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Parallelism
in the Cloud
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OnLive Architecture

Single User
Model!
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Parallelism in the Cloud
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Some questions?

•How can we measure the 
“amortizability” of an algorithm?

•What kinds of amortizability are there?

•What algorithms could we well 
amortized?
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Simulation

Time Amortization

To appear in the SIGGRAPH conference proceedings
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Figure 1: Discretization of the computational domain into identical
voxels (left). The components of the velocity are defined on the
faces of each voxel (right).

any consistent numerical method could be used to obtain accept-
able results simply by increasing the number of grid points until
the desired limiting behavior is observed. However, in practice,
computational resources are limited, grids are fairly coarse (even
coarser in CG than in CFD), and the discrete difference equations
may not be asymptotically close enough to the continuous equa-
tions for a particular simulation to behave in the desired physically
correct fashion. Our key idea is to design a consistent numerical
method that behaves in an interesting and physically plausible fash-
ion on a coarse grid. In general, this is very difficult to do, but
luckily a vorticity confinement method was recently invented by
Steinhoff, see e.g. [20], for the numerical computation of complex
turbulent flow fields around helicopters where it is not possible to
add enough grid points to accurately resolve the flow.
The first step in generating the small scale detail is to identify

where it comes from. In incompressible flow, the vorticity

(9)

provides the small scale structure. Each small piece of vorticity can
be thought of as a paddle wheel trying to spin the flow field in a
particular direction. Artificial numerical dissipation damps out the
effect of these paddle wheels, and the key idea is to simply add it
back. First normalized vorticity location vectors

(10)

that point from lower vorticity concentrations to higher vorticity
concentrations are computed. Then the magnitude and direction of
the paddle wheel force is computed as

(11)

where is used to control the amount of small scale detail
added back into the flow field and the dependence on the spatial
discretization guarantees that as the mesh is refined the physically
correct solution is still obtained.
This technique was invented by Steinhoff about 10 years ago

with a form similar to Equation 11 without the dependence on ,
see for example [20]. This method has been used successfully as an
engineering model for very complex flow fields, such as those asso-
ciated with rotorcraft, where one cannot computationally afford to
add enough grid points to resolve the important small scale features
of the flow.

4 Implementation
We use a finite volume spatial discretization to numerically solve
the equations of fluid flow. As shown in Figure 1, we dice up the

Figure 2: Semi-Lagrangian paths that end up in a boundary voxel
are clipped against the boundaries’ face.

computational domain into identical voxels. The temperature, the
smoke’s density and the external forces are defined at the center of
each voxel while the velocity is defined on the appropriate voxel
faces (see Figure 1, right). Notice that this arrangement is identical
to that of Foster and Metaxas [6] but differs from the one used by
Stam [17] where the velocity was defined at the voxel centers as
well. Our staggered grid arrangement of the velocity field gives im-
proved results for numerical methods with less artificial dissipation.
See appendix A for more details on our discretization.
To handle boundaries immersed in the fluid we tag all voxels

that intersect an object as being occupied. All occupied voxel cell
faces have their velocity set to that of the object. Similarly, the
temperature at the center of the occupied voxels is set to the object’s
temperature. Consequently an animator can create many interesting
effects by simply moving or heating up an object. The smoke’s
density is of course equal to zero inside the object. However, to
avoid a sudden drop-off of the density near the object’s boundary,
we set the density at boundary voxels equal to the density of the
closest unoccupied voxel.
Our solver requires two voxel grids for all physical quantities.

We advance our simulation by updating one grid from the other
over a fixed time step . At the end of each time step we swap
these grids. The grid may initially contain some user provided data,
but in most cases the grids are simply empty. We first update the
velocity components of the fluid. This is done in three steps. First,
we add the force fields to the velocity grid. The forces include user
supplied fields, the buoyancy force defined by Equation 8 and the
new confinement force defined by Equation 11. This is done by
simply multiplying each force by the time step and adding it to the
velocity (see appendix A). Next we solve for the advection term in
Equation 3. We do this using a semi-Lagrangian scheme, see [19]
for a review and [17] for its first application in computer graphics.
The semi-Lagrangian algorithm builds a new grid of velocities

from the ones already computed by tracing the midpoints of each
voxel face through the velocity field. New velocities are then in-
terpolated at these points and their values are transferred to the face
cells they originated from. It is possible that the point ends up in one
of the occupied voxels. In this case we simply clip the path against
the voxel boundary as shown in Figure 2. This guarantees that the
point always lies in the unoccupied fluid. Simple linear interpola-
tion is easy to implement and combined with our new confinement
force gives satisfactory results. It is also unconditionally stable.
Higher order interpolation schemes are, however, desirable in some
cases for high quality animations. The tricky part with higher or-
der schemes is that they usually overshoot the data which results in
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Rendering

To appear in the SIGGRAPH conference proceedings

Figure 6: Two stills from the rotor animation. A box is rotating inside the smoke cloud causing it to disperse. Notice how the smoke is sucked
in vertically towards the box as it is pushed outwards horizontally. The simulation time for a 120x60x120 grid was roughly 60 seconds/frame.

Figure 3: Rising smoke. Notice how the vorticies are preserved in
the smoke. The simulation time for a 100x100x40 grid was roughly
30 seconds/frame.

Figure 4: Low albedo smoke passing through several objects. Each
object interacts with the smoke and causes local turbulence and vor-
ticity. The simulation time for a 160x80x80 grid was roughly 75
seconds/frame.

Figure 5: Rising smoke swirling around a sphere. Notice how the
smoke correctly moves around the sphere. The simulation time for
a 90x135x90 grid was roughly 75 seconds/frame.

Figure 7: Six frames rendered using our interactive hardware ren-
derer of the smoke. The simulation time for a 40x40x40 grid was
roughly 1 second/frame.
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Space Amortization
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Types of Amortization

•Time amortization

•Space amortization

•Timestep constraints?

•Extent constraints?
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Questions

•What algorithms are good to amortize?

•How could we actually set up computers 
to do this?

•What dangers / bottlenecks do you 
expect?
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