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Abstract| Simulators for dynamic systems are
now widely used in various application areas and
raise the need for e�ective and accurate ow vi-
sualization techniques. Animation allows to de-
pict direction, orientation, and velocity of a vec-
tor �eld accurately. This paper extends a former
proposal for a new approach to produce perfectly
cyclic and variable-speed animations for 2D steady
vector �elds (see [1] and [2]). A complete anima-
tion of an arbitrary number of frames is encoded
in a single image. The animation can be played
using the color table animation technique, which is
very e�ective even on low-end workstations. Cyclic
set of textures can be produced as well, and then
encoded in a common animation format, or used
for texture mapping on 3D objects. As compared
to other approaches, the method presented in this
paper produces smoother animations and is more
e�ective, both in memory requirements to store the
animation, and in computation time.

Keywords| Flow Visualization, Textured Repre-
sentations, Animation, E�ective Techniques, Mul-
timodal Visualization.

I. Introduction

E
FFECTIVE and accurate visualization of vector
�elds has been an active research area for several

decades. A good ow visualization system should be
able to accurately depict topology, direction, and ve-
locity of the ow at any point. These are essential
features of a ow �eld, although additional informa-
tion could be useful, such as vorticity or precise loca-
tion and characterization of critical points. E�ective
methods have been proposed to visualize 2D steady
ow �elds, which compute either sparse or dense rep-
resentations of the ow [3], [4], [5], [6]. Although
the topology of the ow is correctly depicted, even
for small details, direction and velocity are not ade-
quately visualized. More generally it has been proved
diÆcult to depict both direction and velocity magni-
tude on a static image. Animation is a suitable so-
lution to this problem but raises new issues, particu-
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larly achieving temporal correlation between consecu-
tive frames. Some attempts have been made to com-
pute a sequence of frames with one of the previously
cited methods [3], [4], but the animations' quality is
not optimal and the solutions proposed to address the
problem either raise new issues or are not straight-
forward to implement (see discussion in section II-B).
Moreover, computation time and memory cost are ex-
pensive because they are a function of the number of
frames that are computed. Our approach does not
su�er any of these problems and produces perfectly
cyclic, variable speed, and smooth animations.

This paper presents a new technique for eÆcient
computation of ow animations, which can be played
in real time, even on low-end workstations. This
method is based on an original data structure, called
the Motion Map, in which we encode all the informa-
tion necessary to produce an animation of the ow.
Once the Motion Map has been computed, a very sim-
ple and eÆcient program, the Motion Map Viewer,
is able to play the animation in real time, using the
color table animation technique. The Motion Map can
also be used to encode animations using any standard,
such as MPEG or AVI. A Java version of the viewer
and precomputed Motion Maps are available on our
Web site1. Our method reaches the following goals:

� accurate visualization of essential features of the
ow, including topology, direction and velocity. The
ow is visualized using a textured representation,
which allows to depict the �nest details. By animat-
ing the ow, topology and direction of the vector �eld
are properly visualized. The algorithm for encoding
motion in the streamline representation allows to ac-
curately visualize the velocity of the ow at any point.
The animations produced by this method are variable-
speed and perfectly cyclic, which allows to play the
animation continuously without any discontinuity.
� real time animation, even on low-end workstations.
Once the Motion Map structure has been computed,
the animation of the ow can be played using the color
table animation technique, which can be achieved in
real time on any machine providing access to the sys-
tem color map.

1see at http://www-lil.univ-littoral.fr/~lefer/VISC/

applets/MMview.english.html



� computational eÆciency. Computing a complete
animation of the vector �eld is achieved in a time
comparable to the time necessary to compute a single
image of the ow with common techniques, such as
LIC or Spot Noise.
� memory compactness. The Motion Map is the size
of a static image at the same resolution, thus a com-
plete animation of the ow is encoded at the same
memory cost as for a single static image. This is an
important feature when remote exploration of uid
ow simulation results is concerned, since the user
is able to download a complete animation of the ow
with no additional time as compared to a static image.
Indeed, we have developed a very simple and compact
program, called the Motion Map Viewer, which can
be downloaded together with a Motion Map. A Java
applet version of this program has been written.

The remainder of this article is organized as fol-
lows. Section II gives the necessary background on
ow visualization. Section III presents our technique
while section IV described the process of computing
a Motion Map. Section V addresses the issue of visu-
alizing a vector �eld together with its context. Sec-
tion VI shows some applications of this method and
section VII concludes.

II. Visualization of 2D steady vector fields

This section covers previous works on visualization,
and especially animation, of 2D steady ow �elds.
Since our method uses the color table animation tech-
nique to animate the ow in real time, we give here
the necessary background concerning this technique.

A. Flow Visualization

Techniques to visualize 2D steady ow �elds include
icon plots (vectors, hedgehogs), streamlines, feature
extraction and visualization [7], [8], and textured rep-
resentations [3], [4]. Icon plots typically consist in
drawing small arrows at di�erent locations in the im-
age, each arrow length and direction being mapped
onto the length and direction of the ow at the cor-
responding location, respectively. Although e�ective
and easy to implement, this technique su�ers from
poor spatial resolution because the number of arrows
that can be drawn in a given area is limited by the
size of each arrow.

A streamline is a line tangential to the vector �eld
at any point. Hence, for a steady ow, a stream-
line is the path followed by a massless particle that
would have been released in the ow at a given po-
sition. By covering the image with a set of stream-

lines, the global structure of the vector �eld can be
visualized. The main issue that has to be addressed
concerns the placement of the streamlines, in order to
avoid density imbalance in the image. Regions where
too many streamlines are drawn would appear dark
and would lead to confusing and misleading informa-
tion, whereas, in regions with low density of stream-
lines, the information is too sparsely displayed and
lacks accuracy. Solutions to the streamline placement
problem have been proposed in [5], [6] and [9]. Un-
like icon techniques, streamlines require to compute
particle paths and are more time consuming. But, as-
suming a good streamline placement is obtained, the
quality of the visualization and the spatial resolution
are better.

Computing a texture whose patterns show the
structure of the ow is a good way to increase the
spatial resolution of the visualization because every
pixel is used to convey a piece of information. In Spot
Noise, circular spots are dropped into the image at
random positions and are advected by the vector �eld
[3]. The advection consists in stretching the spot in
the direction of the ow, the amplitude of the stretch
being a function of the ow velocity. Thus, advected
spots are ellipses of the same area as their original
spots. To obtain smoother details in highly turbulent
regions, spots can be advected according to a curved
support, actually the streamline passing through the
spot center [10]. Line Integral Convolution (LIC) con-
sists in convoluting a white noise texture with a one-
dimensional �lter kernel, the �lter support for a given
pixel being the streamline passing through the pixel
[4], [11], [12], [13]. It amounts to �ltering the origi-
nal image with a low-pass �lter, which leads to poorly
contrasted images. Methods have been proposed to
enhance the contrast of LIC images [14] and a dye
advection technique can help identifying ow paths
accurately [15]. Kiu and Banks have proposed to use
a multi-frequency noise texture in order to depict the
velocity magnitude but the accuracy is no longer uni-
form in the image domain [16]. Computation times for
textured approaches are higher than for other tech-
niques but the accuracy of the visualization is quite
better. LIC images are generally more accurate than
Spot Noise ones, although both methods have com-
parable features [17]. Several methods based on these
techniques have been proposed for animating a ow,
which are described in the next section.



B. Animation Techniques

Former approaches for visualizing a ow by means
of animation were mostly particle techniques [18], [19].
Massless colored particles are released from virtual
sources located in the ow at regularly spaced time
steps. For each frame of the animation, the new par-
ticles positions are computed and all visible particles
are visualized by drawing small icons on the image.
Techniques that produce a train e�ect can be used to
ease particle paths identi�cation over time. Particle
animation methods are easy to implement. A prob-
lem is that only a few particles can be visualized at a
time, in order to keep them distinguishable from each
other. Also determining ideal source positions is not
trivial.

Another approach consists in warping a texture ac-
cording to the vector �eld [20]. The domain is tri-
angulated, each triangle vertex having initial texture
coordinates so that there is no deformation at the be-
ginning. The motion e�ect is obtained by changing
the texture coordinates from one frame to the next.
For each frame, new texture coordinates are computed
by integrating the vector �eld equation backward, for
the texture to move forward. A fading up and down
mechanism allows to limit texture distortions. This
technique does not produce cyclic animations.

Animation of steady ow �elds is also possible with
Spot Noise. A number of new spots are generated at
each frame, the frame at which a spot is generated
being called its centre-frame. Each spot is dropped
onto every frame in a consecutive series centered at
its centre-frame. An integration occurs backward and
forward to compute spot positions for all frames on
which a spot has to be dropped. The intensity of a
spot decreases as the distance of the current frame
to its centre-frame increases. Thus, appearance and
disappearance of spots occur when their intensity is
low, which minimizes their visual e�ects. By building
a cyclic sequence of frames, in which the image next to
the last one is the �rst one, perfectly cyclic animations
can be obtained. Some blinking e�ects appear during
the animation though, which decrease visualization
quality. This occurs particularly in low-speed and/or
turbulent regions, for which the visual amplitude due
to the movement of the ow can be less than those of
the blinking e�ect.

Several papers address the issue of animating LIC
textures. Periodic �lters have been used to create se-
quences of correlated LIC textures [21]. This method
works well for constant-speed animation and produces

perfectly cyclic animations. Variable-speed anima-
tions can be obtained by varying the frequency of the
�lter function, but the dynamic range of discernible
speeds is drastically limited. To solve this problem,
Forsell proposed to modulate the rate of the function
phase shift as a function of the local vector magni-
tude [12], [11]. A set of constant-speed LIC textures
is precomputed at various phase shifts of the kernel.
The �nal intensity of a pixel in a given frame is com-
puted by interpolating pixel intensities between the
two closest precomputed frames, that is the frames
with the closest �lter kernel phase values. Stalling and
Hege noticed that this approach does not yield cyclic
animations and that applying kernel phases to neigh-
boring pixels would lose correlation, thus introducing
spatiotemporal aliasing e�ects. As a consequence, the
texture may appear to move in the opposite direction
in some situations. To avoid this problem only frames
for which �lter kernel phases are correlated are kept.
Then a frame blending technique is used to produce
a periodic sequence of N frames by composing a set
of 2N LIC textures [13]. A quite di�erent approach
to produce animations of LIC textures has been pro-
posed in [22], where one-dimensional LIC textures are
computed from a constant ow �eld and then mapped
onto a dense set of streamlines. An animation can be
obtained by moving the textures along the stream-
lines. This requires that the height of the LIC tex-
ture be at least the size of the longest streamline. A
consequence is that moving the textures can not be
achieved by simply updating the color table, hence
real time animation can not be ensured.

The problem of animating unsteady ows is quite
more diÆcult and only a few techniques have proved
to be e�ective. These techniques can be obviously ap-
plied to steady vector �elds as well, although none of
them is as e�ective and accurate as the method pre-
sented in this paper because they mainly address the
problem of correlating frames computed at successive
time steps. The UFLIC method is based on LIC and
uses a time-accurate value depositing scheme, which
performs a temporal convolution of an initial white
noise texture, and a successive feed forward algorithm
to maintain a high temporal coherence between suc-
cessive frames [23]. This approach achieves good spa-
tial and temporal coherence but during the animation
it is diÆcult to understand the motion of the ow.
Because each image is obtained by a temporal convo-
lution over a number of time steps, regions with low
turbulence give rise to highly contrasted areas with
zebra stripes of arbitrary thickness, while highly tur-



bulent regions tend to produce blurred zones. Indeed
the zebra stripes obtained in regions of low turbulence
are oriented in the direction of the ow, they look
like thick streamlines and during the animation their
shapes are slowly modi�ed so that they actually seem
to move in a direction orthogonal to the direction of
the ow. The approach presented in [24] is original be-
cause it works with streamlines, which are said not to
be suitable for unsteady ows. Instantaneous states of
the vector �eld are successively visualized by means of
correlated frames, leading to a smooth animation. Re-
cently the most advanced graphic hardware features
have been used to produce smooth animations of un-
steady 2D vector �elds in real-time [24].

C. Color Table Animation

Color table animation is a simple and e�ective tech-
nique for animating an image [25]. It works only with
a false color visual, where each pixel of the image is
assigned an entry (also called an index) in a color ta-
ble. If the color table entries are shifted cyclically, one
place at a time, each pixel will be assigned subsequent
colors in the color table, one color at a time. To ob-
tain a moving e�ect, that is to have the sensation that
objects in the image are moving in some direction, it
is necessary for each pixel to be correlated to the next,
in the direction of movement. The movement speed
can be controlled by assigning consecutive pixels the
same color table index (see Figure 1). What makes
this technique really e�ective is that the image con-
tent does not need to be reloaded from one frame to
the next but rather only the color table entries are
shifted cyclically. Thus, high animation rates can be
achieved, even on low performance graphic devices.
It should be noted that, since the color table entries
are shifted in a cyclical manner, the maximum num-
ber of distinct frames in such an animation is given
by the physical size (number of entries) of the color
table, which is hardware dependant (256 for common
graphic boards).

In [26] this technique has been exploited to visual-
ize a 3D ow. A number of seed points, proportional
to each cell's mass, are randomly placed in each cell,
from which particle paths of a �xed number of seg-
ments (1, 3 or 12) are computed. The velocity is con-
sidered as constant along a segment. The color table
is �lled so as to de�ne a small "wave". Color indexes
are assigned to segments ends so that shifting the color
table entries makes the waves moving along the ow
paths. The hardware is used to perform a linear inter-
polation of colors along each segment. Particle paths

Fig. 1. The color table animation technique. Top:
a line of pixels with their indexes at time step 0. Middle:
content of the color table for 6 consecutive steps of the ani-
mation. Bottom: content of the line of pixels for each time
step (i.e. its successive contents for a complete cycle of the
animation). The speed of movement during the animation
can be controlled by assigning consecutive pixels the same
color table index. In this example, pixels are correlated
along the line in a cyclical manner (sequences of 0, 1, 2,
3, 4, 5). Let us call each set of consecutive pixels with the
same value a span. Note that spans on the left are 1 pixel
long, span in the middle are 2 pixels long, and spans on the
right are 3 pixels long. In this way we are able to produce 3
di�erent speeds when shifting the color table entries. The
ow will seem to speed up as it moves from the left to the
right and the speed on the right part of the pixel line will
be 3 times the speed on the left part. The speed of the ow
is proportional to the number of pixels in the current span.
The color index IndexPi

to assign to pixel Pi is given by:
8<
:

IP0 = 0
IPi

= IPi�1
+ ki

IndexPi
= [IPi

]mod N

where IPi
is an increasing series in R

+ , ki is a positive
real increment, mod is the modulo function, and N is the
number of indexes. Using a modulo leads to perfectly
cyclic animations. The speed of the ow is determined
by ki. Variable-speed animation can be obtained by vary-
ing ki. For instance the values of the 39 pixels of the �gure
above have been obtained with ki = 2 8i 2 f1; : : : ; 3g,
ki = 1 8i 2 f4; : : : ; 9g, ki = 1=2 8i 2 f10; : : : ; 21g, and
ki = 1=3 8i 2 f22; : : : ; 38g. Here the speed of the ow
has been made piecewise constant so as to be able to map a
complete cycle of the color table onto each constant-speed
segment of the line. Let us remark that the length L of
each segment is given by L = N=ki. Here the minimum
value of L is Lmin = 6=2 = 3 and the maximum value is
Lmax = 6=(1=3) = 18.



are rendered as opaque using Z-bu�er.

In [1] we introduced a new approach, which uses the
color table animation technique to produce perfectly
cyclic, variable speed animations of an arbitrary num-
ber of frames. We extent our method to deal with mul-
timodal animation, where an additional scalar �eld is
visualized during the animation [2]. The main fea-
tures of this approach are detailed in the remaining
sections and we give new elements for the formaliza-
tion and the assessment of this method.

III. The Motion Map

Our approach is based on the computation of a so-
called Motion Map, which contains all the motion in-
formation about the ow �eld and from which per-
fectly cyclic animations can be produced. This section
describes the principle of the method, how motion in-
formation is encoded in the Motion Map, and explains
the parameters that control visualization quality.

A. Method Overview

The principle of the method consists in computing
a dense set of streamlines, which are colored so that
patterns appear on them. The animation is obtained
by making the patterns moving along the stream-
lines. An important feature of this approach is that
the movement of the patterns is obtained by shifting
the entries of the color table cyclically. It relies on
the fact that for steady ow �elds, ow properties are
constant over time. Hence the streamline placement,
once computed, remains valid for all frames. Thus, we
just have to concentrate on coloring the streamlines
appropriately.

The algorithm starts by �lling the image with a
dense coverage of streamlines so that all pixels are
covered. A pattern is de�ned as an ordered sequence
of �xed colors. For instance we can use a gradation of
colors. A single pattern will be use for all the image.
Each streamline is colored by a sequence of consecu-
tive patterns. The animation is obtained by moving
the patterns along the streamlines. The system works
in false color mode, each pixel being assigned an in-
dex in a color table. The color table is �lled with the
ordered colors of the pattern. Shifting the color table
entries will make the ow moving in the right direc-
tion, using the technique described in section II-C.
Pixel values are computed as a function of the ow
velocities, in order to achieve variable-speed anima-
tions. Once the image has been computed it contains
all the information necessary to visualize direction,
orientation and velocity of the vector �eld accurately.

We call such an image a Motion Map. By de�ning
values of consecutive pixels on a streamline as values
of a continuous and periodic function, perfectly cyclic
animations can be obtained.

B. Pattern Parameterization and Image Quality

Each pattern will be curved according to the shape
of the streamline onto which it is mapped. Pattern
identi�cation relies on a good correlation between col-
ors of consecutive pixels, the transition from a color
to the next being smooth enough so that pixels ap-
pear correlated in the direction of the ow and not
correlated in other directions. Two additional factors
have a strong impact on the quality of the visualiza-
tion, that is the ability to track patterns in the ow:
contrast and size of the pattern. The contrast can be
de�ned by the range of colors used in the pattern, i.e.
the color table content. It is obvious that the more
contrasted the image, the easier pattern identi�cation
is. We can for instance choose a regular gray ramp
from black to white. Let us remark that, based on our
observations, generally only 6 or 8 distinct colors are
enough to obtain a good correlation along streamlines,
so that ow paths can be easily identi�ed. Let L be
the length of a pattern in pixels. L can be expressed as
a number of sample points as well. Figure 2 illustrates
the visual results obtained with di�erent values of L
for a constant speed vector �eld. Let us note that the
criteria for evaluating the quality of such images de-
pend on whether static images or animated sequences
are concerned. Thus, image on the left of Figure 2
depicts more accurately the ow features in a static
image whereas those on the right is more suitable for
animation.

Fig. 2. E�ect of the pattern length. A constant speed
vector �eld is visualized using two di�erent values of L.
Left: L = 50. Right: L = 10.

In case of variable-speed vector �elds, using the
technique described on section II-C leads to di�erent



values of L (see Figure 1), with small (resp. great)
values of L for regions of low (resp. high) velocities.
Thus, we have to determine a minimal value of L,
let it be Lmin, for the slowest regions, and a maxi-
mum value, let it be Lmax, for the fastest ones (see
Figure 3). For a given vector �eld, we set Lmin and
Lmax, independently of the vector �eld values, and
then the velocity range of the vector �eld is mapped
linearly between Lmin and Lmax. Not any value of
Lmin and Lmax is valid though. Obtaining good qual-
ity animations imposes limits to these values. The
lower limit for Lmin is the minimal number of sample
points for the movement of the pattern to be perfectly
followed and understood, which means direction and
velocity of the vector �eld should be clearly depicted.
A minimum of 3 pixels is actually necessary to clear
up the ambiguity on the direction of the ow. There
is also an upper limit for Lmax in order to avoid for a
single pattern to be so long that it could be diÆcult
for the human eye to capture it at whole and hence to
track it during the animation. This limit is expressed
in pixels and can be de�ned by the user based on a
visual assessment.

C. Motion Encoding along Streamlines

Each streamline is computed as a series of consec-
utive evenly spaced sample points (see section IV for
details). The motion encoding algorithm aims at ob-
taining a good correlation between consecutive pixels
on a streamline so that the ow will seem to move
smoothly along the streamline. Because an approxi-
mation occurs during rasterization, color table entries
are assigned to the streamline sample points rather
than to the pixels covered by the streamline, thus the
problem amounts to correlating consecutive sample
points.
Once a �rst sample point has been determined, sub-

sequent sample points are correlated to their predeces-
sors using a formula similar to those given in Figure 1.
In order to make the speed of the animation propor-
tional to the ow velocity at any point, ki is replaced
by a linear function of the velocity. The �rst sample
point is assigned a random value rather than 0, so as
to avoid the formation of undesirable patterns in the
image. The formula used to obtain the index of the
current sample point is given by:

8<
:

SP0 = random(N)
SPi = SPi�1 + k(VPi)
IndexPi = [SPi ]mod N

(1)

where random(N) is a function that returns an in-

teger in the interval [0; N�1], Pi is the current sample
point, SPi is an increasing series in R+ , VPi is the ow
velocity at Pi, k(VPi) is the instantaneous contribu-
tion of the velocity at Pi, and IndexPi is the color
table index for Pi. The next section gives two dif-
ferent expressions of function k, in order to produce
animations with various features.

D. Expression of function k

According to equation 1, k(VPi) is a function that
gives the increment value of S when moving from Pi�1
to Pi, as a function of VPi . In order to obtain a linear
mapping of velocities, k should be linear, that is:

k(v) = a� v + b (2)

As stated previously, k(v) = N=L (see Figure 1),
hence to determine a and b we can use the limit con-
ditions:

�
k(Vmin) = N=Lmin

k(Vmax) = N=Lmax
(3)

which yields:

k(v) =
N

Lmax

�
v � Vmin

Vmax � Vmin

�
+

N

Lmin

�
Vmax � v

Vmax � Vmin

�

(4)

Figure 3 shows the large and continuous dynamic
range allowed with this index allocation method for a
horizontal ow of increasing speed. This range is quite
larger than those obtained by varying the length of the
convolution �lter in the LIC method, which means
that we are able to depict more distinct velocities in
the animation.

Fig. 3. Dynamic range of the Motion Map. Anima-
tion of a horizontal shear ow: velocities increase linearly
from bottom to top, the ratio between velocities for bot-
tom and top lines being 25. For both images: Lmin = 20,
Lmax = 25. Left: SP0 = 0. Right: SP0 = random(N).



Although k is linear in v the ratio between veloc-
ities in the vector �eld is not kept in the animation.
For instance if Vmin ! 0 then Vmax=Vmin ! 1. In
order to obtain a constant ratio between a velocity
in the vector �eld and its corresponding speed in the
animation, it is necessary to state that:

Lmax

Lmin

=
Vmax

Vmin

(5)

If we replace Vmin in equation (3), we obtain the
new limit conditions:

�
k(Vmin) =

NVmax
LmaxVmin

k(Vmax) = N=Lmax

(6)

which leads to a new expression of function k, which
preserves the velocity ratios:

k(v) =
N

Lmax

�
v � Vmin

Vmax � Vmin

�
+

NVmax

LmaxVmin

�
Vmax � v

Vmax � Vmin

�

(7)

Since the physical limit for Lmin is 3 (see section III-
B), it means that we must have k(Vmin) � N=3, and
hence:

Vmin �
3Vmax

Lmax

= Vthreshold (8)

Practically, since a vector �eld generally has crit-
ical points, where the velocity is 0, we use v =
Max(v; Vmin) in equation (7). It means that the ow
will go faster than it should do in regions of low veloc-
ity, but the movement will keep slow. An advantage is
that it allows to depict direction and orientation prop-
erly everywhere, whereas a too slow movement would
not allow to understand the behavior of the ow. Fig-
ure 4 shows a frame of a variable speed animation with
its corresponding velocity map.

In case of a constant-speed vector �eld (Vmin =
Vmax), we use a simpler function:

k(v) = 1 (9)

The next section gives details on the di�erent stages
of the Motion Map computation, such as selection of
seed points and streamline integration.

IV. Computation of the Motion Map

The Motion Map is a two-dimensional array of color
table indexes of the same resolution as the �nal image.
Streamlines are integrated in the vector �eld space
and rasterized in the Motion Map.

Fig. 5. Computation of the Motion Map.

A. Algorithm

The process of computing the Motion Map is illus-
trated on Figure 5. The �rst step consists of com-
puting a streamline, which is constructed as a list of
evenly spaced sample points. The motion informa-
tion is encoded while building the streamline, that
is a color table index is assigned to every newly cre-
ated sample point. The second step consists in ras-
terizing the streamline, that is we determine all the
Motion Map cells covered by the streamline and we
assign them an index. These two steps are repeated
in a loop until the Motion Map is entirely �lled. Ac-
tually a streamline is rasterized as its sample points
are computed so as to stop the integration when the
streamline reaches an already covered cell of the Mo-
tion Map (see section IV-C). The last step consists in
encoding the Motion Map together with the content of
the color table in a common format. We use the GIF
format so that the Motion Map can be visualized as a
static image using any common image viewer or Web
browser. The main issues that have to be addressed
are the placement of seed points, the streamline con-
struction and the detection of intersections between
streamlines. Solutions to these problems are given in
the following sections.

B. Seed Point Selection

The computation of a streamline starts by deter-
mining the �rst sample point, called a seed point, from
which the integration of subsequent sample points oc-
curs. Several seed point selection techniques have
been proposed, especially for the computation of LIC
images. For instance it is possible to process seed



Fig. 4. Variable speed animation. Left: frame of a variable speed animation (Lmin = 5, Lmax = 30). Right:
magnitude distribution: areas of high magnitude (in white) correspond to long patterns in the image on the left.

point selection in scanline order, to divide the image in
blocks to ensure a uniform distribution of seed points,
or to use Sobol quasi random sequences [27]. We pro-
pose a new and more e�ective algorithm. Firstly, seed
points positions always correspond to cell centers in
the Motion Map. Therefore the process of seed point
election amounts to choosing a free cell. For eÆ-
ciency reasons (cache management) the Motion Map
is stored as a one-dimensional array, cells being stored
in scanline order. Each time a new streamline has
to be computed, a cell is randomly elected as a new
candidate for starting it. If it is already covered by
another streamline, a direction is chosen (between for-
ward and backward) and we scan the one-dimensional
array in this direction until either a free cell has been
found or we have reached the initial position. The
scan is performed modulo the size of the array. The
algorithm for choosing a new seed point follows:

Choose a new cell randomly
If this cell is already covered Then
Choose a direction randomly between forward and backward
Do

Move one cell in that direction modulo Motion Map size
While current cell is covered And is not the initial cell

EndIf

If current cell is covered Then
return NONE

Else

return current cell
EndIf

C. Streamline Computation

Once a valid seed point has been found, we pro-
cess the integration forward and backward from that
point, in order to compute the positions of all sam-
ple points for the current streamline. Basically each
integration step yields a new sample point. There is
a wide family of integrators that can be used to inte-
grate ow paths [13]. We use an integrator that pro-
duces evenly-spaced sample points, such as DOPRI5
[28]. Thus we are able to determine the best trade-o�
between accuracy of the integration and computation
time, which are functions of the number of computed
sample points.

The construction of a streamline stops when we
reach a singularity of the ow (source or sink), or the
border of the computational domain has been reached,
or the current cell has already been set (intersection).
For each new sample point we determine the cells cov-
ered by the segment joining the last sample point and
the current one (see section IV-E) so that we are able
to perform the intersection test.

D. Increasing Pixel Correlation

In order to make the animation as smooth as pos-
sible it is necessary to achieve a high degree of cor-
relation between pixels in the �nal image. We can
de�ne the degree of correlation in the Motion Map as
the proportion of correlated pixel pairs, that is pairs
of consecutive pixels of a streamline. With this def-



inition, it becomes obvious that it is better to cover
the Motion Map with longer streamlines as much as
possible. For this reason we do not stop the stream-
line construction as we hit another streamline for the
�rst time but rather we continue the integration some
steps forward. The reason to proceed like this is due
to the fact the distance between two adjacent stream-
lines is obviously not constant but rather depends on
the local structure of the ow. Thus, two streamlines
with a distance of several cells between them at a place
could go closer to each other so that their separating
distance falls under one cell, and then go farther again.
Our experiences showed that streamlines are often
stopped while they should have been extended several
integration steps forward. To increase the correlation
between pixels the algorithm proceeds as follows. As
we start computing a new streamline, a counter is set
to 0. When we detect an intersection with an exist-
ing streamline, that is the current streamline crosses
an already covered cell, we just compute the new in-
dex but nothing is performed in the Motion Map, and
the counter is incremented. When the counter has
reached a certain value, the streamline construction
is stopped. With this method, there are some pixels
along a streamline that are not correlated to the oth-
ers, but they are correlated to the pixels of another
streamline intersecting this cell, whose shape at this
location resembles the shape of the current streamline.

Of course as more intersections are allowed, the
more expensive the computation, because more inte-
gration steps are performed that do not cover any cell.
Figure 6 shows the results we obtained by varying the
number of intersections, both in terms of degree of
correlation and in terms of computation time.

E. Streamline Rasterization

A streamline is rasterized as a polyline using a mod-
i�ed Bresenham's algorithm [29]. For accuracy rea-
sons, the distance between two consecutive sample
points should be related to the resolution of the com-
putational grid, typically half a cell of the grid. If
the resolution of the Motion Map is lower than those
of the vector �eld, several segments will project onto
the same cell, which means that we would have pro-
cessed several integration steps needlessly. To avoid
this problem, only segments covering at least 2 cells
are actually drawn. This is done by computing the
distance between the end of the last rasterized seg-
ment and the current sample point. If the resolution
of the Motion Map is higher than those of the vec-
tor �eld, each segment joining two consecutive sam-

Fig. 6. Degree of correlation and computation time
as a function of the number of allowed intersec-
tions. For all these experiments, the resolution of the im-
age was 512 � 512. We can see that, when the number
of allowed intersections increases, the average streamline
length increases, which means that the degree of correla-
tion is higher, but the computation time increases too. A
good trade o� has to be found between quality of the an-
imation, which is a function of the degree of correlation,
and the computation time.

ple points yields a rasterized segment covering several
cells of the Motion Map, and thus the streamline will
be approximated by a polyline. To minimize the e�ect
of this approximation, the distance between consecu-
tive sample points is never greater than the width of
a Motion Map cell. Though, due to Bresenham's al-
gorithm, several Motion Map cells may be covered by
a single segment. In this case all the covered cells get
the same value, which is actually the value assigned
to the sample point at the left end of the segment (see
Figure 7 left). Another solution to this problem has
been proposed in [13], where the integration step was
related to the resolution of the vector �eld only and a
Hermitte interpolation process was applied to create
intermediate sample points before rasterization.

The modi�cation of Bresenham's algorithm con-
cerns the way in which already covered pixels are pro-
cessed. In the former Bresenham's algorithm, the �-
nal color of a pixel is the color of the last segment
that has been drawn on it [29]. The problem here is
that streamlines computed at the end of the process
are generally shorter than those computed at the be-



Fig. 7. Drawing streamlines in the Motion Map.
The Lengths Map is used to determine, in case of intersec-
tion, whether the current cell content should be set with
the value related to the current streamline or the old value
should be kept. The cell gets the value related to the
longest streamline. The Lengths Map is a good measure of
the degree of correlation in the image.

ginning because they are computed when more cells
have already been �lled, hence they more likely hit
other existing streamlines. Thus, pixels tend to be
correlated to the shortest streamline that covers them.
With our algorithm a cell gets the value of the longest
streamline that passes through it. The goal of this
modi�cation is to increase the average length of the
streamlines in order to improve the degree of corre-
lation in the image. To achieve it we compute a so-
called lengths map, which is a two-dimensional array
of the same resolution as the Motion Map (see Fig-
ure 7). A cell of the lengths map contains the length
of the longest streamline that has been rasterized in
the corresponding Motion Map cell. In order to get a
better view of the degree of correlation for a complete
image, we have visualized the lengths map by map-
ping its values on a gray ramp. Figure 8 compares
two images of the same vector �eld obtained with the
former Bresenham's algorithm and our algorithm.

F. Motion Map Output

Once the Motion Map has been computed, we are
able to generate an animation of the ow. There are
two di�erent ways to produce a perfectly cyclic ani-
mation derived from the Motion Map. The �rst one
uses the color table animation technique presented in
section II-C. We have developed a simple program,
the Motion Map Viewer, which takes as input a GIF
image supposed to be a Motion Map, and animates
the ow by shifting the color table entries.

The second way to use the Motion Map consists
in producing a set of textured frames, called a cyclic

set of textures. We build N images of the vector �eld,
each image being obtained by replacing the indexes in
the Motion Map by their corresponding RGB colors
in the color table. Color table indexes are shifted
cyclically from a frame to the next, thus producing
N di�erent frames. Since those frames are correlated
together, playing them in sequence yields a smooth
animation of the ow. Such a sequence of frames can
be used for texture mapping onto 3D objects or they
can be stored using any animation format, such as
animated GIF or MPEG.

V. Visualizing a Flow and its Context

Together

Visualizing direction, orientation and velocity of the
ow is sometimes not suÆcient to understand the be-
havior of a complex dynamic system. It may require
to visualize additional information together with the
ow. We consider the problem where a scalar �eld has
to be visualized during the animation and we propose
two di�erent methods to solve this issue. The �rst
one uses transparency to visualize the scalar data un-
derneath the ow whereas the second one extends the
Motion Map technique to deal with multimodal visu-
alization. In the remaining of this paper we suppose
the scalar �eld be represented as a color image of the
same resolution as the Motion Map, each scalar value
being mapped onto a color. We call such an image a
Contextual Map.

A. Using Texture Transparency

When the Motion Map is used to produce a cyclic
set of textures, the number of available colors is no
longer limited by the size of the color table because
we use RGB values instead of color table indexes (see
section IV-F). Hence it is possible to use as many
di�erent colors as needed. The technique consists in
computing the color of a given pixel for a given frame
as a function of its index in the Motion Map and
the color of the corresponding pixel in the Contex-
tual Map. From the Motion Map we compute a cyclic
set of N luminance textures (consider the color ta-
ble as a gray ramp from black to white). During the
animation, the textures are alpha-blended with the
Contextual Map, one next to the other. This can be
achieved in real time only on machines with hardware
texture mapping facility. The animation of the ow
around the globe (see Figure 13) has been produced
with this technique.

This method works well for displaying contextual
information during the animation of the ow, but it



Fig. 8. Visualization of the pixel correlation. Two di�erent rasterization algorithms have been used to compute
two Motion Maps for the same vector �eld. Left: original Bresenham's algorithm. Right: our algorithm. The lengths
maps are visualized by mapping their values to a gray ramp from black (lower correlation) to white (higher correlation).
The image on the right shows a quite better correlation between pixels. On the left image, long (bright) streamlines are
often cut by shorter (darker) ones. The average of values of both lengths maps are 44.4 and 63.9, respectively.

is only suitable when the Motion Map is used to pro-
duce a cyclic set of textures. In the case of real time
animation using the color table animation technique,
we propose a more sophisticated method.

B. Using Color Table Animation

In order to animate the ow using the color ta-
ble animation technique, we propose to compute a
so-called Multimodal Motion Map so that the scalar
data will be displayed underneath the ow. The Mul-
timodal Motion Map is computed by combining the
Motion Map with the Contextual Map, as described
below.

B.1 Principle

A Multimodal Motion Map is a Motion Map for
which the color table has been extended and divided
into a number of distinct sections, each section acting
as an independent motion map color table. Sections
may have di�erent sizes, although they are generally
the same size. Each pixel in the �nal image is assigned
a section. During the animation each section is shifted
independently, that is each pixel will be assigned all
colors of its own section subsequently. The idea of the
Multimodal Motion Map is to compute a di�erent sec-
tion, that is a di�erent set of colors, for every color in
the Contextual Map. For instance if we have a binary

image with blue and red pixels, we will build two sec-
tions: a blue ramp and a red ramp. Thus, during the
animation, pixels in blue (resp. red) in the Contextual
Map will take di�erent blue (resp. red) tones subse-
quently. The number of colors used in a Multimodal
Motion Map is limited by the physical size of a color
map. Remember that only 6 or 8 di�erent colors are
generally enough to de�ne a suitable pattern in the
Motion Map. Thus, with a standard color map of 256
colors, we can compute a 8-frames cyclic animation
with 32 di�erent colors, i.e. 32 di�erent values for the
scalar data. The Contextual Map has generally more
than 32 distinct colors though. Thus, the �rst step
of the Multimodal Motion Map computation aims at
reducing the number of colors of the Contextual Map.
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Fig. 9. Principle of the method.Contextual Map colors
are patterned instead of being painted in order to show the
merging with the Motion Map grey tints on this sheet.



The principle of the method is illustrated on Fig-
ure 9. It consists in extracting a number of base col-
ors (let us call them tones) from the Contextual Map
and generating a color ramp (let us call these colors
shades) for each tone. Each color ramp is used to �ll a
di�erent section of the Multimodal Motion Map color
table. The main treatment consists in selecting the
right set of tones and computing shades so that the
total number of colors �ts the desired size of the color
map. The algorithm is given below:

Set number of tones and number of colors per tone
Convert the Contextual Map so that it has only the desired
number of tones (quantization)

Compute a color ramp for each tone
Merge quantized Contextual Map and Motion Map into the
Multimodal Motion Map

In order to visualize the contextual information
as accurately as possible, the selection of tones and
shades should be the most representative one with
respect to the Contextual Map. We use Heckbert's
median-cut algorithm to quantize the Contextual Map
[30]. This method selects an optimal set of t colors to
code the image, maps the existing colors to the new
ones, and returns the quantized image.

B.2 Computation of Shading Sequences

The usual RGB color space provides a convenient
additive de�nition of colors. Nonetheless, the notion
of lightness is not directly represented, which prevents
from shading colors with ease. The HLS color space
better �ts our needs. It is a double hexacone, as show
on Figure 10. The angle around the vertical axis of
the hexacone represents the hue (H), lightness (L)
is represented on the vertical axis (0 for black and
1 for white), and saturation (S) is measured radially
from those vertical axis (0 to 1). The main asset of
the system is its structure since shading a tone can
be achieved by directly varying a single component:
lightness. However, the shape of the system requires
to take care when varying L. The HLS hexacone is not
uniform (colors spaced at equal perceptual distances
are not equally spaced in L) [31]. Indeed, the light-
ness range decreases as the saturation increases. The
range is null when S reaches its maximal value Smax.
In order to allow the shading for each tone, we may
extend the variation to the two other components.

Several thresholds must be set to ensure acceptable
shades for a tone, which we call Th, Tl and Ts. They
de�ne a sub-space within which the shading occurs.
Since it is not uniform, the lightness range magnitude
Lrange is set in respect to the value of S: the magni-

tude is chosen inversely proportional to the value of S.
In addition, to prevent very small magnitude (remem-
ber we stated on section III-B that patterns should be
as contrasted as possible), we compel Lrange to be a
�xed minimal range if Ts is at a distance inferior to a
certain threshold from Smax.
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Fig. 10. Left: the HLS color space. Right: an upper
section in pro�le.

With this magnitude de�nition, the range is cen-
tered on the tone color. The value of Tl does not
always permit the variation of the lightness for the
given range. Therefore, when a shade reaches a max-
imal (resp. minimal) possible value, we decrease S
and keep L as high (resp. low) as possible. This
comes down to choosing the shades on the hexacone
sides (see Figure 10). An exception must be done if
Tl is less than � far from 0 or 1 (i.e. almost white or
black tones) because neither L nor S can much vary.
In this case, we vary H over the whole hexacone. The
shades are then slightly perceptible because lightness
is extreme (very high or very low).

B.3 Maps Combination

The combination of the Contextual Map and the
Motion Map consists in generating the color map with
the computed shades and computing the new indexes
for the Multimodal Motion Map. The �rst step is
trivial, the RGB values of the shades computed at
the previous step are written in the color map, section
by section. When all sections are the same size, the
formula to compute the color index v of a pixel in the
Multimodal Motion Map, as a function of a tone index
i in the quantized Contextual Map and an index j in
the Motion Map is:

v = s� i+ j

where s is the size of a section of the color map.
Although the formula to compute v di�ers, the prin-

ciple works for sections of di�erent widths as well. In



particular, not uniform section widths allow the treat-
ment of �xed colors (for which section width is set to
1). Fixed colors correspond to regions that should
not undergo the animation (borders, obstacles, text,
captions, ...).

B.4 Real Time Animation

The Motion Map Viewer has been extended to
implement a multi-sections shifting algorithm, the
context-free case described in section IV being treated
as a particular case in which there is only one section.
The information on the structure of the Motion-Map
is encoded in the image itself. The content of the color
map is part of GIF, the number and sizes of the sec-
tions are stored in the comment part of the header
section of the GIF format.

VI. Results and Discussion

In this section we compare our approach with Spot
Noise and LIC. Sections VI-A and VI-B demonstrate
the advantages of the method described in this pa-
per by considering the qualitative and quantitative
aspects, respectively, while section VI-C shows appli-
cations of this technique to wind datasets.

A. Qualitative assessment

Here we focus on the visual quality of the anima-
tions produced by our method, as compared to other
approaches. With the Motion Map, we are able to
produce variable-speed and perfectly cyclic anima-
tions of an arbitrary number of frames, the only limit
being the actual size of the color table. Consecutive
frames are perfectly correlated together, which yields
to really smooth animations. An important feature of
this approach is that several representations of a vec-
tor �eld can be obtained with a single Motion Map,
just by changing the color table content. The con-
tent of the color table determines the appearance of
the patterns which are moving during the animation.
Particularly, using a sparse function allows to produce
particle animations, with two important advantages
over traditional particle systems: there is no need for
computing particle paths in real time since moving
the particles is achieved by shifting the color table en-
tries, and particles are uniformly distributed over the
domain at any time. Figure 11 shows three anima-
tions obtained with the same Motion Map. With the
Motion Map technique, an additional scalar �eld can
be visualized during the animation. This is a very im-
portant property because it allows precise localization
of the ow features. For instance, if a satellite image

of the physical domain is visualized underneath the
ow, one can localize the region a�ected by a cyclone.
A drawback of this approach is the necessary quanti-
zation of the scalar image. There are two arguments
in favour of our approach though. Firstly, the loss of
image quality is largely o�set by the gain provided by
animation. Second, we can assume that there is no
need for high accuracy in the scalar �eld visualization
during the animation. Hence a rough visualization of
the scalar data is generally suitable in this context.

Now let us point on the advantages of this method
over Spot Noise and LIC. It has been established that
both techniques are similar in many respects [17]. For
both methods, spatial correlation occurs along por-
tions of streamlines of approximately the same length,
which corresponds to the length of the spots and the
size of the convolution �lter kernel, respectively. This
length is usually said to be about 20 pixels. A prob-
lem is that correlating the pixels leads to a loss of con-
trast because the longer the spots (resp. the convolu-
tion mask), the lower the contrast. Moreover, in their
more successfully completed versions, as described in
[32] and [33], respectively, both Spot Noise and LIC
use a blending technique to achieve temporal correla-
tion between consecutive frames, which yields also to
a loss of image contrast. Indeed contours of the pat-
terns that move in the ow appear as blurred, thus
decreasing the spatial resolution. The consequence is
that the �nest details are not clearly visualized. With
our technique we have a full control on the contrast,
by determining the content of the color table, and
no blending is performed, each pixel being computed
separately. Last, we obtain a large and continuous
dynamic range of velocities for variable-speed anima-
tions, as shown on Figure 3, whereas the dynamic
range of animated LIC is narrow and available veloc-
ities are roughly quantized when cyclic animation is
achieved [11], [13]. An interesting issue to investigate
concerns the number of distinct velocities that the hu-
man eye is able to perceive in such a context.

Up to now we have considered using the Motion
Map technique for animating textured images. Actu-
ally it can be used to animate sparse streamline-based
images as well. Not covered pixels are assigned the
background color and the ow is moving only along
computed streamlines. Such a feature is not available
with Spot Noise and LIC because they are not based
on streamlines.



Fig. 11. Various possible color table contents for a single Motion Map. The images above have been obtained
with a single Motion Map with di�erent contents for the color table, which allows to produce various animation e�ects.
Left: sawtooth function. Middle: sinusoidal function. Right: "sparse" function.

B. Quantitative assessment

Here we focus on the computation time and mem-
ory requirements of our method, as compared to Spot
Noise and LIC. The memory necessary to store a Mo-
tion Map is the same as for a single static image of the
vector �eld. It means that we are able to store an an-
imation of the ow at the same cost as a static image,
whereas the information contained in an animation is
strongly increased because direction and magnitude
of the ow are better visualized. By comparison Spot
Noise and LIC require to store all frames separately.

The Motion Map Viewer is able to play the ani-
mation directly from the Motion Map using the color
table animation technique, thus real time animation
of the ow can be obtained even on low-end work-
stations. When a direct manipulation of the color
table is impossible, for instance in a Web browser, we
have developed a Java applet version of the Viewer,
which is able to produce a cyclic set of textures and
to encode them in an animated GIF, so that it can
be played by any common Web browser. An interest-
ing application is online visualization of vector �elds.
By publishing a Motion Map together with the applet
Viewer, an animation of the ow can be downloaded
at the cost of a static image, and visualized through
any Web browser.

The Motion Maps showed on Figures 2 left
and 4 left have a resolution of 512�512 and 900�900,
respectively. The computation times obtained on a
150MHz MIPS R4400-32Mo SGI workstation are 7
and 14 seconds, respectively. As a comparison, a sin-

gle LIC image of 512�512 with a �lter kernel of 40 pix-
els needs approximately 6 seconds to be computed on
the same machine [13], and computing an animation
with LIC requires that all frames be computed inde-
pendently, which yields 6�N seconds for a N frames
animations. The comparison goes for Spot Noise as
well.

C. Applications

We have used the Motion Map technique to visual-
ize the results of a wind simulation over Europe. The
input data are a vector �eld and a map of Europe ob-
tained from remote sensing data (see Figure 12). The
Motion Map uses 16 indexes. The original Contextual
Map was composed of 216 distinct colors, which have
been reduced to 6 by the quantization process. The
color map used for the �nal animation has 96 entries,
divided in 6 sections of 16 colors each.
Lrange can also be parameterized in order to obtain

special visualization e�ects. For instance we can set
Lrange as a function of the ow vorticity, so that re-
gions of high vorticity will be more contrasted than
the others, which would emphasize them during the
animation.
Producing a cyclic set of textures can be useful for

visualizing a vector �eld at the vicinity of a 3D object.
Figure 13 shows a visualization of the results of a wind
simulation over the Earth.

VII. Conclusion

Animation is necessary to visualize direction and
velocity of a vector �eld properly. Understanding the
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Fig. 12. Visualization of wind simulation over Europe. A vector �eld resulting from a wind simulation is animated
over a satellite view of Europe. The Contextual Map is quantized to select the best set of tones while a Motion Map is
computed from the vector �eld. Then our algorithm computes a color table composed of sections of shades corresponding
to the colors of the Quantized Motion Map, and a Multimodal Motion Map is computed, which uses that color table.
The Multimodal Motion Map is encoded in GIF and can be animated in real time with the Motion Map Viewer.

behavior of a complex dynamic system requires gen-
erally not only to visualize its dynamic features but
also additional information, such as scalar data.

The Motion Map technique is a suitable solution to
the issue of animating steady 2D vector �elds. As far
as computation time and memory requirements are
concerned, this technique proves to be as e�ective as
other techniques when they are used to compute a
single image. Moreover an additional scalar �eld can
be visualized throughout the animation. Animations
can be generated in a really eÆcient way by using
the color table animation technique, which allows to
obtain real time animation of complex vector �elds
on any low-end workstation. The compactness of the
Motion Map, together with the applet Viewer, makes
it possible to explore large vector data sets remotely,
and to visualize them through any Web browser.

Today only steady 2D vector �elds can be visual-
ized with the Motion Map technique. The principle

of using the color table animation technique prevents
from using the Motion Map for the visualization of
unsteady vector �elds. But there is probably some
potential investigation to do in the direction of visu-
alizing 3D ow �elds using a variant of this technique.
Actually computing a 3D Motion Map is not a prob-
lem but rather only a generalization of the algorithm
to the 3D case. The main issue is to visualize such an
animated 3D texture e�ectively.
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Fig. 13. Visualization of wind predictions over the
Globe. Top: the Motion Map computed from the original
vector data. Bottom: a cyclic set of correlated textures
is generated from the Motion Map and visualized at the
vicinity of a 3D model of the Earth, onto which a satellite
image has been mapped. The Motion Map is visualized
using transparency, as described in section V-A.
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