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Abstract — A parallel structured mesh generation method
is proposed for FDTD (Finite Difference Time Domain)
simulation in this paper by MPI (Message Passing Inter-
face) implementation. This parallel method is based on
serial projection and ray tracing. It completely imple-
ments the process from surface triangles recorded in a
STL (STereoLithography) file to solid hexahedral grids.
Furthermore, the parallel method realizes the balanced
task allocation for processes which provides almost
linear parallelism. Experimental results show that the
running time of the MPI program increases in a nearly
linear way. As the number of processes increases, the
efficiency of the parallel program consistently remains
above 80%.

Index Terms — FDTD, MPI, parallel projection, ray
tracing, STL file, structured mesh generation.

I. INTRODUCTION

The finite difference time domain (FDTD) method
is one of the most common methods in the field of com-
putational electromagnetics since Yee proposed it [1].
It solves Maxwell equations by space and time dis-
cretization. The computation space needs to be divided
into hexahedral units which are called Yee cells. The
Yee cell size determines the accuracy and efficiency
of FDTD. Therefore, mesh generation is essential for
FDTD simulation.

Since the Yee cell concept was first proposed for
FDTD simulation in 1966, numerous FDTD mesh gen-
eration methods have been proposed, such as projec-
tion [2], volume rendering [5], ray tracing [9], and
tetrahedral conversion [16]. These methods realize accu-
rate identification of Yee cells for all kinds of models.
However, when the target model is complex or large-
scale, the computation time rises. A parallel method is
needed to shorten computation time.

To fully improve efficiency of mesh generation in
such cases, this paper proposes a parallel structured
mesh generation method by MPI (Message Passing
Interface) technique for FDTD simulation. The parallel
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method is based on serial projection-ray tracing. For
models which are complex or large, different parallel
schemes are designed. The parallel projection method
realizes the best allocation for all primitives. The parallel
ray tracing method realizes the most average allocation
for all grids. Furthermore, parallel IO technology is used
to realize data transmission among different modules.
To verify the efficiency of the parallel method, a large-
scale submarine is simulated with billion-scale grids.
According to the simulation result, the parallelism of our
method maintains at over 80% which can significantly
shorten runtime.

II. PARALLEL METHOD

Before FDTD simulation, spatial discretization is
needed. To realize the mapping from surface triangles
recorded in the STL (STereoLithography) file to hex-
ahedral Yee cells, we propose the serial projection-ray
tracing method from our previous work [20, 21]. As
shown in Fig. 1, the serial method requires three steps:
generate adaptive mesh lines, identify the surface Yee
cells (surface fitting), then fill in the internal Yee cells
(internal filling). After finishing the three steps, the
surface triangles of the object are converted to structured
grids for FDTD simulation.

(@) (b) (©)

Fig. 1. Process from surface triangles to hexahedral
Yee cells: (a) generate adaptive mesh lines, (b) surface
fitting, (c) internal filling.

Though the projection-ray tracing method proposed
realizes fast grid generation for FDTD method, it still
consumes much time when it comes to complex models
with enormous primitive elements and the billions of
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Yee cells required by large-scale models. A parallel
method is needed to accelerate the algorithm for such
cases. In terms of the serial method, the adaptive mesh
line generation is difficult to parallelize for its frequent
global operations while the remainder of the method
is parallelizable. Thus, the parallel method includes
the paralleled projection method and the paralleled
ray-tracing method mainly. The paralleled projection
method aims at allocating primitive elements evenly to
different processes. The paralleled ray-tracing method
aims at allocating Yee cells evenly to different processes.
Parallel IO (input and output) is used for data trans-
mission among processors. The specific parallel method
follows.

A. Parallel projection method

In the proposed projection method, we convert the
triangle elements to the corresponding surface struc-
tured grids. The mapping between the two is non-
linear which is hard to parallelize directly. This paper
proposes a parallel projection method which can achieve
linear parallelism nearly based on the projected area.
According to the proposed projection method, the actual
computational load is relevant to the number of grids in
the projection area. Our parallel strategy is to allocate
triangles to processors so that they have similar grid
amounts. As shown in Fig. 2, the triangle (assume its
number is i) is projected onto three coordinate planes,
forming the projected area Sy, S2, S3. Assume the grid
number of the projected area is Xpyjn ~ Xmax in the X-
direction, Ymin ~ Ymax in the Y-direction, Zmin ~ Zmax in
the Z-direction, the corresponding grid areas Sy, Sz, S3
are Qy,, Oy, , Os,. Then, for triangle i, the total grid Q; is
calculated as:

Qi = Qs, +0Os, + Os;, (1)
where Q;,, Oy,. Oy, are:
Os, = (*max —Xmin + 1) X (Zmax — Zmin + 1)
0s, = (Xmax — Xmin + 1) X (Ymax — Ymin + 1)
Os; = (Ymax —Ymin + 1) X (Zmax —Zmin +1).  (2)
The total number of grids of all triangles Q. is:

Qtotal = Z Qi- (3)
i=0

Assuming there are N processes for accelerating
totally, to obtain linear parallelism, the ideal grids
amount allocated to each process Q is:

Q = Qtotal/P- (4)

However, the actual grids amount @, of each pro-
cess cannot be completely equal to Q under the condition
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that one triangle cannot be split by different processes
but can only be allocated to a single process. Thus, the
ideal allocation for the triangles is to make 6> minimum.
The calculation method of 62 is:

o’=Y (0,-0)> (5)

Fig. 2. Parallel projection method based on projected
area.

Fig. 3. Balanced allocation for triangles on the sphere.

By optimized resource scheduling according to
equation (6), the distribution of Q) is close to Q. As
shown in Fig. 3, the triangles are allocated to different
processes (each color represents a process). Each pro-
cess has similar computation under the most balanced
allocation based on (6). In this way, the acceleration ratio
achieves almost linear growth.

B. Parallel ray tracing method

The ray tracing method is completely parallelizable
for the independence of paralleled rays. According to the
algorithm, the whole area can be divided to subareas
along the direction of the rays. The subareas are also
completely independent which doesn’t require process
communication. As shown in Fig. 4, assume the ray is
along the Z-direction, the whole area is divided to four
subareas which are split evenly in the X-direction and
the Y-direction according to the amount of processes.
Each process executes the ray tracing method indepen-
dently for its corresponding subarea and the ultimate
results can be gathered by all processes. Because those
subareas cover similar numbers of grids, the parallelism
of the ray tracing method is perfectly linear.
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Fig. 4. Parallel ray tracing method.

C. Parallel 10

Because the projection method and ray tracing
method take a different parallel strategy, the global data
needs be transmitted among different processes. The
ultimate result needs to be gathered and output as Yee
cells’ data for electromagnetic calculation. As shown in
Fig. 5, parallel IO is used to realize data transmission
through a common file interface, which also supports
nearly linear parallelism when there aren’t too many
processes. On the stage of surface fitting, processes
are allocated with different triangles. As soon as all
processes finish surface fitting, the local data of each
process is written parallelly to the common file. Then all
processes read the whole common file to get global data.
Following that, global data are reallocated to different
processes according to the regional location to carry
out internal filling. Finally, complete data are output
parallelly to a result file.

Write write
write write

internal filling

output file

Fig. 5. Parallel projection-ray tracing method scheme.

Based on the parallel method projection module,
the ray tracing module and the IO module are com-
pletely linearly parallel except for the adaptive mesh
line generation module. However, the computation time
of the module is relatively small. Therefore, the whole
process achieves nearly linear parallelism ignoring the
computation time of adaptive mesh line generation.

ACES JOURNAL, Vol. 40, No. 12, December 2025

III. SIMULATION RESULTS

To demonstrate the parallelism of the proposed par-
allel projection-ray tracing method, a large-scale model
(submarine) is considered which has more geometric
primitives and generates more Yee cells.

The submarine model and material mapping result
are shown in Fig. 6. The length of the submarine is
62 m. The width is 11 m and the height is 20 m. It
includes 10695 triangle elements. The simulation time
of the sequential program reaches hundreds of seconds
which greatly speeds up using the parallel method.

" |

(a) (b)

Fig. 6. Simulation of submarine: (a) original model and
(b) structured mesh generated.

We choose 200, 400, and 1700 million grids for
multi-point parallelism testing. The time of three mod-
ules, total time, acceleration ratio, and efficiency are
shown in Tables 1-3. The three modules include the
mesh line generation module, the surface fitting module,
the internal filling module, and the parallel IO module.
Total time is slightly more than the sum of the four main
modules, allowing extra time for MPI function expenses
and synchronous operations. Speedup and Efficiency are
calculated as follows.

Assume there are N processes for accelerating,
Ty represents total time of N processes, Sy represents
speedup of N processes, Ey represents efficiency of
N processes, 11 represents total time of one process,
which is equal to sequential time. Then, Sy and Ejy are
calculated as:

T
Sy = — 6
NE T (6)
T
Eny = . 7
NETXN @)

According to the simulation time results shown in
Tables 1-3, the time of the Mesh Line Generation mod-
ule is a tiny number which barely influences the total
time of the program, the rest of the modules (Surface
Fitting, Internal Filling, Parallel IO) consume half of the
time with the number of processes growing exponen-
tially. The Efficiency of the parallel program maintains
at over 80% for 1-8 processes and the Speedup rises
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Table 1: Simulation time comparison on 200 million grids of 1, 2, 4, 8, 16 processes for submarine

Process Mesh Line | Surface | Internal | Parallel | Total Total Total
Amount | Generation | Fitting Filling 10 Time | Speedup | Efficiency
1 0.43s 38.03 s 23228 36.87s | 99.93s - -

2 0.43s 21.75s 1144 s 18.26s | 52.13 s 1.91 0.96

4 0.43s 11.86s 5.69s 9.47s 27.85s 3.59 0.90

8 0.44 s 7.37 s 2.78 s 4.86s 1591s 6.29 0.80

16 0.44 s 4.86s 1.41s 2.73 s 9.77 s 10.23 0.64

Table 2: Simulation time comparison on 400 million grids of 1, 2, 4, 8, 16 processes for submarine

Process Mesh Line | Surface | Internal | Parallel Total Total Total
Amount | Generation | Fitting | Filling 10 Time Speedup | Efficiency
1 0.48 s 59.93s 49.62 s 84.82s | 197.27 s - -

2 0.48s 35.01s 24.54 s 42.89s | 107.03 s 1.84 0.92

4 0.48 s 19.19 s 8.49s 21.53s 53.83s 3.66 0.92

8 0.50's 11.97 s 5.83s 10.96 s 31.37s 6.29 0.80

16 0.51s 6.95s 3.05s 6.32s 17.14 s 11.51 0.72

Table 3: Simulation time comparison on 1700 million grids of 1, 2, 4, 8, 16 processes for submarine

Process Mesh Line | Surface | Internal | Parallel Total Total Total
Amount | Generation | Fitting Filling 10 Time Speedup | Efficiency
1 0.61 s 151.65s | 186.56s | 320.01s | 674.22s - -

2 0.61s 80.07 s 89.47s | 155.37s | 331.67s 2.00 1.00

4 0.61 s 42.56 s 43.67 s 80.27s | 173.50s 3.89 0.97

8 0.62s 28.60 s 21.46s 40.68 s 93.39 s 7.22 0.90

16 0.62s 16.20 s 10.76 s 23.72s 53.03 s 12.71 0.80

nearly linearly. With the number of processes increas-
ing, MPI function expenses and synchronous operations
between processes cause the decline of Speedup and
Efficiency. Except for the Mesh Line Generation mod-
ule, the rest of the modules show good linear parallelism.
This method has better speedup and efficiency when the
amount of grids increase. In general, the program shows
a nearly linear parallelism, neglecting delay effects.

IV. CONCLUSION

This paper presents a parallel structured mesh gen-
eration method for FDTD simulation. The method takes
the STL file as input file, uses the projection method
for surface fitting, and the ray tracing method for inter-
nal filling. As the result, the surface triangle elements
recorded in the STL file are converted to Yee cells for
electromagnetic calculation using the FDTD method. To
reduce excessive computation time caused by enormous
geometric primitives and billion-scale grids, the parallel
projection method and parallel ray tracing method are
proposed. To verify the parallelism of the method, a
submarine is simulated with 200, 400, and 1700 million
grids. The simulated result shows that the method has
nearly linear parallelism for both simulations. It shows

the proposed parallel method is helpful to deal with
large-scale problems for the FDTD method.
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