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ABSTRACT

Modern experimental and computational fluid mechanics are in-
creasingly concerned with the structure nature of fluid motion. Re-
cent research has highlighted the analysis of one transport structure
which is called Lagrangian coherent structure. However, the quan-
tity nature of the flow transport is still unclear. In this paper, we
focus on the transport characteristics of physical quantitiesand pro-
pose an approach to visualize the finite-time transport structure of
guantity advection. This is similar to an integral convolution over
a scalar field along path-lines of a flow field. Applied to a well-
chosen set of physical quantity fields this yields structures giving
insights into the dynamical processes of the underlying flow. We
demonstrate our approach on a number of test data sets.

Index Terms: 1.3.8 [Computing Methodologies]: Computer
Graphics—Applications;

1 INTRODUCTION

Transport is one dominant phenomenon during a flow process. It
describes particles or quantities moving in a flow [15]. An effective
visual analysis of flow transport is still a challenging problem in sci-
entific visualization. Although a number of promising approaches
have been introduced in recent years, it has still proved to be inher-
ently difficult to actually comprehend the important characteristics
of this complex dynamical phenomenon.

Classical approaches of dynamical analysis tend to extract the
transport features in Eulerian perspective and to track these fea-
tures along time. Features, such as physical quantities, trajectory
topologies or vortex core lines, are extracted at a certain number
of time steps. The correspondence of these features in consecutive
time steps is detected and the coherency or evolution of these fea-
tures is visualized. Though these approaches generate promising
results, the extracted features depend strongly on each static step
and they are not natural for dynamical analysis.

Advection is generally the major transport mode in a fluid which
describes the transport by the macroscopic motion of currents in
contrast to diffusion or radiation [4]. Any substance, or conserved
quantity such as dye, momentum or heat can be advected in a fluid.
For an advection process, a fluid is described mathematically as a
vector field [16, 20]. In flow visualization, Line integral convolu-
tion (LIC) is one standard technique to approach the flow advection
nature [5]. It is similar to advect a noise texture field along flow
transport trajectories and generate the motion blur of the processing
texture. This texture motion blur reflects the underling substance
concentration which figures out the geometrical distribution of the
corresponding trajectories [5, 27].

Lagrangian coherent structure (LCS) is one highlight in flow
transport analysis which identifies the transport barriers during flow
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advection [11]. Recent research has characterized LCS with the
attributes of finite-time particle trajectories (path-lines). A finite-
time Lyapunov exponent (FTLE) field is computed to describe how
much particles separate after a given interval of time. LCS is vi-
sualized from the ridges of the corresponding FTLE field. In con-
trast to traditional approaches, LCS gives a different and natural
insight into the dynamical processes of flow transport. However,
some important physical quantities are not considered and the ad-
vection characteristics of these quantities are still not clear. To geta
better understanding of intrinsic flow transport, the visual analysis
of physical quantity advection for a flow field is necessary. For this
analysis, it is not enough to investigate only the trajectories. The
corresponding physical quantities need to be included.

In this paper, we propose an approach of visualizing quantity
transport behaviors using similar idea as LIC. Instead of a noise tex-
ture, our approach convolutes a correlated physical quantity field of
interest along path-lines. This is similar to carry the physical quan-
tities along flow transport and record the advection blur of these
guantities. The result field of the convolution is different from the
original physical quantity field, since it senses the dynamical be-
havior of the quantity and it distinguishes from the traditional LIC
result while it captures the quantity characteristics of the flow field.

For a given focus time, we make a regular sampling in the spatial
domain and from each sampled point, we start a convolution with
some carefully-selected correlated physical quantity fields along
integrated path-lines. Finite-time transport structures for physical
quantities are identified by the result fields of the convolution over
a certain time, which are analyzed and visualized through apply-
ing traditional scalar field visualization techniques. These struc-
tures identify the concentration nature of the quantity advection and
present a significant different view to dynamical processes.

The rest of the paper is organized as follows. Section 2 mentions
related works in visualization of dynamical flow transport. Sec-
tion 3 recalls some ideas of flow transport visualization. Section 4
describes our approach to visualize the finite-time transport struc-
tures of quantity advection. Section 5 demonstrates our approach
on a number of test data sets. Section 6 draws conclusions and
discusses issues of future research.

2 RELATED WORKS

Many approaches have been introduced to explore dynamical flow
behaviors. Traditional work focuses on tracking the features, such
as topological features [35, 33, 9] and vortex regions [1, 2, 3, 32],
in Eulerian perspective. Quantity features during the flow processes
are typically visualized as time-varying data sets [19].

LIC, first introduced by Cabral and Leedom [5], has become
one of the standard flow visualization techniques. Rezk-Salama et
al. propose effective LIC extension to 3D flow visualization [22].
Shen etal. use LIC to synthesis dye advection in a flow to enhance
local features [27]. Stalling and Hege present significant improve-
ments in LIC performance by exploiting coherence along stream-
lines [30]. LIC has also been done with path-lines to deal with
unsteady flow [26].

There has been much work done in analyzing LCS. Early work
focuses on the study of uniformly hyperbolic path-lines [21]. Haller
has pioneered the introduction of the FTLE field to characterize
LCS [10, 14, 11]. He also proposed to identify stable and unstable
manifolds with ridge lines of FTLE fields [12]. [25] provided a
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Figure 1: Lyapunov exponent of finite-time path-line.

formal discussion of the theory of FTLE fields and LCS. [8] used
graphics hardware for the direct visualization of FTLE and [23, 7]
have proposed efficient algorithms to compute LCS. [24] compared
the LCS with the traditional vector field topologies.

As trajectories of dynamical flow advection, path-lines have been
studied and visualized frequently. [38] visualizes a number of
carefully selected path-lines to get static representations of the dy-
namical flow. [34] considers a segmentation of the flow domain
based on local properties of path-lines, while [29] generates the
asymptotic topological separation structures for periodic 2D time-
dependent vector fields. [36, 37] applied texture based visualization
approaches to capture path-line characteristics. [28] introduced an
information visualization approach to explore the correlated struc-
tures of identified path-line attributes.

3 FLOW TRANSPORT VISUALIZATION

In flow dynamics it is critically important to see the patterns con-
cerned with flow transport. However, most flow patterns are in-
visible to human perception. Flow visualization is the art of mak-
ing the underlying patterns visible. A common way is to identify
some visible distribution field related to flow motion and visualize
the specified patterns through the corresponding distribution fields.
The distribution fields are normally scalar fields either in 2D or 3D,
which could be visualized in classical visualization approaches.

3.1 Path Line Integral Convolution

Line integral convolution (LIC) is one standard technique in flow
visualization [5]. It imitates the motion blur of substance advec-
tion in a fluid whose results describe the substance concentration
due to transport behavior of the fluid [27]. Classical LIC puts
noise textures into a flow field and advects these textures along the
flow transport. A visualization of the streamline structures can be
obtained by observing the blurred result of the texture advection,
which depict the geometrical distribution of transport trajectories .

Similarly, convolution along path-lines (Path-line LIC) provides
an effective approach to uncover the dynamical information of flow
transport [26].

Given a time-dependent vector field v(x,t), x describes the spa-
tial component and t is the temporal component. We define a path-
line px, ., (t) starting at (Xo,to), in the following way

t
Pxo to (t) = Xo +/0 V(pXO,to(T)7 T+t0) dr (1)

A path-line is a function of time. It depends on the initial position
Xo, the initial time ty and the integration time t. A path-line inte-
gration can be carried out in both forward and backward direction.
In real applications, flow data is usually given in a fixed spatial and

temporal domain, which means that we could only integrate path-
lines for a finite-time. A path-line starting from (xg,tg) can be also
parameterized in the form of py, t,(S) with a specific arc length s.

Given a scalar field, Path-line LIC consists of calculating a in-
tensity value | by convoluting it along path-lines either for a fixed
time:

T
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or for a fixed length:
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where k denotes a filter kernel. T; > 0 and T, > 0 are the kernel
lengths which specify the forward integration time and backward
integration time. The integration could be restricted to one direction
by simply setting the other parameter to 0. Similarly, § > 0 and
S > 0 specify the integration arc length in forward and backward
direction.

Note, in real applications, usually the resulting intensity is nor-
malized by dividing either the total integration time or the integra-
tion arc length.

3.2 Lagrangian Coherent Structure

Lagrangian coherent structures (LCS) depict the transport barrier
structures of the underlying flow processes. It could be precisely
identified by a distribution field called finite-time Lyapunov expo-
nent (FTLE) field [11].

The traditional Lyapunov exponent quantifies the asymptotic be-
havior of infinitesimally close particles in a dynamical system [18].
The Lyapunov exponent of a finite-time path-line is a finite-time
average of the maximum expansion rate for a pair of particles ad-
vected in the flow. Consider a perturbed point X, = x4 8Xg as
shown in Fig. 1, where §xg is infinitesimal. After a time interval
t, this perturbation becomes 8, Pxo to (t) = Pyt (1) — Pro to () A
linear flow map A = Vy Py, 1 (t) is computed to characterize the
stretching gradient of the perturbation. The Maximum stretching
occurs when 8xg is chosen such that it is aligned with the eigen-
vector associated with the maximum eigenvalue of AT A. The max-
imum stretching is correspondingly the largest eigenvalue of ATA.
Through logarithm and normalization with the absolute advection
time t, the definition of FTLE comes to

.
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A FTLE field of a dynamical flow provides an effective tool for
characterizing LCS. Large FTLE values for forward advection cor-
respond to unstable manifolds while large FTLE values for back-
ward advection correspond to stable manifolds. For a FTLE field
6%0 (x), LCS are defined as ridges of the field [10].

FTLE fields are able to capture the intrinsic transport behavior
for general aperiodic systems where LCS can exist on a variety
of time scales. This mechanism of capturing transport structures
through identified attribute fields of path-lines provide a useful in-
terface to characterizing inherent dynamical behavior of a flow and
it can be extended for further analysis.

4 QUANTITY TRANSPORT STRUCTURE

Quantity transport is important and ubiquitous during a flow
process. A fundamental question in the study of both turbulent and
laminar mixing is the various transport phenomena such as material
transport, energy transport or heat transport, as well as their interac-
tions with each other. So it is important to comprehend the intrinsic
characteristics of quantity transport during flow analysis. However,



(d) (e)
Figure 2: Visualization of a steady water flow between parallel plates:
(a) Flow configuration; (b) Classical LIC visualization for U = 0; (c)
Path-line LIC over kinetic energy field for U = 0; (d) Classical LIC
visualization for U = 8m/s; (e) Path-line LIC over kinetic energy field
forU =8m/s.

Figure 3: Visualization of a dipole flow, the left column m=0.0628, the
right column m=0.628: (a,e) Classical LIC visualization; (b,f) Color
coding of kinetic energy field; (c,g) Path-line LIC over kinetic energy
field; (d,h) FTLE field.

the spatial-temporal complexity and the multi-mechanism nature
make the understanding and visual analysis of these phenomena
difficult and partially unsolved. We restrict our analysis to the ad-
vection behavior which is generally the dominant mechanism for
flow quantity transport and use the motion blur technique to illus-
trate the transport nature.

4.1 Path-line LIC over Physical Quantities

To visualize intrinsic structures of quantity advection for flow
fields, we also try to identify certain distribution fields concern-
ing of flow motion. Convolution is a powerful tool to increase
the visual depth into a complex phenomenon. It synthesizes mo-
tion blur of substance advection which provides an effective view
to flow transport. Path-line integral convolution (Path-line LIC) is
applied here to investigate the nature of dynamical transport of flow
fields. Through Path-line LIC over certain field, we record the ad-
vection distribution of this field. A key step for Path-line LIC is to
select proper quantity field for convolution. Classical approaches
convolute noise textures to generate a motion blur field for visual-
ization. However, this blurred result field after advection records
only the information of geometrical distributions of either stream-
lines or path-lines. Some characteristic physical information is not
well explored during the convolution. Instead of noise textures, we
advect quantities of interest along flow fields and observe the ad-
vection distribution of the corresponding quantities, which reveals
concentration nature of quantity transport.

A simple example is illustrated in figure 2 which describes an
analysis over a well developed 2D water flow between two paral-
lel plates. One plate is moving forward with certain velocity and
the pressure gradient is constant for the flow (figure 2 a). Thisis a
simple steady flow which can be well solved in flow dynamics [15].
Figure 2 b and d show a visualization using classical LIC approach
for two cases with different plate moving velocities. We can see
that the results are nearly the same. Geometrical distributions of
transport trajectories are not enough to identify the full view of
a dynamical behavior. The dynamical information, especially the
structure nature of quantity transport, is also important during flow
analysis. Instead of noise texture, we convolute the corresponding
kinetic energy along path-lines and visualize the result distribution
in figure 2 ¢ and d. High values of this field indicate strong kinetic
energy advections. This distribution uncovers the structures of the
kinetic energy transport of this plate flow. The asymmetry of plate
moving is clearly distinguished here.

Note that for steady flow, path-lines coincide with streamlines.
We consider simple 2D steady flow in this section to illustrate some
basic ideas.

An extension of LIC by color coding local properties [17] is used
to supplement quantity information during flow transport. How-
ever, it still records the local information instead of the dynamical
transport nature. Figure 3 shows an analysis of two dipole flow of
different volume flow rate per unit depth m[15]. The first two rows
show the comparison of the LIC visualization and color coding of
local kinetic energy. Structurally, the visualization between the two
dipoles are the same. The dynamical transport nature is not fully
uncovered with either LIC or local quantity visualization. We ap-
ply Path-line LIC over local kinetic energy field and visualize the
result distribution in figure 3 ¢ and g. The values of the convoluted
field indicate the advection magnitude and the high values point out
the concentration trend of the underlying flow advection. Here,high
values correspond to the sink area. These distributions reveal the
advection nature of kinetic energy under the flow process. The in-
herent asymmetry is clearly observed in these kinetic energy trans-
port structures. People can distinguish the two dipoles through the
difference of the kinetic energy transport structures. Figure 3 d and
h show the FTLE fields of corresponding dipoles which present the
corresponding LCS. It is interesting that the kinetic energy trans-
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Figure 4: ABC flow: (a) Path-lines of steady ABC flow with integration
time T = 10; (b) Path-lines of an unsteady ABC flow starting att =0
with integration time T = 8; (c)FTLE field of steady ABC flow [11].

port structures of dipole have some similarity with LCS appearing
in the corresponding FTLE fields.

4.2 The Algorithm

Here we formulate the algorithm to visualize the finite-time trans-
port structures for flow fields.

1. Identify the physical quantity of interest for investigation.

2. Pick up a certain time of interest and make a sampling in spa-
tial domain.

3. Integrate path-lines from the sampling points in either forward
or backward directions over a fixed time T.

4. Specify a convolution kernel and convolute the selected phys-
ical quantity field along path-lines.

5. Visualize the result field of the convolution and characterize
the corresponding flow transport structures.

This algorithm needs some remarks:

To 1, this is the most important but flexible part of our approach.
Conservative quantities should be considered to make sure the ad-
vection during the flow transport. We currently select those quan-
tities which have been well applied in flow analysis. It could be
also extended in future applications. There is no unique criteria for
the selection, since different analysis in different applications may
require different quantity fields. We provide users an interface for
the further exploration.

To 2, we try to make the sampling resolution as high as possible
to above the Nyquist frequency, however we need to balance our
computation power. During our analysis, we use an adaptive mech-
anism, if we find some interesting areas, we will zoom into that area
with a higher sampling resolution.

To 3, in our approach, we consider only finite-time path-lines.
The path-line integration is carried out in one direction within a
fixed time T. We use T > 0 for the forward integration and T < 0
for the backward integration. Our approach shares the same prob-
lem as other finite-time approaches on the setting of integration
time for path-lines. It is a tradeoff between the fact that we want
to have the path-lines to be analyzed as long as possible and the
property that most of the path-lines should be integrated over the

Momentum

Kinetic

Figure 5: Path-line LIC visulization of steady ABC flow: The left col-
umn visualizes the original quantity field; The right column visualizes
the corresponding Path-line LIC result field.

same time without leaving the domain. We have carefully set the
integration time during our applications. However, to the best of
our knowledge, there is still no guarantee of the optimization of the
integration time setting. We use 4th order Runge-Kutta integration
for the path-line integration.

To 4, we currently consider a simple box kernel [27] in our ap-
plications and restrict the analysis on the advection phenomenon of
quantity transport. Diffusion or radiation analysis may be added by
modifying the convolution kernel.

To 5, typical scalar visualization techniques can be chosen for
the visualization of convolution result fields. In this paper, standard
direct volume rendering and color coding are applied.

5 APPLICATIONS

We applied our approach to a number of data sets. In our current
applications, we consider only the physical quantities such as mo-
mentum or kinetic energy for convolution, which are well-known
for the transport in a flow. Nevertheless, we can also identify several
interesting flow transport structures from these convoluted quanti-
ties which seem to hold even for different data sets.

Throughout this paper, we use a temperature color coding to
characterize the time information along path-lines. We use the color
red, green and blue to denote the x, y and zaxis and yellow to denote
the time axis in 2D time-dependent case.

5.1 ABC Flow
Figures 4 - 7 present results of analyzing two ABC (Arnold-
Beltrami-Childress) flow fields

Asinz+Ccosy
Bsinx+ Acosz (5)
Csiny+ Bcosx

v(x,t) =

where we set A= /3,B = v2,C =1 for steady case and A =
v/3 +0.5tsin(2xt),B = v/2,C = 1 for unsteady case. This flow
describes a solution of Euler’s equation [13]. It is incompressible



Figure 6: Path-line LIC visualizations of ABC unsteady flow: The left
column visualizes the FTLE field starting at different t with different
integration time T; The middle column visualizes the corresponding
Path-line LIC convoluted field over local momentum field; The right
column visualizes the Path-line LIC convoluted field over local kinetic
energy field.

and inviscid. We consider the spatial domain D = [0, 2x]* and used
a sampling of 128 x 128 x 128. Since this field is also defined out-
side the domain, we can integrate every path-line for a full time,
even though it leaves the domain.

Figure 4 a shows some integrated path-lines for the steady ABC
field with the integration time T = 10 while figure 4 b shows some
integrated path-lines for the unsteady ABC field with the integra-
tion time T = 8. Figure 4 c is one visualization of the distribution
of the FTLE fields of the steady ABC flow [11]. The corresponding
LCS of the steady ABC flow can be visualized through this FTLE
field. The upper left of figure 5 visualizes the local momentum field.
We apply Path-line LIC over momentum and visualize the distrib-
ution in the upper right of figure 5. It is obvious to see the strong
similarity between the transport structures presented in the Path-
line LIC momentum field and the LCS. We observe that the local
maximums in FTLE field corresponds to the local minimums in the
Path-line LIC momentum field. It is not surprising that near LCS
there is usually weak momentum advection. Similarly, the lower
left of figure 5 shows the local kinetic energy field and the lower
right of figure 5 shows the Path-line LIC kinetic energy field. We
can observe the strong similarity again between the kinetic energy
transport structure and the LCS.

In figure 6 we apply our approach to the unsteady ABC field and
compared them with the classical FTLE fields. The left column of
figure 6 visualizes FTLE fields computed at timet=0and t =8
in forward and backward direction with the convolution time T =8

(c)

=0.3142

Figure 7: Path-line LIC visualization of generic fields. For each group,
the upper visualizes the original field and the lower visualizes the
corresponding Path-line LIC result. Group a and b test two random
noise field; Group c-f test a normal function field g(x,y,z) of different
frequencies f.

and T = —8. LCS can be visualized through these FTLE fields. The
corresponding distributions of Path-line LIC over momentum (mid-
dle column of figure 6) and kinetic energy (right column of figure 6)
are visualized and the transport structures uncovered by these dis-
tributions present the same strong similarity with the corresponding
LCS as the steady case.

We can see for both steady and unsteady ABC flow, either mo-
mentum or kinetic energy transport structures have significant sim-
ilarity with the LCS. It is reasonable that in this ABC case, the
flow transport is well behaved and structurally there is no difference
between material transport, momentum transport or kinetic energy
transport.

It is interesting that for ABC flow, if we apply our Path-line LIC
approach over generic fields, we may also approach the structures
which have some similarity to LCS though they have no obvious
physical meaning. In figure 7, we apply our approach to different
generic fields. Figure 7 a and b compare the results of Path-line
LIC over two random noise fields while figure 7 c-f compare the
results of Path-line LIC over g(x,y,z) = sin?(fx)sin?(fy)sin®(fz)
with different frequency f. The LCS look-like structures appear
when the dominant frequency of the generic fields approaching to
the inherent frequency of ABC flow. It turns out that the concentra-
tion of generic substance advection tends to approaching the intrin-
sic structures of flow transport and the more correlation between a
flow field and a quantity field, the better for Path-line LIC to un-
cover these intrinsic structures.



Figure 8: 2D dynamical cylinder flow: (a) Path-lines starting att =0
with integration time T =5; (b) FTLE field.

5.2 2D Time-dependent Cylinder Flow

Figure 8 and 9 present some results of analyzing a 2D time-
dependent flow behind a circular cylinder. The cylinder is put
in the origin with radius 0.5. This is an incompressible lam-
inar viscous flow [34]. The spatial domain of the data set is
[—9,49.5] x [—11,11] and it is temporal periodic flow with one
period [0,32]. We focus the consideration on the area behind the
cylinder ([0, 28] x [—3.5,3.5]) and make a sampling of 1000 x 250.
For the result in the figures, we set an integration time T = 5. Fig-
ure 8a shows a visualization of some integrated path-lines starting
att = 0. Figure 8b shows a color coding of the corresponding FTLE
field which visualizes the underlying LCS.

For the Path-line LIC, we also consider momentum and kinetic
energy here. We convolute momentum and Kinetic energy along
path-lines and visualize them using color coding in figure 9 b and
d. The original quantity fields are displayed in figure 9 a and c.
We can see that the transport structures are significantly different
from local structures. The low values of the Path-line LIC result
field indicate weak flow advections. We can observe that the center
area behind the cylinder has strong momentum or kinetic energy
advection at the beginning while it turns to weak advection as the
flow moves forward. Here we note that the momentum and kinetic
energy transport structures presented in the Path-line LIC results
have some similarities with the LCS at the areas near the location
of the circular cylinder. The similarity decreases when the flow
travels forward. This means that the momentum and kinetic energy
advection have similar transport behavior with the material advec-
tion at the early stage and these quantity transport structures diffuse
gradually as the increasing of the non advection effects during the
flow transport. Compared the two quantity transport structures, we
can also see that the momentum transport structures diffuse slower
than the kinetic energy transport structures. It is interesting to com-
pare the similarity or difference of various flow transport structures
which contributes better understanding of the complex dynamical
phenomena behind a flow.

5.3 Five Jet Flow

Figure 10 and 11 show an application of our approach on a 3D
time-dependent flow which simulates five jets flying through a do-
main [6]. The spatial domain of the data set is [0,3.81mJ® and the
temporal domain is [0,0.06s]. The inflow velocity is 100m/s. This
data set is a compressible flow data for which the FTLE fields are
not available for LCS. We focus our consideration on the center area
([0.8m, 3.01m)%) where the jets fly through and make a sampling of
100 x 100 x 100. The following result show two analysis starting
att = 0.018sand t = 0.024s with the integration time T = 0.018s
and T = 0.024s. Figure 10 a and b show some integrated path-lines
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Figure 9: Path-line LIC visualization of 2D dynamical cylinder flow:
(a) Local momentum field att = 0; (b) Path-line LIC over momentum
field starting at t = 0 with integration time T = 5; (c) Local kinetic
energy field t = 0; (d) Path-line LIC over kinetic energy field starting
att = 0 with integration time T =5.

with the integration time T = 0.024s.

The first column of figure 11 shows a Path-line LIC visualiza-
tion of the density field starting at t = 0.018s. The upper visualizes
the local density field at the starting time. The middle and lower
visualize the Path-line LIC result fields with the integration time
T =0.018sand T = 0.024s. The structures appeared in the Path-
line LIC density result show the structure nature of the mass trans-
port in the flow. The high value area of the result field indicates
the region with strong mass advection which describes the trend
of mass concentration while the low value area of the result field
indicates the region of weak mass advection and the possible sep-
aration of mass advection. We can see that these mass transport
structures present significant different information than the original
local quantity field and depend little on the integration time when
it is integrated long enough to uncover the structure. It is notable
that even in a symmetric local setting, the underlying mass trans-

Figure 10: Path-lines of five jet flow starting att = 0.018s and t =
0.024s.
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Figure 11: Path-line LIC visualization of five jet flow: The upper visualizes local density field at starting time; The middle visualizes the corre-
sponding Path-line LIC result with T = 0.018s; The lower visualizes the corresponding Path-line LIC result with T = 0.024s.

port may behave asymmetrically [15, 16]. Similarly the second
column show a Path-line LIC analysis of the density field starting
att = 0.024s. We can see again that the mass transport structures
differ significantly from local quantity structures and depend little
on the integration time. The asymmetry turns out again during the
underlying mass advection. We can also observe some coherency
between the two groups of transport structures and these structures
reflect the intrinsic transport behavior of the underlying mass ad-
vection.

In the third and fourth column of figure 11, we apply our Path-
line LIC approach to the corresponding energy field of the five jet
data set. The structures appearing in the Path-line LIC result field
figure out the underlying energy transport behavior. The high value
area of the result field indicates the trend of energy concentration
while the low value area of the result field indicates weak energy ad-
vection and the possible separation of the underlying energy advec-
tion. These energy transport structures are inherently asymmetric
though the local field is symmetric. They have some coherency and
depend weakly on the integration time. Through these structures,
we can observe the intrinsic transport behavior of the underlying
energy advection.

It is interesting to observe the difference between the mass trans-
port structures and the corresponding energy transport structures.
The visualization and comparison of different transport structures
significantly improve the understanding of the complex phenomena
of dynamical flow transport.

6 CONCLUSIONS

To getting insights into the transport behavior of dynamical
processes is still a challenging problem. Quantities or trajectories
provide separate view points towards the dynamical information.
Our approach did a trial to combine the quantity analysis and tra-
jectory analysis, and offers a higher level structure view of the dy-
namical behaviors underlying flow transport. This combination is
constructed from the convolution over physical quantity fields along
path-lines. In particular, we made the following contributions:

e We introduced an idea to convolute a correlated physical
quantity field along finite-time path-lines.

e We proposed an approach to identify the finite-time flow
transport structures for physical quantities.

o We applied our approach to a number of data sets and present
some new insights into the dynamical behaviors.

However, we are not able to achieve accuracy in both the static
information space and the dynamic information space. The obser-
vation of dynamical behaviors may come to the reduction of static
details or even loss of some information. Nevertheless, these dy-
namical information presents different intrinsic view into the trans-
port phenomena and contributes significantly to visual understand-
ing of flow dynamics. Besides, in this paper, we only focus on the



visual analysis of the underlying transport structures, the theoret-
ical analysis or proof is beyond our scope. For the future work,
we could consider the variant of convolution kernels to include the
analysis of non advection transport behaviors. For our computation,
we haven’t considered any acceleration algorithm for the convolu-
tion. It is worth doing a further acceleration for interactive applica-
tion.
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