, they are helpless.

Generally, in Matrix, algorithm animations can be followed without trouble.

However, a common behavioral pattern seems to arise when observing users track-
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ing model solution animations: step replay6. It appears to be that some changes

on the views are hard to detect. Key swapping is one case where a replay isoften

needed. Consider Figure 3.7 showing a priority queue view before and after a tran-

sition7. Although Matrix detects changes and highlights them, it does not seem to

be enough for most users.

(a) Before (b) After

Figure 3.7: Example transition in an animation

Early stages of human vision discard the majority of the detailed information,

in favor of grouping and conceptualizing information (see Chapter 2 for refer-

ences). If a user is presented with the view in Figure 3.7(a) and performing a step

results in Figure 3.7(b), the user will certainly notice that something has changed,

because of the highlighted nodes. In this situation, the brain tries to remember the

previous values in order to understand what has happened. Unfortunately, if the

useful �eld of view is wide enough (see Section 2.2), the only information avail-

able in memory is the previous shape of the heap, not the value of the keys8. Hence

the need to go back one step to check the previous values.

Although color is a preattentive feature (concept introduced in Section 2.3),

there are other topics to concern about for an effective use of it [34]. The biggest

hitch of the highlighting color is its appearance when displayed over a projector,

a common use case of Matrix based applications. Some color pairs have different

contrast on a computer display than projected on a wall.

Until recently, some model solutions suffered another problem: incorrectstep

grouping or granularity. The clearest example was theHeap operationsexercise9.

6By rewinding one step and redoing it again.
7The operation in progress is an insertion.
8Some people can memorize more information in less time, but they have either a natural ability

or a heavily trained mind; both cases rare and far from the average.
9Now split into four different exercises.
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When an insertion required multiple swaps they were all grouped together under

a single step, thus hiding the behavior of the heap insertion operation. Figure 3.8

shows an example. Fortunately, it had been �xed for the course starting at the

moment of this writing (Spring term 2007).

(a) Before (b) After

Figure 3.8: Example transition collapsing steps, old version
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Related work

This chapter introduces some well known and widely used SV systems, whichpro-

vided some new ideas to improve Matrix's visualizations. The selected systems

are the most representative SV applications, at the time of this writing, which illus-

trate the current state of the art in Software Visualization. Another point in favor

of these systems is the free availability on the net, therefore a closer evaluation of

their features has been performed.

The reviews presented in this section are not intended to be detailed descrip-

tions of them. Instead, they have to be understood as general overviewswith some

emphasis on the features that are particularly interesting to be imported by Matrix.

4.1 Animal

The ANIMAL Algorithm Animation Tool [43] was originally created at the Uni-

versity of Siegen, Germany, and used as a teaching aid in their introductorycom-

puter science courses. Its main purpose is to serve as an educational complement

to textual and/or verbal lecture explanations. The tool was created in order to serve

the following features:

² Platform independence.

² Free availability.

² Easy usability.

² Network independence.

² Textual description support, along with animations.

28
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² Code and object highlighting and marking.

² User-adjustable time in operations.

² Wide applicability, i.e., general purpose tool.

Another strongly emphasized feature of ANIMAL is the different possibilities

offered to create animations. There are three ways of creating an animation:

AnimalScript: The animation scripting language interpreted by the visualization

tool. It is an easy language to learn for programmers, its semantics are sim-

ple and the primitive set is small, yet suf�cient to create sophisticated ani-

mations.

Java API calls: Animation scripts can be automatically generated from other tools

using the library API provided by the ANIMAL framework. Notice that the

result of those calls is a script, therefore the main advantage of this procedure

is the ability to create animation scriptsdynamically.

The visual editor: This is the recommended way for non-programmers, also rec-

ommended in order to create animations in less time and in a less error prone

manner.

AnimalScript[44] is the core component of the ANIMAL tool, all the other

components (visual editor, animation player) are designed to work with it. This

language is used to de�ne visualizations and animations from a low level of ab-

straction. This means that the visualizations are speci�ed in terms of primitive

drawing operations such as lines, arcs, arrows, strings, polygons and some other

higher level primitives like arrays. There are also animation primitives like transla-

tion, rotation, appearance and disappearance. From the language it is also possible

to de�ne the color of the visualizations and the speed in a simple way.

One of the most interesting features is the support for smooth transitions.Ani-

malScriptde�nes a �xed set of operations that can be smoothly animated, such as:

translate, rotate, swap, set a link, clear a link, show and hide. It is interesting how

from such a basic list, a large variety of algorithms can be simulated.

Unfortunately, the quality of the visualizations depends on the user's skills.

There is a wide variety of ANIMAL scripts available on the net, made by various

people and ranging from malfunctioning to very polished animations. Figure 4.1
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shows two screen shots: theQuicksortanimation (4.1(a)) by Jens Brodowski1 and

theHeapsortanimation (4.1(b)) by Marc-Daniel Haunschild2.

(a) Quicksort (b) Heapsort

Figure 4.1: ANIMAL animation window

Figure 4.1 shows the animation window demonstrating some graphical and

textual possibilities offered byAnimalScript. In these examples, most transitions

are smoothly animated. For example arrow displacements and element swaps, both

within the arrays and the binary tree; in the latter case the two elements move at

the same time, in opposite directions, following a symmetric arc-like path. Other

available animations show how pointer assignments can also be animated: having

an arrow representing the pointer, the arrowhead is displaced to the new element

pointed by the assignment.

The main drawback of ANIMAL is the lack of a data model behind its visu-

alizations. In other words, the tool was designed to easily build general purpose

smoothed animations, and thus the data displayed by the scripts is, in general,

�xed. It is possible, though, to create visualizations dynamically, i.e. containing

randomly generated data, through the Java API.

4.2 Jeliot

Jeliot is a program animation/visualization tool for Java programs. The evolution

of this tool has been mainly guided by research. The Jeliot family [4] startedwith

1http://www.animal.ahrgr.de/Anims/en/quicksort.aml
2http://www.animal.ahrgr.de/Anims/en/heapsort.aml

http://www.animal.ahrgr.de/Anims/en/quicksort.aml
http://www.animal.ahrgr.de/Anims/en/heapsort.aml
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the development of Eliot [27], a tool meant to ease the production of program ani-

mations on top of the X Window system. The port to Java was called Jeliot I [10],

which allowed the users to use it on the Internet. The next successor wascalled

Jeliot 2000 [5]; this version deviated the research goals a bit, focusing more on

generating animations for novice learners. Finally, Jeliot 3 [32] became theresult

of an internal redesign of Jeliot 2000 to overcome some generality and extensibility

problems.

This section focuses on the features offered by Jeliot 3, which is a superset of

the features offered by Jeliot 2000. From now on, all mentions to Jeliot willrefer

to the latest version, Jeliot 3.

At a glance, the tool almost resembles a visual debugger. However, the main

design objective is to be intuitive, not feature complete. The tool consists ofa

single window divided in four main frames: the editor, the animation frame, the

animation controller and the output (Figure 4.2). Java code is written in the editor,

then compiled by pressing the button from the controller and, in the absence of

compilation errors, the animation frame is activated. At this point the program

visualization is ready and can be controlled from the enabled buttons. In order to

edit the code again, the animation frame has to be disabled by pressing theEdit

button.

Figure 4.2: Object oriented visualization capabilities of Jeliot 3.

The animation frame can display different kinds of information related to the
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program but the relevant part is the so-calledtheater, where the animated visual-

ization occurs. The theater is subdivided in four areas (from the upperleft corner,

to the bottom right):

1. Method frame area.

2. Expression evaluation area.

3. Constants area.

4. Instance area.

Each area holds the corresponding type of visualizations. For instance,the ex-

pression evaluation area displays simple binary arithmetic and boolean operations

and their results. Then data can move from one area to another; note fromFigure

4.2 that number 4 going towards the hand appearing at the bottom, representing

the connection between the theater and the output frame. Figure 4.3 illustrateshow

activation records are stacked in the method area, the evaluation of a compound

expression and a method call.

Figure 4.3: Mergesort algorithm in Jeliot

Data displacements between different areas are smoothly animated, in a sim-

ilar fashion to some ANIMAL scripts. But whereas in ANIMAL easy to follow

algorithm animations can be created using other highlighting techniques, in Jeliot,

smooth displacements of data are a must. If there was not smooth movement the
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visualization would be much harder to follow. Of course, the comparison between

Jeliot and ANIMAL almost ends here because of their radically differentpurpose

as SV tools.

4.3 JAWAA

JAWAA [1, 39] is another algorithm animation tool that can also be extended to

other types of animations. It consists of three parts: a scripting language,graphical

editor, and an applet capable of interpreting the scripts and displaying the results.

This system features most of the functionality of ANIMAL, except that JAWAA is

network oriented.

The scripting language supported by JAWAA is very similar toAnimalScript

with some more abstract data types, e.g. queue, stack, tree, graph, implemented

directly as part of the language. Together with these data types, the language also

de�nes some operations on them. As in ANIMAL, most of the operations can

be smoothly animated; in fact, even the color of a graphical element can be fade

smoothly to a new one, although the bene�t of this ability is questionable.

(a) Heap building (b) Sorted extraction

Figure 4.4: JAWAA 2.0 example, heapsort.

As it happened with ANIMAL, the quality of JAWAA visualizations depends

on the skills of the user to create one. In terms of data structures and algorithm vi-

sualizations, the JAWAA scripts available on the net seem to be less elaborated than

their equivalentAnimalScript�les. Nevertheless, in some cases, JAWAA visualiza-

tions prove to be useful. Take Figure 4.4 as an example of aHeapsortvisualization:

the array shown on the left side marks with different color the sorted partition of

it. Note that some numbers show out of place on purpose to illustrate the smooth

animation capabilities.
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4.4 XAAL

The Extensible Algorithm Animation Language [13] was developed at the Labora-

tory of Software Technology within the Computer Science Department of Helsinki

University of Technology. Its development was motivated by the lack of interoper-

ability available between the growing number of different SV systems. Each sys-

tem has its own language for describing and, therefore, storing animations. Then,

XAAL 's main purpose is to serve as a neutral exchange language.

Because it is an XML3 application, its manipulation is easy thanks to the XML

technologies available like DOM4, SAX5 or XSLT6. In consequence, adding XAAL

support to an SV application requires little effort.

Notice that XAAL only consists of the animation description language itself.

There are no directly related graphical environments. The language is reviewed

here because of its design, which embraces and synthesizes the most in�uential

and wide known algorithm animation scripting languages. Hence, the language

presents a general classi�cation for visual elements and animation operations.

To achieve that generality, XAAL supports different levels of abstraction: from

bare painting primitives such as lines and polygons to complete data structureslike

arrays or trees. Even more advanced structures, e.g. queues or balanced trees, can

be described by the language.

Within the context of this thesis, there is a special interest on the animation

primitives de�ned by the language. Such classi�cation will serve as a reference.

Regarding to animation itself, XAAL groups all its animation possibilities in three

sets:

Graphical Primitive Animation: Operations working at the lowest conceptual

level, manipulating graphical primitives such as lines and polygons. The sup-

ported operations are show/hide, move, rotate, scale, change-style, change-

property, group/ungroup and swap-id.

Elementary Data Structure Operations: Scaling up one level of abstraction, it

is possible to animate basic building blocks, like vertexes and arcs. Opera-

tions include: create, remove, replace and swap.

3Extensible Markup Language
4Document Object Model
5Simple API for XML
6Extensible Stylesheet Language Transformations
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Abstract Data Structure Operations: At the highest level, tree or array struc-

tures have insert, delete and search operations available.

Furthermore, it is also possible to control the delay and the timing of the oper-

ations. Granularity can be controlled through XAAL 's grouping capabilities.

4.5 Summary

Section 3.2 highlighted three major issues to improve Matrix visual experience:

model answers, grading feedback and animation transitions. In the case of the

grading feedback, it is dif�cult to fetch ideas from other SV systems as it isa rarely

implemented feature; and the few systems with assessment abilities, for example

JHAVÉ [35], are much inferior to Matrix in capabilities.

Nevertheless, the SV systems reviewed in previous sections can be more help-

ful and inspiring in order to improve Matrix model solutions and animation transi-

tions because they are purely graphical features. Altogether, the reviewed systems

show some common tendencies in graphical visualizations. In particular, two of

them are the main subject of interest:

² Animated and annotated source code or pseudo code.

² Smooth animation.

Jeliot takes special care maintaining coherence in the source code annotation7

to provide a correct cause and effect relationship between code and visualization.

In ANIMAL, code can be also provided, annotated and animated together with the

rest of the visualization; then it is up to the animation author to use these facilities.

JAWAA offers the same possibilities. The difference between them is that the

majority of published animations inAnimalScript8 display code along with the rest

of the visual components. In JAWAA animations, code does not appear asoften.

TRAKLA and MatrixPro already provide pseudo code in a static manner, i.e.

not annotated nor animated. The code is part of the exercise window, where the

user has to simulate the algorithm, and it speci�cally serves as a reminder to the

student. Model solutions are presented without it.

By attaching code to model answers they could be made more explicit, which

would partially solve the austere model answers issue described in Section 3.2.1.

7Or highlighting.
8http://www.animal.ahrgr.de/download.php3?lang=en#anims
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The use of smooth animation is a complicated decision. Although theory favors its

use to ease animation tracking9, in practice, its potential bene�ts are not clear.

9Theory was exposed in Chapter 2 and the animation transition issues in Section 3.2.3.
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Design and implementation

So far, Matrix and its applications have been introduced, certain aspects of the

framework that can be improved have been remarked (Chapter 3) and other con-

temporary SV systems have been reviewed in search for new ideas.

This chapter describes the implemented solutions to some of the issues de-

scribed by Section 3.2. But before digging into these implementation details, a

slightly deeper explanation of Matrix needs to be presented to help understanding

the proposed designs.

5.1 Basic architecture of Matrix

Section 3.1 introduced the key notions of Matrix: the strict separation between

models and views, and the ability to undo and redo operations over a data struc-

ture or model. This section provides a slightly deeper level of detail about Matrix

internals.

As mentioned, views and models are separated. Each set organized in a sep-

arate hierarchy. Views are all grouped together under the same base class, i.e.,

theVisualType class. The models' implementation is split in two hierarchies,

there is theFDT1 hierarchy and theMemoryStructure hierarchy. The former

consists of a set of interfaces, all descendants of theFDT interface, constituting

a conceptual abstraction to various types of data structures, e.g. arrays or trees.

Then, undo and redo capabilities are implemented in theMemoryStructure in-

terface, its main implementation calledVirtualPrimitive and all subclasses

from here.
1Fundamental Data Type

37
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All FDT interfaces are implemented using these memory structures and their

facilities. Visual types query these implementations through the FDT interface,

and derivatives, lay out the obtained data and display it. Therefore, thevisual

types need to know how to interface an FDT but the latter does not need to know

about the formers. Also, the FDT interface hierarchy hides implementation details,

making the classes derived fromVirtualPrimitive almost invisible to the

visual types or views.

There are several other elements involved in the manipulations of the models2

and the views. One of them is theanimator. The animator, implemented in the

Animator class, is able to navigate through a model's history of changes in either

way, triggering events that the associated views can catch to update themselves.

Basically, it manipulates the memory structures and the virtual types accessing

their stored history of changes. To give the user control over the animator there is

an interface component calledvisual animatorresembling a media player3.

Another important and often overlooked element is thestructure panel, im-

plemented in theStructurePanel class: a canvas-like component where all

views are drawn and can capture pointing device events. In other words, the struc-

ture panel is like the “ecosystem” of visual types, i.e., is the only place they can

exist. Because of this, its presence becomes necessary for every window intended

to display or allow the user to manipulate data structures, or models, through views.

Then, components can be wrapped in different ways, i.e. windows. A typical

model answer window or dialog based on Matrix, Figure 5.1 shows an example,

would contain some visible components like a visual animator, a structure panel

and various visual types contained in the structure panel. It would also contain

some other invisible elements such as an animator4 and the models underlying the

views.

Despite Matrix has some ready to use window classes, TRAKLA2 and Matrix-

Pro override them and implement alternatives better suited for their purposes. The

rest of the details about implementation can be found at [23].

2Keep in mind that the termmodelis used to describe the combination of memory structures that
implement an FDT interface.

3See �gures 3.3 and 3.4.
4Required by the visual animator.
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Figure 5.1: Matrix window example

5.2 Implemented features

The design and development of the solution has been focused on the following

principles:

² The changes introduced to the framework should be minimum and as unob-

trusive as possible.

² The design of the solutions should have a trade off between simplicity and

reusability, but simplicity is preferred when such balance is not possible.

The most surprising fact is that almost all the functionality used was already

present in the framework, but either not used or not exploited enough.This gives

an idea of the big potential latent in Matrix.

5.2.1 Expanded model answers

Bringing back the topic discussed in Section 3.2.1, model answers have nowmore

usage scenarios. This basically implies that they can be displayed standalone, unre-

lated to any exercise. Because Matrix is a learning SV system speci�cally targeted

for data structures and algorithms, the presence of source or pseudo code is almost

indispensable and is a common facility in other popular SV systems (see Section

4.5).
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Also, the code should be annotated and animated. Not only that, but the code

animation5 should be coordinated with the visual types to display coherent graphi-

cal results. Because the animation is controlled by the animator and the views can

only reside within the structure panel, the most elegant way to attach code is by

having an appropriate visual type capable of drawing text and a marker that can be

animated. Fortunately, the Matrix framework already had two different implemen-

tations of such a visual type; the code animation was a work in progress prior to

the moment of this writing.

For the particular case of recursive algorithms source code may not be enough.

Probably after the second or third recursion, depending on the complexityof the

algorithm, the user could lose track of the callers. Adding a simpli�ed stack view

showing the trace of the recursive calls may help in two ways:

1. Avoids forgetting the list of callers.

2. Teaches the user how computers easily implement recursion.

Obviously, only information relevant to the algorithm needs to be presented.

Figure 5.2 illustrates how the recursiveMergeSortexercise model answer, Figure

3.5, can be made more explicit by including pseudo code and a stack trace view.

Figure 5.2: Possibly improved recursiveMerteSortexercise model solution

5Basically a sliding line marker.
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Care has to be taken when animating the whole set of data structures, including

code, because only a single change, conceptually speaking, should happen. Oth-

erwise, the user may get confused or be unable to follow the animation correctly.

Furthermore, as the line marker in the pseudo code view acts as a program counter

register metaphor, it should be moved to the next line before the corresponding

actions take place.

5.2.2 Comparison window

As mentioned in Section 3.2.2, the grading feedback can sometimes be inconsistent

and little use can be made of it. The main obstacle is the different number of steps

reported by the model solution compared to the submitted answer.

The origin of this problem comes from the model answer generation. Then,

affected exercises could be reworked to produce a model animation resembling

what the user should simulate in the exercise window. Thus, the grading window

would provide more accurate numbers.

Nevertheless, it does not seem a very ef�cient approach. On one hand, once the

user has knowledge about the location of the mistake, he or she would haveto go

back to the exercise window and scroll through his or her animation the appropriate

number of steps. Not only that, in order to compare against the model solution,the

user would have to proceed similarly in the model answer window. On the other

hand, many changes should be performed to accomplish such a little modi�cation.

Section 1.3 contains a suggestion arisen from a Matrix evaluation: display the

submitted answer and the model solution side by side in the same window. This

can be achieved by embedding two structure panels, one for the model answer and

another one for the submitted answer. It would also imply the existence of two

animators, respectively.

In addition, both animators, submitted and model, could be controlled from the

same visual animator for the steps that match. When a mismatch is found it could

be considered as the end of the animation, but this may limit the user. Instead, a

second visual animator could exist, to control the model answer animation, which

it is enabled and disabled depending on whether the two views aresynchronizedor

not. Then, synchronization would only exist for matching steps. An examplecan

be seen in Figure 5.3.

Notice the presence of a step counter for each view. Its importance is due to the

occasional inconsistency between step counts mentioned at the beginning of this

section.
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Figure 5.3: Comparison window showing a mismatch

Another consideration to make is the number of views involved. As the com-

parison window is more related to grading than teaching, the views and pseudo

code added as a result of previous section are not useful in this case.The reasons

are simple: to save screen space and to focus on which and how data structures are

graded.

This feature can ease the process of �nding out where the �rst errorhappened.

But after that the two animations can match again, which would give the studenta

hint about the severity of the mistake. Then, going one step further, the comparison

window should be able to relate each model answer step with the most similar step,

if not matching, from the submitted solution.

Obviously, once a step from each animation has been paired, it must not be

considered again for comparison. And it should be re�ected on the userinterface.

Matching steps after an error have to be marked differently because theyare not

correct steps, otherwise there would be an incoherency between the comparison

window and the grading feedback. Figure 5.4 illustrates the comparison window

behaving inrecovery mode. An error is displayed as before, but this time the

synchronization between the animation does not break. The user can still advance,

controlling both animators6 from the same visual animator. With this behavior,

step information becomes more relevant; for instance, note the difference between

6And, thus, both structure panels.
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�gures 5.4(a) and 5.4(b) where it is necessary to skip one step in the user's solution

to get an exact match with the model answer.

(a) Error

(b) Recovery

Figure 5.4: Comparison window showing a recovery after an error has been found

The implementation is very straightforward thanks, again, to functionality al-

ready existing in Matrix. In this case, the classDistanceGraph can compare

two animations and return a matrix holding the distances between each possi-
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ble pair of states, one from each animation. Then, the only thing to be done

is to traverse this matrix looking for minimum values to get a list of step pairs.

TheDistanceGraph class relies on a second class calledEditDistance de-

signed to calculate the Levenshtein distance [29] between two data structures, or

models7. Note that the models have to be converted to string, or linearized, �rst

because the Levenshtein distance is calculated on strings.

Because the edit distance method of �nding the closest pair of steps relies on

a string representation of a data type, some exercises cannot be used in recovery

mode. Certain models are implemented in a very complex way, already using their

string representation for other purposes; in most cases, the edit distance of the

models, according to the string representation, is always zero even if the states

differ. Therefore, the recovery mode has to be toggled from the exercise code.

If not enabled, the comparison window then behaves in normal mode, where the

answers are synchronized until the �rst mismatch.

5.3 Testing environment

The Matrix framework allows testing of its features through the prototype appli-

cation, a possibility between TRAKLA2 and MatrixPro. At a glance, it is simply

a stripped down version of MatrixPro, i.e., all the exercises are available and an-

imations can be created on the �y. Granularity control of the animation is one of

the important features missing. But, as most of the work presented in this thesisis

more related to the exercise set, the prototype application has played an important

role in the testing phase of the implementations.

The prototype application has been a very convenient testbed for a simple rea-

son: it comes bundled together with the Matrix framework whereas MatrixProis

maintained as a separate package. Because of this, feature propagationfrom the

framework to MatrixPro suffers some delay. However, new features introduced and

tested on the prototype application can be applied to MatrixPro and TRAKLA2

with very little effort.

7To be precise, theEditDistance class compares twoFundamental Data Typesor FDTs for
short.
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Discussion

This chapter concludes by giving a qualitative evaluation of the work done, some

conclusions after working with the Matrix framework and some uncovered topics

that constitute further development of Matrix potential and features.

6.1 Evaluation

The qualitative feedback provided by the research group colleagues has helped, and

sometimes guided, the evolution of the features implemented described in Chap-

ter 5. This work has served as a proof of concept for some of the improved areas.

Regarding to model answers, animated pseudo code is one of the imminent

features that was coming up to Matrix sooner or later. The program stack isa must

when displaying recursive algorithms; it certainly improved the model solution of

the recursiveMergeSortexercise as well as other similar exercises.

The recovery mode of the comparison window emerged from a suggestion after

a demonstration to the research group members. The functionality needed was

already present in the framework but used for a different purpose.This proved the

great potential residing in Matrix.

Therefore, the features implemented in Chapter 5 were successfully integrated

into TRAKLA2 for the spring term 2007. However, some extended model answers

could not enter in time and the comparison window was not enabled in all exercises.

Certainly, the comparison window is the functionality that raises more interest on

its usefulness. A simple sign of its success can manifest as a request fromthe

students to have it working in more TRAKLA2 exercise rounds.

45
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6.2 Conclusions

In Software Visualization, visual algorithm simulation is not receiving the attention

it deserves, specially in learning environments, because where there is avariety of

algorithm animation tools, only Matrix implements visual algorithm simulation.

Automatic assessment is slightly more common.

Matrix has proved to be a powerful and �exible framework. Powerful because

of the great potential present in the framework, features can be relatively easy to

improve and extend. Chapter 5 has illustrated how features already existingin the

framework can be combined to build up new features or improve others.

Flexibility comes from the fact that Matrix is a framework and applications are

built on top of it, sharing functionality. Even the exercises can be reused indifferent

contexts. Therefore, different kinds of tools can be created by takingadvantage of

different parts of the framework in a very easy way.

6.3 Future work

As mentioned at the beginning of this chapter, some planned features could not be

implemented in time. Therefore, this section contains a mixture of those unimple-

mented features and other possible ideas for the future.

6.3.1 Animation improvements

Section 3.2.3 pointed out the user's tendency to loose track of an animation after

some particular kind of operations. Lazy highlighting1 and its color choice are

two reasons. The former tends to provoke a replay of the step to see exactly what

happened, because the highlighting could have been unexpected by the user, and

the latter can make the color hardly noticeable in environments other than computer

displays.

Instead of using color as a highlighting mechanism, another preattentive fea-

ture could be used. For example, addition. This would solve the problem of the

different display devices, but the user would probably still need to replay some

steps. To reduce these replays, some preparation could be added to each step. Re-

call the swap example illustrated in Figure 3.7, the idea is to prepare the user for

a change by subdividing each step from a two to four stage process. The initial

state would be the same, Figure 3.7(a), then the parts of the view to be changed

1Highlighting changes after they happen.
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would be highlighted like in Figure 6.1(a). At this stage the user's attention should

be focused on the right place and the step can take place, which would endup as

shown in Figure 6.1(b). Finally, the highlighting is not needed anymore and would

disappear.

(a) (b)

Figure 6.1: Better use of preattentive features in animation transitions (mock up)

Letting this change affect the user interaction, by explicitly having to press

the forward button two more times for a single step, is not a good idea in terms

of usability. The four stages should be played as a single unit. Thereforethe

timing choice is important, delays should be long enough so the user has time

to assimilate visual changes and short enough to avoid a sluggish impressionof

the interface. The delay should fall in the range from 250 to 600 milliseconds.

Below that range there is not enough time for the eye to move2; a value above the

range could introduce misconceptions about the unity of the operation or any other

negative in�uence on the effectiveness of the visualization.

Going one step further, the �rst highlighting stage could be reinforced with

a short blinking animation, as blink is also preattentive. Obviously, only applied

to the same highlighted graphical components, avoiding producing a conjunction

search at all cost3.

Operations could also be smoothly animated. Despite its unclear effective-

ness, it could facilitate maintaining attention on the operation thanks to the eye's

smooth-pursuit movement explained in Section 2.1. Furthermore, with the cor-

rect animation timing, smooth animation could replace all previously mentioned

effects because smooth animation is also preattentive. Operations supported by

2See section 2.1 for details and references.
3Conjunction search was described in Section 2.3.
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XAAL 4 can be a good reference.

Implementing smooth animation is not straightforward on top of the current

event architecture present in Matrix. Because the use of Java, the event model is

based on the Observer pattern [7]. But the information carried by the events is not

enough and some re�nements need to be done. One such re�nement wouldbe to

bring the actual model-animator-visual type approach closer to the Model View

Controler [41] paradigm.

On the other hand, smooth animation has always been a somewhat contro-

versial topic. When home computer systems started to be capable of displaying

advanced graphics, smooth animation was researched hoping to improve the effec-

tiveness of the SV tools and led to some well known implementations [46, 48, 49].

Theoretically, smooth animation can guide human attention in a very effective

and natural way5; and correct attention guidance is important in the learning pro-

cess [3]. However, empirical research [6, 11, 28, 33, 36, 37, 47]does not reveal a

consistent bene�t from the use of smooth animation; other studies even questioned

the commonly used evaluation methods [9]. Yet, the current trend in SV systems

is to implement it.

6.3.2 Extending implemented solutions

From the extended model answers6 demonstrations, a couple of suggestion arose

from the research group members. In some cases such as the binary search tree

traversals, shown in Figure 6.2, it could be helpful for the user to color the tree

nodes as they are visited. Even a two color method could be used, one colorfor the

“stacked” nodes and another for the visited nodes.

The comparison window could also be a bit more user friendly if it was capable

of highlighting the differences between the left view, model answer, and the right

view, submitted answer7. This idea was already suggested by the paper cited in

Section 1.3. Unfortunately, it is hard to implement in a generic way. Even the

recovery mode explained at the end of Section 5.2.2 does not work in all cases.

One of the current research topics, related to Matrix, carried out at thedepart-

ment is studying the student misconceptions when learning some algorithms [45].

This study has enabled TRAKLA2 to predict, upon certain degree, the kindof mis-

4See Section 4.4.
5As explained in Chapter 2.
6See Section 5.2.1.
7See �gures 5.3 and 5.4.
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Figure 6.2: Improved inorder traversal model answer

conception a student has depending on what mistakes his or her answer has. This

information shares a similar purpose with the comparison window: help the stu-

dent understand his or her own errors. Making the comparison window sensible

to misconception information could empower both approaches; by giving graphi-

cal representation to the misconception feature, which currently consists of textual

information only, and by providing some intelligence to the comparison window.
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