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Exploring Cognitive, Social, and Cultural Dimensions of Visualization 
in Computer Science Education 

Introduction 
Computer-based visualization technology graphically represents scientific processes and concepts. A key application 
area of the technology is science education, where it has been used, for example, to illustrate embryonic cell 
processes (Pane, Corbett, & John, 1996); macroeconomic policy (Grimes & Willey, 1990); data structure operations 
(Stasko, Badre, & Lewis, 1993); Newton�s laws of motion (Rieber, 1990); and pump dynamics (Mayer & Anderson, 
1992). While science educators were initially enthusiastic about the potential of computer-based visualization to 
enhance learning, it has failed to see the kind of widespread use in science education that its developers originally 
envisioned (see, e.g., Iding, Crosby, & Speitel, 2001).  

In light of the strong intuitive basis for computer-based visualization, a puzzling research question arises: 

Research Question: Why has computer-based visualization failed to catch on? 

 
While no extant empirical research specifically addresses that question, educational researchers have cited four key 
obstacles to visualization technology�s widespread adoption: (a) the technological infrastructure required to deploy 
visualization technology may not be readily available (see, e.g. Gurka & Citrin, 1996); (b) the quality and usability 
of visualization technology may not be sufficiently high; (c) creating visualizations for classroom use, or integrating 
existing visualizations into a course, requires substantial time and effort, (see, e.g., Bazik, Tamassia, Reiss, & van 
Dam, 1998); and (d) the pedagogical value of using computer-based visualization has not been empirically 
substantiated (see, e.g., Byrne, Catrambone, & Stasko, 1999; Pane et al., 1996).  

Of course, speculating about these obstacles is all in the interest of addressing a second, closely-related research 
question: 

Research Question: 
Can we develop visualization software and pedagogical approaches that 
overcome these obstacles, allowing visualization technology to become an 
effective pedagogical tool in mainstream science education? 

 
Over the past decade, educators and technologists have taken various approaches to addressing this question, such as 
developing improved visualization technology (e.g., Stasko, 1997), novel pedagogical methods (e.g., Knox, 1996), 
and more sensitive evaluation methods (e.g., Gurka, 1996)But it is possible that the underlying educational theory 
that has traditionally guided these approaches is fundamentally deficient. That theory, which I call Epistemic 
Fidelity Theory (after Roschelle, 1994) holds that visualization technology is pedagogically effective because it 
provides a faithful account (i.e., one with high epistemic fidelity) of an expert�s mental model of a scientific process 
or concept to be learned, thus enabling the robust and efficient transfer of that mental model to the learner. 

An alternative approach is to address the problem not at the surface, but at its roots.  In other words, instead of 
refining our current design, pedagogy, and evaluation methods, we rethink the theory of effectiveness in which they 
are rooted.  A promising alternative theoretical position is Sociocultural Constructivism (see esp. Lave & Wenger, 
1991). Rather than viewing knowledge and learning at the level of the individual, as Epistemic Fidelity Theory does, 
Sociocultural Constructivism views knowledge and learning at the level of the community of practice (Wenger, 
1998). On this alternative view, learning is seen not as acquiring target knowledge structures, but rather as 
participating more centrally in the practices of a community.   

In prior work within the context of computer science education, I have explored this theoretical position through 
ethnographic studies of an undergraduate, junior-level algorithms course in which algorithm visualization (AV) 
technology was used to provide students with access to more central forms of participation. Specifically, for an 
assignment in the course, students were required to construct and present their own visualizations of the algorithms 
under study. Thus, students participated in the course in ways that instructors typically participate. A key 
observation in these studies was that having students construct and present their own visualizations was 
educationally beneficial, not only because it increased their motivation and level of interest in algorithms, but also 
because it stimulated meaningful discussions about algorithms in which students and their instructor could bridge 
the gap in their understandings.   
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While these ethnographic studies illustrate the potential for this alternative teaching approach, they also raise key 
research questions that I propose to pursue here. The first question has to do with pushing the approach further: 
What if we fundamentally changed computer science education�s traditional, lecture-based instructional model by 
making visualization construction and presentation the central activities of a computer algorithms course? Inspired 
by the instructional model presently used to teach architectural design (see, e.g., Boyer & Mitgang, 1996), I propose 
to explore this question by developing a curriculum and supporting technology for a studio-based algorithms course. 
Architectural students spend most of their time with their peers in an architecture studio, where they collaborate on 
design projects. In scheduled review sessions, they present their projects their instructor and peers for feedback and 
discussion. So, too, will it be in a studio-based algorithms course. In the � algorithms studio,�  students will engage in 
collaborative algorithm design and analysis projects at their � drafting tables� � electronic whiteboards running an 
algorithm visualization tool specifically designed to support the student construction and presentation of 
visualizations. Students will present their solutions (i.e., their visualizations) to their peers and instructors for 
feedback and discussion during scheduled review sessions. 

Development of the studio-based algorithms curriculum and supporting visualization technology constitutes the first 
key component of the research I am proposing here. It gives rise to fundamental research questions concerning the 
role and value of visualization construction and discussion in learning abstract processes and concepts. In 
articulating these questions, I find it useful to distinguish three conceptual levels of learning: 

1. Cognitive. At the cognitive level, learning is an individual phenomenon in which students�  knowledge 
undergoes conceptual change. This is the level at which learning outcomes are traditionally measured through 
some sort of knowledge test. The key question at this level is, � Do students who participate in visualization 
construction and presentation exercises actually learn algorithms better than students who participate in more 
traditional learning activities (e.g., lectures, individual study)?�   

2. Social. At the social level, learning is the collaborative achievement of students; visualizations serve as 
mediational resources (Roschelle, 1994) that help students to build a mutual understanding of the phenomenon 
under study. The key question at this level is, � In what ways, and to what extent, do visualizations mediate 
conversations that (a) are relevant to algorithms, and (b) enable students and instructors to negotiate shared 
understandings of algorithms?�   

3. Cultural. At the cultural level, learning fundamentally entails participating more centrally in a community of 
practice (Lave & Wenger, 1991); it is the process by which a community reproduces itself. At this level, the key 
question is, � Do visualization construction and presentation exercises enable students to become fuller members 
of the community being reproduced through an undergraduate algorithms course, and do they facilitate learning 
in this sense better than more traditional learning activities?�   

The second key component of this work, then, is a comprehensive research program to explore these questions.  

This research will yield several products and results from which computer science educators, educational 
researchers, visualization technologists, and even cognitive anthropologists stand to benefit. Specific outcomes and 
benefits of the proposed research include the following: 

• Technology delivery. I shall develop and publicly disseminate novel AV software, specifically designed for 
electronic whiteboards, that supports the interactive construction and discussion of visualizations in a studio 
environment. By employing a sound, user-centered design process, and by collaborating with a community of 
partners within an open source environment, I shall produce a robust, well-documented system that other 
educators can adapt for use in their own courses. 

• Curriculum development. I shall develop and disseminate a detailed syllabus and curricular materials to support 
a studio-based algorithms course. These materials will be iteratively tested and refined through actual pilot 
courses. The studio-based curriculum will make a notoriously difficult course more accessible to students, thus 
enabling more students to learn the material and ultimately complete their computer science degrees. 

• Empirical results. I shall publish the results of a diverse program of experimental, observational, and 
ethnographic studies that explore the value and role of visualization and communication in learning complex 
scientific processes at the cognitive, social, and cultural levels. These studies will build and expand on a rich 
tradition of empirical work on both computer-based instructional visualization, and the use of representations in 
computer-supported collaborative learning. 
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• Novel research methodology. I shall develop a novel methodology for using visualization construction and 
interpretation tasks to gauge one�s level of membership in a community of practice. This methodology, which 
builds on Cultural Consensus Theory (a product of cognitive anthropology), will be used as the basis for 
� consensus studies�  that evaluate learning with respect to the Sociocultural Constructivist definition of 
increasingly central community membership.   

• Graduate and undergraduate apprenticeship. I shall apprentice two graduate students and at least one 
undergraduate student per year in the methods of human-computer interaction, including user-centered software 
design, video analysis, ethnographic field techniques, and experimental methods. Dozens of other students will 
benefit through their participation in the proposed studio-based algorithms courses and empirical studies.  In 
providing such training and experience, I will be furthering the educational mission of my department. 

Background Research 
The research program proposed here draws on over a decade of past research into the design, evaluation, and 
pedagogical use of AV technology. In this section, I develop a logical progression from this existing research to the 
research I am proposing. I begin with a brief history of AV technology that illustrates the ways in which its design 
and pedagogical use have been beholden to Epistemic Fidelity Theory. Next, I review a legacy of experimental 
studies that have aimed to substantiate its educational effectiveness. This review makes a strong case for the 
inadequacy of Epistemic Fidelity as a guiding theory of effectiveness, and suggests the plausibility of Sociocultural 
Constructivism as an alternative guiding theory. Finally, I describe my own prior research that explores a 
Sociocultural Constructivist approach to integrating AV technology into an algorithms course (Hundhausen, 1999).   

Algorithm Visualization Technology 
Ever since the publication of the first volumes of Knuth�s seminal series The Art of Computer Programming (Knuth, 
1973), graphical illustrations of algorithms have been commonplace as visual aids in computer science literature. 
With the advent of computer graphics technology in the late 1970s and early 1980s illustrations moved from paper 
to computer screen, as computer scientists began to develop computer software to facilitate the creation of algorithm 
visualizations� animated illustrations of algorithms in action.  The first software aided in the production of 
algorithm movies (Baecker, 1975)� most notably, Sorting Out Sorting (Baecker, 1981), a legendary instructional 
film on sorting algorithms (see Figure 1a). 

By  utilizing emerging graphical workstation technology, later systems supported interactive environments for 
exploring algorithm pictures and animations. For example, the seminal interactive algorithm animation system, 
BALSA (Brown, 1988), defined an environment in which users could (a) select sets of input data on which to view 
an algorithm animation; (b) choose an arrangement of alternative views defined for the animation; (c) start and stop 
the animation, and control the animation�s execution speed; (d) zoom and pan an animation view; and (e) write an 
animation viewing session to a script for later use. Figure 1b presents a snapshot from an interactive session with 
BALSA. 

According to the conservative estimate of Price, Baecker, and Small (1993), over 100 algorithm visualization 
systems have been developed (see, e.g., Duisberg, 1986; Helttula, Hyrskykari, & Raiha, 1989; Roman, Cox, Wilcox, 
& Plun, 1992). While, on the surface, these systems appear diverse, their design has been guided by the same 
underlying theory: Epistemic Fidelity. In particular, Epistemic Fidelity Theory�s view of visualization as an 
effective mechanism for knowledge transfer is embodied in two specific features pioneered in Brown�s BALSA 
system, and widely-embraced by AV technology ever since. First, observe that the user model on which AV 
technology is based consists of two distinct conceptual actors:  client programmers (experts), who, through 
sophisticated graphics programming, create the visualizations; and end-users (learners), who view and interact with 
those visualizations. This user model is clearly beholden to Epistemic Fidelity Theory because it sets up a situation 
in which experts encode algorithm knowledge, which learners subsequently decode. Thus, under this model, 
visualizations are seen to play the role of knowledge conveyors by transferring knowledge from experts to learners. 

Second, existing AV technology goes to great lengths to support the production of visualizations with algorithmic 
fidelity� that is, visualizations that faithfully depict the execution of the underlying algorithm. AV technology 
commonly supports algorithmic fidelity through three specific design features: 

• Direct generation. With most extant AV technology, one creates a visualization by mapping an algorithm to a 
graphical representation. One does this by, for example, annotating its code with calls to graphics routines that  
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(a) The “Grand Race”  in Sorting Out Sorting1 

 
(b) An session with BALSA2 

Figure 1. Snapshots of Representative AV Technology 

 
produce and update the visualization (see, e.g., Brown, 1988; see Roman & Cox, 1993 for a review of mapping 
techniques).  Thus, the visualization “ is constructed automatically as a by-product of [the algorithm’s] 
execution” , and is therefore “guaranteed to portray [its] execution faithfully”  (Baecker, 1998, p. 369).  

·  Input generality. The generation of visualizations directly from implemented computer algorithms implies that 
visualizations, just like the algorithms on which they are based, must operate on arbitrary input. AV 
technology’s support for input generality is widely regarded as a key feature of the technology; several systems 
support graphical user interfaces that make it easy for end-users to specify input data interactively (see, e.g., 
Brown, 1988; Brown & Hershberger, 1991; Duisberg, 1987)  

·  Typeset fidelity. Nearly all extant AV technology requires that visualizations be programmed in terms of 
Cartesian coordinates. This leads to the kinds of high-quality drawings that one would expect to find in an 
algorithms textbook. Notice that such visualizations, which have high typeset fidelity, are “always accurate, 
even the ones which would tax the best of draftsmen”  (Brown, 1988, p. 5). 

In sum, high-powered computer graphics have paved the way for a legacy of over 100 AV systems, which allow one 
to construct and interactively explore visualizations of computer algorithms. Through their commitments to (a) a 
user model with two distinct conceptual actors, (b) direct generation, (c) input generality, and (d) typeset fidelity, 
these systems are loyal to a knowledge transfer model of effectiveness that I am calling Epistemic Fidelity Theory.  

Experimental Studies of Effectiveness 
Given the influence of Epistemic Fidelity Theory on AV technology design, an important question arises: To what 
extent is this theory supported by empirical evidence? To answer that question, one need only examine a substantial 
corpus of 22 experimental studies of AV technology.3 All of these studies employed a similar between-subjects 
design. A sample of computer science students was divided into two treatment groups, both of which were charged 
with the task of learning the same target algorithm. At least one of the treatment groups used some configuration of 
AV technology to learn the target algorithm; the other group either used an alternative configuration of AV 
technology, or alternative materials (e.g., a textbook). At the end of the learning session, the two groups were given 
an identical post-test of algorithm knowledge. Finally, scores of the opposing treatments were tested for statistically 
significant differences, in order to determine whether one treatment was more effective than the other.  

                                                           
1From Software visualization  (p. 379), edited by J. Stasko, J. Domingue, M. Brown, & B. Price, Cambridge, MA:  The MIT Press.  ©1998 The 
MIT Press.  Reprinted with permission. The grand race graphically compares nine alternative sorting algorithms operating on an identical 2500-
element data set. Data elements to be sorted are represented as scatterplots of dots—one scatterplot for each sorting algorithm.  As each 
respective sorting technique places elements in place, the corresponding scatterplot gradually transforms into an upward-sloping line 
2From Algorithm animation  (p. 65), by M. Brown, Cambridge, MA:  The MIT Press.  ©1988 The MIT Press.  Reprinted with permission. In this 
snapshot, the user is running a side-by-side comparison of breadth-first and depth-first search executing on an identical graph.  The user has 
chosen to view each algorithm in terms of two identical views.  The larger, top views depict the graph being traversed; vertices that have been 
visited are shaded black, vertices whose descendents have not been fully explored are shaded gray, and vertices that have not yet been visited are 
shaded white.  The animations are presently paused; the user is about to restart them by choosing “Go”  from the “Run” menu. 
3 For a comprehensive review of this corpus of studies, see (Hundhausen, Douglas, & Stasko, 2001). 


