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Abstract: The use of Computational Fluid Dynamics (CFD) to assist in air quality studies in urban
environments can provide accurate results for the dispersion of pollutants. However, due to the
computational resources needed, simulation domain sizes tend to be limited. This study aims
to improve the computational efficiency of an emission and dispersion model implemented in a
CPU-based solver by migrating it to a CPU–GPU-based one. The migration of the functions that
handle boundary conditions and source terms for the pollutants is explained, as well as the main
differences present in the solvers used. Once implemented, the model was used to run simulations
with both engines on different platforms, enabling the comparison between them and reaching
promising time improvements in favor of the use of GPUs.
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1. Introduction

Since the industrial revolution, cities have grown at an outstanding pace, leading not only to
an increase in population density, but also in the emissions to be found in a city as industrial and
vehicle emissions appeared. Given that the urban landscape generates poor dispersion conditions,
high pollution concentration areas are generated, representing a health hazard to inhabitants and
a threat to the environment in general. Therefore, the study of air quality in cities is of the utmost
importance for ensuring a safe living environment.

A wide range of studies concerning pollutant dispersion can be found in the literature,
dealing with a wide variety of emissions from different sources [1–5]. In order to study this
phenomenon through numerical modeling, various approaches have been considered [6], among which
Computational Fluid Dynamics (CFD) represents one of the most used, with promising results
for diagnosis and forecast of concentration fields under different weather conditions on complex
domains [7–9]. The main advantage of CFD over other methods are the space and time resolutions
that can be achieved, as well as the accurate consideration of flow dynamics. However, due to the
computational power needed, domain sizes are limited, as is the resolution. This problem has led to
research efforts towards improving the computational efficiency combining advances in hardware
technology, new numerical methods, and programming techniques, generically regarded as the field
of High Performance Computing (HPC). The relatively recent incorporation of secondary processors
in the HPC landscape has led to a significant increase in raw computing power available for numerical
simulation solvers at decreasing costs.

Particularly, over the last fifteen years, Graphics Processing Units (GPUs) have shown an
outstanding evolution, not only in terms of computational power, but also in terms of capacity and
flexibility for programming, since the release of CUDA (Compute Unified Device Architecture) [10]
by NVIDIA in 2007 allowed the programming of multi-processors to execute parallel algorithms
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through the SPMD paradigm (Single Program–Multiple Data). Since then, scientists have studied
the use of GPUs to tackle general problems [11], as well as numerical linear algebra problems [12,13],
reaching significant improvements in performance in these last studies. Since most CFD codes are
limited in performance by memory bandwidth rather than by floating point operations throughput,
the huge memory bandwidth available in GPU processors has significantly allowed for performance
improvements in CFD codes. Accessing this great computational power comes at an expense, however,
since a significant portion of the code requires being adapted to GPU computing and rewritten in
suitable languages such as CUDA and/or OpenCL.

As far as Computational Fluid Dynamics are concerned, several studies have been conducted
incorporating the use of GPUs, since this parallelization technique has proven to have many benefits
in terms of speedup and energy consumption [14]. Nonetheless, most studies still struggle with
challenges when it comes to memory access optimization and data transfer between the CPU and the
GPU, among other things [14], proving that there is room for further programming improvements
regarding these technologies.

The use of graphics processors on CFD solvers dates even before the introduction of CUDA,
with different solvers being ported to GPUs by other means. Such is the case of [15], where a Lattice
Boltzman solver was implemented on GPUs to solve the pollution dispersion in an urban environment.
Moreover, due to the high data parallelism found in the Lattice Boltzman Method, further studies
have been conducted implementing different models in the GPUs, as in the cases of Fluid–Solid
interaction [16–18] and multi-domain grid refinement [19], to name a few, always achieving time
improvements when using GPUs.

Apart from this method, there has also been interest in the migration of other Navier–Stokes
solvers, as in the case of [20–22]. All of these studies present the passage of a finite difference solver to
a multi-GPU platform, using a similar parallelism strategy to the one described in this paper, recurring
to the use of CUDA and the Message Passing Interface (MPI) library to handle the different levels
of parallelisms present in the solvers, reaching speedups of up to two orders of magnitude when
compared to the sequential version of the solver.

When it comes to the finite volume method—as the one described in this study—[23] presents
a GPU implementation of an unstructured mesh-based finite volume Navier–Stokes solver, using
the CUDA programming model and the MPI library and reaching speedups of up to 50 times.
Similarly to [23], the present study aims to present a new version of an existing CPU-only-based
solver CFD code that incorporates the use of the GPU as a part of a larger effort to generate a general
purpose CFD code that allows computations to be done in graphics processing units or by central
processing units.

In this work, the migration of an open-source general purpose code to Heterogeneous Computing,
applied for the computation of pollution dispersion in urban environments, is presented. The different
strategies used to incorporate the use of GPUs are explained for this particular application but are
not limited to it, as the final code already uses several models, which include turbulence models and
fluid–solid interaction models, among others, resulting in a multiphysics open-source code capable of
simulating a wide range of situations with the aid of GPUs, leading to important improvements as far
as computational efficiency is concerned.

Section 2 presents the Methodology, which includes the description of the different CFD solvers
used for the simulations, the CPU-based version, and the new version that incorporates GPUs.
Then, the tracer transport capabilities that were migrated from one platform to the other are explained
to show the study case methodology in Section 3. In Section 4, some results from both simulation
engines are shown, and computation time is compared between both solvers on different platforms.
Finally, in Section 5, the conclusions are reached, and possible future work is presented.
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2. Methodology

2.1. Simulation Engines

The solvers used were both in-house open-source codes that solve three-dimensional turbulent
flows with the finite volume method, with second accuracy in space and time. The CPU-based code
is called caffa3d.MBRi [24,25], and was used as a base for the generation of the second solver that
incorporates the use of GPUs [26]; therefore, they both use the same mathematical models when
solving the flow and transport equations. Simulation results from both codes for any one setup should
match up to round off error. This feature provides a smooth path for debugging the GPU-based solver
with straightforward correctness checks relative to the CPU solver.

2.1.1. CPU-Based Solver

This simulation solver is based on a family of 2D flow solvers contained in the textbook by
Ferziger and Peric [27], and has had many improvements and additions since its creation, starting
with its extension to 3D in 2004 [24]. The code is written in Fortran 90, making it an accessible solver
for scientists that are not that familiar with computer sciences.

The solver caffa3d.MBRi is a general purpose open-source fully implicit code that implements the
finite volume method for solving Navier–Stokes equations. The incompressible flowsolver aims at
providing a useful tool for numerical simulation of real-world fluid flow problems that require both
geometrical flexibility and parallel computation capabilities to afford tens and hundreds of millions
of cell simulations. Geometrical flexibility is provided in this model by using a block-structured grid
approach combined with the immersed boundary condition method [28] to address even the most
complex geometries with little meshing effort and preserving the inherent numerical efficiency of
structured grids [29,30].

The same block-structured framework provides the basis for parallelization through domain
decomposition under a distributed memory model using the MPI library. A compact set of
encapsulated calls to MPI routines provides the required high level communication tasks between
processes or domain regions, each comprised of one or several grid blocks.

The solver has been applied and validated in several different fields, including wind energy and
wind turbine simulations [31], blood flow in arteries [32], and atmospheric pollutant transport [25,33].
For a full description of the solver capabilities, please see [25].

The code consists mainly of a package of Fortran 90 modules that contain a wide range of
capabilities that are to be called when needed. The parallel CPU computing approach is based on
domain decomposition and MPI communication, while at each domain sub-region, serial single core
CPU-only-based code is run, meaning that each core will be solving the flow at its sub-region in a serial
way. Thus, within each sub-region, most solver routines deal with cell-level computations organized in
loops through the entire sub-domain. Little simultaneous dependency between neighbor cells occurs,
except for the linear solver required due to the semi-implicit nature of the code.

The mathematical model comprises the mass balance and momentum balance equations,
Equations (1) and (2), for a viscous incompressible fluid (laminar or turbulent) with a generic
non-reacting scalar transport equation, Equation (3) for scalar field φ with diffusion coefficient Γ.
This last equation was used here for implementing the Tracers Module (explained below) to compute
pollutant dispersion. ∫

S
(~v · n̂s)dS = 0 (1)

∫
Ω

ρ
∂u
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dΩ +
∫
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In these equations, v = (u, v, w) is the fluid velocity, ρ is the density, β is the thermal expansion
factor, T is the fluid temperature and Tre f is a reference temperature, g is the gravity, p is the pressure,
µ is the dynamic viscosity of the fluid, and D is the strain tensor. The balance equations are written
for a region Ω, limited by a closed surface S. The Equation (2) has been written here only for the first
Cartesian direction.

The discretized version of the model consists of applying the previous equations to each volume
element of the mesh, giving an expression in the form of Equation (4), written again for the u velocity
component, where the variable value at cell P is related to the values at the six neighbors.

Au
P · uP + Au

W · uW + Au
E · uE + Au

S · uS + Au
N · uN + Au

T · uT + Au
B · uB = Qu

p (4)

In Figure 1, a scheme of the iterations executed in order to solve each linearized equation for each
timestep is shown. Complete details for the discretization of each term will not be given here, but can
be found in Usera et al. (2008) [24].

Figure 1. caffa3d.MBRi iteration scheme, Usera et al. (2008) [24].

For this particular study, the parametrization of turbulence was performed with a simple
Smagorinsky large eddies simulation model, and the buildings present in the domain were represented
by the Immersed Boundary Method; capabilities that were already implemented in the GPU version
are described in the next subsection.

2.1.2. CPU–GPU-Based Solver

The original CPU solver is currently being ported to the GPU, with about three quarters of the
different physical modules already functional in the GPU, including all the general purpose capabilities.
This effort is based on a preliminary study of GPU efficiency applied to the Strongly Implicit Procedure
(SIP) linear solver [34], where cell arrangement by hyper-planes was explored in order to reduce data
dependencies in heptadiagonal linear solver iterations. Some specialized modules, like Volume Of
Fluid (VOF) and Wind Turbine models, remain to be ported.

This migration of the code was designed to produce a GPU-based version of the CPU-based
solver, with equivalent implementations of all the relevant computations up to round-off error.
The resulting package hosts both versions of the solver, which share about 40% of the original Fortran
90 source code. Compilation, through a parameterized hybrid Makefile, was configured to produce
two independent versions of the solver, one that computes solely based on CPU, and another that
incorporates the use of GPUs for computations. The main advantage of this approach is that it enables
the programmer to debug the new solver by comparing results with its own CPU version, which
consists of a reorganized version of the original caffa3d.MBRi code. Furthermore, through detailed
configuration of the compilation process by use of conditional compilation instructions, selected
modules can be chosen to execute at the CPU or GPU for debugging purposes at the expense of
computation performance, since extra memory transfers between GPU and CPU are involved in
that case.

A seamless integration between the original Fortran 90 code of the CPU-based solver and the new
CUDA code for the GPU Kernels was achieved through extensive use of the Fortran 90 ISO-C-Binding
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module and specifications. This approach allows C99 routines to be called from Fortran 90 routines
and to access global data defined in Fortran 90 modules. For this purpose, Fortran 90 interfaces were
defined for each C99 routine. These routines manage the launch of CUDA GPU Kernels, as well as
data transfer between the CPU and GPU. In Figure 2, a scheme of the command chain is shown.

Figure 2. Command chain scheme for the CPU–GPU solver.

In order to minimize inefficiencies due to memory transfers between the CPU and GPU, field
arrays for velocity, pressure, and other physical magnitudes, as well as mesh geometrical properties,
are permanently stored at the GPU global memory, even at the expense of intense GPU RAM utilization.
Currently, about 1 GB of RAM is required for every 1.5 million cells in a typical simulation. Full field
arrays are only transferred between the CPU and GPU at the beginning of the simulation and before
writing intermediate or final output to disk. For this purpose, a copy of those fields is also permanently
stored in CPU memory, which enables the overlap of disk latency with ongoing computations.
MPI communications between nodes are overlapped with computations in a similar way, incorporating
buffer arrays at the GPU and buffer transfer functions between the CPU and GPU, while keeping the
original Fortran 90 implementation of the MPI communications [25]. Upgrading the communication
scheme to handle direct communication between GPUs is planned for a future release of the software.

To promote coalesced memory access and prevent excessive need of atomic functions in several
routines across the solver, a red-black scheme is adopted to store structured grid field arrays in GPU
global memory. This strategy suits most of the solver routines well, as well as even simple linear
solvers that can be optionally used in caffa3d.MBRi, like the Red-Black solver. Within these GPU
arrays, data items are arranged in strips of one warp size length, alternating red-colored cells in one
warp and black-colored cells in the following, after the arrays are first copied from the CPU to the GPU.
This process is reverted before copying the arrays back to the CPU for output. Multidimensional arrays,
as for velocity and position, are stripped along the relevant dimensions, so that each warp size strip
holds same color and the same dimension data, with successive dimensions following one another in
two warp size strips.

However, the most efficient linear solver included in caffa3d.MBRi for the heptadiagonal matrices
arising from the structured grid scheme is the SIP Solver [34], for which the red-black scheme is not
suitable due to the forward and backward substitution phases of the solver. Thus, a special memory
scheme was adopted for the SIP solver routine according to the hyper-planes strategy. For details on
this approach, please see [34].

With this in mind, the final structure of the GPU-using solver is depicted in Figure 3, where the
execution order is shown and the commands and data transfer between the CPU and the GPU are
presented. It is worth mentioning that within the solver block mentioned in Figure 3, one can find the
computations needed for solving the aforementioned equations; nonetheless, the commands that order
such executions as the outer iteration loop are controlled from the CPU.
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Figure 3. Working scheme for the GPU-using solver.

2.2. Tracer Module

In order to handle the information needed to compute the pollutant dispersion, a module was
incorporated into the original solver. This module is in charge of initializing the fields to be used as
passive scalars and computing the boundary conditions and sources in the domain for those tracers.
These last procedures are done by independent loops that are called on every timestep to compute
three different kinds of emissions for each tracer, point, linear, or superficial source.

Firstly, the point sources correspond to commercial or industrial chimneys to be found in
the domain; secondly, the linear sources represent vehicular emissions along the streets; finally,
the superficial sources include domestic heating emissions, and represent them as a surface above
the residential area of the domain. Given that all of these sources are defined geometrically, the way
to compute the source terms on each cell is by checking whether that cell fulfills certain position
requirements, so a loop through every cell is done on every timestep to compute the corresponding
source term for each cell.

Taking into account the fact that the new code replaces the use of loops with GPU kernel routines,
several changes had to be made to the original module. First of all, it had to be rearranged so that every
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loop was contained in its own subroutine, allowing the choice of whether to use serial computation
in the CPUs or to use the GPUs. Every time a subroutine is to be called, two roads can be taken:
One basically follows the original code, while the other calls a C99 function that will send a command
to the GPU to execute what is called a Kernel. Each Kernel will correspond to a loop through the cells,
with the Kernels being executed by several processors at the same time; each of them is in charge of a
small set of cells, in comparison with the total amount of cells.

Next, the Kernels developed will be explained, but first, the original subroutines have to be
explained. The loop that determines which cells will emit due to a point source consists of checking
whether each cell’s center is inside a sphere centered in the chimney to be modeled with a predefined
diameter. Moreover, the total volume of the emitting cells is needed in order to assign a source term to
each of them, so at the initialization, a loop checking which cell will be emitting for each source and
the total volume of each source (equal to the sum of the emitting cells volume for a certain source) is
run, and the data is saved. Once this is done, an integer field called Point Emission Flag (PEF) gets a
value for each cell of the domain; the idea is that the integer number will indicate which sources are
emitting in that cell. In order to accomplish this, the field is computed in the following way every time
the cell should emit due to the source number “SN”:

PEF = PEF + 2SN−1. (5)

Once PEF is determined, it can be converted into a binary number that indicates which sources
will be emitting through a cell, since each position of the binary number will correspond to a specific
source; therefore, a 1 in the position of a certain source will indicate that the cell emits due to that
source, while a 0 indicates that it is not emitting from that source. Given that one already has the
PEF, the way to compute the source terms for the scalar transport is fairly simple; one has to loop
through each point source and check whether each cell emits or not, and if it does, one has to assign
the corresponding source term to it. In order to accomplish this using GPUs, the C99 function in charge
of sending the Kernel command has to send the needed information to the device; this information
includes fields, grid data pointers, and any extra value that is not saved in the device memory.

With this in mind, the Kernel in charge of computing the point sources will assign eight cells to
every processor as the hyper-plane strategy and a Red-Black scheme are used, so the first part of each
Kernel will be in charge of determining the cells’ indexes. Once this is done, a loop through those eight
cells is done, so as to perform the needed computations for each cell. These computations include
looping through the different point sources to determine if the cell has an emission associated with
that source by using the PEF field; if it does emit, a source term is computed for that specific cell.

Similarly, the linear sources are computed the same way, as the emission of a cell depends
whether it is inside a predefined prism or not, so a Linear Emission Flag (LEF) field is used, and the
Kernel scheme is basically the same one. However, when computing the superficial sources, another
scheme is needed, as the emitting cells will be those whose centers are inside a horizontal polygon
and whose heights are just above a certain height. Taking this into account, each Kernel will be in
charge of two columns of cells, as the hyper-plane strategy is not used, yet the Red-Black scheme
is. So, after determining some indexes, a loop through the superficial sources is done, and the first
cell above the pre-established height is determined for each column. Then, the position of the cell is
computed and checked to see if it should emit or not; in case it does, the source term is assigned to
that cell.

Apart from the passage of the previously explained subroutines, another module that computes
statistical data was incorporated into the GPU scheme. The purpose of the module is to compute mean
fields through the simulation by updating them on every timestep. With this in mind, a Kernel in
charge of doing so was created with a scheme very similar to the one described for the point sources,
but the computations done consist only of the update of a mean field defined by the input given.
Using only one Kernel, one can to compute the mean field of as many fields as needed; for instance,
mean velocity and mean tracer concentration fields are computed, among others.
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3. Study Case

In order to test and compare the performance of the new code, a real life domain was considered,
consisting of the surroundings of a power plant near Montevideo’s port area. Inside the domain,
point and linear sources can be found; however, as no residencies are included in the area, superficial
emissions were not included. Nonetheless, the proper operation of the new model for those emissions
was tested and proved to work as expected. In the selected domain, the structures present were
represented by the Immersed Boundary Method [28], a model that was already operating in the
heterogeneous version of the solver. Once the domain was determined, the simulations were run with
a timestep of one second.

In order to ensure an accurate representation of the pollutant dispersion, 5000 timesteps
were run without any emission so as to let the flow develop. Then, the emissions were turned
on, and 10,000 timesteps were simulated to ensure the concentration field reached stationary-like
conditions. Last but not least, the mean concentration fields were computed over 20,000 more timesteps.
In total, 35,000 s were simulated, printing information every 1000 timesteps, allowing the comparison
of the performance of each solver when computing not only the velocity fields, but also the pollutant
fields, as well as the mean fields for all magnitudes.

The simulated domain was a 320 m× 400 m× 200 m prism, decomposed into 20 blocks, each of
them being a prism of 80 m× 80 m× 200 m made out of 64× 64× 98 cells (including the boundary
cells), leading to a total of 8,028,160 cells. Furthermore, an exponential growing height in the vertical
direction was applied to the cells to ensure a proper representation of the flow near the floor, with an
initial height for the bottom cells of 0.1 m. Given the fact that the solver will solve the speed for three
directions and the pressure for the flow, and solve dispersion for four tracers, each cell will have
eight degrees of freedom (DOFs), resulting in 59,043,840 DOFs for the entire simulation. In Figure 4,
the domain and its block separation can be seen from above, while in Figure 5, it can be seen from a 3D
perspective. In both Figures, the power plant present in the domain can be seen in grey.

Figure 4. Simulation domain seen from above. Black structure is the representation of the present
structure.
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Figure 5. Simulation domain isometric view. The black structure is the representation of the
present structure.

Once the domain was determined, a Northern wind condition was imposed as the inlet condition.
Additionally, one point source and two linear sources were configured as the pollutant emissions.
In Figure 6, the emitting cells for the point source are shown in red in the left image, while the emitting
cells that correspond to the linear sources are colored in the right picture.

Figure 6. (a) Emitting cells in red for the point sources; (b) linear sources emitting cells inside
the domain.

In order to compare the efficiency of the solvers, different platforms and configurations were used.
The main one is a cluster made out of several nodes, each consisting of two CPUs (Intel Xeon Gold
6138 CPU @ 2.00 GHz) and a GPU (Nvidia P100) that counts with 3584 cores; this platform is called
ClusterUy. Apart from it, another computer (Medusa) with a CPU (Intel(R) Core(TM) i7-6700K CPU @
4.00 GHz) and four GPUs (Nvidia GTX 980 TI) with 2048 cores each were used. Given that ClusterUy
is a shared platform, some parts of the simulations were run with shared nodes, especially for the
CPU-based solver, reaching varying simulation times due to sharing memory with other processes.
To avoid this problem, exclusive nodes were required to ensure each simulation was run without
sharing memory with other processes.

Taking the different platforms into account, different simulations were performed, considering
not only the platform and solver, but also the number of regions defined. For CPU-only simulations,
each region is assigned to one CPU core, while for the Heterogeneous Computing solver, each region
is assigned to an entire GPU, and all of its cores are used. Given that the domain and number
of cells were never changed, only strong speed-up analysis was performed, leaving weak-scaling
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speed-up analysis for future research. In Table 1, the different simulations run are shown with their
corresponding information.

Table 1. Simulations run for each solver with their configurations and platforms.

No Solver Regions Platform

1 CPU-only 20 ClusterUy
2 CPU-only 4 ClusterUy
3 CPU-only 4 Medusa
4 CPU–GPU 4 ClusterUy
5 CPU–GPU 4 Medusa
6 CPU–GPU 2 ClusterUy

Once the simulations were run, different execution times were considered: First of all, various
running times were measured inside the Main Time Loop for the simulations run in ClusterUy,
obtaining information about the execution time of a single timestep, the outer iterations loop inside one
timestep, the momentum computation and tracers computations executed in one iteration, and lastly,
the whole Main Time Loop. These measures were taken over 500 timesteps for every region in each
simulation, thus obtaining a mean execution time for each run.

Apart from these measures, printing time between the two outputs was also measured in minutes
to obtain an idea of the speed-up of the entire program, including reading and writing processes.
The outputs in these measures were written every 1000 timesteps, and the resulting running times
were also computed as the mean values for every simulation run.

4. Results

Once the module was implemented in the new solver, different simulations were run in order
to ensure the proper representation of the different sources in the domain. Later on, a full-scale
simulation for the study case described previously was run, reaching the following results for the
concentration fields.

First of all, in Figure 7, the instant concentration for SO2 at a height of 60 m above the ground,
computed by both solvers, is presented.

Figure 7. SO2 instant concentration (µg/m3) at 60 m above ground (10 m below emission). (a) Results
obtained with caffa3d, and (b) with the GPU-using version.
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In Figure 7, the concentration peaks can be found in the different vortices generated by the
structure represented by the Immersed Boundary Method and depicted in black in the Figure. In the
right picture, the concentration for the CPU–GPU solver is shown; it can be seen that despite the
different location of the peaks, they reach similar values of concentration. This difference in the location
and distribution of the vortices is expected, as it is known that the parallelization of the scalar product
leads to different numerical results in contrast to a sequential scalar product, due to rounding errors [20].
These differences in results are then increased because of the turbulence present in the simulations,
resulting in different velocity fields and different concentration fields. Nonetheless, the results reached
are within what is expected, representing different turbulent conditions of the same flow.

In order to have a better comparison of the results, the mean concentration fields are compared
in Figure 8, where the CO mean concentration field at ground level is shown for the CPU and
CPU–GPU solvers.

Figure 8. CO mean concentration (µg/m3) at ground level, (a) results obtained with caffa3d,
and (b) with the GPU-using version.

As expected, the mean concentration fields are smoother than the instant ones, and are not
dependent on the vortices generated by the structure. Therefore, as Figure 8 shows, the mean
concentration fields are very similar, especially in defining the impact zone of the emissions simulated,
as expected. It can be concluded that the new solver reaches consistent results in comparison with
the original solver, proving to be a reliable code when representing the physics involved in the
present problem.

Once the results from both solvers were found coherent, performance was analyzed. First of
all, the different execution times for parts of the code were compared for every 500 timesteps run,
and results are shown in Table 2.

Table 2. Computation time in seconds for different procedures of the code (only ClusterUy simulations).

Code Part 4 Regions (CPU) 20 Regions (CPU) 2 Regions (GPU) 4 Regions (GPU)

Main Time Loop 28,497.815 12,582.724 4026.620 2625.393
1 Timestep 56.996 25.165 8.053 5.251

Outer Iterations Loop 56.882 25060 7.970 5.149
Momentum Computation 1.372 0.597 0.159 0.128

Tracers Computation 3.238 1.476 0.331 0.207
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In order to have a better comparison of the results, the speed-up for every procedure was
computed against the simulation with four regions run with the CPU-only solver, providing the results
shown in Figure 9.

Figure 9. Speed-ups for different procedures for simulations run in ClusterUy.

Figure 9 shows the important speed-ups that are achieved when GPUs are implemented, even
when fewer regions are defined. Furthermore, it can be appreciated that Tracer Computations have the
largest speed-up when using GPUs, indicating that the migration of the model was worth it, reaching
speed-ups of over 15 times.

Apart from this analysis, the computation time needed for 1000 timestep was considered, only
for when all of the fields and their mean values were being computed, which corresponds to the
computations done after the 15,000 first timesteps. Moreover, only the results when computing in an
exclusive node were considered, as high variability in simulation times was found when sharing nodes
in ClusterUy. In Table 3, the computation times for the different simulations and their configurations
are shown.

Table 3. Computation times (minutes) for computing 1000 timesteps of the simulation.

No Solver Regions Platform Time

1 CPU-only 20 ClusterUy 388
2 CPU-only 4 ClusterUy 806
3 CPU-only 4 Medusa 790
4 CPU–GPU 4 ClusterUy 95
5 CPU–GPU 4 Medusa 94
6 CPU–GPU 2 ClusterUy 124

As Table 3 shows, the new solver as a whole works faster than the original, having a speed-up of
up to 8.5 times when using the same domain decomposition. Furthermore, an improvement of up to
four times is reached when using five times fewer processors with the GP-using version, and even
a speed-up of three times when using 10 times fewer processors. Taking into account the fact that
using half the GPUs slows the simulation by around only 30% indicates that the GPUs were not being
fully used, so even bigger domains could be simulated with little change in the simulation time for the
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heterogeneous version, while the original solver, due to its serial nature, would be slowed down when
computing bigger domains.

When comparing these results against the Main Time Loop speed-up shown before, the speed-ups
for the whole program are lower. This can be explained mainly by the fact that the Main Time Loop
does not include the output writing and other procedures handled by the CPU in both versions;
however, a possibility to write the output files while continuing computing on the GPU is being taken
into account so as to reach higher speed-ups for the whole code.

Apart from these analyses, the amount of time spent on data transfer was obtained with a profiler
for a smaller simulation with only one region (no MPI communication), finding that only 4.56% of
the total time was spent on exchanging data between the CPU and GPU. It is worth mentioning that
this mostly accounts for the initial data transfer between the host and the device, since it accounts for
4.50% of the total time, while the other 0.06% of the total time was spent on transferring data from the
GPU back to the CPU. Even though these results are not directly relatable with the study case, they do
show that data transfer between the GPU and the CPU accounts for a small percentage of time when
the initialization exchange is not taken into account, enabling further improvements, as this exchange
does not limit the parallelization.

5. Conclusions

As far as the module implemented in the new solver is concerned, the results obtained were
coherent with the ones obtained from the original solver. Furthermore, as caffa3d.MBRi has been
validated in some pollution study cases [25,33], the new engine proves to be a reliable tool for the
computation of pollution dispersion as well.

When computational performance is considered, an important improvement can be seen,
as simulation times were reduced by at least eight times with the same decomposition, and even of
three times when using ten times fewer processors. These results are highly promising, as they show
not only that faster computations are possible, but also that bigger domains with higher resolutions
are possible as well, since only two cores were used for some simulations and little difference in
computation time was noticed.

In conclusion, the migration of the model was successful, contributing to the development of a
general purpose CFD open-source code that allows computations to be done either on CPUs or GPUs.
Moreover, this study presents the improvements reached by the incorporation of the HPC techniques
described, encouraging the use of this method on simulations that require high computational power
due to the domain size, as is the case of pollution dispersion in urban environments, leading to
important time and resource reductions. These reductions could enable the use of this kind of software
as a real-time simulator, allowing the user to predict pollutant dispersions as soon as an incident
occurs. Furthermore, due to the high variability of the flows involved, further statistical analysis could
be easily performed to forecast and diagnose air quality in urban environments, achieving stronger
results which can then be used for city design, health risk prevention, emissions control, etc.

Taking into account the promising results obtained from the new Heterogeneous Computing
solver, more capabilities are expected to be migrated from the original solver. Some of them are Wind
Turbine models, VOF models, and other multiphase flow models, among others. Moreover, when it
comes to the emission sources, modeling the possibility of including moving sources is being taken
into account so as to represent the vehicular emission explicitly.
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The following abbreviations are used in this manuscript:

CPU Central Processing Unit
Heterogeneous Computing GPU Graphic Processing Unit
CFD Computational Fluid Dynamics
HPC High Performance Computing
SPMD Single Program – Multiple Data
SIP Strongly Implicit Procedure
CUDA Compute Unified Device Architecture
MPI Message Passing Interface
VOF Volume Of Fluid
PEF Point Emission Flag
LEF Linear Emission Flag
DOFs Degrees Of Freedom
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