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Abstract
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direct manipulation interface makes it easy to view, navigate, and
intpract with the data. This style of interaction is common in ad
hot spreadsheets that a user creates for a specific goal, such as to
compare the lifetime cost of several alternatives for a computer pur-
chase. Columns can be created for each component of the lifetime
co$t—such as hardware, software, and maintenance—and rows can
be|created for each type of computer. The resulting spreadsheet
mgkes it easy to explore the alternatives, but requires little work be-
yond the minimum required to perform the calculations.

On the other hand, spreadsheets provide a flexible and easy-to-
learn programming environment. Spreadsheet developers create
templates that enable end-users to reliably repeat often-needed com-
putations without the effort of development or coding. The success
of spreadsheet-based structured interaction eliminates many of the
stumbling blocks in traditional programming environments. For ex-
aniple, the developer does not have to worry about the data depen-
dencies between datasets, nor do users worry about memory man-
agement. Behind the scene, these idiosyncrasies of programming
arg taken care of automatically.

n this paper, we show how to use the spreadsheet paradigm to
anjeliorate the following two issues. Within an information visual-
ization spreadsheet, much of the user interaction is the application
of pperations, such as comparison, filtering, and animation. Within
ea¢h of these operations, there are sub-categories. For example, the
us¢r can perform comparisons by looking at the visual representa-
tiops of the data directly, or by computing the difference between
dafasets. The required user support for these two types of compar-
isans is quite different. Visual comparisons require layout strategies
thgt enable views of the data laid out side-by-side, whereas compar-
isans at the data level require difference operators to be defined at
thg data domain level.

[n information visualization, another large problem involving
us¢r-system interactions is the exploration of different methods for
representing data. For a given data type, the perfect representation
has not yet been discovered, or a ideal representation does not exist;
instead, what is required is several different representation methods,
begause each method extracts different features out of the data. For
agiven data type there are several different representations available
at the user’s disposal. Without some tools to help users to explore
thip representation space, users are hopelessly lost.

What is exciting about the spreadsheet approach is that it enables
information visualizers to solve both problems in a single environ-
mdnt. On the one hand, it facilitates the easy application of oper-
atipns, such as direct manipulations of the visualizations, and the
enfry of formulas that specify relationships between cells. On the
other hand, it also supports the exploration of different visual rep-
regentation techniques by emphasizing the operands rather than the
opgrators. Unlike traditional data-flow programming environments
wHere operands are invisible within the flow, a spreadsheetenviron-
mdnt emphasizes operands by displaying them in cells and instead
hides the operators.

The rest of the paper is structured as follows. In Section 2, we
describe past research related to spreadsheets. Section 3 describes
thg prototypes we have built and the design constraints. Section 4
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briefly describes the example domains and prototypes we have cho-
sen. Section 5 illustrates the principles behind the utility of a visual-
ization spreadsheet. Finally, we present some concluding remarks.

2 Related Work

People have long used tables to organize information. The spread-
sheet naturally extends the tabular organization of information by
allowing the user to specify and interact with the contents and the
interconnections of the cells. The spreadsheet paradigm has been
suggested in earlier works for domains such as images, volume vi-
sualization, and financial data. Here we review the literature related
to spreadsheet-based visualization systems.

Tabular Organizations Mathematicians and statisticians have
long used tables of sine, cosine, and confidence probabilities. More
recently, the invention of the VisiCalc numerical spreadsheet in
1979 fueled the adoption of personal computers [3].

Statisticians have examined visualizing higher dimensional point
sets by a table of projections. For example, one multivariate analysis
tool is the scatter matrix, which is a table of scatter plots (see [6]).
Visualization researchers have applied similar ideas, but in differ-
ent ways, to produce a table of views of a single dataset [30, 2]. In
the scatter matrix, a statistics researcher may mark a datum in one
scatter plot, and the program would then highlight the corresponding
point in all other scatter plots. These approaches represent a largely
static tabular approach to the data, but some interactivity is present,
such as rotations, translation, and zooming.

There are several distortion presentation techniques based on a
tabular layout [14] such as Document Lens [21], fish-eye views [8,
23], stretching rubber sheets [24].

Spreadsheets for Images The first spreadsheetthat allows the
display of images in a cell is ASP [19], but it contains no advanced
capabilities. Levoy’s “Spreadsheets for Images” system [15] and
Hasler et. al.’s IISS system [10] examine ways to profitably extend
the spreadsheet paradigm to images (as well as to other datasets—
Levoy briefly mentions 3D volumes). For example, Levoy shows
how a spreadsheet can be used to examine an image processing
pipeline, and Hasler shows how many image processing tasks can
be efficiently organized in a spreadsheet system. These two systems
illustrate some of the capabilities made possible by extending the
spreadsheet paradigm to other domains.

Visualization Systems Interest in visualization-based user in-
terfaces has blossomed in the past few years, with systems de-
veloped for application areas from hypertext information to geol-
ogy, molecular biology, file system structure, and animal behavior
patterns. Large visualization systems contain modules that users
can hook together into a data-flow network to create visualiza-
tions. These systems offer many advantages for rapidly building
applications. The success of these systems attests to the utility of
modular, easy-to-use, extensible tools for visualization tasks. Ex-
amples of such systems include ConMan [9], AVS [29, 32], IRIS
Explorer [34], IBM Data Explorer [33], and Visualization Toolkit
(VTK) [25, 26].

Visual Interactive Spreadsheets Past work in the visualiza-
tion community has produced interactive tables for specific appli-
cations, and include systems such as TableLens [20], FOCUS [27],
a graphical financial spreadsheet called FINESSE [31]. The Table-
Lens system [20], designed for browsing tabular numerical informa-
tion, looks much like a conventional spreadsheet with bar graphs.

The FOCUS interactive table, modeled after TableLens, allows so-
phisticated navigation via sorting and hiding of information con-
tained in the table, but lacks editing capabilities [27]. FOCUS is
similar to TableLens, with the main difference between the two in
the interaction methods. TableLens uses a fish-eye layout strategy
for display, whereas FOCUS uses a dynamic querying mechanism
as the primary interaction method. FINESSE is a prototype system
designed for financial data, where the cells are on fixed grids and
contain four representation primitives—line plots, 3D surface plots,
heat maps, or 3D bar graphs.

The NoPumpG prototype [35] system abandons the fixed tabu-
lar grid of conventional spreadsheets, so all cells are free floating.
It allows the specification of line plots based on sliders attached to
variable values [35]. It is compared to a spreadsheet because of its
data dependency capabilities.

Spreadsheet for visualization is a natural extension of the above
ideas. Our work focuses on the area of information visualization,
and the issues that arise prominently in that domain. We build upon
the experiences of other spreadsheets mentioned above, and include
avariety of different visual representations and operations useful for
interacting with the data. The image spreadsheets (IISS and Levoy’s
SI) focused on images, and the associated image operations. We
take a similar approach to Levoy’s SI system in using Tcl as the
command language, but we focus on the tasks and operation asso-
ciated with information visualization. Our work is most like FI-
NESSE [31], but differs from FINESSE because our prototypes al-
lows animation, dynamic visual filtering [5, 1], and dynamic map-
ping of variables to representation. FINESSE has a limited number
of cell primitives, whereas our prototype allows a wide variety of
geometric primitives, since our prototype is built on top of the Vi-
sualization Toolkit (VTK) [25, 26]. Using a command language, our
prototype also allows users to construct their own visual represen-
tations of their data. FINESSE focuses on financial data, whereas
our system can be tailored to any information visualization tasks.
Lastly, in contrast to the visualization spreadsheet, existing large vi-
sualization systems are designed for viewing a single visualization
at a time. In a data-flow network, a large amount of screen space is
devoted to the operators, rather than the operands. We believe that
for many applications spreadsheets can provide better interaction.

3 Prototype-Driven Approach

In this section, we present our research approach in building a
spreadsheet environment for information visualization. We discuss
our prototype driven approach to understanding the problems in this
integration, as well as the basic underlying constraints in our design.

3.1 Prototypes

We have taken a prototype-driven research approach in studying
how spreadsheet environments can be employed for visualization.
To this end, we have constructed two prototype visualization spread-
sheet systems.

The first system is a domain-specific study on how spreadsheet
can be structured and used in performing specific tasks in analyz-
ing genetic sequence similarity reports, and is called “Spreadsheet
for Similarity Reports” (SSR). The system is designed for biologists
and their task of comparing similarity reports. SSR is built using
OpenGL and Motif using C++, and is built upon the ideas in a pre-
vious system we call “AlignmentViewer” [4, 5]. It includes a com-
putational steering environment for rapidly executing the similarity
algorithm on multi-processor machines parallel using different al-
gorithm parameters and importing the data. For analysis, it provides
animation, filtering, and variable-to-axis mapping capabilities.
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The second system is a general visualization spreadsheet built on
top of the Visualization Toolkit (VTK) [25, 26]. We call this sys-
tem “Spreadsheet for Information Visualization” (SIV, pronounced
“sieve”). We chose VTK because it provides an object-oriented ar-
chitecture with many pre-built objects that we can use for exploring
the spreadsheet paradigm. Since VTK can be used in conjunction
with the Tcl command language and Tk widget toolkit, it facilitates
rapid development in an interpreted environment. The system can
also run on multiple platforms since VTK and Tcl/Tk are both avail-
able under Unix and Windows 95/NT.

3.2 Design Constraints

Our basic design constraints are the elements of a spreadsheet that
we consider to be “non-negotiable”. Let us discuss these below.

The tabular layout has proven useful in numerical spread-
sheets, and has a number of advantages. First, it enables users
to enter data into cells in various configurations. Second, be-
cause of its easy-to-comprehend structure, the cells are easily
to navigate to and from. Third, because it affords easy group-
ing, operations can be defined on rows and columns, or por-
tions of a spreadsheet.

Cells are adapted to handle large datasets instead of a few
numbers. They handle visual representations of complex data-
types with text strings, hierarchical structures, and regular and
irregular shapes. These cells may contain references to other
datasets in other cells. Because spreadsheets now contain
groups of large datasets, users can now see much more than
just a single dataset in an established context.

Since the datasets are no longer just simple numbers, the oper-
ations now consist a variety of operators for different types of
datasets. Certain operators may take columns, rows, or a sub-
group of cells as operands. Alternatively, operators may dis-
tribute their operation across a group of cells. Because the pri-
mary elements are visual, the vocabulary for the spreadsheetis
richer. This also results in more difficulties in the design of the
user interface for these operations.

One additional philosophical assumption is that since users are
accustom to to the spreadsheet metaphor, we expect user skills in
numerical spreadsheets to transfer easily to the visualization spread-
sheet. The existence of a variety of operators may thwart this trans-
fer. The challenge is to design a intuitive interface for this wide ar-
ray of operators. Numerical spreadsheets map operators to textual
commands to partially solve this problem. In this paper, we examine
both command languages as well as direct manipulation interfaces
in an attempt to understand how these two techniques can be used
in a spreadsheet interface.

4 Domain Prototypes

In this section, we briefly describe the information domains on
which our test studies are based and the usage of our prototype sys-
tems. In Section 5, we will further demonstrate the usage of the pro-
totypes in these domains, and at the same time, illustrate the prin-
ciples behind how the spreadsheet paradigm facilitates information
visualization tasks. The three domains are molecular biology, time-
series matrix visualization, and algorithm visualization. Each of
these domains illustrates specific problems we encounter in infor-
mation visualization analysis tasks. By using a task-centered ap-
proach, we show concretely how the visualization spreadsheet en-
ables users to solve problems in information visualization.
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difficulty is that there are many visual represe
plied. For example, the “cityscape” representpli
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We have used the SIV system (the seco
gain a better understanding of these matrices
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that the ability to quickly bring in data and
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mands, the last row shows the BLOSUM62
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4.3 Algorithm Visualization

A third domain we examined is algorithm vig
algorithm visualizations have used animati
quential layouts to show successive steps.

how a spreadsheet can be used to easily co
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and tabular layouts of steps for 3D Delaunay triangulation. We also
show how we can utilize multiple visual representations to enhance
the comprehensibility of the visualization. We use this algorithm as
an example of how algorithm visualization can be supported in our
visualization spreadsheet.

The algorithm generates 3D random points using random num-
ber generators, and then forms tetrahedra from the points using De-
launay triangulation. Delaunay triangulation has been used in sci-
entific and information visualization domains to generate structures
around points. 2D Delaunay triangulation is an optimal triangula-
tion and has a number of interesting properties, such as maximizing
the minimum angles. However, 3D Delaunay triangulation is much
more complicated than 2D, and is a more complex algorithm. Even
though the problem of 3D triangulation is well studied, it is still non-
intuitive for many people. So visualization techniques can help in
gaining better insights into the algorithm.

Figure 3 shows the SIV spreadsheet system loaded with this data.
The columns show the results of the algorithm after 5, 6, 25, and 50
steps, from left to right respectively. Row 1 shows the point set us-
ing 3D scatter-plots. Row 2 shows the same data using transparent
tetrahedra after 3D Delaunay triangulation has been performed on
the point sets. Row 3 represents the tetrahedra using edges between
vertices. The last row aggregates several cells together to form new
visualizations. The combination of geometries from several cells
results in visualizations that show differences between successive
steps of the algorithm.

5 Illlustrated Principles

Via examples in this section, we illustrate how the spreadsheet
paradigm facilitates data exploration by enabling researchers to vi-
sually compare different values in the cells, perform simple alge-
braic operations between the values, construct different views and
animate the visualizations. We first show how the spreadsheet lay-
out enables comparisons between cells. We examine two tech-
niques for performing this layout operation—direct manipulation
and loading a command script. We then show how users can use
the spreadsheet for prototyping visualization representations. Fi-
nally, we show how users can take advantage of the properties of the
spreadsheet to perform operations between cells. By equipping the
user with a set of operations, the user can explore datasets in their
unique situations by combining the operations in various ways.

5.1 Custom Tabular Layouts Enable Comparisons

The advantages of the tabular layout are that it is familiar, flexible,
easily configurable, and excellent for interactive comparison tasks.
These advantages are evident in numerical spreadsheets, and trans-
late easily into visualization spreadsheets. Users can construct their
own configurations in situations that programmers cannot foresee.
Because users are familiar with tables, they can immediately start
organizing their data in this spreadsheet metaphor. This flexibility
is what contributed to the success of the numerical spreadsheets. It
can be tailored to multiple situations in a single tool that is both easy
to understand, as well as easy to configure.

For example, comparison tasks are commonplace in numerical
spreadsheets, therefore these tasks are easily supported by the vi-
sualization spreadsheet. For easy comparison in numerical spread-
sheets, users often put two numbers next to each other or load two
sets of numbers into adjacent columns. Similarly, in the visualiza-
tion spreadsheet, users layout two datasets next to each other, or
compare two groups of data using adjacent columns. By allowing
users to enter data into cells in various configurations, the spread-
sheet supports a variety of different tasks. In the following exam-
ples, we show how this technique can be adapted in a visualization
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Figure 2: Visualization of time-series matrices. The visualization is built using the second system (SIV). The screen snapshot shows visualiza-
tions of protein residue substitution probability matrices of various evolutionary distances. The first, second, and third rows visualize matrix
40, 120, and 250 from the PAM matrix series. The fourth row visualizes matrix 62 from the BLOSUM matrix series. The first column uses a
cube representation that maps positive matrix values to the volume, height, and color attributes of the cubes. The second column uses a carpet
plot that maps values to the height and color of a 3D surface. The third column uses a bar representation that maps values to the length, height,
and color attributes of the bars. The fourth column shows various representations in different rotational configurations.
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AddCell 41 323.12221;
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AddCell 43 34332423;

Figure 3: Visualization of 3D random point generation and Delaunay triangulation of the
resulting point set. The columns visualize the outcome of the algorithm after 5,
6,25, and 50 steps, respectively. The last row shows the result of several addition

operations (the formula syntax is “command result operands”.):
AddCell 44 3433323.1;
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spreadsheet to show different datasets, different visual representa-
tions, and several time steps in the time dimension.

The tabular organization of the spreadsheet enables the user to
immediately detect differences between the visualizations of differ-
ent datasets. For example, even viewers without experience with
molecular biology can see that the general structure of the datasets
in Figure 1 are similar, but that some alignments that are present
in cells A2 and A3 do not appear in Al. Users can now take ad-
vantage of their visual comparison abilities to detect differences be-
tween datasets.

Users of the spreadsheet can also use it to compare different vi-
sual representations. In Figure 2, the tabular layout is used to show
different visual representations in different columns. Across each
row, the values in the cells are the same. The visual representation
in each cell of a row has been changed to bring out different features
of the dataset.

The columns and rows of the table increase the number of dimen-
sions we can see simultaneously. In Figure 3, the columns show sev-
eral snapshots of the steps of the 3D Delaunay algorithm. So in this
case, the columns are used to represent the time dimension.

As the above examples show, the tabular layout is one of the rea-
sons why spreadsheet-based environments are so powerful. The or-
ganization is familiar to users, and simple direct manipulation oper-
ations can be used to rotate contents in the cells. It can be custom
tailored to individual situations on-the-fly.

5.2 Direct Manipulation and Command Languages

How to access and apply operations is an important aspect of the
spreadsheet. We examined two different methods for performing
spreadsheet operations.

The first method is a direct manipulation interface corresponding
to a “noun-verb” model, where the user first selects a group of cells
(the noun), and then applies an operation (the verb) to those cells.
The operation is specified using a combination of menus and dia-
log boxes. For example, to set up the similarity data in Figure 1, the
user first selects a column of cells, then performs a single import op-
eration of a large dataset into those cells. Some example menus and
dialog boxes used in SSR system is shown in Figure 4.

The second method is a command and script language based in-
terface. The user can interactively enter commands in an entry box,
similar to a traditional numerical spreadsheet. Alternatively, she can
write a script file and load in the script. For example, she can define
a layout by writing a script that specifies the datasets and the repre-
sentation method used for each cell. The script file can contain other
non-layout commands such as animation, or even define new com-
mands. In Figure 2, we can see in the history window, the user has
just loaded a script with a pre-defined layout.

The command language can also be used to define modules to ex-
tend the spreadsheet, such as file input modules or modules that de-
fine a visual representation for a given data type. To use the mod-
ule, the user simply loads the module, and the new commands in
that module become available to her. For example, in Figure 2
the user programmed new modules that implement new represen-
tations for matrices using the command language. The command
language we defined for the visualization spreadsheet includes op-
erators such as AddCell, SubtractCell, Scatterplot,
ReadBioMatrix, and Carpetplot. The operators follow
the convention of “command result arguments”, where
command operates on the arguments and puts the outcome in
cell result.

From our experience of the two systems, we believe a combi-
nation of the two approaches is appropriate for the visualization
spreadsheet. The advantages of a menu-based interface are that it is
relatively intuitive to use for first-time users, and training time for
new users is short. However, because there are many functionalities

(b) The mapping dia-
log box.

(c) The animation dia-
log box.

(a) The main popup
menu is accessed by
holding down the right
mouse button.

Figure 4: Our spreadsheet visualization system for molecular bi-
ology uses a direct manipulation interface with menus and dialog
boxes, which makes the system easy to use.

in a visualization spreadsheet system, there is the danger of creating
a large number of menus with no structure to them. Menu systems
also tend to slow down frequent knowledgeable users. The advan-
tages of a command language based interface are its flexibility and
its appeals to power users. Command languages can also be used to
construct macros so complex tasks can be performed rapidly. The
disadvantages are that command languages are difficult to master
and require substantial training and memorization.

5.3 Exploring Visual Representations

For a given data type, there are many visual representation tech-
niques to choose from. Often, a technique contributes to the find-
ing of one visual feature, while another visually extracts a different
visual feature. Fortunately, the spreadsheet environment assists in
the organization and display of various visual representations. Be-
cause our system can be easily extended to handle new techniques,
it allows us to quickly prototype and compare several representation
techniques. Here we show this flexibility in all three data domains.

By constructing several modules for different visual representa-
tions of matrices, we used the SIV spreadsheet to answer specific
scientific questions on protein residue substitution time-series ma-
trices. For example, we used it to discover several novel patterns
in these matrices. In Figure 2, the cube representation used in the
first column shows the interesting variation of the diagonal entries
more clearly than the other representation methods. The entry rep-
resented by the orange cube varies more than any other entry. The
carpet plot technique used in the second column shows that the ma-
trices have different ranges of values (i.e. the colors get brighter and
brighter from top to bottom). In the third column, the bar-plot tech-
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is useful in this situation because we want the scatter plot to be in
similar orientations to provide correspondence between the points
in different cells. Similarly, we found the ability to propagate these
view changes to be highly valuable in the matrix visualization ex-
ample of Figure 2. By selecting a row, we can compare the various
visual representations in the same orientation. Or alternatively, we
can select a column and compare different matrices using the same
visual representation.

6 Conclusion

Visualization research spans a remarkable range of scientific disci-
plines and corresponding visualization techniques. Visualization re-
searchers have discovered that certain operations are needed across
this entire range. These operations include comparing visualiza-
tions of two different datasets, as well as performing algebraic oper-
ations on two or more visualizations, such as visualizing the differ-
ence between two datasets. Furthermore, the need to explore mul-
tiple visual representations simultaneously arises especially in in-
formation visualization, because different techniques often extract
different visual features and the complexity of the data. A visual-
ization spreadsheet is an excellent way to address these issues that
involve multiple visualizations.

Over the past year we have learned that the spreadsheetapproach
is a powerful and intuitive technique for interacting with 3D infor-
mation visualizations. In this paper, we showed that a visualiza-
tion spreadsheet supports information visualizers as they are con-
fronted by the challenge of visualizing a wide variety of differ-
ent types of data. Two types of interaction tasks are important to
the users. One is being able to quickly prototype an application
for interacting with data. The other is being able to apply opera-
tions such as compare/contrast, rotation/translation/zooming, filter-
ing/sorting/searching and other domain-specific operations. The vi-
sualization spreadsheets described in this paper have proven useful
in the above two tasks in the domains we examined—yvisualizing se-
quence similarity data in molecular biology, two sets of time-series
matrices, and visualizing the steps in the 3D Delaunay triangulation
algorithm.

For each domain, we showed how our prototype spreadsheets en-
abled users to compare visualizations in cells using the tabular lay-
out. Using these domain examples, we also showed how users use
the spreadsheet to display, manipulate, and explore multiple visual
representation techniques for their data. By applying different oper-
ations to the cells, we showed how visualization spreadsheets afford
the construction of "what-if” scenarios. The possible set of opera-
tions that users can apply is now a rich set of domain-dependent as
well as domain-independent operators, such as animation, filtering,
and algebraic operators between cells. Subtraction between cells,
for example, can be applied both at the pixel level as well as at the
geometric-object level. Other operations may now be coordinated,
such as applying the same rotation manipulation across a group of
cells.

We also examined the differences between two interaction
styles—command language and direct manipulation. Our first pro-
totype for visualizing sequence similarity data uses the noun-verb
direct manipulation model. We find that this interaction style is
somewhat less flexible than a command language, but supports most
of the needed flexibility in an easy-to-use framework for a special-
ized domain. The command language used in the second prototype
is based on Tcl, and is considerably more flexible for users to de-
fine their own macros and modules. It also allowed expert users to
quickly perform a number of complex operations.

The spreadsheet approach is a powerful and intuitive technique
for interacting with the information visualizations in a structured
way. Furtherresearch is needed to understand the properties of visu-
alization applications that work well in spreadsheets, to investigate

the appropriate user interfaces at all levels, and to develop a frame-
work to enable rapid development of visualization spreadsheet ap-
plications.
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