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Introduction
My research involves the design and evaluation of computer animation and graphics algorithms that enhance and
promote learning. I believe that the design of animation algorithms can be productively shaped for use in learning
applications. I also seek to understand how visual imagery and motion can be incorporated into environments suitable
for learning. Computer graphics and animation are powerful technologies for communicating and motivating. They
will increasingly be present in learning environments. A major obstacle to using computer graphics and animation in
the development of learning environments is the difficulty in easily authoring visually compelling environments and
motions that support learning. This document summarizes the ways my research attacks this obstacle. An important
aspect of my work is the use of formal evaluation as a key driver for informing the design process for computer
animation and graphics.
The unifying theme of my work is the development of robust mathematical methods informed by perceptual
evaluation to create images and motion as a communications medium. My background in systems and control
theory has provided a strong mathematical tool set for the design of animation algorithms. This tool set is based on
classical measures of performance, which often cannot provide adequate criteria to assess which algorithms perform
well and which do not. As this problem became apparent, the quest for competent performance measures led me
into psychophysics and learning, both of which inform the scientific and engineering design process, and also provide
methods of validating it. As the only faculty member studying computer graphics and animation at Vanderbilt, I have
developed a research program that designs, builds, and then tests these methods in different application domains. My
research is thus highly interdisciplinary, and I have established collaborations with researchers in robotics, image
processing, computational neuroscience, and artificial intelligence in my department; in the Psychology, Psychology
and Human Development, Teaching and Learning, and Audiology departments at Vanderbilt; and nationally with
collaborators at Brown, Northwestern, and Washington Universities.
In the remainder of this document I give a synopsis of my research accomplishments, contributions, and directions.
My primary accomplishments as a researcher so far are:
Publications: I have over 50 refereed publications (13 journal articles, 38 conference papers) that have been cited
over 280 times1 . My journal articles appear in highly-rated journals, such as the ACM Transactions on Applied Perception, IEEE Transactions on Visualization and Computer Graphics, IEEE Transactions on Robotics,
IEEE Transactions on Automatic Control, and ACM Multi-Media Systems Journal. My conference papers have
appeared in some of the most selective venues, e.g., SIGGRAPH (≤ 21% acceptance rate), Intelligent User
Interfaces (≤ 20% acceptance rate), and the Symposium on Computer Animation (≈ 30% acceptance rate).
These are prestigious venues for publication and dissemination of results within the field of Computer Graphics, Computer Animation, and Computer Science. Software written by me or my graduate students has been
downloaded over 380,000 times2 .
Funding: I have demonstrated continued ability to fund my research. I received a National Science Foundation
CAREER award, and have been PI or co-PI on grants totaling more than $4.35 million. A number of these
grants collaborate with researchers from other disciplines, such as Psychology.
Advising and Training: Two Ph.D. students have completed their degrees under me (Jing Wang, Christina de Juan),
one is scheduled to complete her degree in Spring 2007 (Betsy Williams). I am advising one Master’s student
in a thesis program, Elizabeth Seward, who is scheduled to graduate in December 2006. I have advised three
1 [Citeseer,

2006] and [ISI Web of Knowledge, 2006].
download count and [Netlib, 2006].
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non-thesis Master’s students, Jingjing Meng, Chen Zhou, and Paul Bielaczyc. Some of my students have won
best paper awards at conferences. Most of my graduate students are from populations traditionally underrepresented in Computer Science (six of the seven are women). Finally, I have mentored undergraduates in research
activities, developing programs with them that have allowed them to publish in refereed venues.
Professional Service: I am a co-founder of the Midwest Graphics Workshop, and have served on the program committee of the Symposium on Computer Animation, Computer Animation and Simulation Workshop, and the
International Conference on Web 3D Technology. I have been a session chair or conference co-chair of these
conferences as well. I have served on review panels for the National Science Foundation and the National
Endowment for the Humanities. As outreach, I have deployed attractive applications of computer science techniques in K-12 classrooms.

Animation:
Synthesis,
Use,
Reuse

Background. The most fundamental issue in using animation in a learning system is the problem of authoring
the animation. Authoring visually compelling animation is a difficult and time-consuming task. People are able to
perceive subtle movements and often attribute style, emotion, and intent to these movements. Thus, the bar for quality
animation is high. Most animation techniques are ad hoc and employ heuristic techniques to achieve acceptable results.
Authoring methods for animation can be broadly classified into three categories: motion capture, dynamic simulation,
and keyframing. Motion capture is a popular process for generating human animation, in which sensors are attached
to a performer and the motion of the performer is recorded for later playback in a graphical character. Dynamic
simulation uses the physics of the graphical character to constrain the motion to be physically correct. Keyframing is
the traditional Disney-like type of animation. My research has made contributions for all three of these techniques.
Motion capture is the dominant method of animation in video games and is increasingly used in other venues. The
main difficulty in using motion capture is that the recorded motion is never precisely correct. Much of my work in
this domain has developed methods to insure that the recording process is done as faithfully as possible [1, 18]3 . This
collaborative work unlocked motion capture data for use in synthesis algorithms by developing techniques to robustly
estimate skeleton size and process similar motions into compatible sets. These results led to methods for controllable
synthesis of stylistically similar but novel motions [20]. This research has had the following impact:
Impact: My principal contribution to motion capture has been the development of practical, robust methods to
transform performance data into compelling animation.
Synthesis from motion capture was a step forward from using motion capture simply as pre-recorded animation, or
for editing it to make a different pre-recorded animation. The key idea for synthesizing controllable, stylistically similar motion is to cast the problem as a scattered data interpolation problem (also developed by [Wiley and Hahn, 1997]).
The algorithm and framework have since been developed and used in both animation [Mukai and Kuriyama, 2005,
Urtasun et al., 2004, Kovar and Gleicher, 2003] and robotics [4][Jenkins and Matarić, 2004, Breazeal et al., 2003]. The
important problem not addressed by this work, however, is that interpolation of motion data is not guaranteed to be
visually compelling. This problem has driven much of my work since then, both in developing techniques for the
evaluation of types of synthesized motion [26] and in developing techniques that directly lead to pleasing motion [27].
Impact: My research provides methods to use motion capture data to synthesize new motion.
In contrast, when using dynamic simulation for animation, the authoring problem manifests itself as one of building controllers that produce visually compelling motion. Animation generated by dynamic simulation is sometimes
3 In
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criticized as appearing “robotic,” and part of the reason for this criticism can be traced to a lack of variability in the
motion, i.e., a repetitive motion is a boring motion. Adding variability to the control structure in a way that still results
in stable, yet pleasing motion is not trivial. My work represents one of the few efforts to adjust the control laws in a perceptually validated but easily authored way [2] (related work, e.g., [O’Sullivan et al., 2003, Reitsma and Pollard, 2003,
Harrison et al., 2004], evaluated changes to intrinsic parameters such as momentum, velocity, and size).
Impact: My work provides a perceptually-validated method for tuning control algorithms in dynamic simulation to improve the quality of the resulting motion.
Sometimes, however, realism of motion capture or dynamic simulation is not wanted. One can imagine learning
environments, particularly for children, in which traditionally animated characters with caricatured or non-human
features serve as a better representation for an agent. Authoring, editing, and re-using traditional animation are some
of the most difficult and time-consuming animation tasks. My Ph.D. student Christina de Juan and I developed ways
of generating novel traditional animation from existing traditional animation [8, 9]. Our method is model-free, i.e.,
no a priori knowledge of the drawing or character is required. This work treats a set of traditional animation as a
low-dimensional manifold embedded in high-dimensional space. By recovering the manifold structure of the set, we
can generate novel animation. Additional processing is needed to improve its appearance, however, and by treating
the problem as a scattered data interpolation problem we have successfully generated novel sequences. This work
has been used in animation systems to produce, for example, perpetual animations [Van Haevre et al., 2005]. My
student Elizabeth Seward and I have explored these ideas for three-dimensional animation as well [23]. The results,
while preliminary, show promise in allowing us to treat animation as a problem of geometry rather than its standard
treatment as a set of signals. These ideas are also being extended to the domain of robotics [11], as discussed later.
Impact: My research provides methods for the reuse of traditional animation along with the synthesis of new
cartoon animation.

Better
Motion
Transitions

Background. Central to all forms of motion synthesis is the generation of a motion transition. Motion transitions are
segues between two sequences of animation. They often present difficulties for synthesis methods, yet are important
components for generating compelling animation streams in computer games, virtual environments, and interactive
learning environments. My work has studied using spacetime constraints to generate transitions [21], and also linear blending [20, 26, 27, 28, 29]. Methods involving linear blending are more studied because of their efficiency,
computational speed, and widespread use.
To determine good blending, two things must be selected: the intervals over which blending will occur, and the
duration of these intervals. My Ph.D. student Jing Wang and I have studied both of these issues [26, 27], and have
developed methods for calculating the visually optimal blend length, also called the transition duration. We have
developed algorithms to calculate visually pleasing transition durations for two categories of motion that encompass
most typical activities. These algorithms are computationally efficient and could be incorporated into interactive
applications with little overhead.
Impact: My principal contribution to motion synthesis is the introduction of robust algorithms for the calculation of transition durations, the only such algorithms known.
To evaluate these methods, we conducted formal psychophysical studies to determine two things: (1) whether our
algorithms were better than a fixed blend length (the default, prior to our work), and (2) how noticeable a change in
the duration of the transition was. We have demonstrated that a suitable choice of transition duration can significantly
improve the appearance of the motion through the transition. The impact of this work on the community has been to
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demonstrate that transition duration is an important variable in the synthesis of complete motions, as noted by, e.g.,
[Mezger et al., 2005, Zordan et al., 2005, Safonova and Hodgins, 2005].
Impact: My work represents the only formal perceptual evaluation of the importance of choosing the correct
transition duration.
As mentioned above, the other component of a good transition is the selection of the points or intervals in the
motion where blending will occur. A variety of metrics are available in the literature for selecting these points, but
what distinguishes our work is the use of constrained optimization to find a perceptually-based metric. We have used
this metric on a large variety of motions to determine transition points, and have validated its success again using
psychophysical testing [26]. This work has been used, for example, in systems for the real-time animation of crowds
of pedestrians [Srinivasan et al., 2005].
Impact: My research provides a formal perceptual evaluation of measures for determining the appropriateness
of motion transitions.

Better
Learning
Systems

Background. In contrast to the low level motion algorithms that form components of learning systems, I have also
worked on higher level design issues of learning environments, the main thrust of my NSF CAREER award. My work
so far can be categorized into desktop learning systems and immersive virtual environments. The important point of
this work is to build systems that allow people to learn in meaningful contexts and situations.
For immersive virtual environments, my research develops design principles for immersion that allow environments where people can actively explore and guide their own learning. This work has been done in collaboration
with Profs. John Rieser and Timothy McNamara. Most important applications of virtual environments assume that
what people learn from exploring virtual simulations of physical environments is functionally similar to what they
learn from exploring the physical environments themselves. Understanding these similarities or differences is important: when constructing learning environments, we want either to correct differences or exploit them. My Ph.D.
student Betsy Williams and I have demonstrated such functional similarities in subjects’ access to spatial knowledge
between real and virtual environments [34]. My student Jingjing Meng and I have demonstrated functional dissimilarities in the perception of distance between real and virtual environments [15] using a strictly perceptual measure (in
contrast to other work, e.g. [Thompson et al., 2004, Willemsen and Gooch, 2002, Plumert et al., 2005], that employ
a perception-action or perception-imagination measure). These results will inform our future work in the design of
virtual environments.
Impact: My research assessed functional similarities in the perception of the real world and the virtual environment.
Currently, immersive virtual environments are expensive, but it may be that head-mounted display technology becomes widely affordable in the near future. A significant problem for the widespread adoption of virtual environments
that enable people to actively explore them will then be the problem of space. Having large areas suitable for active
exploration of a large virtual environment will not be practical and commodity-level virtual environment equipment
will need to be placed in small rooms. The important issue my work has addressed is how subjects can explore large
environments on foot when physical space is constrained. The qualification “on foot” is critical as we have shown
that using a joystick is inferior to foot exploration [32], and devices such as treadmills are expensive. The solution my
student Betsy Williams and I have developed is to manipulate the translational and rotational gain of movement so that
the virtual environment affords cognitively-friendly exploration [32, 33].
Impact: My principal contribution to the construction of immersive learning environments is the exploitation
of perceptual affordances to improve such environments.
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For desktop environments, my work has focused on the incorporation of compelling animation into a learning
system, called the teachable agent system [7][Biswas et al., 2001]. My work examines the means and utility of using animated agents to promote positive learning experiences, and much of it has been done in collaboration with
Prof. Gautam Biswas. Initially, my work focused on developing and improving a user interface that would support
an animated agent, and evaluating these changes on the teachable agent’s target audience, K-12 students [7, 24, 25].
My group and I animated the agent, using a videographic representation and using the manifold learning techniques
described previously for traditional animation. We chose these methods to enable an easily customizable, easily authored agent. The effects of agent appearance, gender, expressions, and style of motion in promoting learning are still
under investigation. We have demonstrated, however, that both the improved interface and the presence of an animated
agent promote positive learning experiences for our target audience [30, 3].
Impact: My research demonstrates a system that facilitates easy authoring of animated learning environments.
Further, my work demonstrates that an animated teachable agent promotes a better learning outcome than one
without animation.

Collaborative
Projects

Background. In addition to the collaborators mentioned previously, I have been privileged to work with other
tremendous colleagues both from Vanderbilt University and nationally. My contributions all have learning aspects
associated with them, but the aspects are particular to each project.
Lossy Transmission of Meshes. The continual improvement in computer performance together with the prevalence
of high-speed network connections with high throughput and moderate latencies enables the deployment of multimedia
applications, such as collaborative virtual environments, over wide area networks. Many of these systems use 3D
graphics for display and may be required to distribute geometric models on demand between participants. This work,
by my student Zhihua Chen in collaboration with Prof. Fritz Barnes, modified progressive mesh models [Hoppe, 1996]
to allow reconstruction in the event of packet loss. We used these modifications in two transmission schemes, a hybrid
transmission that uses TCP and UDP to send packets and a forward error-correcting transmission scheme that uses
redundancy to decode the information sent. We formally assessed the performance of these transmission schemes
when deployed on network testbeds that simulate wide-area and wireless characteristics [5].
Impact: My research provides methods for wide-area distribution of geometric models on demand in collaborative learning environments.
3-D Visualization of Proteomic Information. This work, in collaboration with Profs. Benoit Dawant and Richard
Caprioli, and supported by the NIH, developed methods to pre-process and visualize matrix-assisted laser desorption
ionization imaging mass spectrometry (MALDI IMS) data aligned with optically determinable tissue structures in
three dimensions. In this procedure, optical images obtained from serial coronal sections of a mouse brain are first
aligned to each other and the result used to build a 3-D implicit surface model of the corpus callosum from segmented
contours of the aligned images. The MALDI IMS data are then baseline corrected using an algorithm developed by my
student Betsy Williams and co-registered to the optical images. The proteomic data is then mapped into the 3-D model
to provide a full visualization of proteomic data correlated with anatomical structure in a way never before seen.
Correlating proteomic data with anatomical structures provides a better understanding of healthy and pathological
brain functions, and may be useful in more complex anatomical arrangements [6, 31].
Impact: My work provides three-dimensional visualization methods for learning about and understanding the
proteomic structure of the brain.
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Learning and Generation of Robotic Behaviors. The relationship between humanoid robotics and human-figure
animation is synergistic, as each discipline provides tools and techniques of use to the other. Some of these have
been mentioned previously. This work, in collaboration with Profs. Alan Peters, Chad Jenkins (Brown University)
and Kaz Kawamura, and supported by DARPA and NASA, has demonstrated that fundamental motion exemplars for
a robot can be generated using a gain-scheduled variant of the scattered data interpolation algorithms used for motion
synthesis [20, 13]. Viewing robots as primitive learners, our results show that a robot can learn to interact purposefully
with its environment through a developmental acquisition of sensory-motor coordination [4]. My contribution was the
idea to apply this technology to the robots, and I oversaw its implementation. Additionally, we are employing manifold
learning strategies in a manner similar to my use of them in animation to uncover the robot’s underlying sensorimotor
state structures and thus to develop better learning and control strategies [11, 12]. We have conducted several sets of
experiments on Robonaut, NASA’s humanoid robot, to validate our approach. I also established the use of the Sensory
Ego-Sphere (SES) for sensor fusion [10, 19]. The SES is currently used on Robonaut to enhance its performance. This
work is significant because Robonaut with the SES, as part of the “Centaur” robot, may be deployed on NASA’s Moon
mission.
Impact: My work leverages the close connection between animation and robotics and enables robots to learn in
uncertain environments.
Visualization of Computational Models of Cognition. Computational models of cognition often exhibit rich complex dynamics that are difficult to discern without the use of visualization tools. This work [14], in collaboration with
Prof. David Noelle, addressed a deficiency in prior visualization work for such models, as prior visualization tools
typically provided insight only to the modeling expert. In addition, prior tools provided limited functionality for communicating model dynamics to the non-expert, as is needed during scientific presentations and in educational settings.
We developed NAV, the Node Activity Visualizer, to remedy these deficiencies. NAV provides a sketch-based interface for constructing a graphical neural model and to display node activation levels, and can generate animations of
simulation results. It is an easy-to-use and portable software tool that interactively transforms the output of cognitive
modeling simulators into presentation-quality animations of model performance.
Impact: My work provides methods for understanding and visualizing cognitive models.
Computational Photography - Relighting. In collaboration with Profs. Jack Tumblin (Northwestern University)
and Cindy Grimm (Washington University), I have applied constrained optimization techniques similar to those mentioned above for transition metric formulation to the problem of lighting real-world objects[17, 16]. Lighting has long
been recognized as a difficult problem in the field of computer graphics. We apply simplified image-based lighting
methods to reduce the equipment, cost, time, and specialized skills required for high-quality photographic lighting of
desktop-sized static objects such as museum artifacts. These methods were developed into a re-lighting system by
my student Jon Waite. The system uses interactive sketching as a target to solve for a combination of images that
best reproduces the sketched lighting. This system is suitable for a photographer to achieve quality lighting without a
studio, and has such applications as museums wanting to document their collections efficiently.
Impact: My work provides a simple, light-weight system to obtain quality lighting of objects.

Outreach and Future Plans
One of my goals at Vanderbilt was to create a research and education program in computer graphics and animation,
a field of study in which Vanderbilt has never had a presence. I have largely succeeded in this goal. This program
is interdisciplinary, and I have established collaborations with a variety of researchers both within Vanderbilt and
nationally. I built the infrastructure for such a program, and I have graduated two Ph.D. students, with a third on
track to graduate in May 2007. This infrastructure required the creation of courses to prepare students for cuttingedge research, and the building of computational resources to enable the conduct of such research. I have trained
students from populations traditionally underrepresented in Computer Science. I have introduced undergraduates to
research activities: all of my summer undergraduate students have published refereed conference papers or journal
articles. Finally, I have deployed attractive applications of computer science techniques in K-12 classrooms, which
might encourage young learners to consider computer science as a career option.
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The groundwork laid in creating this program provides infrastructure for research challenges over the next several
years. These research challenges will require a cross-disciplinary approach to solve. Modern graphics processing
units have reached a stage where the constraint of efficient rendering is less significant, and, as a result, we are in an
era of animation research where perception will form a critical component of our animation systems. My research
plan is to build upon my successes in this area towards a thorough understanding of how people judge animation. The
next logical step is then to develop and revise synthesis techniques based on this knowledge. People’s judgments of
animation are probably colored by the context of the animation, however, and so I will likely focus on the learning
systems described previously. In keeping track with the goals of my CAREER award, the next couple of years will
see additional formal evaluations of the impact of animation attributes on learning outcomes, a process that should
lead to better design principles. In the longer term, the synthesis of compelling visual motion is likely constrained
by the requirements of physical plausibility, but within the realm of plausibility are many properties of movement
such as style and personality that most physically based systems cannot yet achieve. To deal with this issue, I am
actively engaged in efforts to treat animation in a geometric or topological framework. This work has the potential
to deal with problems currently considered difficult or intractable, such as the automatic design of controllers for
dynamically simulated behaviors. That goal, the topic of a good Ph.D. dissertation, would then lead to a principled
study of control parameters and their effect on the style of motion within the set of physically plausible motions. I
have recently submitted a grant proposal to the NSF to fund this work. This work applies directly to robotics as well,
and I am currently collaborating on this effort with Prof. Peters. We have been informed that a grant to NASA to fund
the robotic portion of this effort has been approved pending approval of a budget for NASA.
Virtual environments have been similarly constrained, but with modern hardware an extensive look at how perception in virtual environments provides affordances for the construction of better learning environments is possible.
My collaboration with the colleagues mentioned previously leads naturally to the next steps of research involving
the construction of self-representations in virtual environments — currently most virtual environment systems do not
allow users to see a self-representation of themselves. The incorporation of, for example, a real-time motion capture
facility into a virtual environment system poses an interesting question of engineering as well as interesting questions
of self-perception and calibration. These questions lead naturally to challenging questions of skill acquisition and
learning, and, next, to the questions of collaboration and interactions in virtual environments. I am actively taking
steps towards answering these questions, and am PI on a recently submitted a grant proposal to the NSF to fund this
research with co-PIs Profs. Rieser, McNamara, and Carr.
New Opportunities. Two examples of how the infrastructure I have created is leading to expanded and exciting
research follow. A recent collaborative effort with Prof. Dan Ashmeade [22] investigates how people perceive approaching traffic in virtual environments. The goal of this study is to improve pedestrian traffic crossings. This work is
important since there were over 4500 pedestrian fatalities in 2003 in the United States. A five year plan for exploring
this topic was recently submitted as an NIH grant, and while it is still pending, the grant received a priority score of
154 and we believe it will be funded (NIH has requested a revised budget but cannot make an official award until
their fiscal year budget is approved by Congress). A by-product of this work that will impact the broader computer
graphics community is our preliminary work on perception of motion from different camera angles to mimic different
street-crossing scenarios. Also, in a new collaboration with Prof. Dawant, we are attempting to apply motion analysis
techniques, some of which were described above, to the pre- and post-operative assessment of deep brain stimulation
as a treatment for Parkinson’s disease and Essential Tremor, disorders that affect over 4.5 million individuals in the
United States. An outgrowth of this project may be the robust reconstruction and recognition of motion from video.
In summary, I believe that the analysis techniques we will develop as part of this process will inform the future design
of synthesis algorithms for visually compelling motion.
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