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ABSTRACT

We present the conceptual design and discuss the major issues of a very flexible and
extensible visualization framework. This framework uses the metaphorical abstraction of
a virtual can of spray paint that can be used to render data sets and make them visible.
The idea behind this framework is based on behavioral animation and particle systems
from computer graphics. Combining these two ideas, paint particles are endowed with
intelligence so that they may seek out different features in the data set and manifest
themselves visually. Different types of paint particles will generally result in different
visualization techniques. We have used this framework to imitate existing techniques
used in surface and flow visualization as well as in direct volume rendering. Aside from
generalizing existing techniques, the framework also provides other advantages such as:
(1) works with regularly gridded to scattered data sets; (2) handles both dense and sparse
data sets; (3) allows selective progressive refinement; and (4) is modular, extensible and
provides scientists with the flexibility of exploring relationships in their data sets in natural

and artistic ways.
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INTRODUCTION

Today, there are many visualization tech-
niques which provide users with different
ways of looking at their data sets. Variations
in these techniques may also arise depending
on application specific needs. Different meth-
ods also exist for handling different data types
(scalar, vector, tensor, higher dimensional)
and structures (regular, rectilinear, curvilin-
ear, scattered). For example, iso-surfaces
from the marching cube algorithm [Lorensen-
Cline87], surface shading from cuberille data
[Chen-et al.85] and direct volume rendering
[Drebin et al.88, Upson-Keeler88, Sabella88,
Levoy90] are quite popular in molecular bi-
ology and medical imaging. On the other

hand, particle tracing [Hin-Post93], stream
lines and surfaces [Hultquist90, Helman-
Hesselink91, van Wijk93] and streak lines
[Lane93] are more popular in visualizing flow
fields from computational fluid dynamics ex-
periments. Users are also often provided
mechanisms for animating and interacting
with the data sets.

Another significant development in visual-
ization is the availability of several commer-
cial products such as AVS [Upson89], Iris Ex-
plorer [Sloane92] and Data-Explorer that pro-
vide users with an easy-to-use and extensible
visualization environment. One of the ma-
jor appeals of these products is their simple
box wiring diagrams where users can graphi-



cally create a network of modules that trans-
form data accordingly as they flow through
these networks. As such, these environments
all use the data flow approach. When a re-
quired module is not available, one can be
built in a modular fashion and hence these
systems are easily extensible. However, de-
spite their popularity, these environments do
have some drawbacks. Among the draw-
backs of these systems include limited data
types and the file oriented nature of data sets.
None of the systems take advantage of power-
ful query tools available in current database
systems [Stonebraker-et al.93]. In addition,
users also encounter system limitations when
dealing with very large data sets or dynami-
cally changing data sets.

This paper presents an alternative visual-
ization framework which preserves the ease-
of-use and extensible nature of existing visu-
alization environments and yet also addresses
the limitations mentioned above.

In the next section, we present the concep-
tual design of spray rendering. We then dis-
cuss some of the design issues as well as how
spray rendering can address the limitations
brought up above. Finally, we present some
examples and the directions of our continuing
effort.

SPRAY RENDERING
What is it?

Spray rendering is a combination of two com-
puter graphics techniques for modeling and
animation [Pang-Smith93]. The first ingre-
dient of spray rendering is particle systems
which [Reeves83] originally developed as a
technique for modeling natural phenomena.
Particles are defined to have initial attributes
such as color, trajectory and life span. These
are then fired from some defined region and
may spread and produce new particles of their
own. Flames and fireworks are readily mod-
eled with particle systems. In addition, if
the path of these particles are integrated over
time, then fields of grass can also be mod-
eled. As mentioned earlier, particle systems
have been used in the context of visualization
where the particles are forced to interact with

the data set as their environment. By adding
another ingredient, one can obtain a much
richer set of visual effects. The second ingre-
dient of spray rendering is behavioral anima-
tion which was introduced by [Reynolds87]
to manage the animation of a large num-
ber of actors. Examples that Reynolds pre-
sented included flocks of birds and schools of
fish. Each member’s behavior was dictated
by its relative position in the environment
and included effects such object avoidance.
It was also not necessary for each member
to know the whereabouts of everybody in its
group. Thus, armed with the knowledge of
the positions of a limited number of nearby
friends, the species can exhibit behaviors such
as group centering, and maintaining average
speed and direction.

How does it work?

By combining particle systems and behav-
ioral animation, particles are endowed with
instructions to seek out specific target fea-
tures in the data set and to react appropri-
ately in a changing environment. Thus, the
underlying mechanism behind spray render-
ing is the specification of different targets and
behaviors for the particles.

To see how spray rendering can be a visu-
alization tool consider the following. Render-
ing a data set is like painting. Given a data
set, the rendering algorithm makes the set of
numbers visible by assigning appropriate col-
ors to the display that will faithfully mimic
what the numbers are trying to represent. A
crude equivalent to this process is pouring a
bucket of paint over an invisible object in or-
der to make it visible. The invisible object
corresponds to the set of numbers that one is
trying to visualize, while the rendering algo-
rithm or the paint is the mechanism for mak-
ing the data visible. One can also imagine
using a paint brush or a can of spray paint
instead. With the spray can, the user can
aim the nozzle at the invisible object and se-
lectively paint areas of interest by moving the
can around. Thus, the name “spray render-
ing” is a result of our metaphor of providing
users with virtual cans of spray paint for ren-



dering their data sets.

The power of this abstraction can be real-
ized when one considers additional functions
that these paint particles can do aside from
sticking to invisible surfaces and highlight-
ing those surfaces with the color of the paint.
Since these particles are intelligent, we refer
to them as smart particles or sparts for short.
Visualization users who use spray rendering
can picture themselves with an entire shelf
of virtual spray paint cans loaded with these
smart particles that can be applied to their
data sets.

Components of spray rendering

There are two components of spray rendering:
the spray can and the sparts.

The spray can is the delivery mechanism for
getting the sparts into the data set. It is also
a very intuitive metaphor so that most peo-
ple can learn how to use it very quickly. The
users can control several parameters of the
can including the can position, orientation
and contents. In addition, the user can also
change the spart density (number of sparts re-
leased per dose), the distribution pattern of
sparts and the shape of the can nozzle. Aside
from the typical conical nozzle shape, the user
may also specify a square nozzle, a line (rake)
nozzle or a simple needle point nozzle.

The second component of spray render-
ing is the sparts. Just like ordinary parti-
cle systems, sparts keep track of their cur-
rent state information consisting of position,
age and trajectory. In addition, sparts also
update their local set of data points as they
move around the data set. More importantly,
sparts may have an optional set of targets and
behaviors. A wide variety of targets and be-
haviors may be customized as alluded to in
the previous section. Aside from the visual
behaviors of leaving a graphical primitive or a
glyph [Ellson-Cox88] indicating that the tar-
get was found, a spart may also leave behind
non-visible markers. This type of behavior
may be used for different sparts to communi-
cate with each other. Yet another property
of sparts is a position update function which
tells them where to move to in the next time

frame.

Graphical user interface

Fig. 1 shows the main graphical user inter-
face for spray rendering. The user can create
multiple spray cans using the upper left panel
buttons. Can parameters are adjusted by the
middle left panel widgets. The main graph-
ics window shows the user’s current point of
view which can be controlled by first selecting
the camera icon on the bottom and then us-
ing the mouse to modify the view. The active
spray can is similarly manipulated by first se-
lecting the grab can icon on the bottom. To
spray, the user simply selects the spray icon
on the bottom and uses the mouse to pick and
drag the 3D spray can. The lower left panel
contains another graphics window. It shows
what the active can sees and helps the users
focus their spray better. Users may also con-
trol the can directly in this smaller window.

DESIGN ISSUES

Execution model

In coarse grained data flow environments such
as AVS and Explorer, the modules making up
the network of modules or the visual program
consume and produce blocks of data. These
environments are coarse grained because the
block size is the same as an instance of the
data model [Williams et al.92]. A problem
with this approach is that when the data sets
are large and the networks are complicated
there is a serious growth in memory require-
ments because of data buffering and the per-
formance suffers. A fine grained data flow
environment has been proposed to alleviate
this problem [Song-Golin93].

Our approach is not data flow oriented.
Whereas in the data flow paradigm, data
passes through in a stream-oriented fashion
and are operated on by the modules, our func-
tional building blocks operate on a limited
region of the data set. We make use of the
concept of sending multiple intelligent agents
into the data set to look for features and dis-
play them.
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Figure 1: Graphical user interface for spray rendering.

Dealing with grids

There is no inherent requirement that the
data to be visualized must lie within some
grid system. Sparts have the notion of a lo-
cal neighborhood. The range of this neigh-
borhood is user definable and the data con-
tained in it will change as the spart’s posi-
tion changes. The nature of the neighbor-
hood is dependent on the nature of the data.
If the data comes with an explicit or implicit
grid structure, the neighborhood can be de-
fined in terms of the computational space. If,
on the other hand, the data is unstructured,
the neighborhood can be defined in terms of
Euclidean distances. Furthermore, for sparse
data sets, a spart may extend its local domain

to a larger region, or it may simply not man-
ifest itself if there is insufficient local data.

Dealing with data types and formats

The sparts basically look for targets and
exhibit a certain behavior depending on
whether that target is found or not. This im-
plies that the sparts need to know the data
type that they are operating on. They han-
dle different types according to the principle
of polymorphism. For instance, if a spart
is to calculate the maximum of a field in
the process of a target search, it will intelli-
gently call the appropriate routine depending
on whether the field is a scalar or a vector
field. If on the other hand the spart expects



a scalar field to do an iso-surface extraction
and finds itself in a vector field, it will warn
the user accordingly. If new data types need
to be handled, the sparts can be modified or
new sparts can be created to handle them.

Internally, sparts have their own data
structures and data formats. New data for-
mats are handled in one of two ways. One
way, is a separate external program which
converts the data format into something that
spray rendering can handle. This would be
suitable for handling common data formats
such as NetCDF [Rew-Davis90]. Alterna-
tively, one can extend spray rendering to han-
dle the new data format by adding a new in-
put routine. Eventually, we plan to integrate
spray rendering with a database management
system to take advantage of the more ad-
vanced data handling capabilities.

Dealing with large and dynamic data

When called to visualize large data sets, it is
often not necessary to view the data set in
its entirety. Unless direct volume rendering
is called for, most parts of a large data set
are occluded and are not visible. Even when
the entire data set needs to be viewed, the
limiting factor is often the screen resolution
and our limited ability to digest all the details
at once. Thus, one can often get away with a
lower resolution rendering specially when this
is coupled with animation.

Sparts can address the issue of interactively
handling large data sets in two ways. But
first observe that the complexity of spray ren-
dering is dependent on the number of active
sparts and the size of a spart’s local neigh-
borhood. If this neighborhood includes a
substantial amount of data, then the perfor-
mance of spray rendering will be slower. How-
ever, because sparts are not directly depen-
dent on the size of the entire data set, spray
rendering can allow the user to investigate
very large data sets interactively by the fol-
lowing methods: (a) Selective Focus. Adjust
the nozzle of the spray can so that it has a
wide area of coverage. After the initial spray,
selectively highlight regions of interest with a
narrower beam of sparts. Note that because

sparts look at their local neighborhood data
points, they do not need to process the entire
data set. (b) Progressive Refinement. Adjust
the size of a spart’s neighborhood or the size
of the abstract visualization objects (AVO)
[Haber-McNabb90]. Having a larger neigh-
borhood to work with the spart may have a
built-in smoothing operator. Alternatively,
it may work on a small local neighborhood
but produce a large AVO (e.g. sphere instead
of a point) to represent the target that was
found within that neighborhood. By adjust-
ing these parameters, image quality is traded
off with interactivity.

Dynamically changing data sets such as
those found in turbulent fluid flow experi-
ments can also be handled within the domain
of spray rendering. Time is simply another
parameter that the sparts use when seeking
target features or deciding their next course
of action. For example, flow paths such as
those from streak lines are determined by the
particle advection at the current time. Its
next step is determined by the advection field
in the next time frame, and so on.

Ease of use and extensibility

In order to make the system easy to use, we
provide both a graphical user interface and a
very intuitive metaphor of spray painting the
data set. The operations of a spray can be
learned very quickly and the only limitation
is the users’ imagination on what a spart can
be designed to do.

There are two options to make spray ren-
dering extensible. Either allow the users to
build entire sparts (just as users can build en-
tire modules in AVS and Explorer) or allow
users to build sparts from components. In the
latter case, we take advantage of more graphi-
cal user interfaces and extend our spray paint-
ing metaphor to include mixing pigments on
a palette to get the desired color. There are
two classes of users: those who know exactly
what they are looking for in the data set and
those who want to explore their data sets.
For the former, we plan to provide an equa-
tion/relationship parser and for the latter, we
provide a mix-and-match capability.



The ability to graphically create new sparts
using mix-and-match is easily achievable once
it is recognized that sparts can be broken
down into more elementary components. A
spart is made up of four basic components.
Targets are what the spart is looking for in the
data set and are functions that try to satisfy
a boolean condition. Behaviors are usually
made dependent on the targets and usually
produce AVOs that are passed to the ren-
derer. The other two components are func-
tions that determine the new position of the
spart and functions that determine whether a
spart is to die or be spawned. Spart designers
can compose new sparts from such functions
to create different visualization techniques.

Intelligent queries/targets

Targets can be thought of as local feature
extraction operators. They can be as sim-
ple as determining whether a data value at a
point is within a certain range. Because they
are boolean returning functions, complex fea-
tures can be searched for by constructing
complex boolean relationships. Also, a par-
ticular target function can be designed to
parse complex mathematical expressions that
the user enters interactively. For instance,
this capability can be used to incrementally
derive data from raw data. A rich vocabu-
lary of primitive targets that are interoper-
able can lead to a very expressive facility to
define what a spart is to look for. A particular
combination can be saved as a macro so that
it can be used as a primitive to facilitate ease
of use. Thus, simple targets can be combined
together to form more complex targets.

Arbitrary behaviors

Behaviors can be made dependent on the
satisfaction of the target condition so that
visual objects are produced where the con-
ditions are satisfied. For instance, if one is
looking for an iso-surface, polygons making
up part of the surface will be generated only
if the condition defining the surface is satis-
fied. However, behaviors need not always be
visual. Markers can be deposited at those
locations as well. These are non-visual be-
haviors that can facilitate complex communi-

cation between sparts over time. Such com-
plex behavior constitutes the behavioral ani-
mation aspects of spray rendering and could
be useful for achieving interesting visualiza-
tion techniques.

The position update component of a spart
can be deterministic or random. It can also
be dependent on the data field such as parti-
cle advection in flow fields or gradient descent
in scalar fields. The users may choose to de-
fine some other position update function as
well. The same thing is true of death func-
tions which determine when the spart is to
die. Examples include a fixed number of time
steps, going out of the data boundary, find-
ing the target, etc. Even a small collection
of these functions enriches the expressiveness
of the system in achieving novel visualization
techniques.

Encapsulating other algorithms

Spray rendering can take advantage of ef-
forts elsewhere by encapsulating other algo-
rithms within its framework. This is achieved
by “localizing” the algorithm so that it is now
viewed from the perspective of a spart. This
process is not unlike the exercise taken in
converting sequential programs to data par-
allel programs. For instance, in the march-
ing cubes algorithm for iso-surfaces, all the
cells in the volume are visited to determine
the presence and orientation of a surface. To
localize this algorithm, we pretend that the
spart is traveling through the volume and
therefore must do the same surface test for
each cell in its path. Note that the localized
version does not require all the cells of the
volumes to be visited. Therefore there is a
distinct possibility of holes in the resulting
surface. This is examined more closely in the
next section.

As described above, one can see that spray
rendering can be easily extended. As new
data types need to be incorporated or new
targets or behaviors need to be implemented,
new sparts can be programmed to handle
them. Sparts offer a modular and extensi-
ble mechanism for adapting to the changing
needs of the user.



ANATOMY OF A SPART

This section will analyze the different com-
ponents of a simple spart. We also show how
small variations in the spart’s definition can
lead to quite different visualization effects.

As an illustration, we examine the iso-
surface sparts. These sparts have the same
objectives as the marching cubes algorithm
but have a different search path. Here, each
spart is sampling the data volume defined by
its path from the can to the first target sur-
face it finds. The iso-surface spart consists of
the following four components:

Target:

IsoThresh[Data] (SurfFound) (Tag)
Behavior:

IsoSurf [Datal [SurfFound] [Tag]
Position update:

RegStep [Datal
Death:

Out0fVol [Datal

In the composition above, inputs are in-
dicated by square brackets and outputs by
parentheses. All the components take the
data set named Data as input. The target
function IsoThresh determines whether the
current cell contains a surface, specified as a
threshold level by the user, and outputs the
boolean SurfFound. The encoded tag for the
lookup table is also output. These outputs
are received as input by the IsoSurf behav-
ior component. Whenever the SurfFound flag
returns true, this function outputs the sur-
face polygons using the tag and lookup ta-
ble. The RegStep function takes regular steps
along the initial direction of the spart. The
step size is governed by a parameter. The
Out0fVol death function kills the spart if its
position falls outside the bounding box of the
data set.

This particular composition will allow the
sparts to find all the relevant iso-surfaces
along its path within the data volume. A
small variation in the death function will al-
low the spart to find only the front facing
surfaces with respect to the sparts. This
can be achieved by introducing a compound

death function described by Out0fVol [Datal
or [SurfFound]. Also notice that a similar
small change to the position update function
will allow traversal of all adjacent cells along
the path as opposed to fixed step sizes along
the path. This can be achieved by replacing
the RegStep function with NextCell func-
tion.

It is quite easy to obtain a different vi-
sual effect from the same data set. Sup-
pose the user wishes to paint the surface
colors according to the steepness of the
neighboring region. The IsoSurf function
may simply be replaced with another func-
tion, say GradientSurf [Data] [SurfFound],
which calculates the steepness of the surface
around the cell and paints the surface as a
function of steepness. The rest of the spart
composition would still be the same. Yet, the
visual effects can be quite different.

Because of the discrete sampling nature
of these particles, surfaces will be generated
only on the cells that have been hit. In this
case, the user cannot be sure whether the
absence of the surface in an area is due to
undersampling or there is in fact no surface
present. This is not particularly a problem
since the users can choose to flood the data
with sparts to ensure that all the cells are
traversed. Alternatively, users can also mod-
ify the behavioral component such that aside
from IsoSurf, it will also spawn off a new iso-
spart in the vicinity of a previously discovered
surface.

SAMPLE SPARTS

Here are some common and not so common
sparts that one can easily identify with exist-
ing visualization techniques.

Surface seeking sparts

These sparts look for surfaces in the data set.
The determination of what constitutes a sur-
face is made locally by the spart. So, it can
find more general surfaces than those present
in the standard polygonal world. For exam-
ple, a surface may be represented as a bilin-
ear patch by a spart’s four nearest points. Or
a surface may be deemed to exist based on



the density of the data points in the spart’s
neighborhood. The behavior of the spart is
not limited to highlighting the entire surface
that it hits. It may simply display the in-

tersection point. Alternatively, the spart can
blot part of the surface with a paint spot, or
it may just bounce off the surface in search of
other surfaces.

Figure 2: Two iso-surfaces of a synthetic vol-
ume where densities falls off uniformly away
from the center. Outer iso-surface shows par-
tially filled in effect.

Volume penetrating sparts

These sparts may not have specific targets.
They may act like high energy particles bom-
barding the data sets. The visual effects of
passing these sparts through the data set de-
pend on their behavioral description. Since
the direction of the spart’s path does not have
to coincide with the viewer’s gaze, one can
generate view dependent effects which high-
lights the internal structure of the data. The
dust sparts in Fig. 3 simply color their posi-
tions according to the data values that they
encounter.

Flow tracking sparts

Flow tracking sparts are ideal for visualizing
vector fields. These sparts typically do not
have specific targets and usually do not have

Figure 3: Dust particles in synthetic volume.
Bounding box and spray can are visible.

an initial velocity or trajectory. Instead, they
are introduced into vector fields where they
are influenced and carried around by the sur-
rounding neighboring forces. The phenomena
of interest are usually the flow patterns rather
than surfaces. Therefore, these sparts man-
ifest themselves by leaving a trace of their
path as they advance from one state to an-
other. Flow tracking sparts may work in
pairs or groups so as to form flow ribbons and
rakes respectively. Different integration rou-
tines may be plugged in for calculating parti-
cle advection. Finally, these sparts may also
be modified to do streak lines in time depen-
dent flows.

Meta-sparts

Meta-sparts are slightly different when com-
pared to the previous sparts because their
targets are not based on the original data
set. Instead, meta-sparts seek out markers
left behind by other sparts. An example of a
meta-spart is a garbage collecting spart that
simply removes the visual cues from the ren-
dered image. Typical uses for such a spart in-
clude editing, cleaning the rendered scene and
reducing the overall scene complexity. With
meta-sparts, one can also create sparts that
produce secondary effects by combining re-
sults of previous sparts. It is important to



Figure 4: Stream lines in a simulated wind
vector field.

note that the original data set is left un-
touched by this and all other types of sparts.

SUMMARY

Spray rendering provides a framework for ap-
plying diverse visualization techniques in a
unified manner. It is born out of a need
for scientists to be able to visualize and ex-
plore large data sets with widely varying data
structures without learning several different
packages. Because of the properties of sparts,
novel visualization effects can be easily de-
signed and tested. The interface for launch-
ing sparts appears intuitive and encourages
users to interactively explore their data sets.

We have shown that spray rendering has
great potentials and is also practical. Prac-
ticality comes about by providing user ad-
justable parameters to trade-off interactivity
against image quality. We are currently ex-
panding spray rendering to include the mix-
and-match capability, 3D VR interface and
also to a multi-media collaborative visualiza-
tion system.
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