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Figure 1: LBM-based flow simulation results

We simulate flow dynamics including thermal effects on the
GPU. The computational approach couples the Multiple-relaxation-
time Lattice Boltzmann Model (MRTLBM), a relatively new ap-
proach in computational fluid dynamics, with a finite difference dis-
cretization of a standard diffusion-advection equation for tempera-
ture. Real-time performance is achieved by accelerating the compu-
tation of both the MRTLBM and the diffusion-advection equation
on the GPU.

The LBM models Boltzmann particle dynamics on a lattice,
which is a structured grid whose unit cell includes the center cell
with zero velocity and the links to its neighbors. Stored at each
lattice node are the packet distributionsfi, hydrodynamic moments
(i.e., density, momentum, energy, etc.)mi and velocity vectorsei,
wherei identifies a particular link. For a noder at timet, the macro-
scopic fluid density,ρ(r, t), and velocity,u(r, t), are computed as
follows:
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The LBM updates the packet distribution values at each node
based on two rules: collision and streaming. Collision describes the
redistribution of packets at each node. Streaming means the packet
distributions move to the neighbor along the velocity link. We im-
plement the MRTLBM where the collision step is performed in the
space of moments because it achieves better numerical stability and
greater flexibility than the previously used Single-relaxation-time
LBM (SRTLBM). The two step process of collision and streaming
becomes:

|f(r, t+)〉 = |f(r, t)〉 − M−1S[|m(r, t)〉 − |meq(r, t)〉] (2)

|f(r + ei, t + 1)〉 = |f(r, t+)〉 (3)

where|f〉 and|m〉 represent the vectors composed by all thefi and
mi, respectively.M is the constant transformation matrix that is
defined as|m〉 = M |f〉. The components of the vector|meq〉 are
the local equilibrium values of the moments. To capture thermal
effects in a flow, temperature is coupled to the MRTLBM through
the energy moment that the model exposes. The temperature is
modeled separately with a standard diffusion-advection equation,

∂tT + u · ∇T = κ∆T + q2(γ − 1)c2
s0∇ · u, (4)
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Figure 2: Melting of a chocolate vase due to LBM-based hot air
flow

Table 1: Running time per step measured in milliseconds

Simulation SRTLBM MRTLBM MRTLBM
no temperature without with

temperature temperature
Software version 317 464 678
GPU version 51 53 75
Speed up 6.2 8.8 9.0

whereκ is the thermal diffusivity of the fluid,γ is the specific heat,
cs0 is the isothermal speed of sound andq2 is a constant coupling
coefficient. This equation is computed on the GPU using the ex-
plicit finite difference operators.

Due to the parallel nature of the LBM and the locality of its op-
erations (Eqs. 1-3), mapping it onto the GPU is straightforward.
The basic scheme is as follows: All the distributions, velocity and
density, are grouped into volumes and then packed into stacks of
2D textures accordingly. Fragment programs evaluate the LBM up-
date equations for each time step. The fragment programs fetch
any required neighbor state information from the appropriate tex-
tures, perform the computation, and then render the results to a
pixel buffer. The results are copied back into textures for use in
the next computational pass.

However, unlike previously used SRTLBM, the collision opera-
tion of MRTLBM requires a matrix-vector multiplication (see Eq.
2). The dimension of the matrix and the vector are 13× 13 and 13,
respectively. Therefore, we decompose the matrix and vector into
4-dimension matrices and vectors and use the built-in matrix-vector
operations that are greatly optimized in graphics hardware.

Table 1 characterizes the performance for a lattice of size50 ×
50 × 50, which is measured on a computer with a 2.53 GHz Intel
Pentium 4 CPU (not using SSE though) and an Nvidia GeForce
FX 5950 Ultra GPU. Figure 1 shows LBM-based flow simulation
results. Figure 2 shows the melting of a chocolate vase due to hot
air whose flow is simulated using LBM.


