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Abstract

This paper presents an algorithm, UFLIC (Unsteady Flow LIC), to
visualizevector datain unsteady flow fields. Usingthe LineIntegral
Convolution (LIC) as the underlying method, a new convolution
algorithm is proposed that can effectively trace the flow’s global
features over time. The new algorithm consists of a time-accurate
value depositing scheme and a successive feed-forward method.
The value depositing schemeaccurately modelsthe flow advection,
and the successive feed-forward method maintains the coherence
between animation frames. Our new agorithm can produce
time-accurate, highly coherent flow animations to highlight global
features in unsteady flow fields. CFD scientists, for the first time,
are able to visualize unsteady surface flows using our algorithm.
CR Categories and Subject Descriptors: 1.3.3 [Computer
Graphics]: Picture/lmage Generation ; 1.3.6 [Computer Graphics]:
Methodology and Techniques; 1.4.3 [Image Processing]: Enhance-
ment.

Additional Keywords: flow visualization, vector field visualiza-
tion, image convolution, line integral convolution, flow animation,
unsteady flows, surface flows, texture synthesis.

1 Introduction

Vector field dataarise from computer simulationsin avariety of dis-
ciplines such as computational fluid dynamics (CFD), global cli-
mate modeling, and electromagnetism. Visualizing these vector
data effectively is a challenging problem due to the difficulties in
finding suitable graphical icons to represent and display vectors
on two-dimensional computer displays. Presently, new challenges
emerge as time-dependent simulations become ubiquitous. These
simulations produce large-scale solutions of multiple time steps,
which carry complex dynamic information about the underlying
simulation model. To visualize these time-varying data, two types
of methodsare generally used. One may bereferred to astheinstan-
taneous method where calculations are based on an instance of the
datafield in time. Examples are streamlines and vector plots. The
other method is the time-dependent method which can better char-
acterize the evolution of the flow field by continuously tracking the
visualization results over time. Examples are streaklines and path-
lines computed from unsteady flow data [4, 5].

This paper presents atime-dependent method for visualizing vec-
tor data in unsteady flow fields. Using the Line Integral Convolu-
tion (LIC) [1] as the underlying method, we propose a new con-
volution algorithm, called UFLIC (Unsteady Flow LIC), to accu-
rately model the unsteady flow advection. The Line Integral Con-
volution method, originally proposed by Cabral and Leedom, is a
visualization technique that synthesizes textures based on the vec-
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tor data input to characterize the flow field’s global features. While
thismethod is effective, it is primarily for steady flow data. Forssell
and Cohen [2] propose an extension using astreakline convolution
for the time-varying vector field. However, several problems as-
sociated with the algorithm, such as obscure coherence within and
among the output image frames and less accurate temporal manipu-
lation, greatly limit its effectivenessin practice. A detailed analysis
of their algorithm is provided in the next section. In our algorithm,
we propose a time-accurate value depositing scheme and a succes-
sive feed-forward method to perform the line integral convolution.
By progressively updating the visualization resultsin time, UFLIC
can produce highly coherent animation frames and accurately trace
the dynamic flow movement. The main contribution of thiswork is
to provide atime-accurate global visualization techniqueto analyze
unsteady flow data.

We begin this paper by giving an overview of the LIC method.
Next, we describe and analyze Forssell and Cohen’s algorithm for
unsteady flows. We then present our UFLIC algorithm. We con-
cludethis paper by presenting results of applying our method to sev-
eral unsteady flow data setsfrom CFD simulations.

2 Background and Related Work

In this section, we briefly review the LIC method proposed by
Cabral and Leedom [1]. We then describe and analyze the method
proposed by Forssell and Cohen [2] for unsteady flow field data.

2.1 Line Integral Convolution

The Line Integral Convolution method is a texture synthesis tech-
niquethat can be used to visualize vector field data. Taking a vector
field and awhite noise image as the input, the algorithm usesa low
passfilter to perform one-dimensional convolution on the noiseim-
age. The convolution kernel follows the paths of streamlines origi-
nating from each pixel in both positive and negative directions. As
a result, the output intensity values of the LIC pixels along each
streamline are strongly correlated so the global features of the flow
field can be easily visualized. To perform the convolution, different
periodic filter kernels can be used. Examplesare the Hanning filter
[1] and the box filter [8][7].

Recently, several extensionsto the original LIC algorithm have
been proposed. Forssell and Cohen [2] adapt the LIC method for
curvilinear grid data. Stalling and Hege[8] propose an efficient con-
volution method to speed up the LIC computation. Shen, Johnson,
andMa[7] combinedye advectionwith three dimensional LIC tovi-
sualize global and local flow features at the same time. Okada and
Kao [6] use post-filtering techniquesto sharpen the LIC output and
highlight flow features such as flow separations and reattachments.
Recently, Kiu and Banks [3] propose using multi-frequency noise

! Asdescribedin their paper. However, in astrict sense, their convolution
follows pathlines of advected particles.
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Figure 1: Uncorrelated valuesof A and B

input for L1C to enhancethe contrasts among regionswith different
velocity magnitudes.

The texture outputs from the Line Integral Convolution method
provide an excellent visual representation of the flow field. Thisef-
fectiveness generally comesfrom two types of coherence. Thefirst
is spatial coherence, which is used to highlight the flow lines of the
field in the output image. The LIC method establishes this coher-
ence by correlating the pixel values along a streamline as the resullt
of the line integral convolution. The second type of coherenceis
temporal coherence. This coherenceis required for animating the
flow motion. The LIC method achievesthis temporal coherence by
shifting thefilter phaseusedin the convolution so that the convolved
noise texture can periodically move along the streamlinesin time.

2.2 Line Integral Convolution for Unsteady Flows

The LIC technique proposed originally is primarily for visualizing
datain steady flow fields. To visualize unsteady flow data, Forssell
and Cohen propose an extension [2]. In contrast with convolving
streamlines in the steady flow field, the algorithm convolves for-
ward and backward pathlines originated from each pixel at every
time step. A pathline is the path that a particle travels through the
unsteady flow field in time. To animate the flow motion, the algo-
rithm shifts the filter's phase at every time step to generate the ani-
mation sequence.

Forssell and Cohen’s algorithm for visualizing unsteady flows
has several problems. First, their algorithm does not establish clear
spatial coherence. To explain this, in Figure 1 a pathline P; that
starts from pixel A attime 73 and passesthrough pixel B attime 75
is the convolution path for pixel A. Similarly, pathline P, starting
from B at time 71 is the convolution path for pixel B. Since path-
lines P; and P, passthrough B at different times (7> and 73, re-
spectively), they have different traces. Asaresult, convolution val-
uesof A and B are uncorrelated becausetwo different sets of pixel
valuesare used. Hence, no spatial coherenceis establishedin either
pathline P; or P,. In Forssell and Cohen’s paper, it is mentioned
that flow lines in the output images become ambiguous when the
convolution window is set too wide. The problem mentioned here
can explain this phenomenon.

Thesecond problem of the algorithmisthat the convolutionvalue
of each pixel at any giventime isderived from amixture of past and
future flow information. For instance, in Figure 1, pathline P; start-
ing from A does not reach B until 7>. However, in the algorithm,
B’spixel valueisincludedin the convolution of pixel A attimeT? .
This mixture implies that the convolution result at any given time
can be influenced by what will happen in the future, which is un-
physical.

Thethird problem of the algorithm isthat the temporal coherence
in the unsteady flow field is difficult to establish by using the phase-
shift method. Thisisbecausethe pathlinesfrom the same seed point
vary over time unlessthe flow isrelatively steady. Therefore, in the
algorithm the same filter with shifted phasesis applied to different
convolution paths. However, the effectiveness of using the phase-
shift method to create artificial motion effects mainly relies on the
fact that the convolutionis applied to the same path over time. Asa
result, thetemporal coherencebetween consecutiveframesto repre-
sent the flow motion using this phase-shift method becomes rather
obscurefor unsteady flow data.

Another problem isthe lack of accurate time stepping in Forssell
and Cohen’smethod. In the algorithm, thetime variablein the path-
lineintegration advancesonly when the particle crosses cell bound-
aries. This approximation greatly sacrifices the time accuracy be-
causeit is the step size in the numeric integration and the physical
velocity, instead of the grid geometry, which determinethe advance-
ment of time. This assumption posesamgjor drawback of the algo-
rithm becausetime accuracy is crucial in analyzing time-dependent
flow data.

Dueto the above problems, the effectiveness of Forssell and Co-
hen’salgorithm is greatly limited. In the following section, we pro-
pose anew algorithm for visualizing unsteady flow fields. The new
algorithm consists of a time-accurate value depositing scheme and
a successive feed-forward method. Our algorithm provides a time
accurate, highly coherent solution to highlight dynamic global fea-
tures in unsteady flow fields.

3 Algorithm

In this section, we present anew convolution algorithm, UFLIC, for
visualizing unsteady flows. First, we present a time-accurate value
depositing scheme. Next, we discuss a successive feed-forward
method. The combination of these two techniques can provide ef-
fective spatial and temporal coherence for tracking dynamic flow
features.

3.1 Time-Accurate Value Depositing

The convolutionmethod proposed originally by Cabral and Leedom
[1] uses a value gathering scheme. In this algorithm, each pixel in
the field travels in both positive and negative streamline directions
to gather pixel values and compute the convolution. Stalling and
Hege [8] propose a different approach for speeding up the compu-
tation. Rather than gathering, each pixel deposits its value along
the streamlines. To compute the convolution, values deposited at
each pixel are collected to perform theintegration. Thismethod can
be referred to as a value depositing scheme. For steady state vec-
tor fields, value gathering and value depositing are equivalent. For
time-varying vector fields, value gathering and value depositing can
producedifferent results when the convolution of astreamlineis ex-
tended to the pathline. To illustrate this, againin Figure 1, the path-
line starting from pixel A to pixel B enables B to receive a con-
tribution from A if the depositing schemeis used. However, when
using the gathering scheme, B does not gather A’s value because
the pathline P2 starting from B at 77 does not pass A. To accu-
rately reflect the physical phenomenain unsteady flow fields, value
depositing is superior to value gathering. Thisis because value de-
positing by nature correspondsto flow advection. Ontheother hand,
the value gathering scheme, asthe one used in Forssell and Cohen’s
algorithm, possessesseveral difficulties as we discussedin the pre-
vious section.

We propose a new algorithm to compute the line integral convo-
lution for unsteady flows. In the algorithm, we use a time-accurate
value depositing scheme, which incorporates time into the convolu-
tion, to simulate the flow advection in unsteady fields. Our deposit



schemeworksasfollows. Asinthe original LIC algorithm, initially
awhite noiseimage is used astheinput texture. To “smear” thisin-
put texture, each pixel in the field serves as a seed point to advect
forwards following the pathline direction. The pathline can be de-
fined as:

t+ At
p(t + At) = p(t) +/ v(p(t), t)dt

where p(t) isthe position of the particle at time ¢, p(t + At) isthe
new position after time At, and v(p(t), t) isthevelocity of the par-
ticle at p(¢) at time ¢. The Runge-Kutta second or fourth order nu-
meric integration schemecan be used to evaluatethe above equation
and generate particle traces. At eachintegration step, the seed point
depositsatriplet (v, w, 7) at the pixel wherethe particleiscurrently
located. v is the input texture value of the seed pixel, w is the arc
length used to normalize v, and r isthe physical time at the current
integration step. Assumingthat the seed pixel’svalueis V', thepath-
line starts from the seed pixel at physical time Ty, the:'" integration
step sizeis At;, then at step nn, the physical timeiis:

Tn =10+ iAti
=1

The deposited weight w is the distance between the particle loca-
tions in the current and previous integration steps:

wi = [p(Tu=1)p(To) |

The deposited pixel valuev is:

v, =V
And the depositedtime r is:

™ =1n

For each seed pixel, thedistancethat its pathline cantravel isdefined
asthe convolution length. We determine this convolutionlength in-
directly by specifying aperiod of physical time asthe pathline'slife
span. Thislife spanisaglobal property that we usefor all the path-
linesin the convolution. The advantageof usingthis global life span
to control the convolutionlength isthat thelengths of different path-
lines can be automatically scaled to be proportional to the velocity
magnitudes, which is a desirable effect as described in [1, 2]. Itis
worth mentioning that in our method, each pixel depositsits value
along only the forward pathline direction but not the backward di-
rection. This is because the backward depositing does not corre-
spond to actual physical phenomenain practice (flows do not advect
backwards). In addition, the symmetry issue mentioned in [1] does
not appear as a problem in our unsteady flow animations.

To receive the deposits, each pixel keepsa“bucket” which stores
depositsfrom different seedsat different time. In Figure 2(a), pixels
A, B, and C have pathlines stepping through C'. Asaresult, C' has
adeposit from each source as shown in Figure 2(b).

To compute the convolution frame at time 7', we integrate only
the depositsthat are made at or before T'. These correspond to de-

posit triplets (z/',w', r') that have time-stamp = smaller than 7.
For each pixel (z, y), the convolution result C'(z, y) can be com-
puted using the formula:

C(z,y) = Z(VI *wl)/z W
< <7

where triplets (z/', w , r') were deposited to pixel (z, y)’s bucket,
and the deposited pixel values v are normalized by weights w'.
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Figure 2: Time-Accurate Value Deposit Scheme

Once the convolution is completed, the used deposits are discarded
from the bucket.

In our algorithm, the above convolution process is repeated at
each time step. However, values of time-stamps in the deposit
triplets, determined by the step sizes of pathline integration, can be
real numbers anywhere in the time interval of the simulation’s en-
tire course. Therefore, when computing the convolution, we need
to integrate any deposit that has a time-stamp between the physical
time in the current and the previous step. This explainswhy the de-
positswith time-stamp valuessmaller than the current physical time
should be selected.

Our value depositing scheme provides a time-accurate model
simulating the flow advectionto create spatial coherencein the out-
put texture. In the next section, we describe the processthat succes-
sively transports the convolution results over time to maintain the
temporal coherencefor visualizing unsteady flows.

3.2 Successive Feed-Forward

As mentioned previously, we define a time-dependent method as
one that progressively tracks the visualization results over time. In
this section, we propose a time-dependent process, called Succes-
sive Feed-Forward, which is combined with the value depositing
schemeto create temporal coherence. Our algorithm works as fol-
lows. Initialy, the input to our convolution algorithm is a regular
white noise texture. Our value depositing scheme advects and con-
volves the noise texture to obtain the convolution result at the first
time step. For the subsequent convolutions, instead of using the
noisetexture again, we usethe output from the previousconvolution
asthe input texture. This input texture, showing patterns that have
been formed by previous steps of the flow field, is then further ad-
vected. Asaresult, the output frames in consecutivetime steps are
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Figure 3: Algorithm Flowchart

highly coherent becausethe flow texture is continuously convolved
and advected throughout space and time.

An important issue for the successive feed-forward method that
must be addressed stems from the fact that the line integral convo-
lution method in general, or our value depositing scheme in partic-
ular, is a process of low-pass filtering. This low-pass filtering can
gradually reduce contrasts among flow lines when repeatedly being
applied to the input texture over time. This would cause problems
if onetries to visualize a long sequence of unsteady flow data. To
correct this problem, we apply a high-passfilter (HPF) to the input
texture, which is the result from the previous convolution, beforeiit
is used by the value depositing scheme at the next step. This high-
pass filter can enhance the flow lines and maintain the contrast in
the input texture so the value depositing scheme can produce im-
ages with restored contrast and clearer flow traces. Figure 3 gives
an overview of our entire algorithm.

The high-passfilter used in our method is a Laplacian operator.
A two-dimensional Laplacian can bewritten asa 3 x 3 mask:

1 1 1
1 -8 1
1 1 1

The result computed from the mask does not have exclusively pos-
itive value. In order to display the result, acommon technique used
in digital image processing applicationsis to subtract the Laplacian
resultsfromtheoriginal image. Thefilter mask of overall operations
of Laplacian and subtraction can be derived as:

-1 -1 -1 0 0 O 1 1 1
HPF=|-1 9 —-1|=|0 1 0|—-|1 =8 1
-1 -1 -1 0 0 O 1 1 1

For flow datain three dimensional space, this filter needsto be
extended to three dimensions.

4 Results and Discussions

We have used UFLIC to visualize surface flow data from several
CFD simulations. CFD scientists, for the first time, are able to vi-
sualize unsteady surface flows using our method. In this section,
we show snapshotsfrom animations of the surface flows, which are
shown in the accompanying video.

Thefirst exampleis atwo-dimensional flow simulation with dy-
namic vortices. Thereare three vorticesin the flow. Figure 4 shows
asnapshotin asequenceof thesurfaceflow evolvingover time. The
simulation has two vortices orbiting clockwise around the central

Figure8: A snapshot of the surfaceflow on adeltawing at 30 degree
angleof attack. The flow isrelatively steady along the center of the
wing body.

vortex, which spirals counterclockwise. Thesethree vortices gener-
atewell-defined flow lines. In thevideo, the spiraling of the vortices
isvery dramatic.

Figure 5 shows the same time step as shown in Figure 4, except
the flow pattern is now color-mapped by the velocity magnitude.
Near the center of each vortex, the velocity is high, asillustrated in
thefigure. A disadvantageof combining color contourswith surface
flow patternsisthat the color contourstend to appear more visually
dominant than the flow patterns, and one needsto pay closer atten-
tion to see the surface flow patterns.

Figure 6 shows a time series of unsteady two-dimensional flow
over an oscillating airfoil. The airfoil, which is colored in black,
pitches down and then up eleven degrees. Images from left to right
show the formation of the primary vortex spiraling clockwiseabove
theairfoil, and acounterclockwisesecondary vortex forming behind
thetrailing edge of the airfoil. Astheairfoil pitches up and the sec-
ondary vortex gains strength, the primary vortex is separated from
the airfail.

Figure 7 shows the same time series as in Figure 6, except the
flow is now colored by velocity magnitude contours. Again, the
color contours seem to dominate more visually. However, the color
contours also add additional insight to the physical phenomena of
the flow. For example, the velocity was high near the leading edge
of theairfail at first. Then, asthe airfoil pitches down first and then
up, thevelocity decreasesalong the leading edge and increases near
the trailing edge. This gives strength to the secondary vortex near
the trailing edge.

Unsteady surface flows are very useful in detecting flow separa-
tions and reattachments. Figure 8 shows surface flow over a delta
wing at 30 degree angle of attack. Figure9 isaclose-upview of the
deltawing. Theimage revealstheflow separation and reattachment
lines along the leading edge of the deltawing. These flow features
are even clearer in the video.

Finally, Figure 10 shows surface flow over a vertical tail of a
twin-tailed F18 fighter aircraft at high-angle-of-attack. The aero-
dynamic load on the fighter aircraft was simulated. During high-
angle-of-attack, the flow surrounding the vertical tail of the aircraft
becomes highly unsteady, and bursting of vortices near the leading
edgeof thetail becomesvery frequent. Theimage showsa snapshot
of the surface flow that results from the highly unsteady flow.

Some observations can be made regarding visualizing surface



Figure9: A close-up of the deltawing reveals flow separationsand
reattachments along the leading edge of the wing.

flows using our algorithm. Blurriness may occur in regions where
the direction of the flow is changing rapidly. It may also occur at
flow separation and reattachment locations. Unlikethe surface flow
patterns generated from regular LIC, the flow lines generated us-
ing our unsteady L1C may have different linewidths. This can be
attributed to changesin the velocity magnitude and the flow direc-
tion. Regionswherethe flowsarerelatively steady or diverging tend
to exhibit thicker flow lines. Since the surface flow pattern is dis-
played using texture mapping, aliasing effects are visible at differ-
ent viewing resolutions. In our algorithm, we have not applied any
anti-aliasing techniquesto the result images.

5 Conclusions and Future Work

We have presented UFLIC, an Unsteady Flow Line Integral Con-
volution algorithm, for visualizing vector data in unsteady flow
fields. Using the time-accurate value deposit scheme and the suc-
cessive feed-forward method, our new convolution algorithm can
accurately model theflow advectionand create highly coherent flow
animations. The results from several case studies using our algo-
rithm have shown that the new techniqueis very effectivein captur-
ing dynamic features in unsteady flow fields.

Future work includes adapting the acceleration technique pro-
posed in [8] into our unsteady flow algorithm and applying our
method to 3D data sets. In addition, we would like to compare our
unsteady LIC method with the Spot Noise technique introduced by
van Wijk [9]. Spot Noise is an effective method for creating flow
texture patterns. Thefinal textureimage quality is based on the dis-
tribution and the shape of spots. Recently, de Leeuw and van Wijk
[10] enhanced the spot noise technique by bending spots based on
local stream surfaces. The objective is to produce more accurate
flow texture patterns near flow regions with high curvature. To ex-
tend the spot noisetechniquefor unsteady flows, there are afew key
issuesto be resolved. For instance, as spots are advected over time
the distribution of the spots can change rapidly. A challengeisto
maintain the coherence of the spots over time. Another considera-
tion is that spot bending assumesthe flow is steady over the local
stream surfaces; however, for unsteady flows this assumption may
not be true. We plan to look into these issues.

Figure 10: Surface flow over a vertical tail of a twin-tailed F18
fighter aircraft at high-angle-of-attack. The flow is highly unsteady
and vortex bursting is frequent near the leading edge of the tail.
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