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SUMMARY
Visualization of 3D, unsteady (4D) flow is very difficult due to both perceptual challenges
and the large size of 4D vector field data. Here, we describe the use of integral surfaces
for visualization of CFD simulation data. By “integral” surfaces we mean surfaces based
on massless particles that are integrated according to the underlying flow. Traditionally, in-
tegral curves, e.g., streamlines, pathlines, and streaklines are used to visualize 3D and 4D
flow. However, integral surfaces offer clear benefits over integral curves when visualizing
flow. Despite the clear benefits that stream, path, and streak surfaces bring when visualiz-
ing 4D vector fields, their use in both industry and for research has not proliferated. This
is due, in part, to the complexity of integral surface construction algorithms. We introduce
algorithms for the construction of stream, path, and streak surfaces that are fast and do not
rely on any complicated data structures or surface parametrization. Our surface construction
algorithms generate the surfaces using a quadrangular mesh. The algorithms can be applied
to large data sets because they are based on local operations performed on quad primitives.
The algorithms offer a combination of speed for exploration of 3D, unsteady flow and high
precision. Thus they are suitable for inclusion into any visualization application. We demon-
strate the techniques on a series of simulation data sets and show a number of benefits that
stem naturally from them. We also introduce interaction techniques in order to address the
perceptual challenges associated with visualizing 3D, time-dependent CFD simulation data.
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Figure 1: A complete streak surface depicting flow past a cuboid computed and rendered at
approximately 3 frames-per-second. This image shows complex regions illustrating interest-
ing flow structures. Color is mapped to velocity magnitude.

1 INTRODUCTION AND MOTIVATION
Streamlines, pathlines, and streaklines (also called integral lines) are visualization techniques
commonly used to depict complex, 3D and 4D vector fields. Tracing and rendering many
field lines can cause perceptual problems. Too many integral lines result in visual complexity,
occlusion, and visual clutter. This makes using surface primitives an attractive alternative
for the visualization of 3D and 4D flow. Shading can easily be applied to enhance depth
perception and surfaces are, in general, characterized by much more visual coherency than
lines.

Streak surfaces are the union of all streaklines continuously seeded from a common curve
(the seeding curve) over time. However, despite the advantages and insight that stream,
path, and streak surfaces (also called integral surfaces) enable when investigating flow fields,
they are not generally included in visualization applications. This is due, in part to the
computational complexity involved in generating their meshes.

The computational cost of constructing integral surfaces stems from factors including the
large number of integrations required. For streak surfaces, every vertex in the mesh must
be integrated at each time step. For large meshes this results in a large number of compu-
tations. Another major source of computational expense arises from computing the connec-
tivity of the mesh vertices. Divergence, convergence and shear can occur anywhere in the
surface. These factors can make the inclusion of streak surfaces into visualization packages
prohibitively expensive.

We present CPU-based stream, path, and streak surfaces algorithms (Figure 1) that can run
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at interactive frame rates and places less restriction on mesh size and precision than a GPU-
based implementation.

The main foci of this paper are:

• The description of stream, path, and streak surface algorithms that can offer interaction
and high precision.

• Algorithms suitable for use on large out-of-core data sets and relatively simple to im-
plement as a result of the local operations performed on quads. Thus, it is suitable for
inclusion in any visualization system.

We provide user-controlled parameters that allow the user to trade off between performance
and accuracy. This enables the user to switch between modes for quick investigation of the
flow domain and high-accuracy representation for presentation and analysis. The use of quad
meshes has increased in recent years, with many algorithms aimed at quad-based re-meshing
or simplification of quad-meshes. Benefits of quad-based meshes are demonstrated by Alliez
et al. [1] and Tong et al. [17].

However in order to develop such algorithms several challenges must be overcome such
as maintaining a continuous, accurate, quad mesh under flow convergence, divergence and
shear.

The rest of the paper is organised as follows: Section 2 provides a discussion of previous
work related to flow surface construction algorithms. Section 3 describes the computational
model of our algorithm. A detailed discussion of the implementation is provided in Section
4. Section 5 presents an evaluation of the algorithm showing it applied to various simulation
data sets. Finally, Section 6 concludes the paper and identifies areas of future research.

2 RELATED WORK
For a complete overview of geometric visualization techniques. see McLoughlin et
al.[12]

Hultquist introduces a method based on an advancing front [7]. The sampling rate is adjusted
by the insertion or removal of streamlines based on distance between neighboring point on
the front. In contrast to this local approach Van Wijk presents a global approach for stream
surface generation [18]. A continuous function f(x, y, z) is placed on the boundaries of the
data set and values at all other grid points are solved numerically ([18] uses the convection
equation). An iso-surface extraction technique can then be used to construct the stream
surface. Scheuermann et al. assume a piecewise linear interpolation approximation of flow
and a tetrahedral grid so that an analytical solution may be found for the construction of the
stream surface
[15]. Garth et al. [5] present a method for the construction of stream surfaces in areas of
complex flow. This is based upon the advancing front method introduced by Hultquist [7]
but improves on it by using more complex parameterization for streamline integration and
density control. As an extension to isosurfaces [9], Laramee et al. [10] combined texture
advection with stream surfaces to provide a more detailed visualization by showing the inner
flow structure of the surface. These previous methods are restricted to steady-state flow.
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A point-based method for stream surface and path surface construction was introduced by
Schafhitzel et el. [14]. Insertion and removal of points are handled similar to Hultquist’s
method [7] to maintain sufficient density of points.

Garth et al. present an improved stream and path surface construction algorithm focusing on
high accuracy [6]. This method decouples the surface integration and the surface rendering
process. The surface construction comprises of advecting a set of timelines through the flow
field. Connecting curves representing timelines are then computed. These curves are subject
to given predicates in order to refine them where necessary.

McLoughlin et al. [11] demonstrate a simplified stream surface construction method using
quad primitives. The refinement of the surface front is performed on a quad-by-quad basis.
Schneider et al. [16] present a method of stream surface construction using a higher-order
interpolation scheme. This method provides very smooth surfaces of fourth-order accuracy.

Von Funck et al. [19] describe the construction of smoke surfaces. Smoke surface generation
involves coupling the opacity of the triangles that comprise the mesh to their size and shape.
Krishnan et al. [8] present a novel streak and time surface algorithm. This technique guaran-
tees a C1 continuous curve for the integral curves. Three basic operations are defined for the
surface adaptation process, these are edge split, edge flip and edge collapse. Bürger et al. [2]
present two streak surface techniques implemented on the GPU. The first technique is based
on quads. Both the quad and triangle-based versions of the algorithm are very fast, e.g., sev-
eral frames per second. However their GPU-implementation places limits on both the size
of the streak surface and the data set. The method presented here removes these restrictions
whilst still retaining an interactive speed on a CPU. It is also applied to 4D simulation data.

3 METHOD
The algorithms for construction of integral surfaces consists of a series of operations as
illustrated in Figure 2:

1. Seed a curve using an interactive rake.

2. Update the streak surface by integrating every mesh vertex.

3. Refine the surface according to local deformation, by inserting/removing vertices/quads
and updating the mesh connectivity.

4. Update the sampling rate of the vector field, by inserting and/or removing mesh ver-
tices and joining them together using a quad-based topology.

5. Test boundary conditions such as object boundary intersection and zero velocity.

6. Render the surface.

7. This process iterates until the surface exits the space-time domain. At which point
integration is terminated and the surface is rendered.

Local operations are performed on quads and their neighbors which maintain sufficient sam-
pling of the vector field. Vertex insertion is introduced when the Euclidean distance of a
quad’s edge is too long. Conversely a vertex is removed if neighboring points are too close.
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Figure 2: (left) The stream and path surface computation pipeline [11]. (right) An overview
of the streak surface construction algorithm [13].

Mesh connectivity is then resolved ensuring all quad primitives are generally regular and that
the surface is smooth. The algorithm for generating streak surfaces is a generalization of that
for stream and path surfaces. Full algorithm details are given by McLoughlin et al. [11],
[13].

4 RESULTS
In Figure 1, a complex streak surface is constructed. This surface shows interesting flow
structures that would be difficult to see if only streaklines were rendered. Surfaces also aid
in identifying the transition of turbulence be showing stretching and folding. Our system
constructs and renders this streak surface at approximately 3 frames per second (fps).

Figure 3 depicts a complete streaksurface exhibiting a multitude of flow characteristics. This
surface contains regions of divergence, convergence and shear as well as the splitting behav-
ior when an object is encountered. This surface is computed and rendered at roughly 2 fps.
Color is mapped to velocity magnitude in all our examples unless stated otherwise. Figure 3
depicts another semi-transparent streak surface generated from the simulation of flow past
a cuboid. The result demonstrates the tearing of the surface into two independent regions
when an object boundary is encountered. Splitting is detected when the velocity magnitude
of an internal streakline drops below a given threshold. When the surface tears, the separated
wavefront are advanced independently. Figure 4 shows streak surfaces generated on a time-
dependent tornado simulation. The tornado exhibits large regions of shear flow and is ideal
to test the robustness of our shear-handling method. Our implementation renders this at 10
fps.

Our system supports out of core memory management in order to handle large data sets. We
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adopt a method similar to Bürger et
al [2]. We store as many time-steps as possible in main memory. We then employ a sliding
window. When performing the particle advection, we interpolate between a pair of timesteps.

Figure 4 depicts a streak sheet on the full resolution (5002 × 100 × 48) Hurricane Isabel
simulation. A streak sheet is created by simply terminating the insertion of new points at the
seeding rake after a period of time. In this case the sheet was released so that it was captured
by the eye of the hurricane. It then traces the hurricane’s path.

Our results show that the integration phase comprises a large proportion of the computational
effort – typically 40-80% of the computation time. The mesh vertex advection is a largely
parallel component, however our implementation performs this operation within a single
thread. A multi-threaded version of this stage would greatly reduce the cost of this stage
and consequently speed up the algorithm. However even in its current single-threaded state
the algorithm generally still performs at interactive rates. While not as fast as a GPU-based
version [2] the mesh does not need to fit in graphics card memory, and thus handles larger
streak surfaces.

5 CONCLUSION
We present stream, path and streak surface construction algorithms for the visualization of
3D and 4D flow. They combine the advantages of both speed and size with efficient CPU-
based, platform-independent implementations that place less restriction on memory and pre-
cision than a GPU-version. It is this quad-based approach from which the speed of the
algorithms stem. They avoid expensive mesh re-triangulation. The local nature of the oper-
ations applied to the quad primitives enables the algorithms to be applied to large data sets.
The algorithms handle flow divergence, convergence, and shear. The algorithms also allow
the surface to split when it meets object boundaries. They are demonstrated on a variety of
data sets posing various challenges such as turbulence and large-scale simulation.

As future work we would like to treat the case of strongly deformed non-planar quads. For
example, we may be able to parameterize deformation in terms of integration time in order
to create a smoother surface.
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Figure 3: A streak surface of the simulation of flow past a square cylinder. The image
shows a late stage of the simulation and shows the complete surface exhibiting divergence,
convergence, shear and splitting behavior. When an object boundary is encountered the
surface splits and moves around the boundary. This surface encounters a cuboid. Color is
mapped to the local deformation of the quad primitives.

Figure 4: A streaksurface depicting a tornado simulation. The surface encounters large
amounts of shear that accumulate as the simulation progresses. (middle) This case also
demonstrates the property of self-intersection. (right) The surface generated from the full
resolution (5002 × 100× 48) of the Hurricane Isabel simulation.
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