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Abstract. The technique for visualizing topological information in fluid
flows is well known. However, when the technique is used in complex and
information rich data sets, the result will be a cluttered image which is
difficult to interpet. This paper presents a technique for the visualization
of multi-level topology in flow data sets. It provides the user with a
mechanism to visualize the topology without excessive cluttering while
maintaining the global structure of the flow.
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1 Introduction.

The importance of data visualization is clearly recognized in large scale sci-
entific computing. However, the demands imposed by modern computational
fluid dynamics(CFD) simulations severely test the limits of today’s visualization
techniques. This trend will continue as solutions to more complex problems are
desired.

A technique for the visualization of vector field topology in fluid flows was
introduced by Helman and Hesselink, [1]. It is a technique that extracts and
visualizes topological information, and combines simplicity of schematic depic-
tions with the quantitative accuracy of curves computed directly from the data.
Visualization of topology is impressive when applied to not too complex flow
fields, but in high-resolution turbulent flows problems may arise. As fluid flow
computations generate more complex and information rich data sets, the set of
computed critical points will become very large. This results in a cluttered image
which is difficult to interpet. For example, consider figure 1. The data is a 2D
slice of a 3D data set turbulent flow around a square cylinder. A set of 322 critical
points has been computed from the data. Small colored icons are used to display
the set of critical points: a yellow spiral icon denotes a focus, a blue cross denotes
a saddle point, and cyan/magenta disks denote repelling/attracting nodes. Spot
noise is used to present the global nature of the flow. Note that most critical
points are clustered in regions around the square cylinder. To prevent additional
cluttering, streamlines linking critical points have been omitted.

In this paper we present a technique for the visualization of multi-level topol-
ogy in flow data sets. The multi-level topology technique provides the user with
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Fig. 1. Topological information of turbulent flow around a square cylinder. Spot noise
is used to present the global nature of the flow.

a mechanism to select the set of critical points which define the global flow
structure.

The format of this paper is: In the next section we review previous work on
vector field topology. In section 3 discusses the multi-level topology technique.
Finally, in section 4 we show how the technique has been used to explore a
turbulent flow field.

2 Previous work

Vector field topology was introduced by Helman and Hesselink, [1]. It presents
essential information by partitioning the flow field in regions using critical points
which are linked by streamlines. Critical points are points in the flow where the
velocity magnitude is equal to zero. Each critical point is classified based on the
behavior of the flow flied in the neighborhood of the point. For this classification
the eigenvalues of the velocity gradient tensor are used. The velocity gradient
tensor — or Jacobian — is defined as:
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in which subscripts denote partial derivatives. Based on the two complex eigen-
values (R1 + ¢ I1, R2 + 4 I2), six different cases are distinguished (see
figure 2) :

1. Saddle point, the imaginary parts are zero and the real parts have opposite
signs; i.e R1 « R2 < Qand I1, I2 = 0.

2. Repelling node, imaginary parts are zero and the real parts are both positive;
ieRl, R2 > OandIl, I2 = 0.

3. Attracting node, imaginary parts are zero and the real parts are both nega-
tive; i.e R1, R2 < O and I1, I2 = Q.

4. Repelling focus, imaginary parts are non zero and the real parts are positive;
ieRl, R2 > 0Oand I1, I2#0.

5. Attracting focus, imaginary parts are non zero and the real parts are negative;
ieRl1, R2 > (Oand I1, I2#0.

6. Center point, the imaginary parts are non zero and the real part is zero; i.e
R1, R2 = Oand I1, I2 #0.

repelling node repelling focus @
saddle %

attracting node attracting focus

G

center

©

Fig. 2. Six different types of critical points.

Streamlines traced in the direction of the eigenvectors of the velocity gradient
tensor will divide the flow field in distinct regions.
Implementation aspects of this technique can be found in [2].

3 Multi-level flow topology

Phenomena in turbulent flow fields are characterized by flow patterns of widely
varying spatial scales. In terms of topological information, this means that a large
set of critical points result from flow patterns at small spatial scales. However,
the global structure of the flow can be described by a limited subset of all critical
points. The governing idea of the multi-level flow topology method is that the
displayed number of critical points should be limited to characterize only those
flow patterns of a certain level of scale, while the other critical points are omitted.

In order to realize this idea, two distinct type of methods can be employed:
implicit and explicit methods (see figure 3). Implicit methods are those that filter
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the input data set to obtain a derived data set to which the original topology
algorithm applied. Explicit methods are those which first compute the set of
critical points from the input data set and then use a filter to prune this set.

filtered

data > data

—»— topology

filtered

data —»— topology —»— topology

Fig. 3. Implicit (top) vs. explicit (bottom) methods of multi-level topology.

3.1 Implicit methods

In general, filters are used to enhance/suppress patterns in the data. For example,
a low pass filter can be used to suppress high-frequency patterns; i.e. those flow
patterns at small spatial scales.

For the images in this section, a simple box filter has been used: each dat-
apoint is replaced by an average over a small region in the orignal data. The
motivation is that the box filter is a simple low-pass filter which will average out
small scale patterns, while keeping large scale patterns intact.

Figure 4 illustrates the implicit method using a box filter. The left image
shows the set of all 322 critical points of the original data set. The middle image
shows the set of 179 critical points of the data set after being filtered with a 2x2
box filter. The right image shows the set of 40 critical points of the data set after
being filtered with a 8x8 box filter. Although the implicit method is conceptually

Fig. 4. Three views of the implicit method using a box filter. Left: original data set
(322 critical points). Middle: 2x2 box filter (179 critical points). Right: 8x8 box filter
(40 critical points).
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easy to understand and may achieve the desired effect in certain cases, a number
of drawbacks can be mentioned. Due to filtering, there is no direct relation
between critical points in the original and derived set. The position and type of
a critical point can change after the filter is applied.

3.2 Explicit methods

Explicit methods use filters which prune the set of all critical points defining
the topological structure. This is achieved by using specific knowledge about the
characteristics of the flow topology.

For this purpose, a pair distance filter has been designed. The motivation of
this filter is that an often occurring small disturbance of the flow is caused by
pairs of critical points. For example, the topological structure of a two dimen-
sional vortex consists of a focus (repelling or attracting) or a center combined
with a saddle point (see figure 5). The size of the vortex is determined by the
distance between the pair of critical points. Removing the pair from the topology
does not influence the global structure of the flow.

dist
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Fig. 5. An example of a critical point pair; a focus and saddle point forming a vortex.
The distance defines the spatial scale of the point pair.

The pair distance filter can be implemented as follows: The set of all critical
points are located and classified. Using the distance between saddles and attract-
ing/repelling nodes, a pairwise distance matrix is constructed. The pair with the
smallest distance is removed from the matrix. This is iteratively continued until
a distance threshold is reached.

Figure 6 shows the pair distance filter in practice. The left image shows the
set of all 322 critical points of the original data set. The middle image shows
the critical points of the data set after being filtered with a distance threshold
of 0.0001 = H, in which H is the height of the set, resulting in a set of 114
critical points. The right image shows the critical points of the data set after
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being filtered with a distance threshold of 0.001 * H, resulting in a set of 34
critical points.

Fig. 6. Three views of the explicit method using the pair filter. Left: original data set
(322 critical points). Middle: 0.0001 = H distance (114 critical points). Right: 0.001 * H
filter (34 critical points).

4 Direct Numerical Simulation of Turbulent Flow

4.1 Problem and Data Set

In [3], methods are discussed for direct numerical simulation (DNS) of turbulent
flow. DNS is an accurate technique for computing turbulent flow. Flow experts
use the resulting visualizations to test hypotheses about flow phenomena and —
after a detailed inspection of the animation — as a means to pose new hypotheses.
Of particular interest is the detailed visualization of vortex formation and the
transition from laminar to turbulent flow.

In this particular problem, a DNS of a turbulent flow around a square cylinder
at Re = 22,000 (at zero angle of attack) has been performed. The size of the re-
sulting data set is impressive: the resolution of the rectilinear grid is 314x538x64;
the grid was finest nearby the cylinder. The number of time steps saved on disk
are 7500.

4.2 Results

Figure 7 shows view of the flow. This is the same 2D slice as in figure 1. The
pair distance filter is used with a distance threshold of 0.001 * H, in which H
is the height of the data set. Now, streamlines can be drawn without excessive
cluttering of the image while, simultaneously, maintaining the the global struc-
ture of the flow. Note, for example, the large vortex (consisting of a saddle and
attracting node) behind the square cylinder.

Figure 8 shows a zoomed in view of the previous image. The distance thresh-
old for the pair distance filter is adjusted to reflect structures at a smaller scale.
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Fig. 7. A view of global flow structure around a square cylinder. The pair distance
filter is used with a distance of 0.001 * H.

4.3 Evaluation

This application clearly benefits from the added value of the multi-level flow
topology technique, [4]. The data set contains an abundance of detailed infor-
mation. Using traditional topology visualization methods on these data sets,
excessive cluttering can not be avoided. With the multi-level approach, simpli-
fied views of the topology can be obtained without cluttering.

The multi-level topology method has been parallelized, so that interactive
rates can be obtained. The interactive multi-level topology method can be used
combination with interactive spot noise [5] to realize real-time animation of the
time-dependent field and interactive zooming into details one time step.

In the near future DNS can be applied to flows with a Reynolds number in
the order of 10°. The increased size and detailed information in the resulting
data sets will require multi-level flow visualization technique.

5 Conclusion

In this paper, a technique for the visualization of multi-level topology in flow data
sets was presented. It provides the user with a mechanism to visualize the topol-
ogy without excessive cluttering while maintaining the global structure of the
flow. Two methods have been introduced. Implicit methods can be used to filter
data in order to suppress flow patterns at small spatial scales. Explicit methods
can be used to prune a set of critical points, making use of specific knowledge
about characteristics of the flow topology. The technique has been succesfully
applied to a complex data set resulting from a direct numerical simulation.
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Fig. 8. A zoomed in view of flow topology around a square cylinder. The pair distance
filter is used with a distance of 0.0002 * H.

In the future, two enhancements to the explicit method are envisioned. First,
filtering will take not only distance information between critical points into ac-
count, but also topological information about the computed links (i.e. stream-
lines) between the critical point pairs. Second, temporal information about crit-
ical points can be used. Due to flow patterns at small temporal scales, the exis-
tance of a critical point may vary over time. By tracking the critical points over
time, the lifetime of a point can be determined. The threshold metric can be the
minimum lifetime of a critical point.
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