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The overriding goal of software visualization (SV) technology is to be effective—that is, to provide functionality that
people actually want to use (usefulness), and to provide non-problematic access to that functionality (usability).
Nonetheless, the eight extant taxonomies of SV focus almost exclusively on technology expressiveness: the kinds of
visualizations that can be produced with a system, as well as the methods prescribed by the system for generating
and interacting with those visualizations. However, while expressiveness is necessary for effectiveness, it certainly
is not sufficient. To enhance the navigational markings of the expressiveness-laden map charted by past SV tax-
onomies, this meta-study critically assesses the state-of-the-art with respect to SV effectiveness. The meta-study’s
focus on effectiveness implies the need to abandon both the SV system as its unit of analysis, and the SV systems
literature as its principal data. Accordingly, SV is reconceptualized as a collection of human tasks; the empirical
studies that have considered those tasks form the study’s data. The meta-study’'s data differ along three key di-
mensions: their theories of effectiveness, their research techniques, and their research foci. Different choices along
any of these dimensions lead to accounts of effectiveness that differ markedly—both qualitatively and quantita-
tively. To draw out the differences to which alternative choices lead, the meta-study pursues in-depth analyses of
divisions of labor (indicating theories of effectiveness); units of analysis, data collection/analysis methods, and de-
sired results (indicating research techniques); and research questions, SV artifacts, target programs, participants,
and SV tasks (research foci). In light of the SV effectiveness studies’ overriding interest in pertaining to SV in
practice, a provisional analysis of their ecological validity is additionally offered. A synthesis of the analysis both
proposes theories of effectiveness, research techniques, and research foci that appear ripe for future research, and
recommends that future research be firmly grounded in ethnographic descriptions of SV in practice.

1. Introduction

SOFTWARE VISUALIZATION (SV), which purports to foster understanding and efficient use of computer
software by representing it graphically (Price, Baecker, & Small, 1993), has garnered widespread
interest over the past two decades. Since its genesis in the early 1980s, SV technology has been used,
for example,

to track down bugs in logic programs (e.g., Price, 1990);

to learn about the basic operations of an abstract data type in a computer science laboratory
(e.g., Naps, 1990);

to find performance bottlenecks in a parallel program (e.g., Heath & Etheridge, 1991);

to monitor and steer the execution of long-running, resource-intensive scientific simulations
(e.g., Gu et al., 1994); and

to give lectures on sorting algorithms in electronic classrooms (e.g., Brown, 1988a).

Observe that, while the applications of SV have been diverse, they all have at least one thing in
common: namely, in all cases, humans enlist SV technology to assist them in these tasks.

1.1 Orphan systems and system roulette

Given that the overriding purpose of visualization is to benefit humans, it is noteworthy that rela-
tively few SV systems are actually in use today. Based on their extensive survey of SV systems,
Price, Baecker, and Small (1993) conclude that

[o]ver one hundred software visualization prototypes have been built in the last twenty years. . .The
number that have seen any kind of production use, particularly in the domain of tools for professional
programmers, is particularly small. (p. 261)
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Why are there so many orphan SV systems—that is, systems abandoned by their creators shortly af-
ter the journal or proceedings paper was written and accepted? While that question is difficult to
address in the general case, a survey of the dominant themes in SV research indicates that a devel-
opment strategy | call system roulette may be to blame. In system roulette, technical challenges, as
well as a desire for technological innovation, are the principal forces behind system design. As a re-
sult, researchers fail to obtain a clear idea of what their systems can and should be used for. That
failure, in turn, leads to systems that either (a) do not adequately address the needs of their users, or
(b) are simply not useful in solving the problem they purportedly address.

The results of an empirical study of the LENS SV system (Mukherjea & Stasko, 1994) | conducted
(Hundhausen, 1993) well illustrate the system roulette phenomenon. Mukherjea and Stasko (1994)
tout LENS as a “visual debugging system” whose “application-specific views could be a valuable de-
bugging aid” (p. 215), because they “present [a] program in the way that the programmer conceptu-
alizes it” (p. 217). However, my study found that, when given the choice between (a) textual debug-
ging, with its concomitant guarantee that all bugs are in the program itself, and (b) LENS debugging,
which requires one first to engage in additional programming in order to map a buggy program to an
animation, programmers will choose the former. Notice that in the latter, the process of mapping a
buggy program to an animation introduces an extra layer for potential bugs. Thus, assuming that
programmers will be able to recognize a bug visually (which was not at all clear from the study), they
may not be able to determine whether that bug is in the underlying program, or in the mapping that
produced the animation. Since my participants did not want to deal with this added uncertainty,
they avoided the use of LENS altogether for their debugging tasks.

We see, then, that while LENS may well be useful in some other endeavor?, the study’s results sug-
gest that it may be ill-suited to debugging. In other words, despite its prima facie promise, Mukher-
jea and Stasko’s vision of high-level visual debugging appears to have given rise to system roulette.

1.2 The role of taxonomies in encouraging system roulette

In order to understand what might have compelled Mukherjea and Stasko to build a visual debug-
ging system, let us consider the role of taxonomies in a technological field such as SV. As Price,
Baecker, and Small (1993) point out, taxonomies enable researchers “to discuss the merits of existing
systems, classify new ones (to see if they really are new), and identify gaps which suggest promising
areas for further development” (p. 330). In other words, by defining system spaces, and by mapping
extant systems onto those spaces, taxonomies define the very notion of a contribution within a tech-
nological field.

A survey of the eight extant taxonomies of SV technology (see Table 1) reveals that system expres-
siveness has served as the main organizing principle. In particular, the taxonomies have been con-
cerned with three main questions: (1) What kinds of programs can be visualized with a given SV sys-
tem?, (2) What kinds of visualizations can an SV system produce?, and (3) What methods can one use
to produce and interact with them?

Given the focus of past taxonomies on expressiveness, it should come as no surprise that SV system
roulette, as exemplified by Mukherjea and Stasko’'s LENS system, is so widely practiced. Indeed, in
their view, a main selling point of LENS is that it “occupies a unique niche” (Muherjea & Stasko,
1994, p. 215) between the extant SV systems that generate higher-level, application-specific views,
and the extant SV systems that generate lower-level, canonical views of program structures. Insofar
as they provide such “unique niches” for technological innovation, the extant taxonomies implicitly
reward SV systems—Ilike LENS—that “out-express” their predecessors in some way. It follows, then,
that expressiveness-centered taxonomies provide ample motivation for SV system builders like

1To LENS's credit, study participants found it to be useful in quickly producing canonical visualizations of certain sorting
algorithms.
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Mukherjea and Stasko to make technological challenge and innovation, rather than humans, their
central concern—that is, to engage in system roulette.

SV TAXONOMY DESCRIPTIVE DIMENSIONS

(Myers, 1986, 1990) Aspect (code, data, algorithms) © Form (static, animated)

(Shu, 1988) What is visualized (data or information about data, program and/or execution, software
design)

(Brown, 1988b) Content (direct, synthetic) ~ Persistence (current, history) © Transformation (incre-
mental, discrete)

(Stasko & Patterson, 1992) Aspect © Abstractness ©~ Animation ~ Automation

(Singh & Chignell, 1992) What is visualized (program, algorithm, data) © Form (static, dynamic)

(Kraemer & Stasko, 1993) Visualization task (data collection, data analysis, storage, display) ~ Visualization pur-
pose (debugging, performance evaluation or optimization, program visualization)

(Roman & Cox, 1993) Scope © Abstraction ~ Specification method * Interface © Presentation

(Price, Baecker, & Small, 1993) Scope *~ Content” Form ~ Method * Interaction = Effectiveness

Table 1. The descriptive dimensions of the eight extant taxonomies of SV

1.3 From expressiveness to effectiveness

In light of the potentially deleterious consequences of expressiveness-centric taxonomies, it seems
reasonable to seek an alternative characterization of SV technology that places it within the broader
context of human use. To that end, Mackinlay (1986) distinguishes two descriptive properties of
visualization systems?: expressiveness and effectiveness. As we have seen, system expressiveness
indicates what kinds of visualizations can be produced with the system, as well as the methods pre-
scribed by the system for generating and interacting with those visualizations. In contrast, system’s
effectiveness, to a first approximation, can be defined as the extent to which the system provides
functionality that people actually want to use (usefulness), as well as the extent to which people can
make use of that functionality nonproblematically (usability). From these two definitions, it follows
that system expressiveness is necessary, but not sufficient, for system effectiveness.

As Table 1 indicates, not all of the extant taxonomies of SV completely ignore effectiveness. While
maintaining the focus of its predecessors, the recent taxonomy of Price Baecker and Small (1993;
henceforth PBS) momentarily departs from its “principled” black-box model to include the notion of
effectiveness (see Figure 1). Given the overall purpose of an SV system, PBS define a SV system’s
effectiveness in terms of its appropriateness and clarity (a subjective measure), the extent to which it
has undergone empirical evaluation, and the extent to which it is actually used in practice. PBS pro-
ceed to use their definition as a basis for assessing the effectiveness of twelve extant SV systems.

Effectiveness
Purpose Appropriateness Empirical Production Use
& Clarity Evaluation

Figure 1. The definition of effectiveness proposed by the taxonomy of Price, Baecker, and Small (1993)

Insofar as it places a notion of effectiveness on the previously expressiveness-laden SV map, the PBS
taxonomy takes an important first step toward bringing humans into the SV technology equation.
However, the taxonomy’s overriding interest in SV technology ultimately prevents it from providing

2Note that Mackinlay (1986) uses these terms to describe visualization languages. Since any SV system implicitly defines a
SV language (Douglas, Hundhausen, & McKeown, 1995, 1996), however, the terms apply equally well to SV systems.
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more than a perfunctory treatment of effectiveness. Indeed, in the end, the taxonomy’s assessment
of effectiveness rests largely on the subjective judgments of its authors (see p. 245), who are unable
to clarify what they mean by “good experimental evaluation” (p. 259) much less to identify and dis-
cuss those good experimental evaluation efforts upon which they base their assessments of the 12
individual SV systems.

1.4 The need for complementary studies of SV effectiveness

If SV scholars are to take the overriding goal of SV systems (i.e., effectiveness) seriously, it is incum-
bent upon them to move beyond the expressiveness-centric perspective of past taxonomies for at least
two reasons. First, SV system developers, who presumably constitute the main beneficiaries of SV
taxonomies, endeavor to build effective systems. How can they learn from past research if the inte-
grative reviews of that research do not provide a principled assessment of the effectiveness of sce-
narios in which SV technology has been previously enlisted?

Second, and more important, if it is true that system roulette leads to orphan systems, then one way
to retard the development of orphan systems—and thereby to accelerate the development of systems
that people actually use—is to discourage system roulette. As | have suggested above, taxonomies
play an instrumental role in setting the agenda for future research. By broadening the perspective
of the extant taxonomies, an integrative review of what is known about SV effectiveness thus holds
promise in encouraging the development of effective systems.

1.5 Preview

By critically assessing state of the art with respect to SV effectiveness, this meta-study enhances the
navigational markings of the expressiveness-laden map charted by past SV taxonomies. To do this
requires that the meta-study abandon both the SV system as its unit of analysis, and the SV systems
literature as is principal data. Drawing from a formal definition of SV, Section 2 sets the boundaries
for the meta-study by reconceptualizing SV as a collection of human tasks. The literature that has
considered SV technology in relation to those tasks is thus the central data for the meta-study. In
Section 3, | present those data in the form of a comprehensive review of the SV effectiveness litera-
ture, organizing my presentation around a taxonomy of research techniques for studying SV tasks.
Section 4 presents the meta-study’s analysis, which probes three key dimensions along which the SV
effectiveness studies differ: theory of effectiveness, research technique, and research foci (research
guestions, programs, SV systems, people, and tasks). In addition, the analysis assesses the extent to
which the SV effectiveness studies apply to SV in practice (i.e., their ecological validity). Finally,
Section 5 synthesizes the analysis by presenting an agenda for future research into SV effectiveness.

2. Scope: The tasks of SV

The scope of this meta-study must be firmly grounded in both a definition of effectiveness, and a
definition of SV. The notion of effectiveness, as it will be used in this meta-study, focuses on the un-
ion of humans and technology within the context of a task. Associated with such a task is (a) a par-
ticular objective to be fulfilled, (b) a particular group of humans who share that objective, and (c) a
particular SV artifact® that they will enlist; and (d) a particular target program to be visualized.
Within the context of such a task, effectiveness thus responds to the question, To what extent does
the system assist the group in completing the task?

Two points should be made with respect to this definition of effectiveness. First, notice that answers
to this question address either or both of the aspects of effectiveness introduced above: usefulness

3To emphasize that computer-based technology is just one of many alternative means for expressing graphical
representations of software, | shall deliberately use the term artifact, as opposed to system, in my general discussions of SV.
The term artifact encompasses any technology that can be used in the service of SV, including conventional computer-based
systems, as well as “low tech” art supplies such as pens, construction paper, and scissors.
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and usability. A useful system provides the functionality people want in order to complete the task.
On the other hand, a usable system empowers people to focus on the task itself, without puzzling
over how to use the system. Second, and more important, notice that answers to that question may
take many forms, both qualitative or quantitative, depending intimately on the task at hand, the
people performing the task, the SV system, and other peculiarities of the context. Thus, statements
of effectiveness necessarily address not the SV technology alone (as the extant taxonomies of SV do),
not humans alone, but rather the union of the two within the context of the task.

Given that the notion of effectiveness derives its meaning from the peculiarities of a task, as just de-
scribed, what tasks are within the scope of studies of SV effectiveness? While acknowledging that
studies of other tasks are plainly relevant to SV effectiveness,* | restrict the scope of this meta-study
to those tasks that can be derived from an established definition of SV. Roman and Cox’s (1993) defi-
nition focuses on a formal model of the process, which includes three fundamental entities: program,
mapping, and visualization. Because of its focus on the process by which a program is transformed
into a visualization, it provides a crisp delineation of the high-level tasks of SV. Indeed, each stage of
the process implies the need for one or more user tasks.

Figure 2 illustrates the correspondence between Roman and Cox’s model stages and user tasks. Be-
low, | elaborate further on each of these tasks, drawing on the SV systems literature to illustrate
what they might involve. | conclude the section by considering how the tasks relate to one another.

Task 4 Task 6:
Input Data Narration
Selection

I

Computer Mapping Visualization
Program
Task 2: Task 3:
Data/Event View Writing
] Selection
Task 1: Task 5:
Programming View

Exploration

Figure 2. Deriving SV's six high level tasks from Roman and Cox’s formal model of SV

2.1 Programming

To produce a computer program to be visualized, one engages in the task of programming. While the
general tasks of programming have been widely studied (see, e.g., Pennington & Grabowski, 1990),
this meta-study restricts its definition of programming tasks to those that involve the selection, crea-
tion, or modification of a program that will ultimately be visualized.>

2.2 Algorithm event and data selection

In the first stage of the mapping process, one engages in algorithm event and data selection by se-
lecting program data and events that are of interest to the visualization. For example, under

4See, e.g., (Rieber, Boyce, & Assad, 1900; Rieber, 1990; Mayer & Anderson, 1991; Palmiteer & Elkerton, 1993; Pane, Corbett,
& John, 1996) for studies of learning and comprehension tasks involving computer animation, and (Cleveland & McGill,
1986; Petre & Green, 1993) for studies of comprehension tasks involving graphics.

5Notably, while programs that are to be visualized using computer-based systems must be implemented in a programming
language, programs that are to be visualized using pen, paper, or other “low tech” artifacts may not be actually implemented
at all. In the latter case, one may rely on a pseudocode description of the program, or on one’s conceptual model of how the
program works (see Chaabouni, 1996, ch. 5).
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Brown’s (1988a) interesting events paradigm, this task involves annotating the program source code
at the points of interesting events. Under Roman, Cox, Wilcox, and Plun’s (1992) declarative scheme,
in contrast, this task involves defining a set of rules that map program data and events to the proof
mapping space. In either case, the essence of the task is (a) to identify the abstractions in terms of
which the visualization will depict the program to be visualized, and (b) to summon the program data
necessary to depict the program in terms of those abstractions.

2.3 Visualization view writing

Given events and data that are of interest to the visualization, one completes the mapping process by
engaging in visualization view writing. In this task, one writes general routines that produce visu-
alization views—that is, graphical representations of the data and events of interest. In SV systems
that offer non-customizable views of programs (e.g., Brayshaw & Eisenstadt, 1991), visualization
view writing is not performed by system users. In other systems, visualization view writing may be
performed, but it may require low-level, device-specific graphics programming, discouraging all but
the most experienced programmers from performing it (e.g., Brown, 1988a). On the other end of the
extreme, some systems require users to engage in visualization view writing, since no predefined
views are offered (e.g., Mukherjea & Stasko, 1994).

2.4 Input data selection

In order to generate a visualization, one needs to execute the program on a set of input data. At the
time of algorithm execution, one engages in input data selection by choosing the set of input data to
use. Some systems allow the end-user to select the input data as part of a visualization exploration
process (e.g., Brown, 1988a), while, in others, the input data are selected well in advance of visuali-
zation exploration (e.g., Baecker, 1981).6

2.5 Visualization exploration

The visualization exploration task is the crux of the visualization process, for it is the task in which
humans presumably reap the benefits of SV. In this task, the visualization explorer manipulates the
visualization's user interface to explore the visualization. Visualization exploration fundamentally
involves the viewing of a visualization. In addition, a SV system'’s user interface may support addi-
tional kinds of exploration. In the seminal work on SV user interfaces, Brown (1988a) suggests four
kinds of view exploration to be supported:

visualization execution control, by which visualization explorers start, stop, and step through
the visualization, and adjust the visualization speed;

view selection and arrangement, by which visualization explorers select views of the software
to watch from a list of available ones, and arrange those views on the screen; and

view zooming and panning, by which visualization explorers select the scale factor of a view,
as well as the region of the view to watch.

Subsequent SV research has expanded that repertoire to include so-called semantics-based interac-
tions (Hundhausen, 1995), such as altering the data and execution path of programs (see, e.g.,
Brown, 1991; Gu et al., 1994) and semantic zooming (see, e.g., Stasko & Mutukumarasamy, 1996).

It is important to note that the name of this task, visualization exploration, is slightly misleading, for
it implies that the visualization itself, rather than the explorer's own task goal, is the focus of the
task. For example, consider the debugging task examined by Price (1990). In his study, participants

6cf. Chaabouni'’s (1996) description of how humans build visualizations using art supplies. Her observations indicate that
Event and Data Selection, Visualization View Writing, and Input Data Selection occur dialectically— in no particular order.
In fact, the input data are often selected before the visualization is actually designed.
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enlisted SV not for its own sake, but rather to fulfill the goal of the task: namely, to find a bug in a
program. Indeed, as studies of the use of visual representations in other domains have shown (see,
e.g., Petre, 1995), visualizations are not paintings; rather, visualization explorers always explore for
some purpose, which is rooted in the task in which the visualization explorer is enlisting SV, not in
the visualization itself.”

2.6 Visualization narration

In many scenarios [e.g., those suggested by (Baecker, 1981) and (Brown, 1988a, Appendix A)], a
visualization is not merely interacted with; rather, it is used as a resource in a presentation or ex-
planation. In such cases, visualization narration becomes a task in itself.® While it might be seen as
just a special form of visualization exploration, visualization narration appears to be so widely used,
and so important to effectiveness in many scenarios, that it merits recognition as a separate task.
For example, imagine what it would be like to view the film Sorting Out Sorting (Baecker, 1981) with
the volume turned down. Without its adroit use of narration, both to complement and to illuminate
the concomitant algorithm animations, it seems unlikely that the film would have had such wide-
spread appeal.

DATA/EVENT INPUT DATA | VIEW
PROGRAMMING SELECTION VIEW WRITING SELECTION EXPLORATION NARRATION
What program shall What aspects of the pro- How should | repre- On what input data How shall | explore the How shall | narrate
I visualize, and how | gram shall I visualize? sent those aspects? shall | visualize the | visualization for the what's going on in the
shall I write it? program? problem at hand? visualization?

Table 2. Summary of the tasks of SV, in terms of key questions that performers of each task must ask

2.7 Tying the tasks of SV together

Table 2 provides a concise summary of the six tasks of SV. The important question arises, Aside
from the obvious connections implied by the formal model of SV (Figure 2), how are these six tasks
related? To answer that question, | define the notion of a scenario of SV use:

Scenario of SV use: An instance in which a group of people, each of whom takes on one
or more of the tasks of SV, make use of a specific SV artifact to explore a target program
for some overriding purpose.

It is important to underscore three observations with respect to this definition. First, notice that any
time one chooses to use an SV system to explore a target program (i.e., engage in View Exploration?®),
the first three tasks of SV must have already been completed. It may be the case that those tasks
were completed well in advance of the actual View Exploration session [e.g., in the case of scenarios
of SV use suggested by Baecker’s (1981) Sorting Out Sorting film], but the fact remains that someone
had to perform them. Second, observe that, within a given scenario of SV use, the tasks of Input
Data Selection and Narration may not occur at all. Indeed, some programs do not have input data,
and not all scenarios of SV use have a need for narration. Finally, the SV systems

7Of course, visualization exploration might lead to the formation of new, unanticipated goals that relate only indirectly to the
task at hand. For example, if the visualization’s user interface gets in the way, the visualization explorer may have to divert
attention from her original goal in order to figure out the interface. | should note that activity theory (see Nardi, 1996)
accounts for these two levels of of computer-mediated activity as the handling aspects and the subject/object-directed aspects
(Bedker, 1996). However, a more thorough treatment of the issues involved in these multiple levels of activity is beyond the
scope of this meta-study,

8See (Chaabouni, 1996, ch. 5) for a detailed analysis of SV narration and its relation to the objects of a SV.

9In order to emphasize that they have been precisely defined, I capitalize the names of the six tasks of SV throughout the
article.
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Techniques for Studying SV Effectiveness

Anecdotal Programmatic Analytic Empirical
Experience Scenario Time/Effort Compelling Line and Program Cognitive Heuristic Controlled Observational Usability Questionnaires Ethnographic
Reports Walkthroughs Estimates Examples rule counts || presentation Walkthrough Evaluation Experiments Studies Tests and Surveys Field Techniques

Figure 3. A taxonomy of approaches to studying SV effectiveness

# Published Papers
[o2]
o

100+

Anecdotal and
Programmatic

SV Evaluation/Study Technique

20
i I
Analytic Empirical

Figure 4. Summary of published papers on SV effectiveness by technique. Published papers
that employ more than one technique are included multiple times—once in each appropriate

category.
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literature (see, e.g., Brown, 1988a) suggests both that the same person seldom engages single-
handedly in all of the tasks of SV within a given scenario, and that each individual SV task is seldom
an individual endeavor. Rather, people often engage collaboratively in SV tasks, both at the level of
single SV tasks, and at the level of the entire SV process depicted in Figure 2.

We see, then, that who actually performs the tasks of SV, when they are performed, and for what
overriding purpose are the three fundamental questions to be answered with respect to a scenario of
SV use. As we shall see in the review of studies of SV tasks that follows, most of the extant litera-
ture has focused on single individuals performing isolated SV tasks, without revealing the details of
the scenarios of SV use within which those tasks are performed.

3. Data and observations: A review of research into SV effec-
tiveness

The task-based definition of SV outlined in the previous section circumscribes a body of research
with a common interest in studying, evaluating, and ultimately improving the effectiveness of SV
technology within human tasks. | now turn to the data upon which this meta-study is based: a
comprehensive review of that body of research.l® The purpose of the review is to set the stage for the
analyses of Section 4. Thus, | have aimed keep the it as neutral as possible, providing just enough
detail to serve the purposes of my ensuing analyses.*

All of the literature considered in this section makes use of one or more of the techniques presented
in the taxonomy of Figure 3. Figure 4 graphs the number of published papers that employ each of the
taxonomy’s four top-level techniques. As can be seen from that figure, papers that make use of the
anecdotal or programmatic techniques outnumber the others by at least five to one.? Each sub- sec-
tion below follows one of the four top-level branches downward. For each leaf-level technique along a
given branch, | briefly introduce the technique, and | provide a synopsis of the published research
into SV effectiveness that has employed that technique. The section concludes with a brief summary
of the review.

10An appendix at the end of this article consolidates all of the meta-study’s principal data for easy access. Readers interested
in further scrutinizing the numerical counts that are graphed and discussed in Sections 3 and 4 can consult the appendix,
which indicates the precise manner in which each of the SV effectiveness studies is classified.

1Nonetheless, I realize that any review is colored by the perspective and biases of its author. Rather than deny that bias, |
believe that it is important to make it explicit. My choice to view SV as a set of tasks, rather than as a technology, plainly
indicates my belief that effectiveness cannot be considered on a system-by-system basis, as suggested by Price, Baecker, and
Small’s (1993) taxonomy. Rather, | hold that SV effectiveness must be grounded in a specific SV task, as defined in the
previous section. As a consequence, the anecdotal and programmatic techniques described below can, in my view, be
dismissed rapidly as viable means of studying SV effectiveness.

12Because of the formidable difficulty of providing precise counts of papers that have employed the anecdotal and
programmatic techniques (the number of such papers is prodigious), and because of this study’s ultimate focus on empirical
techniques, Figure 4 groups together the papers containing anecdotal and programmatic evidence of effectiveness. To arrive
at the figure for the number of papers containing anecdotal or programmatic evidence of effectiveness, | have made a
simplifying, but reasonable, assumption: namely, that all SV systems reported in the literature have minimally been
evaluated either anecdotally or programmatically. This implies that the number of papers containing anecdotal or
programmatic evidence of effectiveness necessarily corresponds to the number of published SV systems papers. In their 1993
taxonomy, Price, Baecker, and Small (1993) estimate the number of prototype SV systems to be over one-hundred. It follows,
then, that at the time of this writing, the papers containing anecdotal or programmatic evidence of effectiveness number at
least one hundred. In actuality, the number of such papers is probably much larger than one hundred, since it is often the
case that several papers are written on a single SV system.
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3.1 Anecdotal techniques

Authors of SV system papers typically include a section in which they aim to convince readers that
their SV system not only is functional, but also has been successfully applied to an interesting prob-
lem. Anecdotal evaluation techniques aim to appeal to reader intuition by presenting instances and
examples of system use, as recounted by the system’s authors.

I distinguish four kinds of anecdotal evaluation. Perhaps the most valuable form of anecdotal
evaluation, the experience report (see, e.g., Stasko, 1996) recounts authors’ personal experience with
their system, in an attempt to provide readers with advice on how it can best be used. Scenario
walkthroughs (see, e.g., Chapter 3 of Brown, 1988a) describe the use of a system under a hypotheti-
cal, but highly plausible, set of circumstances. Time and effort estimates indicate an author’s best
guess of how long a user can expect to spend completing a task with the SV system, such as pro-
gramming a new view (see, e.g., Brown and Sedgewick, 1985). Finally, in order to highlight actual
instances in which their system clearly succeeded in assisting its users, authors of system papers
often present compelling examples of their system in use (see, e.g., Kimelman, Rosenburg, & Roth,
1994).

Nearly all of the technical literature on prototype SV systems contains some sort of anecdotal evalua-
tion. As of 1993, over one hundred such systems had been built (Price, Baecker, & Small, 1993).
Under the highly conservative assumption that just one paper was published on each prototype sys-
tem, the number of anecdotal evaluations of SV found in the literature thus numbers in the hun-
dreds. Consequently, an exhaustive review of anecdotal evaluations would need to consider a gar-
gantuan body of literature, and is well beyond the scope of this review. For the purposes of this arti-
cle, it suffices to point out that the overwhelming majority of anecdotal evaluation places SV systems
in an unabashedly positive light; indeed, to do otherwise would be to undermine anecdotal evalua-
tion’s largely rhetorical purpose.

3.2 Programmatic techniques

Unlike anecdotal evaluation, which relies on human memory and rhetorical skill for persuasive
power, programmatic techniques rest on publicly available evidence: the actual programs used to
produce visualizations within a given SV system. Line and rule counts simply sum the number of
lines of code, or number of rules, that are sufficient to specify a visualization. The lower that number
seems with respect to the complexity and sophistication of the visualization, the more favorable the
evaluation. For example, Cox and Roman (1994) make extensive use of rule counts in their evalua-
tion of the Pavane system (Roman et al., 1993), presenting tables that list ranges of sufficient rule
counts for several algorithms, including quick sort (2 — 12 rules), a shortest paths algorithm (2 — 11
rules), and a matrix transposition algorithm (5 — 10 rules).

In a similar vein, the program presentation simply makes available for public inspection the actual
programs used to produce visualizations. The more readable the program appears with respect to the
visualization it produces, and the closer the apparent correspondence between the program and the
visualization it produces, the more positive the evaluation. Stasko (1989), for example, includes an
entire appendix of algorithm animation source code, which he uses to illustrate the extent to which
his programming framework succeeds in easing the task of algorithm animation programming.

Although far less popular than anecdotal techniques, programmatic techniques—especially program
presentation—do appear on occasion in the SV systems literature. Programmatic techniques tend to
scrutinize programs that generate visualizations of textbook algorithms (but see Cox & Roman,
1994). Like anecdotal techniques, programmatic techniques serve a largely rhetorical purpose;
hence, the results of programmatic evaluations are overwhelmingly positive, at least from the per-
spective of their authors.
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3.3 Analytic techniques

Analytic evaluation techniques aim to provide a principled assessment of an interactive system’s ef-
fectiveness, while avoiding the overhead of extensive empirical data collection. Effectiveness, in the
case of analytic evaluation, boils down to usability—the fewer usability problems identified, the more
effective the system. Thus, analytic evaluation techniques focus on identifying the usability prob-
lems that system users are likely to encounter.

In heuristic evaluation, a user interface expert sits down with an interactive system and attempts to
evaluate it using a small set of design principles. The success of analytic techniques appears to turn
heavily on the expertise of the evaluators, on the evaluators’ familiarity with the domain of the in-
teractive system under evaluation, and on the number of evaluators involved (three to five are pref-
erable to one) (Nielson, 1992).

For the only heuristic evaluation of an SV system in the literature, Lavery and Cockton (1995) con-
solidated seven relevant design principles from three sources: (1) the general information presenta-
tion literature (e.g., Tufte, 1983) (three principles); (2) the general visualization literature (three
principles); and (3) the SV literature (one principle). In their heuristic evaluation of two SV proto-
types designed to aid programmers using a persistent software engineering workbench, they find
that the design principles were too general, providing little helpful guidance in their evaluation.

In a cognitive walkthrough (Polson, Lewis, Rieman, & Wharton, 1992), an individual evaluator, or
group of evaluators, attempt to simulate the activities of a user as she explores an unfamiliar user
interface. Beginning with a specific set of tasks to be performed with the system under evaluation,
the evaluators look for user interface actions that appear promising in accomplishing those tasks. If
they can find suitable user interface actions, they select them and evaluate the system’s feedback. At
each point along the way, they consider three questions: (a) whether users will be able to come up
with the a set of correct actions to complete the tasks; (b) whether users will be able to link descrip-
tions of the correct actions to the actions they have in mind; and (c) whether users will interpret the
system’s feedback correctly.

Just two applications of the cognitive walkthrough technique appear in the SV literature. In the
wake of disappointing experimental results (see Section 3.4.1 below), Stasko, Badre, and Lewis
(1993) use a cognitive walkthrough to determine that their participants could not have been expected
to perform well on the experiment’'s post-test, given the XTango animation of the pairing heap data
structure with which they were presented. Frustrated with the failure of their heuristic evaluation
(see above) to yield useful design information, Lavery and Cockton (1995) use an informal cognitive
walkthrough to analyze a set of specific tasks to be performed with the same two SV prototypes. In
contrast to their heuristic evaluation, their cognitive walkthrough enables them to identify several
potential usability problems, which account for forty percent of the problems identified in a follow-up
usability test (see Section 3.4.2 for more on usability tests).

3.4 Empirical techniques

In contrast to the three techniques just discussed, empirical evaluation techniques are predicated
upon the collection of actual data on humans involved in tasks with SV systems. An analysis process,
whose details are made available for public scrutiny, attempts to transform the data into a set of
statements that respond to the research questions posed by the evaluation. Thus, the audience of an
empirical evaluation is able both to trace the evaluation’s conclusions back to original data, and to
scrutinize the process by which the conclusions were arrived at.

Figure 5 provides a breakdown of the published empirical studies of SV by empirical technique.
Since relatively few total empirical studies have been published, the meta-study’s sample of 29 SV
empirical studies either matches, or closely rivals, the entire population. It is common for studies to
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employ multiple techniques; hence, several studies are counted multiple times—once in the total of
each appropriate category.

As Figure 5 indicates, the number of published experimental studies using a given technique ranges
from eleven to two, with controlled experiments and observational studies tied for the lead. This
subsection takes up the five empirical techniques in decreasing order of their frequency of use in the
literature.
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Figure 5. Summary of published empirical studies of SV by study technique. Note that study does not equate to paper; a
single piece of published research may report on more than one study. Studies that employ more than one technique are
included multiple times—once in each appropriate category.

3.4.1 Controlled experiments

One of the most popular empirical techniques for evaluating SV, controlled experiments!® aim to as-
sert a causal relationship between factors (i.e., independent variables) and measures (i.e. dependent
variables). While there are many variants on controlled experiments (see Gilmore, 1990 for a re-
view), all of the published SV experiments have been between-subjects experimental comparisons. In
such comparisons, participants are first screened in an attempt to ensure that they have comparable
backgrounds, experience, and abilities. Next, experiment participants are randomly assigned to one
of two groups, each of which is exposed to a different combination of factors that the experimenters
believe to have significant effects. Third, participant performance is measured. In order for such
measurements to be made, experimenters must operationalize the dependent variables of interest—
that is, they must express them in terms of observable and measurable phenomena. Finally, in order
to determine whether any measured differences are greater than those to be expected by random
chance, experimenters statistically compare the measures of the alternative groups. If statistically
significant differences are detected, experimenters conclude that the factors significantly affect the
measures.

Table 3 provides a synopsis of all eleven controlled experiments that have considered SV effective-
ness. For each experiment, the factors (independent variables) appear in column 1; the measures

13This discussion of controlled experiments by no means addresses all of the issues involved; it does, however, provide
sufficient background on the kinds of controlled experiements of SV that have been conducted thus far.
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(dependent variables) appear in column 3; the programs visualized by the experiment participants,
together with the SV artifact they used, appear in column 4; and a summary of the experiment's key
results appears in column 5.

As Table 3 indicates, nine of the experimental comparisons attempt to determine whether various
factors affect learning. In all of these experiments, learning is operationalized in terms of a post-test,
which participants take upon completing their learning session. The post-test is typically designed
to test participants’ procedural (“how”) and declarative (“what”) knowledge of the algorithm under
study in the experiment. The more correct answers provided by a participant, the better the partici-
pant is assumed to have learned the algorithm.

Similar in spirit to the experimental comparisons of learning, two other experiments consider
whether SV tracers facilitate better problem solving. In these experiments, problem-solving efficacy
is operationalized and measured in various ways. In one experiment (Price, 1990), problem-solving
efficacy is defined both in terms of whether the bug in the program was found, and in terms of how
long participants needed to find the bug. In the other experiment (Mulholland, In press), problem-
solving efficacy is defined in terms of the number of problems solved (out of a possible four).4

In the eleven experiments, participants use a total of four different SV systems (ParaDocs, XTango,
Polka, and TPM) to visualize algorithms and data structures one would typically find in a textbook.
The notable exception is Price’s (1990) experiment, in which participants debug a 7,500 line program.

The eleven experiments consider a total of twelve factors, which fall into five general categories:
medium—algorithm animation, visual debugger, text, and various combinations of media;
order—order of algorithm presentation, order of medium;
representation—e.g., data labeling, data representation, data set size;
learner activity—self-design of data sets, prediction drills; and
individual factors—Ilearning ability, spatial ability.

Of the 12 factors considered, five of them, or 42%, are shown to affect learning or debugging efficacy
significantly. Two of the factors, both of which fall within the learner activity category, have gathered
more experimental support than any other factors. In two separate experiments, Lawrence (1993,
ch. 6 and 9)* finds that students who explore algorithm animations driven by self-constructed input
data sets score significantly higher than students who either watch the same animations driven by
data supplied by the experimenter, or who have no access to such animations. In two other experi-
ments that manipulate learner activity variables, Byrne, Catrambone, and Stasko (1996) find that
participants who are exposed to algorithm animation, combined with structured prediction drills,
perform better on a post-test than students who are exposed to neither; however, the individual ef-
fects of the two factors cannot be disentangled statistically.

Lawrence (1993, ch. 7) shows that two representation factors—labeling of an algorithm’s conceptual
steps, and additional color labeling of algorithmic actions—significantly affect post-test performance.
Students who saw animations of Kruskal's minimum spanning tree algorithm in which the algo-
rithm'’s conceptual steps were textually labeled performed significantly higher than students

14The most significant portion of Mulholland's (In press) work is a post-hoc analysis of videotaped participant interaction;
this analysis leads to the discovery of three additional significant differences. Since Mulholland operationalizes post hoc the
categories between which significant differences are found, however, | have elected to include these results in my review of
observational studies (Section 3.4.2).

15Note that (Lawrence, 1993, ch. 9) is also published as (Lawrence, Badre, & Stasko, 1994).
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PROGRAM(S)/
STUDY INDEPENDENT VARIABLES DEPENDENT VARIABLES | SV ARTIFACT(S) RESULTS
(Price, 1990, | - Debugging medium (debugging with ani- - Debugging time 7,500 line Operating - No significant differences were found: An equal num-

Experiment)

mated view vs. debugging without animated
view)

- Whether bug found

System Simula-
tor/ParaDocs (Price,
1990)

ber of participants (5 of 9) in animation and control
groups found bug, and the mean time to find bug was
identical (25 min.) for animation and control groups

(Staskao, - Learning medium (text only vs. text-and- - Post-test scores Pairing heap ADT/ - Non-significant trend favoring the text-and-animation

Badre, & animation) XTango (Stasko, group (t=1.111, df=18,p<0.13)

Lewis, 1993) 1992) - Cognitive walkthrough indicated that not all informa-
tion necessary to do well on test was available to either
group

(Lawrence, - Data set size (9, 25, or 41) - Paper-folding test Quick sort, selection - Participants who viewed animations running on their

1993, ch. - Data representation style (horizontal sticks, - Vocabulary test sort, radix sort, and own data sets scored significantly higher than (a) par-

4.4,5,6,7, vertical sticks, and dots) - Post-test scores Kruskal’'s MST/ ticipants who viewed animations running on data sets

8.2,9) - Order of algorithm presentation (Quick sort - Time to complete post- | XTango (Stasko, designed by someone else (ch. 6), and (b) participants

first vs. Selection sort first) test 1992) and POLKA who had no access to animation sessions (ch. 9); in the

- Spatial ability (according to a paper-folding (Stasko & Kraemer, experiment of ch. 9, the significant difference was de-
test) 1993) tected for the conceptual “free response” questions

- Verbal ability (according to a vocabulary test) - Participants who viewed animations containing no

- Learner control of data (viewing self-designed color labeling scored significantly higher than partici-
data sets vs. viewing data sets designed by pants who viewed animations with color labeling (ch. 7)
someone else) - Participants viewed animations containing conceptual

- Algorithm step labeling (color vs. mono- step labels scored significantly higher than participants
chrome highlighting of algorithm’s opera- who viewed animations containing no conceptual step
tions, as well as text vs. no labels of algo- labels (ch. 7)
rithm’s conceptual steps) - No other significant differences were detected. Nota-

- Order of medium (text-first vs. animation- bly, the visual representation of animations did not
first) seem to matter.

- Combination of learning environments (lec-
ture-only vs. lecture-and-lab)

(Byrne, Ca- - Learning medium (animation vs. no- - Post-test scores Depth-first search - Participants who viewed the animation and/or made

trambone, & animation) - Prediction errors and binomial predictions performed significantly better than partici-

Stasko, - Prediction (as manifested in a prediction heaps/POLKA (Stasko pants who did neither. This result was stronger for

1996, 82 and drill in which participants are asked to pre- & Kraemer, 1993) novices learning depth-first search (§2) than for upper-

83) dict the next algorithm step, given the cur- level computer science students learning the binomial

rent step) heap (83). In the experiment of §2, the significant dif-
ference was found for the “hard” questions. In the ex-
periment of §3, the significant difference was detected
for the “procedural” questions.

(Mulholland, | Prolog tracing environment (three textual trac- | Number of problems A short Prolog pro- - Participants who used the graphical tracer (TPM)

in press) ers, TPM) solved (5 min. max per gram/ TPM (Bray- solved significantly fewer problems than participants

problem)

shaw & Eisenstadt,
1991)

who used the textual tracers (Spy, PTP, TTT)

Table 3. Summary of controlled experiments that consider the effectiveness
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who saw the same animations without such labels. In addition, the experiment shows that the addi-
tion of color highlighting'® actually leads to decreased performance; those who saw animations with
such labels performed significantly worse than those who saw animations without such color high-
lighting.

Finally, Mulholland (In press) actually obtained evidence against the use of SV for Prolog tracing
tasks. He finds that participants who used any of three textual tracers solved significantly more
problems than participants who used TPM, a graphical tracer.

Figure 6 places the results of the controlled experiments into perspective, indicating the percentage
of experiments that have obtained each kind of the four kinds of results just reported. As the figure
indicates, over half of the controlled experiments (55%) either failed to produce a statistically-
significant result, or produced a statistically-significant result in the wrong direction—that is, a re-
sult that favored some other medium over SV. Of the remaining five, only three could assert a posi-
tive effect that was not entangled with another factor.

O Non-significant result

1 (9%)

m Signifcant result

2 (18%)

5 (46%)

o Significant result in
which effect of SV and
another factor could not
be disentangled

O Significant result in
wrong direction

3 (27%)

Figure 6. Summary of the kinds of quantitative results yielded by the SV controlled experiments

3.4.2 Observational studies

Less rigorous than controlled experiments, observational studies investigate some activity of interest
in an exploratory, qualitative fashion.'” Customarily, observational studies have one of two goals.
They may explore phenomena about which little is known, with the goal of generating research ques-
tions and formulating hypotheses that can guide the design of more rigorous controlled experiments.
Alternatively, they may be used to explore research questions that rigorous experiments are ill-
suited to address—for example, questions of how a process unfolds, or questions concerning the na-
ture of social interaction, which is inherently difficult to operationalize.

Table 4 summarizes the eleven observational studies of SV tasks. As the table indicates, all of the
observational studies seem to be interested in questions of how humans make use of SV, and of how
SV can be improved. In fact, the foci of all of the studies appear to be subsumed by four general re-
search questions, as indicated in Table 5.

16The highlighting is used to indicate which edges have not yet been considered (blue), which edges are currently being
considered (red), and which edges are already in the minimum spanning tree (black).
17see (Gilmore, 1990) for a more comprehensive treatment of observational techiques.
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STUDY RESEARCH QUESTION(S) PROGRAM(S)/ DATA RESULTS
SV ARTIFACT(S) COLLECTED
(Price, 1990, - How much progress did those who did not find the 7,500 line Operat- Videotape of - Three in the animation group, and one in the control

Experiment)

progress make?

- What strategies do people employ to track down
bugs using SV and conventional debugging media?
Do those strategies depend upon debugging me-
dium?

ing System Simula-
tor/

ParaDocs (Price,
1990)

debugging ses-
sion, exit inter-
views

group, were “close” to finding the bug

- Debugging strategy (skilled vs. unskilled) appeared to
be influence debugging success more than debugging
medium.

(Badre, Bara-
nek, Morris,
& Stasko,
1991, 82.2)

- How can we evaluate algorithm understanding?

- What problems might arise in such evaluations?

- What constitutes a good algorithm animation
learning environment?

XTango/Shellsort

Observations of
student activity,
questionnaire,
informal exit
interviews

- Students’ reactions to animations were overwhelm-
ingly positive

- May be difficult to disentangle individual factors that
influence learning, including academic background,
spatial abilities, and prior experience; future experi-
ments will need to control for these

- The effectiveness of animations might be enhanced by
adding labels and textual explanations

(Goldenson &
Wang, 1991),

- How do students make use of Pascal Genie's envi-
ronment features, including the following SV fea-
tures: edit-time design view, edit-time outline
view, run-time stack view, and run-time data visu-
alization views?

- What factors influence students’ use of environ-
ment features?

Student assign-
ments/

Pascal Genie
(Chandhok et al.,
1991)

Software event
logs, filtered to
the level of Pas-
cal Genie's en-
vironmental
semantics

- Teachers’ knowledge of and enthusiasm for Pascal
Genie's SV features heavily influenced their students’
likelihood of using them.

- Students used the run-time SV features of the envi-
ronment to help them find program errors; however,
they did not seem to use them as often as their errors
would have justified

(Ford, 1993)

- How do learners’ conceptions and misconceptions of
procedural and object-oriented programming con-
structs manifest themselves in visualizations?

Imperative pro-
gramming con-

structs and con-
cepts/

Goofy

Observations of
student-built
Goofy anima-
tions, inter-
views

- Students expressed imperative and object-oriented
programming constructs using a rich visual vocabulary

- Of the visualization techniques described in Cox and
Roman'’s (1992) taxonomy of representations, students
made use of all but analytical representations

- The process of constructing visualizations appeared to
help students learn the language

(Lawrence, - Exploratory between-subjects Design: How does Selection sort, radix | Observations of | - Text-only group scored lowest for selection sort, al-
1993, ch. 8.3) media combination (text-only, animation-only, or sort, and quick student activity, though all three groups scored similarly for radix sort;
text-and-animation) affect learning? sort/XTango number of cor- this implies that algorithm may influence appropriate-
rect algorithm ness of medium
rules derived
(Wilson, Katz, | - What role do two alternative algorithm animation Breadth-first and Videotape of - Because it made readily available to them the informa-
Ingargiola, displays play in learning about search algorithms? A* algorithms/ activity of a pair tion they needed to complete their task, participants
Aiken, & FLAIR (Aiken et of participants found one display more useful than the other

Hoskin, 1995)

al., 1992)

Table 4. Summary of the studies that make use of observational techniques
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STuDY RESEARCH QUESTION(S) PROGRAM(S)/ DATA RESULTS
SV SYSTEM(S) COLLECTED
(Douglas, - How do experts use visualization to explain bubble Bubble sort/ Videotape of - At a lexical level, expert visualizations of bubble sort
Hundhausen, sort? Art supplies and participants’ vary widely; they can be unified, however, at a seman-
& McKeown, - How can SV languages be grounded in empirical Lens (Mukherjea & | visualization tic level
1995, 1996) data? Stasko, 1994) storyboards, - Incongruities between participants’ semantic-level
- Does the usability of SV systems depend on their and of Lens languages and that offered by Lens led to usability
ability to offer a visualization language that accords sessions problems
with human conceptualizations of the computations
to be visualized with the systems?
(Chaabouni, - How do experts use visualization to explain sorting | Quick sort, heap Videotape of - Participants skillfully orchestrated their use of speech,
1996) algorithms? sort, and insertion pairs of partici- gesture, and environment objects to explain sorting al-
- What conceptual primitives do they use? sort/ pants’ visuali- gorithms
- How can those primitives be transformed into a Art supplies zation story- - A semantic-level ADT language consisting of six ADTs
visualization language, and what does such a lan- boards, exit and 58 ADT operations is sufficient to express all nine
guage look like? questionnaire pairs of participants’ visualizations; however, it may
not be sufficiently expressive for a wider range of com-
putations than those studied
(Kehoe & - What information do students obtain from algo- Binomial heap im- Videotape of - Students use animation to learn about procedural

Stasko, 1996

rithm animations, text, and static pictures?

- Do alternative learning media provide students
with the information they are seeking?

- When in the learning process do students enlist
algorithm animation?

plementation of
pairing heap/

A web-based tuto-
rial with POLKA
stills

participant
activity (par-
ticipants asked
to think aloud)

steps of an algorithm

- User interface, rather than the animation itself, can be
a barrier to obtaining desired information

- Animations were used both to gain an overall under-
standing of algorithm’s procedural behavior, and to re-
fine knowledge of a specific operation

(Reimer, - Can a principled, task-centered design approach Graham'’s scan Observation of - Participants enjoyed using the animations to learn
1996) result in more effective algorithm animations? convex hull/ participant about the algorithm
- Can principle of semantic redundancy assist in the HyperCard activity (par- - Encoding salient information redundantly (both textu-
design of effective visualizations? ticipants asked ally and graphically) in an animation appears to im-
to think aloud), prove understanding
post-test scores,
exit question-
naire
(Mulholland, - How do Prolog tracing environments affect novice A short Prolog pro- | Videotape of - TPM participants made significantly more comments
In press) debugging strategies? gram/ TPM (Bray- pairs of partici- on trace notation and navigation, and significantly

shaw & Eisenstadt,
1991)

pants’ task ses-
sions, post hoc
behavioral
coding

fewer comments on control and data flow, than did par-
ticipants using the textual tracers

- TPM participants reviewed previous executions steps
and data flow significantly fewer times than partici-
pants using the PTP tracer.

- TPM participants experienced significantly more trace
misunderstandings than did participants using the
PTP tracer

Table 4 (cont.). Summary of observational studies of SV
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GENERAL RESEARCH QUESTION # OBSERVATIONAL STUDIES THAT CONSIDER IT

How do humans conceptualize algorithms? 3 (Ford, 1993; Douglas et al. 1996; Chaabouni, 1996)

How frequently is SV used, and what role does it play, in 5 (Goldenson & Wang, 1991; Price, 1990; Kehoe &

various tasks? Stasko, 1996; Wilson et al., 1995; Mulholland, In
press)

How can empirical data be used to improve the design of 3 (Douglas et al., 1995; Chabouni, 1996; Reimer, 1996)
SV systems and languages?

How can algorithm understanding be evaluated? 1 (Badre et al., 1991)

Table 5. Four general research questions considered by the observational studies of SV, along with the number of studies
(and the studies themselves) that have considered them

With the exception of Goldenson and Wang's (1991) analysis of Genie user profile data and Price’s
(1990) study of debugging, all of the observational studies focus on compact, textbook algorithms or
programming constructs. As seems to be the case for the controlled experiments, such a focus stems
from researchers’ common interest in the use of SV for education. Six SV systems were used in the
observational studies. In addition, three studies chose to abandon SV technology altogether, relying
instead on storyboards of animations developed with pen, paper, and art supplies.

Data collection methods vary widely from study to study. In all but one case, researchers gave par-
ticipants explicit tasks to perform, and the participants performed those tasks within a single task
session. In about half of the studies, researchers chose to capture participant activity on videotape;
in the other half, researchers opted simply to observe and take notes. In stark contrast to the other
eight studies, the Goldenson and Wang (1991) study is notable for its use of special software to log
and filter user events for post-hoc statistical analysis.

While the majority of the SV observationa