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Abstract—We present four studies investigating tools and methodologies for artist-scientist-technologist collaboration in designing
multivariate virtual reality (VR) visualizations. Design study 1 identifies the promise of 3D interfaces for rapid VR design and also
establishes limitations of the particular tools tested with respect to precision and support for animation. Design study 2 explores
animating artist-created visualization designs with scientific 3D fluid flow data. While results captured an accurate sense of flow that
was advantageous as compared to the results of study 1, the potential for visual exploration using the design tools tested was limited.
Design study 3 reveals the importance of a new 3D interface that overcomes the precision limitation found in study 1 while remaining
accessible to artist collaborators. Drawing upon previous results, design study 4 engages collaborative teams in a design process that
begins with traditional paper sketching and moves to animated interactive VR prototypes “sketched” by designers in VR using
interactive 3D tools. Conclusions from these four studies identify important characteristics of effective artist-accessible VR visualization
design tools and lead to a proposed formalized methodology for successful collaborative design that we expect to be useful in guiding
future collaborations. We call this proposed methodology Scientific Sketching.

Index Terms—Visualization methodology, design study, critique, artistic interface, art, virtual reality.
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1 INTRODUCTION

ONE of the most challenging aspects of developing
scientific visualizations is designing effective visual

codings and abstractions for the data. Unlike technical
challenges in simulation, data processing, and developing
interactive rendering algorithms, this is best described as a
visual design problem, and it is made particularly challen-
ging by the unusual visual characteristics of several of our
most prominent visualization media, including virtual
reality (VR).

As customary in visualization, we turn to visual guidelines
[29], insights on human perception [31], and thestudy of time-
tested artistic techniques [19] for direction in solving these
visual problems. Guidelines are often difficult to interpret
however, and they rarely describe how we can handle the
conflicting requirements imposed by multivariate visualiza-
tions. Even when we find relevant guidelines to direct our
work, applying them to the unusual immersive visual space
that we find in VR is rarely straightforward. We are left with a
difficult visual design problem that typically requires an
iterative solution of the form: design, evaluate, redesign,
reevaluate, etc.

The underlying premise of the work presented here is that
collaborations with visual experts such as illustrators,
designers, and artists have great potential for addressing
these challenging visual problems. After several successful
collaborations between our visualization research laboratory
and artists from the Rhode Island School of Design, we have
become convinced that this collaboration can be an important
aid to science. Indeed, this idea is not without precedence.
Cox pioneered the development of “Renaissance teams,”
where experts in art, science, and technology come together to
make effective illustrations of science [3]. Sorensen’s work
describing an artist’s contribution to scientific visualization
presents a noteworthy account of artistic collaboration for
solving visual problems in scientific domains [26]. Our work
builds on these early examples of successful artist-scientist
collaborations.

We address the question: Given that we want to
collaborate with visual experts such as artists, how do we
most effectively leverage their skills when working with
real computer-based scientific visualization media such as
VR? We believe that new refinements in methodologies and
tools intended to support collaboration will lead to
increased roles for artists during the design process, making
more significant design contributions by artists possible and
ultimately leading to more effective visualizations.

Our primary contributions are the presentation of a series
of four design studies and resulting insights. We report on
refinements across the studies in terms of both design
methodology and tools, and we discuss the impact of each
of these on artists’ ability to contribute to VR visualization
design. We also present a formal methodology for
collaborative VR visualization design derived from conclu-
sions of the design studies.

One way that artists and designers often work when
designing visuals is by sketching [2]. Designs begin as rough
pencil line drawings and, through visual experimentation
via sketching, become much more refined over time. Physical
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noncomputer media such as sketching, drawing, and
painting are all relatively quick, accessible, and expressive,
which makes them excellent tools for this iterative design
refinement.

Fig. 1 shows some examples of designs for visualizations
created entirely with traditional media. How effective are
designs such as these when we target visualizations using
contemporary computer media such as VR? Clearly, tradi-
tional media plays an important role in nearly all visual
design tasks, but in this case, we find that it is difficult to
evaluate how well even the most sophisticated concept
drawings will work when translated to a VR environment.
Traditional media such as drawing, painting, Photoshop,
and even desktop-based 3D modelers simply do not capture
the unique VR experience: head-tracked stereo vision,
multimodal interaction, and the sense of presence and
immersion. As such, it is difficult to critique these traditional
designs accurately without seeing them at least partially
realized in VR.

We presented these observations about the difficulties
inherent in visual design for VR based on our early
collaborations first in a poster at the 14th IEEE Visualization
2003 Conference (VIS 2003) [11] and then in a Visualization
Viewpoints article [14]. In these venues, we first posited the
idea that artist-accessible VR modeling tools such as
CavePainting [13] could be used for design directly in VR,
in a sense, moving the traditional act of sketching, with
which artists are quite familiar, to a 3D VR setting.

In this paper, we bring insight from this early work
together with more recent results achieved after significant
refinement of tools and methodology. From the analysis of

the complete work, which now spans multiple years and
scientific applications, we pose a new prototyping-driven
methodology for collaborative design called Scientific
Sketching. Our presentation follows from the recent dis-
sertation results of Keefe [12].

We begin with an overview of related work. We then
present Scientific Sketching, followed by the series of
four design studies. Next, we present additional details of
the custom tools developed to support design tasks during
the studies. Finally, we present the discussion and analysis
of design tool and methodology refinements and the results
of the studies as a whole.

2 RELATED WORK

In this section, we describe related approaches to collabora-
tion with artists, and we compare our work with techniques
in software engineering and prototyping.

2.1 Artistic Collaboration for Scientific Visualization
Many researchers in the visualization community have
recognized the important role that art and artists can play in
informing effective visualization strategies. One important
subarea of this research involves developing visualization
techniques from the study of successful artistic techniques.
For example, Kirby et al. provide an overview of painting
techniques applied to 2D multivariate visualization [17], [18].
Many other techniques for art-based or nonphotorealistic
rendering have been demonstrated in both the visualization
[7], [9], [19], [20] and graphics communities [6].

Other approaches that are more applicable to our
methodology involve significant collaboration with practi-
cing artists rather than the study of artistic techniques. Many
of these follow a Renaissance-team model, in which experts
from art, science, and technology work together to produce
scientific imagery [3]. The distinguishing characteristic of
much of this work is the particular role that artists play in the
collaboration. Sorensen outlines several possibilities for these
roles in a collaborative scientific process [26]. We often think
of artists only when we reach the dissemination stage of
scientific research. While artists can certainly contribute at
this point, this is a very limited use of artistic insight. As
Sorensen explains, artists can play key roles throughout the
scientific process, notably in the design and conceptualiza-
tion stages that come early in the scientific process. We hope
to make more significant contributions from artists in early
visualization design stages possible.

Another recent research area in artistic involvement in
visualization has been in evaluating visualization techni-
ques. Jackson et al. show that expert visual designers can
predict user performance with different visualization
techniques on tasks required for the analysis of 2D fluid
flow [10]. This work makes a quantitative case for the
efficacy of incorporating artistic critiques of visualizations
in an evaluation process. Our goal is to take this role for
artists a step further. In addition to helping us evaluate
visualizations, we want experts trained in art and design to
collaborate in posing new visualization designs and
refining existing ones.
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Fig. 1. Designs for scientific visualizations intended for VR described
using traditional artistic media. While artists can clearly contribute to
visualization problems using these media, they can contribute additional
insight if given appropriate tools for creating and refining visual ideas
within target visualization environments.
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2.2 Software Rapid Prototyping
In software and usability engineering terms, our methodol-
ogy is closely related to development via rapid prototyping,
which also embraces an iterative approach to design
and recognizes the costly nature of implementation via
programming [1]. Learning by evaluating rough (not
completely functional) prototypes early in the development
process is the premise of this approach.

One of the most successful application areas for this style
of software development is in user interfaces. The benefits
of incorporating feedback from user testing have been well
documented in this context. In some cases, the prototypes
are minimally functional and may even be constructed from
paper.

In a related approach, the functionality of prototypes can
be faked for the purpose of user testing in what has been
termed a “Wizard-of-Oz” approach [5], [16]. Here, a
technician or “wizard,” who is typically hidden from the
user, controls the system so that it responds to user feedback,
simulating the effects of features that are challenging or
costly to implement, for example, speech recognition. Our
methodology incorporates Wizard-of-Oz techniques for
prototyping aspects of the VR visualizations that respond to
user interaction.

While the idea of this design style is not new, several
researchers have recently called for a renewed focus on
design strategies, particularly in visual and interface-centric
applications. Notably, Buxton, in his recent book on the
importance of design techniques in interface development,
cites Wizard-of-Oz techniques as among the chief means of
achieving something akin to a design sketch, specific to
interactive situations [2]. Similarly, a recent special issue of
the IEEE Pervasive Computing was devoted to rapid
prototyping for ubiquitous computing [4]. Ubiquitous
computing and VR pose similar problems for software
development in that in both, a user’s experience is simply
very difficult to capture via traditional design media.

Our main technical contribution in this area is combining
these interactive prototyping techniques with tools for
drawing out design ideas in VR, thus allowing us to
explore by drawing within the complex space of possible
interactive VR visualizations and leverage the artistic skills
of our collaborators.

2.3 Toolkits for Rapid Visualization Development
Several tools based on visual programming [30] and
more conventional programming [24] can facilitate rapid
development of visualizations. While these ease the burden
of programming visualizations, they are limited in their
ability to directly support artistic involvement in design.
Tools like these likely fit nicely into the later (implementation)
stages of our framework.

3 SCIENTIFIC SKETCHING DESIGN METHODOLOGY

In this section, we present Scientific Sketching, a
methodology for designing VR visualizations, with
significant contributions from collaborators with visual
expertise such as artists. As we have mentioned in the
Introduction, the development of this methodology is
warranted by several factors, including the unique qualities

of VR. The second factor is the multivariate nature of the
data that we expect to encounter. Scientists wish to draw
connections between multiple variables in their data sets
and hence wish to see the connections between these
variables expressed within a 3D view of their data.
Designing such a display is hard. It requires balancing
multiple constraints, including avoiding problems of
occlusion when displaying multiple variables. As we
encounter new data sets, new solutions are typically
required. We hope to engage our collaborators in finding
these hard-to-design solutions.

The methodology that follows was generated from a
synthesis of insights gained through the series of design
studies described in Section 4. In forming the methodology,
our approach was to extract the elements of the design
process in each study that were most successful and note
the roles of each team member in these processes. As we
proceeded through our investigations, less successful
portions of the process were refined or replaced in
successive design studies. The resulting methodology
reflects our current understanding of the most successful
collaborative design process to take, given our emphasis on
using sketching as a tool to drive design.

Scientific Sketching contains four distinct stages of
design, described in detail in the following. With each
stage, the design becomes increasingly refined as it moves
from rough initial sketches toward implementation in VR.
Fig. 2 contains a flowchart for the entire process. High-level
goals and the intended output of each stage, along with
keys for transitioning between stages, are detailed in Fig. 3.
As shown in Fig. 2, iterative loops are a part of the process.
Iterations within each stage and, to some extent, between
the initial stages are encouraged. We try to avoid the loop
from a partial or full implementation back to the earlier
design stages, since implementation is far more costly than
design via sketching or prototyping.

Evaluation of the visuals and interactive techniques
proposed during each design stage is performed using a
critique, which is repeated multiple times within each design
stage. We provide additional background in evaluation by
a critique in the next section before continuing to describe
each stage of the design process in detail.
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Fig. 2. Overview of the Scientific Sketching methodology.
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