
 

 

Abstract — Computational demands of fluid flow 
simulations are high, with large computational 
resources required to perform the calculations and 
these applications have recently been accelerated 
with the help of GPU devices (Graphical 
Processing Units). Fluid flow simulation using 
discrete method called lattice Boltzmann (LB) has 
also been parallelized using GPU. In this paper a 
single-node multi-GPU implementation of both 
two-dimensional and three-dimensional fluid flow 
LB simulation is presented. A configuration with 3 
GPU devices connected to the same processor is 
used to test the developed multi-GPU software and 
to compare the obtained speed-up relative to the 
single-GPU implementation. 

 
Index Terms — lattice Boltzmann method, GPU 

programming, CUDA architecture, OpenMP, multi-
GPU application 

 

1. INTRODUCTION 

odern computational methods are widely 
implemented in many scientific areas. 

Computational demands of such applications are 
high, with large computational resources required 
to perform the calculations. CPU technology has 
improved with years, but the applications require 
more and more computational power, that cannot 
be followed by the development of modern CPUs 
and desktop computers. High performance 
computing appears as an adequate solution. 
Many problems can now be solved interactively 
on a desktop computer paired with a GPU device 
(Graphical Processing Unit), that works as a 
coprocessor of the main computer. The 
specialized platform called CUDA (Compute 
Unified Device Architecture), developed by 
NVIDIA [1] enables the programmers to obtain 
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significant speed-up of already developed 
applications with minor changes in source code.  

There are many examples of successful 
implementation of GPU devices in existing 
programs. Some of the applications are 
inmolecular dynamics [2], processing and 
analysis of medical images [3], graph component 
labelling [4], block decomposition [5], DNA 
sequence alignment [6], bioinformatics pairwise 
sequence alignment [7], computation of shortest 
paths [8] and many others.  

Fluid flow simulation using discrete method 
called lattice Boltzmann (LB) has also been 
parallelized using GPU devices [9-10]. However 
there are problems in biomedicine, like 
simulations of blood flow through human aorta or 
other arteries that are described with complex 
domain boundaries and require high accuracy. 
Therefore very fine mesh must be defined, with a 
large number of nodes. This type of simulation 
has large computational demands and even if it 
would be run on a single GPU device, it would not 
be good enough, neither from the aspect of 
execution time, nor from the aspect of memory 
requirements. Thus a multi-GPU application has 
to be developed. There are papers in literature 
reporting diverse implementations of LB codes on 
a multi-GPU cluster for simulation of flow of 
compressible fluid [11], thermal fluid flow [12], 
incompressible three-dimensional fluid flow [13], 
incompressible two-phase flow [14]. In this paper 
a single-node multi-GPU implementation of both 
two-dimensional and three-dimensional fluid flow 
will be presented. A configuration with 3 Tesla 
C1060 connected to the same processor is used 
to test the developed multi-GPU software. Also, 
during testing phase the Curie supercomputer 
was used. This supercomputer is owned by 
GENCI, located in France and is part of PRACE 
(Partnership for Advanced Computing in Europe) 
Research Infrastructure. Our project was 
rewarded with access to Curie cluster within one 
of preparatory project access calls, hence we 
were able to use GPU devices from the cluster. 

The paper is organized as follows. In section 2 
the basic equations of LB method are listed, as 
well as some implementation details, relevant for 
the parallelization procedure. In section 3 the 
parallelization procedure is discussed. Section 4 
shows the results of speed-up obtained with 
multi-GPU system comparing to single-GPU 
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application. This section also shows the results of 
one high demanding simulation of human aorta. 
Section 5 concludes the paper. 

2. LATTICE BOLTZMANN METHOD 

 
Lattice Boltzmann method observes the fluid as 

a set of fictitious particles that are moving through 
the domain in a predefined set of directions. The 
set of directions for two cases considered in this 
paper (D2Q9 for two-dimensional domain and 
D3Q27 for three-dimensional domain) are shown 
in Figure 1. By studying the dynamics of these 
particles (the collisions between them and their 
further propagation) the fluid flow is modeled on 
the macroscopic level. The entire domain is 
divided on a predefined number of cells and the 
discretized domain is called lattice mesh. The 
greatest advantages of LB method are the 
simplicity of implementation and the suitability for 
parallelization. 

 
Figure 1 - Set of directions of the distribution function for two-
dimensional D2Q9 lattice mesh (left) and three-dimensional 
D3Q27 lattice mesh (right) 
 

The basic quantity that is used in LB 
simulations is the distribution function 

1
. This 

function is defined in all nodes of the mesh and it 
is updated synchronously in all nodes, through a 
series of iterations, in discrete time steps. The 
basic equation from which the whole method is 
derived is called Boltzmann equation and it is 
given by: 
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where g  is an external force field, and   is the 

collision operator.  
Collision operator represents the changes in 

the distribution function due to the inter-particle 
collisions. In this paper for the description of this 
operator a simplified model is used, proposed by 
Bhatnagar, Gross and Krook [15]. This model is 
known as the single relaxation time 
approximation or the Bhatnagar-Gross-Krook 
(BGK) model. Operator   is defined as follows: 
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where   is the relaxation time (the average time 
period between two collisions) and is the 
equilibrium distribution function, the so-called 
Maxwell-Boltzmann distribution function. 
Since BGK Boltzmann equation is valid for 
continuum, it has to be discretized.  The 
discretization procedure, as well as the derivation 
procedure of the whole LB method can be found 
in literature [16, 17]. After discretization, using the 

distribution function calculated in simulation, 
macroscopic quantities can be evaluated as 
weighted sums over a finite number of discrete 
velocities. The discretized equation that 
represents the LB numerical scheme and that is 
used when LB method is implemented and solved 
numerically is given by: 
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where   is the modified relaxation time, 
introduced to ensure explicit time steps and better 
numerical stability of the solution, and iF  is the 

discretized external force term. 
In numerical implementations, this equation is 
solved in two steps – collision and propagation 
step. Two values of the distribution function can 

be defined - in
if  and out

if , that represent the 

values of the discretized distribution function 
before and after the collision, respectively. The 
following equations represent mentioned steps: 
Collision step: 
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Propagation step: 

   tftf
out

ii

in

i ,1, xvx                                          (5) 

Both steps must be applied to all nodes of the 
lattice mesh synchronously. Equation that 
represents the collision step is independent for 
each node and therefore this is a completely local 
operation. Equation for the propagation step 
shows that here only the currently considered 
node and a few closest neighboring nodes have 
to be considered. It is evident from this analysis 
that LB method is suitable for parallelization. 

2.1 Implementation details 

The parallelization of the developed software 
based on lattice Boltzmann method is the topic of 
this paper. This program for the simulation of fluid 
flow is written in programming language C++. 
Several classes are implemented, for definition of 
appropriate function related to lattice node, lattice 
mesh and the entire simulation. The algorithm of 
the program is schematically shown in Figure 2. 

 
Figure 2 - Two-dimensional mesh and discretized distribution 
function 
 



 

It is evident that there must exist a loop of 
iterations, because the problem must be solved in 
a large number of iterations, until the steady state 
is reached. Within this loop two steps defined with 
equations (4) and (5) are carried out. 

3. PARALLELIZATION OF LB SOLVER 

The main task was to modify the existing 
program and to separate parts that perform a 
large number of calculations from the rest of the 
program. The data necessary for this calculation 
had to be transferred to memory residing on the 
GPU device. The rest of the program is run on 
the CPU and the CPU controls the execution of 
the entire program (calling GPU functions, 
gathering results etc.). The functions that have to 
be executed on the device are called kernels. The 
main CPU program manages calls of kernel 
functions and passes appropriate arguments, so 
that the kernel function can be executed in 
parallel on a grid of threads. Within these kernel 
calls it is necessary to define the parameters of 
this grid, i.e. the number of threads and 
dimension of the grid. 

In the implementation of LB method the 
collision and propagation step are repeated in a 
predefined number of iterations. Two kernel 
functions were implemented and in the parallel 
version of the software they are called instead of 
functions used in sequential version of LB solver. 
Figure 3 shows the calls of these functions in 
sequential and parallel form. In the practical 
implementation these two functions are joined in 
one single function, to ensure better memory 
manipulation. 

 
Figure 3 - Collision and propagation step –regular and parallel 
version 

 
The single GPU version of LB solver was 

further improved, such that it can be run on a 
multi-GPU system, with several GPU devices on 
the same node. Here the concept of OpenMP 
was used [18]. Since several GPU devices will be 
used, kernel functions have to be called for every 
GPU individually. Also, data has to be allocated 
and initialized in memory of every GPU device 
individually. Therefore it was necessary to 
decompose the entire domain on N parts, where 
N is the number of GPU devices used. The 
decomposition is performed along x axis, like it is 
shown in Figure 4. This way every GPU device 
will be “responsible” for one part of the domain. 
Since the collision step is a completely local 
operation, no additional synchronization of 
devices is necessary. But, for the propagation 
step data from neighboring nodes is needed and 

thus the transfer of data from one GPU to its first 
neighbor is necessary. The data that has to be 
transferred consists of several components of the 
distribution function. Figure 5 shows the 
components that are transferred in a simulation of 
two-dimensional fluid flow, while Figure 6 shows 
the components that have to be transferred in a 
simulation of three-dimensional fluid flow. 

 
Figure 4 - Decomposition of the domain along x axis 

 

 
Figure 5 - Components of the distribution function that have 
to be exchanged between neighboring GPU devices – two-
dimensional fluid flow simulation 
 

 
Figure 6 - Components of the distribution function that have 
to be exchanged between neighboring GPU devices – three-
dimensional fluid flow simulation 

4. RESULTS AND COMPARISON OF SPEED-UP OF 

MULTI GPU SYSTEM VERSUS SINGLE GPU 

SYSTEM 

In this section the execution time of the 
parallelized LB solver running on a single GPU is 
compared with the execution time of the modified 
LB solver running on multiple GPU devices. It is 
necessary to consider the number of lattice nodes 
on which the operations are performed. As the 
number of nodes increases, the difference in 
measured execution time is bigger and the 
speed-up obtained using several GPU devices is 
greater.  

As a test example the simulation of straight 
stationary flow between two parallel walls is used. 



 

The total number of nodes varied, in order to 
show the mentioned dependence of speed-up 
from the number of nodes. The number of 
iterations is set to 20.000. This precise number of 
iterations is chosen because simulations can be 
executed in a reasonable amount of time. On the 
other hand, since the computational load remains 
the same for every iteration, the obtained results 
are relevant. Using these test simulations it is 
possible to gain insight of the execution time 
needed for more complex simulations. 

 
Figure 7 - Comparison of execution time for different number 
of lattice nodes – two-dimensional fluid flow simulation 

 

 
Figure 8 - Comparison of execution time for different number 
of lattice nodes – three-dimensional fluid flow simulation 

 
Figure 7 shows the execution times of the 

sequential LB solver and parallelized LB solver 
running on one GPU. It is evident that the 
difference in time is increasing depending on the 
number of lattice nodes, the speed-up is greater 
for finer meshes. In this Figure the execution 
times were measured for a simulation of two-
dimensional fluid flow. Figure 8 shows the same 
comparison of execution time of sequential and 
parallelized LB solver, but this time the simulation 
is performed in a three-dimensional fluid domain.  

Figure 9 shows the measured execution time 
when LB solver was executed on one, two and 
three GPU devices. It is evident from the diagram 
that the speed-up of the application increases as 
the number of nodes increases. The final speed-
up that was obtained when comparing LB solver 
running on one GPU and on two GPU devices is 
1.9, while the program running on three GPU 
devices runs 2.9 times faster than the program 
running on one GPU. The scaling is not ideally 
linear due to the communication and transfer of 
data from memory residing on one GPU device to 
another. 

 
Figure 9 - Comparison of execution time for different number 
of lattice nodes and different number of GPU devices (two-
dimensional fluid flow simulation) 

5. CONCLUSION 

In the last few decades LB method has 
become very popular in simulations of fluid flow. 
The main advantages of this method are simple 
implementation and natural parallelism. The in-
house developed LB solver has already been 
parallelized and executed on one GPU device. In 
this paper this software was further improved to 
enable the usage of several GPU devices to 
perform the calculations. In order for the program 
to run correctly, the synchronization of data 
between GPU devices was necessary and it was 
explained in this paper. Also, the obtained results 
and comparison of execution times for LB solver 
running on one, two or three GPU devices are 
presented. These results show that the improved 
version runs significantly faster on a multi GPU 
system and can be used to model fluid flow with 
complex domain boundaries, represented by a 
fine mesh with large number of nodes. 
Simulations of fluid flow that needed up to a few 
hours to be executed, can now be finished in just 
a few minutes which is extremely valuable.   
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