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Abstract
CFD researchers have a wide variety of interactive post-processing tools at their disposal for visualization and
quantitative analysis, but these tools are generally designed to operate only on mesh based data. Recent developments in CFD have led to a growing field of particle based methods, in particular, Smoothed Particle Hydrodynamics (SPH), for which no such tools exist. To address this problem we present a framework for consistent
visual and interactive analysis of both particle and mesh based data within a unified architecture. The goal of the
framework is to enable quantitative visualization and analysis of either data type in an identical manner so that
the user can use a single approach to post-processing. This unification makes the process of comparison between
results from conventional CFD and experimental SPH directly possible, by making use of custom probes and filters
which behave the same in either environment. The meshless nature of SPH data within a CFD environment also
makes identification of distinct boundary surfaces more difficult as models generated for SPH simulations are not
as well structured as those for conventional CFD, due to the lack of commercial support for these models. We
therefore introduce the concept of probe projections onto surfaces to allow the selective positioning of regions of
interest on boundaries for the purpose of integration of parameters and visualization of results.
Categories and Subject Descriptors (according to ACM CCS): Computer Graphics [I.3.4]: Application packages—,
Visualization

1. Introduction
Smoothed Particle Hydrodynamics (SPH) is a mesh-free
method for simulation which was developed originally in the
field of Astrophysics, however, it has recently been applied
to areas as diverse as solid mechanics, molecular dynamics,
biomechanics and fluid dynamics. Within the field of CFD,
SPH has the potential to become widely adopted in the next
generation of simulation tools for a range of applications, to
a large extent because it does away with the need for volumetric meshes, which are time consuming to create, and
are often difficult to manage and adapt to flow dynamics.
SPH offers the ability to handle complex solid shapes using boundary representations alone, and also the capacity to
handle mixed-fluids and fluid-structure interactions within
a unified model. Analysis and visualization of SPH data is,
however, challenging since the mesh-free nature of the data
means that there is no connectivity information between data
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points, and therefore no direct means of displaying a continuum representation of the computed fields.
Particle based simulations are still in their relative infancy
with little significant support from commercial tools for either the generation of input data, or the post processing of
results. The extraction of parameters from the data is generally left to individual researchers working with scripts or
tools developed for a particular model. These customized
tools are rarely portable to another problem domain or model
implementation, resulting in a lack of standard practices and
tools. Moreover, researchers wishing to compare the results
of a new particle simulation against an equivalent grid based
CFD result may not be able to obtain the same information
from the conventional CFD data using the tools they have
developed for their SPH models, this increases the amount
of time and effort required to validate the model.
In this paper we describe our post processing workflow
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and implementation of a toolkit developed for the purpose of
visual and quantitative analysis of particle based data, along
with direct comparison of results with their equivalents from
more conventional mesh based CFD simulations. The primary goals of the material presented here are therefore
• Unify the process of extracting data from particle or mesh
based results with a single set of probing and analysis
tools, providing a consistent interface and architecture to
the user.
• Provide enough flexibility in the design to allow experimentation, adaptation and customization of the tools to fit
new simulation results as they become available.
• Ensure that accurate measurements of parameters are produced regardless of the data type supplied.
• Provide a means for the user to apply many existing mesh
based visualizations to their particle data.
To make these goals possible we base our tools upon
the flexible and widely used Visualization ToolKit (VTK)
[Kit03], exposing specific modules as plugins for the ParaView visualization package [Hen05] which is used as the
front end user environment. It is not possible to reimplement
every possible visualization algorithm (such as contouring,
streamlines generation, feature detection, flow structures etc)
for particles within a reasonable timescale and in the same
environment, so we focus instead on transforming particle
data to a continuum representation by interpolation at the
point of demand so that existing tools may be used.
In the following section we review the background and related work, then in Section 3 discuss our architecture and the
specific types of probe and their usage including introduction to projection and animation of probes. Then we present
our quantitative analysis in Section 4 and finally the validation and results of quantitative analysis on specific models in
5 followed by the conclusion of our work at the end.
2. Related Work
The vast majority of flow simulations use a Eulerian approach and many types of grid have been developed in order to obtain accurate simulation results. Similarly, many
different flow visualization techniques have been developed
for the appropriate display of results. Early visualizations
used glyphs, such as arrows, to represent vector fields in
the data. Recently more attractive techniques, such as line
integral convolution (LIC) [CL93] and texture based approaches [LHD∗ 04], have been studied to provide more
realistic flow depictions. Additionally, feature based visualization has been studied and the features extracted are
directly used to analyze flow data, examples of accurate
vortex core feature detection algorithms are presented in
[JH95, LDS90, PVH∗ 03].
Recently particle based simulations, which are mesh free
methods, has been introduced - SPH is one of the most popular mesh free approaches [Mon88] and it follows a La-

grangian formula in its implementation. Due to the relative simplicity of the equations, SPH has become popular
in computer graphics, especially free surface of flow animations [MCG03]. In the visualization community, many
particle based techniques have been presented, producing
visually stunning images of particle based data. Most of
these techniques focus on extracting isosurfaces of particle
datasets [BDR98,MNKW07,RRL07,ZK06]. For the rendering of particles, Gribble et al. [GIK∗ 07] presents ray casting of particles and Ellsworth et al. [EGM04] presents rendering of terascale particles from curvilinear data by minimizing seeks. As an interactive exploration method, Co et
al. [CFG∗ 05] present visualization of high dimensional data
using scattered plots. Krüger et al. [KKKW05] shows a particle system for 3D flows and they present steady 3D flow
field on uniform grids using the GPU and store particles
on the GPU for interactive exploration. Zhou and Garland
[ZG06] present particle based order-independent point rendering from a very large volume of tetrahedral meshes.
In astrophysics applications, Walker et al. [WKM05] and
Navrátil et al. [NJB07] present visualization of SPH data
from astrophysics simulations. Walker et al. show visualization of particles and contour plots on 2D slices. This work
conveys more localized information using the specific slices.
However, the work is in progress, therefore, many improvements are needed in terms of interpolation and rendering.
Navrátil et al. present visualization of particle data using interpolation on a regular grid. They determine grid resolution
automatically to capture sufficient information from the particle data and interpolate data with fixed number of particles
to capture more local information.
Since there is no connectivity in particle data, interpolation is needed at a certain point which is not located in
the particle data. Shepard [She68] introduces an interpolation function using weighted average with inverse distance.
Later for scattered volumetric data, Nielson [Nie93] introduces several different interpolation methods and compare
the methods. As an improvement of Shepard interpolation
methods, Brodlie et al. [BAU05] introduces a modification
with constraint in order to preserve positivity of data.
Most of the material presented within the visualization
community has focused on the generation of pleasing images, at high frame rates. We are interested in extraction
of parameters for visualization from simulations which are
physically based and therefore require closer attention to the
quantitative display and comparison of models, with both
particles and geometries.
3. Probing Architecture and Pipeline
We aim to make it possible for users to extract information
from their particle or mesh based data using a single set of
tools. These tools are centered around the concept of probing, which is simply a means of providing a display of data
at specific well defined locations.
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Figure 2: Left image shows an example of multiple plane
probes generated by the CAD system for a water distributor.
Right image presents our interactive plane GUI for the probe
on Static Bucket case.

Experimental
Measurements

3.2. System Architecture
Figure 1: Overview of our system. Orange boxes indicate
our post processing and the visual and quantitative analyses
are the results of the post processing.
3.1. Probe Motivation
Probes can be any type of dataset, and can come from any
source, but the main probe types are motivated by the needs
of engineers using CFD simulations in a design process, improving local and global flow patterns, and of researchers
developing numerical methods and comparing their results
to reference data.
Numerical flow simulation are usually compared to experimental measurements, either in the development phase or
in the production phase, when the numerical tool is actively
used to define efficient designs. Experimental sensors sample field values at given locations, sometime arranged along
a regular lattice (lines and/or arrays). Other experimental
methods investigate the flow field on specific sections, like
Laser Doppler Velocimetry. On the other hand during the
development process, it is also necessary to benchmark the
model against some ideal flow pattern or known test cases,
where an analytical solution can be derived. Analysis of
these flows is usually made at specific regions of the domain
like boundary surfaces or control sections. Consequently numerical results should be accessed and analyzed at the same
locations. It is therefore essential to provide a set of tools
to extract data of interest from the numerical data set. We
make use of point/line based probes for comparisons with
measurements data as well as surface probes for integrations
of parameters and comparisons with force measurements.
3D box probes are not so easily compared with either experimental or analytic results, but in an interactive environment, they allow the user to dynamically select regions of
interest in the data which are selected for further analysis.
Feature detection algorithms such as vortex core extraction,
or flow topology visualization can be very slow to run on
large data and we naturally wish to limit the amount of interpolation and data crunching that needs to be performed.
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Within our toolkit, probe geometry can be accepted from
custom probe files, by user interaction with on-screen widgets, or supplied by arbitrary geometry either loaded from
file, or generated within the system. The probe itself is simply a collection of points at which we wish to interpolate or
display our data. Our data-flow is outlined in Figure 1 and is
centered around the interpolator which accepts geometry as
input and outputs (the same, or new derived) geometry with
probed values attached. The output of the probe interpolator
can be visualized directly, passed into other visualization (or
feature extraction) algorithms, or into our quantitative modules for detection/extraction of measured quantities.
3.3. Meshless and Meshed Coexistence
Interpolation of point based data is discussed in 4.1 but the
data that is provided may in fact be from a standard mesh
based simulation. To enable our software to automatically
switch into a cell based interpolation mode, we tag all simple
probes generated within the system with meta data describing the geometry. The meta data takes the form of implicit
function descriptions of point, line, plane, box or sphere.
These descriptions make it possible for the core probe module to correctly generate precise data slices such as those
shown in Figure 2 (left). When the probe module receives
a mesh based input, it must try to use cell based interpolations rather than nearest neighbor based ones as it would
for particle data. When a 2D rectangular probe is supplied it
contains a physical 2D plane made up of MxN samples, and
also an implicit function description of a plane. The plane
also has a physical size along the x,y axes and so an implicit box function is also attached to the data. The meshed
based probe code automatically clips the data to the box and
slices it with a plane, using the standard clip and slice modules available in VTK/ParaView. This ensures that the point
values on the generated data are exactly computed from the
cells present in the original data. In a similar manner, discs
can be generated by combining a plane and a sphere. We
anticipate expansion of this technique to handle other implicit shapes in future. When arbitrary geometry is supplied
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as a probing input for a mesh based dataset, the code cannot
make use of implicit functions and resorts to the standard
cell interpolation routines provided within VTK which use
parametric coordinates for linear in cell interpolation.
It is worth noting that the example of Figure 2 uses a large
number of probes all at the same time - our system treats collections of probes as multi-block datasets and automatically
iterates over them when interpolating/integrating. This is one
area where CAD generated probes have a significant advantage over GUI generated ones which are usually handled one
by one (though they can be manually grouped together).
3.4. Limitation of Probes from CAD
Although probe files generated directly by the CAD system
are optimal from the point of view of design, there are circumstances which limit their applicability.
SPH models are in general less accurate than their conventional counterparts, and since they are still under development, we find that certain parts of a simulation may be
erroneous. Problems particularly occur at sharp boundaries
of geometric models where the SPH predictions of pressure
(for example) may be wildly inaccurate. The experimenter
may be aware of this limitation and want to perform an integration over ’most’ of the surface, whilst leaving small
border on one edge. To do this from the CAD system may
involve considerable unwanted labor, particularly when the
model is being continuously refined and the bad regions may
be shifting. In this example, a probe file generated by hand,
or interactively by manipulating a widget on screen is more
desirable. The right image in Figure 2 shows an example of
our interactive widget to probe the data that users wish to
explore.
In a similar manner, it is possible to save some complex geometric shape which defines a boundary of the CAD
model in a polygonal form and use this polygonal representation as a probe. However, once this has been done, it is not
always easy to remove pieces from it or otherwise modify
it. We make use of complex geometric probes for visualization of fields on surfaces, and integration of parameters over
them when the model is well behaved.
3.5. Probe Projection
The limitations of Probes generated from CAD files makes
it worthwhile to consider the projection of probes onto surfaces. Projecting a probe onto a surface is akin to shadow
casting and it is possible to align a probe in such a way that
it projects only onto a very specific part of a model, leaving
unwanted regions untouched. The probe projection process
is simple and illustrated by the left image of Figure 3. A ray
intersection test is performed which uses the boundary particle sizes to identify those that lie on the surface. Once surface particles have been identified, they can be triangulated

Figure 3: A simple illustration of probe projection onto a
surface (Left) High resolution probe geometry is projected
onto a boundary to extract a subsection of the surface. Right,
a projection of a rectangular probe patch onto the inner surface boundary particles of a water jet deflector.
to form a polygonal surface which is suitable for integration
of parameters (i.e. having well defined surface areas for each
patch). For mesh based geometry the surface cells intersecting the shadow region are extracted directly.
When geometry is generated from CAD systems for mesh
based CFD simulations is usually possible to label surfaces,
color them separately, manipulate boundary conditions and
perform a myriad of other operations on them. Sadly, discretization software to convert these complex geometries
into SPH compatible boundary particles is not yet mature,
and all of the additional information is lost. For this reason,
probe projections are also useful because individual surfaces
which can be trivially identified using standard CFD tools
are not available. Finally, we note that many SPH codes use
boundaries generated by hard coded loops dumping particle
lists, with no information about specific surfaces at all.
An example of surface projection is shown on the right
image in Figure 3. The fluid free surface hits the inner solid
surface and this inner surface has important physical properties such as force transition which we visualize and use for
integration of torque.
Instead of projecting probes onto surfaces, one might consider clicking a point on the surface and running a local surface reconstruction algorithm over the points radiating outwards. We choose not to do this as we would like the reconstruction to stop at edges and well defined boundaries
which are easier to implement using the simple probe interface. The further generation of surfaces will be explored as
a future possibility.
3.6. Probe Animation
Many hydrodynamic simulations make use of rotating or
moving domains which need to be tracked if some (surface
or mid flow) parameter is to be measured. Our toolkit contains a Probe animation module which takes time from the
simulation data and uses it to translate/rotate/scale the probe
geometry by a user defined amount per time unit. The time
unit may be the actual simulation time or a simple timestep
c CSCS 2009.
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extracted from the data stream. We make use of VTK’s temporal meta data information to extract exact simulation time
(see [BGM∗ 07]) to ensure that the probe follows the geometry precisely. Probe animation may also be connected to
probe projection, allowing complex feature following using
a simple interface.
4. Quantitative Analysis
The visualization is used to understand relative behavior on
the probes. However, the visual analysis has limitation to
compare the analysis with integrated quantities. Discharge in
water flow, for example, is the volume of water transported
in a certain amount of time [PSLR72]. The amount of water can be visualized but actual integrated amount cannot be
compared in the visualization. Therefore, quantitative analysis is necessary for more accurate analysis and the value
integration on the probes is introduced in the following.
4.1. Interpolations
The values at sample points on a probe are calculated by
interpolation with N nearest neighbors around the sampled
points for the meshless data. Neighbors are searched using spatial subdivision with a regular or adaptive subdivision. Once the N neighbors are found, the values at the sampled points are interpolated with the neighbors. For particle data, we provide two types of interpolation method. One
is the Shepard method [She68] with inverse distances between probe points and neighbors and the other is the Shepard method using kernels for the weights. The kernel based
method requires the specific kernel functions used in the
simulation and it is easy new ones as the need arises. The
inverse distance based method can be used for any meshless data when we the types of kernels used in the original
simulation are unknown. The interpolation equation with N
neighbors is as the following.
N

F(x, y, z) =

∑ wi (x, y, z) · fi

(1)

i=1

where fi is a value of
culated as

ith

wi (x, y, z) =

neighbor and the weight wi is calvi × σi (x, y, z)
∑Nj=1 v j × σ j (x, y, z)

(2)

where σi (x, y, z) = 1/k(x, y, z) − (x fi , y fi , z fi )k2 or
σi (x, y, z) = Kernel_Function (x, y, z) − (x fi , y fi , z fi )
and vi is the ith particle volume. For mesh based data, cell
parametric coordinates are computed and used to weight the
contributions of the cell nodes using a linear interpolation
inside the cell.
4.2. Flow Quantity Integrations
Any surfaces meshes with well defined 2D cells can be used
for quantity integration: Probes (projected, animated or simc CSCS 2009.

Figure 4: This image shows use of the line probe. Mesh
based simulation of the dam breaking case is visualized and
the line probes are used to measure water height at 4 specific
positions. Red color indicates that the line segments are in
the water and blue colored segments are in the air. Water
surface is visualized with transparent blue colored surface.

ple), arbitrary surfaces extracted from the data, supplied by
the CAD system, or generated by other means are suitable
for surface integration, providing the cells are suported by
VTK’s underlying data structures.
I=

Z

~ · ~N ds
(Value_Integrated) C

(3)

Area

~ Note that ~N indicates a normal vector of a
with velocity (C).
probe. The Value_Integrated includes discharge (d = ρ ), ki~ · C),
~ total energy (et = ek + p) with
netic energy (ek = 21 ρ C
~ with the oripressure (p), kinetic momentum (m
~ k = ρ ~r × C)
~ the location of point, ~x, and~r =~x − O.
~
gin, O,
Moreover, mass-averaged values (X) are computed with
kinetic energy, and total energy. Let X be a value to be massaveraged. X can be ek , et or m
~ k . The mass-averaged value is
computed as follows.
R

X = Area
R

~ · ~N ds
ρXC
~
ρ C · ~N ds

(4)

Area

4.3. Surface Quantity Integrations
Surface quantities are integrated on a projected surface. After projecting probes, local force (~f ), total force (~F), local
torque (~t), and total torque (~T ) are computed. The definitions of the forces and torques are shown as follows. Note
that ~n indicates a normal vector of a segment on a probe
and it is different from ~N described in Section 4.2. The local
force (~f ) is defined as ~f = p ~n ds and the local torque (~t)
is defined as ~t =~r × p ~n ds, where p is pressure and ~r are
defined as in Section 4.2. The total force (~F) is defined as
the following.
~F =

Z

Area

~f =

Z

p ~n ds

Area

The total torque can be defined in similar way.

(5)
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(b)
Figure 5: (a) Comparisons of dam-break water height using
measurements, CFD reference and SPH from line probes.
(b) Pressure comparisons on the obstacle front from point
probes.

Figure 7: An example of arbitrary geometric probing using
a cylinder to extract pressure values. The integrated pressure
gives force which can be compared with measurements.
line probes to measure water heights. Comparisons with experiments are given in Figure 5 (a). Figure 5 (b) provides
time evolution of pressure at one sensor location using a
point probe in both SPH and standard CFD data - we are easily able to produce graphs comparing all three. For more advanced arbitrary geometry probing, Figure 7 shows a cylinder inserted into the flow . The pressure exterted on the cylinder can be integrated and compared with a real measurement
device of the same dimensions.
Figure 6 shows two images of feature detection and extraction on the dam-break SPH data after the box probe has
been applied. Vortex core lines are shown with streamlines
on the left, and on the right, a volume rendering of the velocity component of the resampled field.
5.2. Turbomachinery Design

Figure 6: Visualization of SPH data resampled using the
3D box probe. Left shows streamlines (white) and vortex
cores (pink). Volume rendering of water velocity magnitude
is added to the Right image.
5. Results and Discussion
In the following, we present the application of our developments with two different test cases, a classic Dam Break
simulation and a Turbomachinery case.
5.1. Dam Breaking Simulation
One popular model used by SPH researchers to validate
their developments is the dam breaking case. The three dimensional case originally presented by Kleefsman et al.
[KFV∗ 05] has been selected as a reference case by the
SPHERIC group [SPH]. This case is very well documented
by unsteady pressure measurements on an obstacle and unsteady water height measurements in the tank (see Figure 4).
This case allows the validation of the simulation of gravity
waves such as sea waves, and prediction of hydraulic forces
on structures such as dykes or sea defenses.
Mesh and meshless numerical results are analyzed with

Turbomachinery design relies heavily on CFD, in particular, one application considered in this work is the modelling of a Pelton turbine - a tangential-flow impulse turbine. Despite the simplicity of its concept, it is characterized by complex free surface patterns where water, air and
mixed water-air flows have their own key influences on performance [SKPV00]. The complete simulation of Pelton turbines needs considerable effort as there are very many parts,
each requiring detailed grid structures. SPH is considered
favorable for this kind of model since it requires no finely
resolved internal meshes, and because of its simple handling
of free surfaces.
The shape of the buckets in the turbine must be finely
tuned to optimize the water shape as it enters and leaves
the bucket. Pressure sensors are placed on the bucket surface
which we use as probe locations and visually compare field
strengths and plot values against measurement data. Figure
8 shows the bucket with pressure sensors for mesh (left) and
meshless (right) data.
Two other components of the turbine we have used as tests
for our tools are the deflector and cutter. These are security
devices used to deviate water jets from the runner, enabling
c CSCS 2009.

Jang et al. / Visual Post Processing

Figure 8: Pressure sensors placed inside buckets and
coloured according to pressure, additional probe locations
shown as spheres. Reference CFD and SPH simulations are
compared.

Figure 10: Two rectangular probes are shown on the left
image. Flow quantities are displayed on the image. Surface
projection probes are presented on the deflector boundaries
on the right image. The Right shows the effect of backflow
(more red particles) bounded from the deflector. With careful
examination, we can see that the contact receives small force
by the backward flow.
Figure 11 (a) shows the result of the integration over the surface of 37 probes for the distributor of figure 2. The results
from a commercial CFD post-processor are plotted against
those from our probe tool and we find a close agreement between the two. This gives us confidence that we can make
predictions of quantities derived from the SPH simulations.
Figure 11 (b) shows the measured Torque of a prototype cutter, plotted against the integrated toque from one of our animated projected probe patches. The agreement is sufficient
that we can make concrete predictions about the effects of
changes in simulation parameters on our results.

Figure 9: A rectangular projection of a probe onto the cutter
surface. The probe is animated such that it follows the cutter
rotation (about the sphere representing the pivot point) as it
passes into the flow.
a rapid shutdown of the turbine. Among design criteria, the
hydraulic torque generated by the jet impinging the deflector
or the cutter is paramount, because the servomotor must be
designed to operate the device in any condition. The meshless simulations of flows in these devices are analyzed in detail by projecting rectangular probes onto the solid body. As
shown in Figures 9 and 10, numerical errors are responsible
of non physical negative pressure values at the edge between
the wet and dry surfaces, leading to errors in the torque computations. This is particularly true on the right image and is
due to the small backflow (red particles) in Figure 10. We
also make use of probes to derive integrated values at inlet
and outlet sections, which allows the engineer to ensure that
inflowing and outflowing water discharges are equal in the
left image of Figure 10.

6. Conclusion and Future Work
We have presented a unified post processing approach for
mesh and meshless simulation data which allows engineers
to produce quick and reliable comparisons between different
models in a way that it was not possible for them to do before with the tools available. Our design is motivated from
actual CFD analysis and provides visual and quantitative information of the kind required by researchers. The work has
been validated by comparison with measurement data and
with commercial post processing software where applicable.
We have produced a toolkit of probing modules which integrates directly into an established visualiztion package and
thus allows great flexibility in its application. For the future
work, we will study more adaptive sampling on the probes to
obtain accurate values at the edge of the flow and to reduce
the probing computation.
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