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ABSTRACT

This paper describes anew technique for the multi-dimensional visualization of data through automatic procedural generation
of glyph shapes based on mathematical functions. Our glyph-based Stereoscopic Field Analyzer (SFA) system allows the
visualization of both regular and irregular grids of volumetric data. SFA uses a glyph’slocation, 3D size, color and opacity
to encode up to 8 attributes of scalar data per glyph. We have extended SFA's capahilities to explore shape variation as
a visudization attribute. We opted for a procedural approach, which alows flexibility, data abstraction, and freedom from
specification of detailed shapes. Superquadrics are a natura choice to satisfy our goa of automatic and comprehensible
mapping of data to shape. For our initial implementation we have chosen superellipses. We parameterize superquadrics to
allow continuous control over the "roundness’ or "pointiness’ of the shape in the two major planes which intersect to form the
shape, alowing avery simple, intuitive, abstract schema of shape specification.
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1. INTRODUCTION

The simultaneousvisudization of multi-dimensional dataisadifficulttask. Thegoa isnot only thedisplay of multi-dimensional
data, but the comprehensible display of multi-dimensional data. Glyph, or iconic, visuaization is an attempt to encode more
information in a comprehensible format, allowing multiple val ues to be encoded in the parameters of the glyphs.! The shape,
color, transparency, orientation, etc., of the glyph can be used to visualize data values. Glyph rendering':? is an extension to
the use of glyphsand icons in numerous fields, including cartography, logic, and pictoria information systems.

In previous work, we explored the usefulness of stereo-viewing and two-handed interaction to increase the perceptua cues
in glyph-based visudization. The Stereoscopic Field Analyzer (SFA)3 alows the visuaization of both regular and irregular
grids of volumetric data. SFA combines glyph-based volume rendering with a two-handed minimally-immersive interaction
metaphor to provide interactive visuaization, manipulation, and exploration of multivariate, volumetric data. SFA uses a
glyph’slocation, 3D size, color and opacity to encode up to 8 attributesof scalar data per glyph. These attributesare used when
avector visualization isnot appropriate, such as when displaying temperature and pressure a each glyph. We are extending this
work to combine glyph rendering with other visually salient featuresto increase the number of data dimensions simultaneoudy
viewable.

2. BACKGROUND

We chose to explore shape variation based on its priority in human perception. Cleveland* cites experimental evidence that
shows the most accurate method to visually decode a quantitative variable in 2D is to display position along a scale. This
is followed in decreasing order of accuracy by interval length, slope angle, area, volume, and color. Bertin offers a similar
hierarchy in histreatise on thematic cartography.®

SFA employs glyph positionin 3D, 3D scale (corresponding to Cleveland's length, area and volume) and color. Except in
the vector case, SFA cannot use s ope angle to encode information in a glyph because the 3D volume containing the glyphscan
beturned to an arbitrary orientation. The use of slope angleto encode a scalar val ue depends on a consi stent frame of reference,
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but SFA alowsthe frame of reference to be changed at any time. For example, looking at atilted glyph from the front and from
the back will visually offer opposite readings because the glyphisvisually reversed.

Therefore, the next opportunity for encoding ascalar valueisshape. One of themost difficult problemsinglyphvisuaization
is the design of meaningful glyphs. Glyph shape variation must be able to convey changes in associated data values in a
comprehensible manner.!  This difficulty is sometimes avoided by adopting a single base shape and scaling it non-uniformly
in 3 dimensions. However, the lack of a more general shape interpolation method has precluded the use of shape beyond the
signification of categorical values.® This paper describes a new system for the procedural generation of glyph shapes for
glyph-based volumetric visualization® using superquadrics.”

2.1. Procedural shape visualization using superquadrics

Because of the need for meaningful glyph design and the complexity of the problem, we opted for a procedural approach,
which allows flexibility, data abstraction, and freedom from specification of detailed shapes.® Procedural techniques provide
enormous flexibility to the user by allowing the shape to be controlled by high-level control parameters. These allow the user to
changethe glyph shape fromamoredirectorial, indirect aspect, where he or she isunburdened from thefull explicit specification
of detailed shapes. Our goal for glyph design was to alow the automatic mapping of data to shape in a comprehensible, easily
controllablemanner. Superquadricsareanatural choiceto satisfy thisgoa. Superquadrics, first introduced to computer graphics
by Barr,” are extensions of quadric surfaces where the trigonometric terms are each raised to exponents. Superquadrics come
infour main families: hyperboloid of one sheet, hyperboloid of two sheets, ellipsoid, and toroid. For our initial implementation
we have chosen superdllipses dueto their familiarity, but the system can be easily extended to use other types of superquadrics
as well as combinations of types. For example, supertoroids could be used for negative values and superellipsoidsfor positive
values.

In the case the of superellipsoids, the trigonometric terms are assigned exponents as follows:
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These exponents alow continuous control over the characteristics (in some sense the “roundness’ or “pointiness’) of the
shape in the two major planes which intersect to form the shape, allowing a very simple, intuitive, abstract schema of shape
specification. For example, as Barr states, €1 < 1 and €2 < 1 produces cuboid shapes, ¢1 < 1 and €2 ~ 1 produces cylindroid
shapes, €1 > 2 or €2 > 2 produces pinched shapeswhileel = 2 or €2 = 2 produces faceted shapes. Ascan beseeninFigurel,
varying the exponents achieves smooth, understandable transitionsin shape. Therefore, mapping data val ues to the exponents
provides not only a continuous, automatic control over the shape's overall flavor, but a comprehensible shape mapping aswell.

3. PERCEPTUALLY-BASED MAPPING OF SHAPE ATTRIBUTES

By using superquadrics, we can provide the appropriate shape visua cues for discerning data dimensions mapped to glyph
shape while not distracting from the cognition of global data patterns.

Glyph shape is a valuable visualization component because of the human visual system’s pre-attentive ability to discern
shape. Shapes can be distinguished at the pre-attentive stage® using curvatureinformation of the 2D silhouette contour and, for
3D objects, curvature information from surface shading. Unlike an arbitrary collection of icons, curvature has a visua order,
since a surface of higher curvature looks more jagged than a surface of low curvature. Therefore, generating glyph shapes
by maintaining control of their curvature will maintain a visual order. This allows us to generate a range of glyphs which
interpol ate between extremes of curvature, thereby allowing the user to read scalar valuesfrom the glyph’sshape. Pre-attentive
shape recognition alows quick analysis of shapes and provides useful dimensions for comprehensible visualization.

Our use of glyphsis related to the idea of marks as the most primitive component that can encode useful information.®
Senay points out that shape, size, texture, orientation, transparency, hue, saturation, brightness, and transparency are retinal
properties of marks that can encode information.!%!! Bertin has studied the use of marks for two-dimensional thematic maps
and gives examples of how shape can be misused in therendering of these maps.®  In hisexamples, shapes are used to represent
purely categorical dataand, for thisreason, he usesasmall collection of distincticonssuch as star, cross, square, circle, triangle,
and so on. Because each individua shape does not have any inherent meaning, the reader is forced to continually look up the
shape' smeaning in themap legend. The main difficulty isthat a collection of arbitrary icons does not have any necessary visua
order, and so any assignment of shape to meaning is equivalent.



To produce understandabl e, i ntuitiveshapes, we are relying on the ability of superquadricsto create graphically distinct,*%1!
yet related shapes. We are encoding two data dimensions to glyph shape in a manner that alows the easy separation of the
shape characteristics.

Since size and spatial |ocation are more significant cues than shape, the importance mapping of data va ues should be done
in a corresponding order. In decreasing order of dataimportance, data values were mapped to location, size, color, and shape.
In our experience, shapeisvery useful for local area comparisonsamong glyphs: seeing local patterns, rates of change, outliers,
anomalies.

We chose to map either one independent variable to both glyph exponents or two related variables to each glyph exponent
to ensure the understandability of the shapes.

4. IMPLEMENTATION AND RESULTS

To exemplify the use of superquadric surfaces as ameans of parametric glyph design, we implemented a system for visualizing
large data sets as a shape previewer for SFA. The 2D interface to the system is written in C++ and Motif, while the rendering
code iswrittenin C and OpenGL.

4.1. Interface Design

SFA allowsthe user to specify anumber of control parameters through a glyph mapping dialog. Thisgivestheuser theability to
select any of theinput (data) parameters and map it to any of the output (display) parameters (glyph attributes). These mappings
are one-to-many to eliminate data collisionswhile determining the character of an output parameter. The data parameters may
be linearly mapped, inversely mapped, or procedurally mapped to shape attributes, providing the flexibility to choose aternate
relations of the same parameters. In addition to location, seven current glyph attributes are provided: the two exponents of
the superquadric shape, sizeinthe X, Y, and Z directions, color and opacity. Thereis a specia output parameter “- None -”
designed to alow the user to disable the display of one or more attributes and simplify the display.

4.2. Glyph Generation

During glyph generation the value of each of the seven parametersischosen. Each datavariableisnormalized to therange [0,1]
and mapped into the domain of the corresponding glyph attribute. The choices for color and opacity are mapped onto lookup
tables, and the size scale values are mapped between a pair of minimum and maximum size scale values.

The scalar value assigned to a superquadric exponent issimilarly mapped using atablelookup procedure. Thismap specifies
discrete data ranges (buckets) of the scalar value and the corresponding exponent value for that data range. The data range for
each bucket can be generated based on alinear, inverse linear, or procedurally generated function. The lookup table aso allows
for on-demand creation of shapes, which can significantly decrease memory usage at run-time at only a dight cost during the
shape generation phase. Shape generation need only occur upon changes in the mapping function between scalar datavalue and
superquadric exponent. Once a satisfactory set of mappings is achieved, the user may explore the data set without the added
cost of regenerating each glyph in the scene. The minimum and maximum ranges for each parameter are user dependent; we
have chosen [0,2] for scaling, [0,255] for color and opacity maps, and [0,5] for the exponent parameters.

In smultaneoudly visualizing thousands of shapes, it becomes apparent that not al regions of the superquadric exponent
domain map to equaly rich groups of shapes. For example, the difference in shape between exponent values 3 and 4 isfar less
than that between 0 and 1. Therefore there are some particularly rich regions of shape that should be taken into consideration
and exploited by the mapping routine. In the case that the exponent map is hand-made, the creator of the map should take this
into consideration. We are experimenting with coding methods that automatically take this perceptual variability into account.

4.3. Information Visualization Results

Wehaveapplied procedurally-generated glyph shapesto the visualization of both scientific and information data. For information
visualization, we have chosen an exampl e of thevisualization of “thematic” document similarities. Figure2 showsavisualization
of document similarities generated with the Telltale system.'? The document corpus consists of 1883 articles from The Wall
Street Journal from September and October 1989. Each glyph in figure 2 represents a document in the corpus, and the
document’s X, Y, and Z position, color and shape each represent the similarity of the document to one of the 5 themes.

Document similarity to gold prices, theforeign exchangerate of the U.S. dollar, and federal reserve are respectively mapped
tothe X, Y, and 7 axes. TheY axisisvisualy indicated in figure 2 by the vertical line, with the X axis going to theright and



the 7 axis going to the left. The bulk of the documents have very low similarity to all of these 3 themes, so their glyphs are
clustered near the origin at the bottom center.

The documents outside this cluster exhibit two spatial patterns: a cluster of 9 documents to the bottom right and a vertical
branch on theleft. The right cluster indicatesthe small number of documents in the corpusthat discuss both gold prices and the
foreign exchange rate of the U.S. dollar. The vertical branch depicts alarger collection of documents that discuss both foreign
exchange rate of the U.S. dollar and the federal reserve.

A fourth attribute, similarity to stock prices, isinversely mapped to both superquadric exponents of the glyph shape, with
highest similarity creating cuboids, then spheres, diamonds, and stars (lowest). Referring to the square array of sample glyphs
infigure 1, the similarity to stock prices maps to glyphson the diagona from the upper left to the lower right of figure 1, with
upper left indicating high similarity, and lower right indicating low similarity.

In figure 2 the larger, rounder shapes aong the vertical branch exhibit some significant relationship to stock prices while
the more numerous star-shaped glyphs do not. Clearly the vertical branch contains articles relating foreign exchange, federal
reserve and stock prices.

Glyph color is mapped inversely to similarity to Manuel Noriega. Most of the documents fall in the turquoise and purple
range, indicating no significant relationship. However, the documents in the orange, red, and yellow-green range represent
documents with a significant relationship to Manuel Noriega. Many of these documents mention the effect of the coup attempt
against Manuel Noriega and itseffect on foreign exchange rate of the U.S. dollar (vertica axis). The fact that these orange, red,
and yellow-green documents are not in either of the branches indicates that these articles did not relate heavily to either federal
reserve or gold prices, and their star shape indicates no rel ationship with stock prices.

4.4, Scientific Visualization Results

We have used this system to examine several scientific visuaization data sets. Figure 3 shows the visuaization of a magne-
tohydrodynamics simulation of the solar wind in the distant heliosphere (20 times the distance of the Earth to the Sun). The
simulation dataisa64 x 64 x 64 grid containing the vector vorticity and velocity for the simulation.

Opacity is used to represent vorticity in the j direction, so that the 6 vortex tubes (only 4 are visible) represent zonesin space
where thisvorticity is somewhat larger than zero. Glyph shape is based inversely on the velocity in the 5 direction. Positive
velocitiesare displayed as larger, rounder to cuboid shapes and negative velocities are displayed as spiky, star-like shapes. Zero
velocity is represented by the diamond shape. The overall columnar pattern of the data is not disturbed by the introduction of
the shape mapping, but the velocity variation can still be seen as we traverse the lengths of the tubes. In this case, values close
to zero in terms of j vorticity (still fluid) have been masked out.

Figure 4 isavisualization of the same magnetohydrodynamics data but with the opacity, color and glyph shape al mapped
to the j component of vorticity. Negative vorticity components produce concave shapes (blue stars), while positive values
produce convex shapes (orange cuboids and ellipsoids). Using this data mapping clearly shows three tubes with negative j
vorticity and three tubes with positive j vorticity.

5. CONCLUSIONS

We have developed a new technique for intuitive, comprehensible creation of glyph shapes. This technique is based on
procedurally generated superquadric functions and increases the number of dimensions of data that can be comprehensibly
visualized inaglyph-based visualization system. These shapes allow theintuitiveunderstanding of datavariation among glyphs
while preserving the global data patterns. We have shown the val ue of these techniques for both multi-dimensional information
and scientific visualization.
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Figure 1. Example superquadric shapes created by varying
each exponent from 0 to 4.
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Figure 3. Visudization of a magnetohydrodynamics simu-
lation of the solar wind in the distant heliosphere showing
both velocity components and vorticity components of 6 vor-
tex tubes.

Figure2. Three-dimensional visualization of 1833 documents
relationship to gold prices, foreign exchange, the federal re-
serve, stock prices, and Manuel Noriega.
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Figure 4. Visudization of a magnetohydrodynamics simula
tion of the solar wind in the distant heliosphere displaying 3
vortex tubes with positive j vorticity (cuboids and elipsoids)
and 3 vortex tubes with negative|j vorticity (stars).




