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Abstract

Vortices are features crucial for understanding transitional and turbulent flow fields, and have often been vi-
sualized using isosurfaces, hulls, and line-like structures. However, they have not been represented in a non-
photorealistic manner that intuitively reflects their local characteristics. We introduce a novel visualization method
that represents these features as illustrative vortex cores, and show how this illustrative method clearly depicts
vortex properties such as direction, rotational strength, spatial extension, and underlying flow behavior simultane-
ously, in a fashion superior to standard visualization approaches. Our non-photorealistic visualizations leverage
the axis and rotational properties of a vortex detector to depict the direction and the rotational strength of vor-
tices, respectively. Furthermore, we extract flow behavior in the vicinity of the vortex cores to provide context for
the vortices that we extract. We demonstrate the efficacy of our illustrative vortex extraction framework in two

commonly used data sets by showing how they characterize the properties of the examined flow fields.

Categories and Subject Descriptors (according to ACM CCS):

Computer Graphics [1.3.8]: Applications—

Picture/Image Generation [1.3.3]: Line and curve generation—

1. Introduction

Extracting and visualizing vortices in flow fields is an im-
portant problem in flow field analysis, as they are crucial for
the study of fluid dynamics and mixing. There exist multiple
definitions of vortices based on various properties [JMTO05],
and they are often represented using surfaces, lines, or
hulls. While there are illustrative methods in the flow liter-
ature [JL97,LS07, EBRI0O9, BWF*10,JR05, HGH* 10], there
is a lack of published approaches that apply these intuitive,
non-photorealistic depictions to portray vortex cores’ math-
ematical traits. For this purpose, we introduce an illustrative,
line-based extraction method that depicts the directional, ro-
tational, spatial, and flow-related properties of vortices in a
more transparent manner compared to standard vortex visu-
alization approaches.

The initial step of our illustrative vortex extraction frame-
work requires a criterion that encodes rotational and di-
rectional properties of vortices. We use a kinematic detec-
tor known as the “corotation of line segments” or “coro-
tation” [KMS10]. We pair this criterion with a predictor-
corrector approach [BS95, SREO5] to extract vortex core
lines, each with spatial extent represented by a vortex hull,
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and extend this approach by using illustrative rendering
techniques. We depict ribbons to visualize vortex rotational
strength and vortex direction, and we scale each ribbon
based on the vortex hull size. Furthermore, we render il-
lustrative flow lines in the vicinity of each vortex to depict
complex flow behaviors underneath a vortex’s surface. The
research contributions provided by our extraction and visu-
alization framework are:

e An application of illustrative rendering techniques to vor-
tex extraction

e A novel illustration of vortex characteristics such as rota-
tional strength, direction, and extent

e A delineation of flow information to provide context for
each vortex

Vortex detection and illustrative flow rendering are intro-
duced in Section 2. Our methods are explained in Sections 3,
and their corresponding results are shown in Section 4. Fu-
ture research possibilities are covered in Section 5.

delivered by

www.eg.org

-G EUROGRAPHICS
: DIGITAL LIBRARY

diglib.eg.org



http://www.eg.org
http://diglib.eg.org
http://dx.doi.org/10.2312/PE.EuroVisShort.EuroVisShort2013.061-065

62 S. Shafii & H. Obermaier & V. Koldr & M. Hlawitschka & C. Garth & B. Hamann & K. I. Joy / Illustrative Rendering of Vortex Cores

2. Background

There exists a wealth of region-type and line-based vortex-
detection techniques that allows one to extract and visualize
vortices. Region-type techniques are typically based on lo-
cal operators such as the Q [HWMSS], A [Dal83, VKM83],
A2 [JH95], and residual vorticity [Kol07, KMS10] criteria.
Line-based techniques extract global vortex features depen-
dent on the directional component of vortices, including
the parallel vectors operator and similar methods [SH9S5,
FPH*08], predictor-corrector [BS95], and ridge or valley
line methods [SWHO05, SWTHO7]. A summary of vortex de-
tection methods is provided by Jiang et al. [JMTOS5]. Vor-
tices are discussed in the context of feature extraction and
tracking by Post ef al. [PVH*03], and analyzed by [SPP04,
SPS06].

We extract vortex core lines and hulls by adapting a
predictor-corrector technique [SWE06, SVG*08, BSER09]
devised by Stegmaier et al. [SREO5] Our predictor-corrector
adaptation is paired with corotation (i.e., planar residual vor-
ticity associated with local “rigid-body rotation”) and related
vectors [KMS10]. We use points that have positive (strong)
corotation values and that are local maxima as seeds for
vortex core line integration. Our algorithm integrates vor-
tex core lines based on corotation orientation vectors, and
corrects each point of integration to maximize the corota-
tion value in the plane perpendicular to the integration direc-
tion. By using sampling rays at each integration point, one
can measure the radial extents of the region that the vortex
core line exists inside of, and measure cross-sectional areas
of the region to determine if the area is too small for inte-
gration. Vortex cross sections can be used recreate the vor-
tex regions as hulls using a discrete Fourier series as spec-
ified by [SREOS5]. Since these types of hulls could experi-
ence self-intersections, we recreate smoother versions using
metaball surfaces [Bli82] based on the average radial values
associated with each cross section [SOL*13]. In general, any
line-based extraction approach that encodes vortex rotation
strength, extent, and direction would be suitable for this fea-
ture extraction phase.

While it is simple to create vortex core lines to por-
tray vortex axes, vortex core hulls to indicate vortex ex-
tent [JMTOS5], and line integral convolution (LIC) [CL93]
surfaces to depict flow [SWEO0G6], there is a limited appli-
cation of illustrative techniques that expand on these repre-
sentations. There are many examples where illustrative ren-
dering methods are used to represent general flow informa-
tion [BCP*12], such as uniformly spaced streamlines for
2D [JL97] or 3D flows [LSO7]. While the latter method pro-
duces appealing results in our data sets, its dependence on
the view requires an integration of streamlines whenever the
view is changed, which can slow down interactivity.

Everts et al. [EBRIO9] introduced an alternative line-
rendering technique that uses view-dependent halos around
streamlines and other methods to efficiently visualize a

Figure 1: Example of wing-bound vortices related to lift ex-
perienced by a wing, courtesy of [DSFJ00]. This illustration
effectively depicts standard vortex properties such as rota-
tion, axis of orientation, and extent, together with a visual
indicator regarding the inflow of air.

dense rendering of streamlines. We chose to render illustra-
tive tubes in the vicinity of the vortex cores, as they can
be densely packed due to their thickness, and can be de-
lineated using silhouette-rendering. There are also methods
that extract illustrative stream surfaces, ribbon-like “cuts”
or “slabs,” as demonstrated by Hummel et al. [HGH*10],
Born et al. [BWF*10], and Edmunds et al. [ELM*12]. In our
work, we use illustrative ribbons with arrow-heads to effec-
tively display rotational behaviors of vortex core lines, and
we orient them according to vortex directions.

3. Illustrative Rendering of Vortex Cores

We list the following fundamental vortex properties that are
used to develop our illustrative rendering techniques, many
of which have been defined by vortex detectors:

e Mathematical vortex descriptors:

— Rotational strength, such as residual vorticity [Kol07,
KMS10]

— Axis of orientation, such as vorticity direc-
tion [SREO5]

— Region of extent, often represented by hulls [SREOS,
SWEO06, BSER09]

e Contextual flow information [JL97,LS07, EBRI09]

In the literature, illustrations such as the one shown in Fig-
ure 1 are examples of intuitive portrayals that encode some
of the vortex properties listed above. Rotational strength in-
dicators allow one to isolate strong or weak regions inside a
vortex. The axis of orientation and region of extent proper-
ties reflect directional and hull-like properties of vortices, al-
lowing one to represent them as global turbulent features in-
side of a data set. Since vortices may often exist in steady ro-
tational flow or in strong translational flow, it is necessary to
visualize flow information in the region corresponding to the
vortex. An example of how our approach typifies the above
aspects is shown in Figure 2, where we show that typical vi-

sualizations fail to depict the same quantity of information.
(© The Eurographics Association 2013.
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(a) Line.

(b) Hull.

(c) Mlustra-
tive.

Figure 2: Visualization of vortex core behavior with
standard methods, shown in 2(a) (vortex core line)
and 2(b) (vortex core hull with LIC and shading developed
by [GGSCY8]), and our illustrative approach, shown in 2(c).
The hull only indicates direction, extent, and tangential
flow. The illustrative approach depicts rotational strength
(weak: broken ribbons, strong: continuous ribbons) of sam-
ple points relative to the entire vortex, and extent via the
sizes of the ribbons. Arrow heads indicate rotational direc-
tion, and the flow tubes produce a compact visualization of
vortex flow information beyond tangential surface velocities.

3.1. Illustrative Ribbons

To represent the basic mathematical properties of our vor-
tices, we construct illustrative ribbons that provide a natural
visualization of each vortex’s rotational strength, axis of ro-
tation, and extent, as seen in Figure 2(c).

We first create circular line strips spaced evenly along a
vortex core line, and extend them into ribbons using a geom-
etry shader. Since a vortex core line direction might change
abruptly from point to point, the axis of orientation of each
line strip is the average of the vortex core line’s segment
that corresponds to the ribbon’s origin, and the neighboring
segments that are ahead and behind that segment. When the
segment is at the beginning or end of the vortex core line,
the neighboring segment after or before the segment is used
for averaging, respectively.

The radius of the line strip corresponds to the vortex hull’s
average radius at the ribbon’s origin, and encodes spatial ex-
tent. If the interpolated residual vorticity magnitude at the
ribbon’s origin is weak relative to the maximum scalar value
along the vortex core line, the line strip will be broken into
smaller portions in the geometry shader to intuitively convey
relative rotational speed. A line strip with larger or complete
portions indicates that the scalar value is high relative to the
maximum. Thus, a ribbon with ten segments corresponds to
a smaller rotational value relative to a ribbon with five, two
or one segment. The size of the ribbons, along with their
representation as dashed segments, allow us to qualitatively
visualize the region containing the vortices and rotational
strength attributes, respectively.

(© The Eurographics Association 2013.

The circular line strips also contain a one-dimensional
texture coordinate that indicates how far a point is along the
strip. This approach allows us to create an arrow head at the
end of the line strip, providing a clear indication of rotation
direction. To create a hand-drawn appearance, we render sil-
houettes of our ribbons by rendering the mesh of the ribbons,
and subsequently rendering its opaque geometry in a second
pass. The meshes are offset into the depth buffer so that they
do not occlude the opaque rendering. In addition, we color
the ribbon back faces a darker color in a fragment shader to
make them clearly distinguishable.

3.2. Illustrative Flow Indicators

We render flow tubes to provide contextual flow information
inside vortices that go beyond flow behaviors on the surfaces
of the hulls, as seen in Figure 2(c). It is important to define
the locations of these flow tubes so that they are close to the
core, but inside of the ribbons. The ribbons described in the
previous section are scaled according to the vortex hull’s av-
erage radius, which is also used to create the metaball repre-
sentation of the vortex hulls. The metaballs define individual
scalar fields to create the isosurfaces of the vortex hulls. We
apply thresholding on each metaball scalar field to define a
mask that constrains the spatial extent of the integrated flow
tubes. Like the ribbons, we render silhouettes of the tubes to
provide a clear delineation of their shape properties.

4. Results

For evaluation, we have applied our illustrative vortex
method to the blunt fin [HB85] (39 x 31 x 31 structured
curvilinear grid) and delta wing (unstructured, approxi-
mately 3 million points) data sets. The former is a simulation
of flow over a flat plane that encounters a blunt fin, while the
latter describes vortex breakdown in aviation [GTS04]. The
LIC shading shown here is based on [GGSC98].

We show a comparison of vortex hulls with LIC and our
illustrative methods for the blunt fin data set in Figures 3(a)
and 3(b). Unlike the LIC surfaces, the illustrative technique
shows a dense 3D tube depiction of unsteady translational
flow that exists underneath, and not just on the surface of the
hulls. The ribbons portray the same regions as the hulls do,
and their broken appearance also indicates the behavior of
rotational values along the cores. For example, many of the
sampled corotation values of the two large, diagonal vortices
tend to be low compared to the maximum values found on
each line, and are represented as ten-segment ribbons. Note
that for the predictor-corrector method, the vortex core line
can continue integrating in these weaker regions as long as
the hull cross-sectional area is large enough. In the vortices
parallel to the blunt object, five-segment ribbons are found,
indicating a few instances where rotational strength is large.
This non-photorealistic, intuitive representation of vortex’s
rotational speed along a vortex core line is not available in
the hull visualization.
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A similar comparison between the LIC vortex hull method
and our illustrative technique is shown in Figures 3(c)
and 3(d) for the delta wing data set. One can observe the
changes in rotational scalar values along the vortices by
looking for one to two-segment (strong), five-segment (mod-
erately strong) and ten-segment (weak) ribbons. Unlike the
hull representation, we can see that the leftmost vortex that
is closest to the viewer in 3(d) has strong rotation at the two-
segment ribbon, while the rotational strength starts to taper
off quickly as one moves along the vortex. Additionally, the
illustrative flow tubes indicate a combination of translational
and rotational flow inside of the vortex regions, while the
LIC version only depicts tangential flow due to its integra-
tion in image-space.

The comparisons indicate that unlike traditional vortex vi-
sualization methods, our illustrative techniques unambigu-
ously portray a vortex’s rotational property, its direction of
orientation, and its region of coverage. Additionally, our
methods show flow field behavior inside of the regions cov-
ered by the hulls.

5. Conclusions

We have introduced an illustrative flow visualization frame-
work that portrays a vortex’s basic properties, together with
related flow information. We compare our results against
a typical hull-based representation of the same vortex core
lines, and show the benefits of our approach. It is our plan
to improve our results by allowing the user to view sections
inside of the features extracted, similar to the method found
in [BWF*10]. Additionally, we will investigate anisotropic
shapes (such as ellipsoids) for vortex hull generation, which
may be useful for more complex data sets compared to the
ones used here.
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