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Supplemental Material

We introduce FD3D_TSN—an open-source Fortran code for 3D dynamic earthquake rup-
ture modeling based on the staggered grid fourth-order finite-difference method
employing a regular cubical spatial discretization. Slip-weakening and fast-velocity-
weakening rate-and-state fault friction laws are combined with vertical planar fault
geometry, orthogonal to a planar free surface. FD3D_TSN demonstrates good agree-
ment with other methods in a range of benchmark exercises of the Southern California
Earthquake Center and U.S. Geological Survey dynamic rupture code verification
project. Efficient graphic processing units (GPU) acceleration using the OpenACC frame-
work yields a factor of 10 speed-up in terms of time to solution compared to a single-
core solution for current hardware (Intel i9-9900K and Nvidia RTX 2070). The software is
fast and easy-to-use and suitable explicitly for data-driven applications requiring a large
number of forward simulations such as dynamic source inversion or probabilistic
ground-motion modeling. The code is freely available for the scientific community
and may be incorporated in physics-based earthquake source imaging and seismic haz-
ard assessment, or for teaching purposes.

Introduction
Earthquakes are caused by the sudden release of accumulated
elastic strain energy. Rupture propagates as a discontinuity on
a pre-existing fault surface, governed by prestress and friction.
The mathematical description of a so-called dynamic rupture
model leads to a nonlinear mixed-boundary problem. Although
some simple models of rupture propagating at prescribed speeds
in 2D have analytical solutions available in closed forms (Kostrov,
1964; Aki and Richards, 2002), more complex models account-
ing for spontaneous propagation of the rupture require a
numerical solver.

Dynamic rupture simulations have been undergoing rapid
development in the past decades, starting with finite difference
(FD; Andrews, 1976; Madariaga, 1976; Mikumo and Miyatake,
1978; Day, 1982) and boundary integral (e.g., Burridge, 1969;
Das, 1980; Koller et al., 1992) methods. Later, finite element
(e.g., Oglesby et al., 1998; Barall, 2006), spectral element
(e.g., Festa and Vilotte, 2005; Kaneko et al., 2008), and discon-
tinuous Galerkin (de la Puente et al., 2009; Pelties et al., 2012;
Tago et al., 2012) methods were developed.

Empowered by supercomputing (e.g., Heinecke et al., 2014;
Ichimura et al., 2014; Uphoff et al., 2017), 3D dynamic rupture
earthquake simulation software has reached the capability of
accounting for increasingly complex geometrical (e.g., Ulrich
et al., 2019) and physical (e.g., Roten et al., 2014, 2016;

Wollherr et al., 2019) modeling components in high-resolution
single-event scenarios. Yet, the computational cost of such
dynamic rupture models hinders applications requiring a large
number of simulations.

Inverting strong ground motions using dynamic source
models is challenging due to the nonlinear relationship bet-
ween source parameters (prestress and parameters of the fric-
tion law) and seismograms. Typical numbers of required trial
models are then hundreds of thousands to millions (Gallovič
et al., 2019a; Mirwald et al., 2019). Similarly, high numbers of
simulations are needed in physics-based scenario ground-
motion modeling or parametric studies in general (e.g., Peyrat
et al., 2001; Cui et al., 2013). Particular examples are seismic
cycle simulations that span periods of thousands of years,
generating synthetic catalogs of earthquakes (Erickson et al.,
2020). To enable such applications, the computational require-
ments of the forward simulation have to be reduced not only by
simplifying the physical model of the fault and the surrounding
medium but also using efficient numerical methods such as
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presented here. Having simplified and fast rupture dynamics
software (Daub, 2016; Krischer et al., 2018) is also useful
for teaching and training purposes and allows the first ac-
quaintance with dynamic rupture simulations. Such codes can
be utilized by all researchers interested in earthquake physics
even without immediate access to supercomputing power
required by the most advanced codes.

The FD operators in FD3D_TSN are adapted and extended
from the 3D FD code FD3D by R. Madariaga (Madariaga et al.,
1998). They utilize regular cubic grids, and are relatively simple
and computationally efficient (Levander, 1988). Their use leads
to a high speed of the calculation and is allowed by considering
a simple fault geometry. Discontinuous velocity components at
the fault are antisymmetric, allowing for the simplification of
the fault boundary condition. Consequently, only one side of
the fault needs to be calculated, cutting the required computa-
tional capacities (central processing unit [CPU] time and
memory storage) in half. The major factor influencing the
accuracy of FD3D_TSN is the here used implementation of
the fault boundary condition (available in the supplemental
material to this article). We use the traction-at-split-node
approach (Dalguer and Day, 2007), which leads to an accuracy
comparable with other codes.

Although many rupture propagation codes provide paralle-
lization using OpenMP and Message Passing Interface (MPI),
graphic processing units (GPU) acceleration is gaining atten-
tion only recently. GPU acceleration of wave-propagation
codes using FD and finite-element methods was implemented
by Michéa and Komatitsch (2010) and Komatitsch et al. (2009)
using Compute Unified Device Architecture (CUDA). CUDA
is also featured by the publicly available spectral element code
SPECFEM3D (Komatitsch et al., 2010) and the FD code AWP-
ODC (Zhou et al., 2013). The RAJA library is used to accelerate
the SW4 code (Rodgers et al., 2019).

To foster the GPU acceleration in the field of rupture
dynamics, we utilize the easy-to-use OpenACC approach to
optionally port the code to GPUs. We demonstrate that the
speed-up can be significant, by one order of magnitude when
using commonly available GPUs. We note that OpenACC, in
comparison to the CUDA framework, allows also for non-
Nvidia accelerator support, which will become increasingly
important as demonstrated by future U.S. exascale machines
relying on AMD GPU accelerators.

The present article introduces the main ingredients of
FD3D_TSN, namely the FD method and implementation of
boundary conditions. We describe the GPU acceleration of the
code using OpenACC directives. Then, we perform verification
exercises using benchmarks from the Southern California
Earthquake Center and U.S. Geological Survey (SCEC-USGS)
Spontaneous Rupture Code Verification Project (Harris et al.,
2018). We show that our results are on par with those of other
codes and compare the wall clock times of the serial (one core)
baseline and GPU-accelerated versions of our code. The code

FD3D_TSN is freely available on GitHub (see Data and
Resources), together with a detailed method description and
examples.

Method
Essential ingredients of a dynamic earthquake simulation code
are: (1) discrete solver of the elastodynamic equation, (2) imple-
mentation of physical boundary conditions (fault and free sur-
face), and (3) nonreflecting (artificial) boundaries simulating
the free flow of energy outside of the computational domain.
Here, we briefly overview these features; for details including
the concrete operators used in the code, see the supplemental
material and online documentation on GitHub (see Data and
Resources).

FD3D_TSN solves the elastodynamic equation in the
classical velocity–stress formulation. Central FD operators of the
fourth-order in space (Levander, 1988; Madariaga et al., 1998)
are used to discretize it on a 3D-staggered regular grid. Figure 1a
shows the spatial position of field variables in a grid cell.

The free surface is implemented using the stress imaging
technique (Graves, 1996) at the upper boundary of the com-
putational domain. Perfectly matched layers (PMLs; Berenger,
1994) in a classical split form (Kristek et al., 2009) are placed at

Figure 1. (a) Finite-difference (FD) grid cube with staggered
positions of components of velocity v and stress σ (symbols).
(b) Fault in the staggered grid. Fault (gray plane) is positioned
to overlay with one of the grid planes. Discontinuous compo-
nents of velocity and stress are treated separately for its “−” and
“+” side.
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the remaining borders as artificial absorbing conditions. The
free surface can be optionally turned off and replaced by an
absorbing boundary when, for example, a deep event is to be
simulated. Although the PMLs are more demanding in terms
of both computational power and memory storage, the absence
of reflections for a wide range of incidence angles permits a
significant reduction of the size of the computational domain
in practical applications.

Frictional boundary conditions at the fault surface are
implemented using the traction-at-split-node method (Dalguer
and Day, 2007), assuming a general 2D slip vector. We con-
sider the same material parameters on both sides of the fault.
This simplifies the governing traction-at-split-node equations
because discontinuous velocity and stress components are anti-
symmetric, whereas the continuous ones are symmetric across
the fault. Moreover, the wave-propagation FD operators can be
calculated on one side of the fault only, which cuts the com-
putational and memory demands of solving the problem in
half. The staggered grid complicates the enforcement of the
fault boundary condition slightly because the horizontal and
vertical components of the slip rate and traction (equal to shear
stress for the vertical fault) are calculated at different nodes. To
correct for this, we use bilinear interpolation of the missing
components when evaluating the absolute values of slip rate
and traction in the friction law. Details of the implementation
are presented in the supplemental material.

Friction law
FD3D_TSN features two friction laws: (1) classical slip-weak-
ening law (Ida, 1972; Andrews, 1976) and (2) rate-and-state
law with rapid velocity weakening at high-slip rates (Ampuero
and Ben-Zion, 2008; Beeler et al., 2008), as proposed by
Dunham et al. (2011). Although the numerical implementa-
tion of the former is straightforward, the latter needs a specific
approach described in the following.

Following Rojas et al. (2009), we consider the state variable
and slip rate staggered in time and extend their method to 3D.
The evolution equation for the state variable can be analytically
integrated over the timestep in which the slip rate is considered
constant and equal to its value in the middle of the discrete
time interval. A similar approach to the differential equation
for the slip rate leads to a nonlinear equation requiring the
application of a nonlinear solver. Because we can calculate the
analytical derivative of the equation and provide the last time-
step solution as the first guess, we employ the Newton method
that is suitable under such conditions and converges rather
quickly. The additional computational cost for solving the
nonlinear equation at every node on the fault surface is there-
fore negligible, being just a few percent of the computational
time for the cases presented in the Verification Exercise and
Performance section. More details on the implementation of
the fast-velocity-weakening friction can be found in the sup-
plemental material.

GPU acceleration
GPU acceleration of the FD3D_TSN code employs the
OpenACC programming model (see Data and Resources).
OpenACC is a standardized directive-based system for parallel
processing on heterogeneous platforms that consist of a host
(CPU) and compute accelerators, in particular, GPUs.
OpenACC directives make it possible to parallelize the code
and offload computationally intensive parts to the accelerators,
whereas the possibility to compile the same code for a serial
run is retained, similarly to the OpenMP programming model
(see Data and Resources). OpenACC has been implemented in
a few C, C++, Fortran compilers. For x86-64 hardware archi-
tecture and Linux and Windows systems, the Portland Group,
Inc. (PGI, see Data and Resources) offers no-cost community
edition of compilers and tools, besides commercial profes-
sional edition, and also the free GNU compiler collection
(GCC) is reaching with OpenACC mature state (see Data and
Resources). PGI, as a brand of Nvidia Corporation, not only
targets Nvidia accelerators solely but also allows running
OpenACC-parallelized programs on multicore CPUs. GCC
can offload to Nvidia GPUs already and plans to target AMD
GPUs (see Data and Resources).

The FD3D_TSN code optimizes data locality to minimize
relatively slow data transfers between the host and GPU
memory through the PCIe interface. Specifically, input data
are moved into the GPU memory by one single transfer using
the OpenACC directive !$ACC DATA COPYIN; substantially,
smaller output data are copied back to the host memory every
timestep using the directive !$ACC DATA COPY, and no
more data between the host and GPU are transferred in the
course of computation. Parallelizable regions of nested loops
are surrounded by the directives !$ACC PARALLEL and
!$ACC LOOP COLLAPSE (3). Being more specific, for exam-
ple, specifying more clauses of the LOOP directive or propos-
ing nondefault values of gang and worker sizes and vector
length (i.e., CUDA grid and block sizes for controlling the dis-
tribution of threads among GPU multiprocessors) did not
improve the performance. On the other hand, the clause
COLLAPSE (3) is essential for performance, as it allows accu-
mulating a large number of iterations into one collapsed loop,
which is a desirable feature for the GPU acceleration.

Using the Code
The Fortran source code with documentation, several exam-
ples, and basic MATLAB plotting tools are freely available
in a public repository on GitHub (see Data and Resources).
The examples on GitHub comprise four SCEC-USGS bench-
mark exercises, specifically TPV5, TPV8, TPV9, and TPV104,
offering the possibility of verification of the code. In addition, a
dynamic rupture model of the 2016 Amatrice earthquake
(Gallovič et al., 2019b) is shown, to demonstrate the use of
a general input file forwardmodel.dat containing spatially vary-
ing dynamic parameters.
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Compilation and input files
Slip-weakening and fast-velocity-weakening friction use differ-
ent sets of dynamic parameters. Moreover, the slip rates are
calculated by two different algorithmic implementations. The
user can thus select between the friction laws by preprocessor
flag -DFVW, switching from the default slip-weakening to the
fast-velocity-weakening friction.

There are two ways to generate input parameters for a
dynamic model in FD3D_TSN—using a hardcoded function
or input dynamic parameters through the file forwardmodel.-
dat. Hardcoded function needs to be specified during compi-
lation, using preprocessor flags. SCEC-USGS benchmarks
require a combination of two flags: -DSCEC and a chosen
problem (-DTPV5, -DTPV8, -DTPV9, or -DTPV104).
When none of these flags are present, forwardmodel.dat file
is used as the input instead. This file contains a spatial distri-
bution of dynamic parameters in the form of one line of values
of prestress, static friction coefficient, and characteristic slip-
weakening distance on an equidistant grid at the fault, starting
in the left corner. The grid can be coarser than the FD grid; the
values are bilinearly interpolated to the FD grid (Gallovič et al.,
2019a,b). The size of the coarser grid (amount of points in the
horizontal and vertical directions) only needs to be set in the
file inputinv.dat.

FD3D_TSN works with any horizontally layered 1D veloc-
ity model; its parameters are saved in the file crustal.dat. File
inputfd3d.dat contains the information necessary for the ini-
tialization of the FD discretization and the PMLs, namely the
size of the grid, discretization intervals in space and time, and
PML thickness and damping.

Because the source geometry is simple (2D planar and ver-
tical), hard-coding another model, including its potential
parameterization, is straightforward. This way, the code can
be easily adapted for various user’s needs such as a specific
parametric study or a particular dynamic inversion. Code
FD3D_TSN_PT represents an example of the latter following
the inversion strategy of Gallovič et al. (2019a,b), which uses
FD3D_TSN as the forward solver, see Data and Resources.

Output files
On-fault slip rate and shear stress time series are stored in files
sliprateX.res, sliprateZ.res, shearstressX.res, shearstressZ.dat,
that is, for the horizontal (X) and vertical (Z) components sep-
arately. When the fast-velocity-weakening friction is enabled,
the time series of the state variable is stored in file psi.res. Given
the amount of data stored, these files are in binary format. Two
MATLAB files are provided to demonstrate the retrieval of
data from the binary files. User can acquire and plot time series
of components of slip rate and shear stress at a given position
(PrintSeries.m), or their spatial distribution at a given time
(PrintSnapshot.m).

Spatial distributions of slip, rupture time, rise time, rupture
velocity, and stress drop are generated and stored in separate

text files. Besides, a local estimate of the cohesive zone (the area
behind the rupture front in which shear stress decreases from
its static to its dynamic value, Day et al., 2005; Wollherr et al.,
2018) is provided in the file czone.dat for inspection of the
numerical accuracy.

Synthetic seismograms are generated at chosen nodes in the
form of time series of separate velocity components stored in
files stan%i.dat, in which %i numbers the node. The user needs
to set the number of nodes and their position on the grid in the
file inputfd3d.dat before simulation. A more detailed and up-
to-date description of the input and output files can be found
in the online documentation at the GitHub repository.

Verification Exercise and Performance
We have performed several exercises from the community
benchmark suite of the SCEC-USGS Spontaneous Rupture
Code Verification Project (Harris et al., 2018). Their main
webpage (see Data and Resources) contains descriptions of
the exercises and results generated by 5–20 different solvers,
depending on the exercise. There are three types of results
for comparison: time evolution of physical quantities at pre-
scribed points on the fault (slip, slip rate, shear stress, and state
variable if applicable), seismograms at off-fault positions, and
rupture time contour plots, that is, lines showing the rupture
tip position at every half second. Here, we present our results
for benchmarks TPV5 (slip-weakening friction) and TPV104
(fast-velocity-weakening friction). In addition, the results for
the TPV8 and TPV9 benchmarks can be found on the
SCEC-USGS webpage (see Data and Resources).

For the TPV5 benchmark, the size of the computational
domain is 31 × 10 × 15:5 km, whereas, for the TPV104 bench-
mark, it is larger (40 × 10 × 20 km) because the model contains
additional velocity-strengthening layers around the fault follow-
ing the benchmark definition. Figures 2 and 3 display results for
TPV5 (spatial grid step Δh � 100 m) and TVP104 (spatial grid
step Δh � 50 m), respectively. They are presented in terms of
the rupture-time contours along the fault and the on-fault slip
rate and shear–stress time series at two locations. To better illus-
trate the TPV5 simulation, Figure 4 shows snapshots of both slip
rate and wavefield around the fault at equidistant times.

In both TPV5 and TVP104, the difference between the
results of FD3D_TSN and code SeisSol (Heinecke et al., 2014;
Pelties et al., 2014; Uphoff et al., 2017) are well within the typ-
ical variation among other solvers (Harris et al., 2009, 2011,
2018; Barall and Harris, 2015). We note that the full set of
the FD3D_TSN simulation results are uploaded in the bench-
mark database of solutions. At the benchmark website, our sol-
utions can be compared with other code outputs and physical
quantities on and off the fault.

We note small differences in rupture times for different
solvers in the fast-velocity-weakening friction benchmark
TPV104. The solution of FD3D_TSN agrees very well with that
of SPECFEM3D (Kaneko et al., 2008), whereas the solutions of
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FaultMod (Barall, 2006) and SeisSol show slightly slower rup-
ture (Fig. 3). These differences remain visible with mesh refine-
ment (compare to the Δh � 50 m solution). We understand
these differences as an expression of differences in the imple-
mentation of rate-and-state friction evolution, but not restricted
to staggered grid-specific choices.

Following Day et al. (2005), we calculate the root mean
square (rms) difference of the spatially averaged slip, rupture
time, and peak slip rate for various grid sizes Δh relative to a
high-resolution reference solution withΔh � 25 m Δh � 25 m,
see Figures 2b and 3b. Spatial discretizations Δh � 100 m and
Δh � 50 m for benchmarks TPV5 and TPV104, respectively,
are chosen for providing results sufficiently close to the refer-
ence solution (both rupture time and slip rms measures are less
than 1%). The slopes of the rms misfits from both benchmarks
are ∼1:1, ∼1:2, and ∼1:3 for maximum slip rate, slip, and rup-
ture time, respectively.

Wall clock times of the code for both grid spacings Δh and
problems are shown in Tables 1 and 2, respectively, both for the
serial (running on one CPU core) and GPU-accelerated versions.
We used CPU Intel i9-9900K and GPU Nvidia RTX 2070 hard-
ware to run these tests. When using the GPU, it is essential to
keep all variables in the GPU memory, because any data transfer
to and from GPU memory is the major bottleneck affecting the
overall speed of simulation. The amount of GPUmemory is gen-
erally smaller (several GB) than the computer RAM, which limits

the maximum size of the model. Memory requirements of these
simulations were comfortably below this limit of 8 GB for Nvidia
RTX 2070, see Tables 1 and 2 for details.

Discussion and Conclusions
This article presents FD3D_TSN, a simple-to-use FD code for
dynamic earthquake source modeling assuming slip-weaken-
ing and fast-velocity-weakening rate-and-state friction laws.
The code is written in the Fortran programming language and
is freely available under the GNU General Public License
license. The optional GPU acceleration using OpenACC

Figure 2. Results for the TPV5 benchmark (heterogenous pre-
stress). (a) Schematic showing dimensions of the fault and
positions of prestress heterogeneities T0 (adopted from the
Southern California Earthquake Center and U.S. Geological
Survey [SCEC-USGS] benchmark webpage). (b) A plot of the root
mean square (rms) difference of the rupture time, slip, and
maximum slip rate relative to a solution with Δh � 25 m as a
function of Δh for FD3D_TSN. (c) Rupture front contours on the
fault plane every 1 s. (d) Slip rates and shear stress (equal to the
horizontal component of traction) at points P1 and P2, corre-
sponding to fault receivers “st000dp000” and “st120dp075” in
Harris et al. (2018). For their position, see panel (a). Simulation
results for FD3D_TSN withΔh � 100 m and SeisSol (Pelties et al.,
2012) are denoted by black and red lines, respectively. The color
version of this figure is available only in the electronic edition.
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compiler directives (currently provided in PGI and GNU
Fortran) can shorten the wall clock time by a factor of 10 com-
pared to the same version of the code running on a single CPU
core (for the hardware configuration with CPU Intel i9-9900K
and GPU Nvidia RTX 2070).

FD3D_TSN is original in its high precision and fast speed.
The latter is achieved by simplifying the geometry of the prob-
lem. At present, FD3D_TSN is limited to a vertical planar fault
geometry, orthogonal to the planar free surface, embedded in
an elastic medium with homogeneous or depth-dependent
velocities and density. The planar fault orthogonal to the free
surface is optimal for the regular grid discretization. Moreover,
the consequent antisymmetry of the velocity and stress permits
the calculations on one side of the fault only.

We admit that the model simplifications may restrict the
range of possible applications of the code. However, in some
cases, the simplified model can be considered as an approxi-
mation of the true model. For example, if the rupture does not
reach the Earth’s surface, a dipping fault geometry can be
approximated by stretching the velocity model vertically to
respect the original along-dip position of the fault intersections
with the velocity model layers (Gallovič et al., 2019b). In other
cases, it may be straightforward to extend the code to

incorporate specific features. For example, the effect of a
low-velocity fault zone could be modeled by introducing veloc-
ity reduction around the fault, when obeying the model sym-
metry across the fault. Nevertheless, there are many more
possible further developments such as the implementation
of dipping free-surface topography (e.g., Robertsson, 1996)
to correctly model the interaction between the free surface
and the rupture propagating along a dipping fault.

Figure 3. Same as Figure 2 but for the rate-and-state friction
TPV104 benchmark. (a) Schematic diagram of the dimensions of
the fault and positions of the velocity-weakening and
strengthening zones (rectangles) and the nucleation zone (circle),
as adopted from the SCEC-USGS webpage. (b) A plot of the root
mean square (rms) difference of the rupture time, slip, and
maximum slip rate relative to a solution with Δh 25 mas a
function of Δh for FD3D_TSN. (c) Rupture front contours on the
fault plane every 1 s. (d) The time evolution of the state variable.
Solutions of FD3D_TSN withΔh � 50 m (black line), SPECFEM3d
(green line), SeisSol (red line), and FaultMod (blue line) are
shown. Nodes P1 and P2 correspond to fault receivers
“faultst000dp030” and “faultst090dp075,” respectively. The
color version of this figure is available only in the electronic
edition.
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Despite the simplification, FD3D_TSN has already proven
useful in several applications. It is implemented as a new for-
ward solver in Bayesian dynamic source inversion code
FD3D_TSN_PT, see Gallovič et al. (2019a,b). Gallovič and
Valentová (2020) utilized FD3D_TSN to simulate a large
number of rupture scenarios complying with ground-motion
prediction equations for stress-drop analysis. We foresee its

usability also in parametric studies and in teaching the funda-
mentals of rupture dynamics to students, as it can be used
without access to supercomputing facilities. Generally speak-
ing, we believe that having such an efficient code and making
it available to the community will boost research toward data-
driven dynamic earthquake source studies and physics-based
scenario modeling.

Data and Resources
The code FD3D_TSN and the online documentation of GitHub are
available at https://github.com/JanPremus/fd3d_TSN, together with
documentation and examples—benchmarks TPV5, TPV104, TPV8,
TPV9, and the 2016 Amatrice earthquake model. The supplemental
material for this article includes detailed description of the implemen-
tation of the fault boundary condition and the fast-velocity-weakening
friction. Strong-motion inversion by parallel tempering code FD3D_
TSN_PT that uses FD3D_TSN as a forward solver can be found at
https://github.com/fgallovic/fd3d_tsn_pt. The original code FD3D by
R. Madariaga (Madariaga et al., 1998) can be downloaded at http://
www.geologie.ens.fr/~madariag/Programs/programs.html. Southern
California Earthquake Center and U.S. Geological Survey (SCEC-
USGS) benchmark descriptions and results are available at http://
scecdata.usc.edu/cvws/. Graphic processing units’ (GPU) acceleration
using OpenACC directives is possible using Portland Group, Inc.
(PGI) community edition compilers and tools, available at https://
www.pgroup.com/products/community.htm, or GNU compiler col-
lection (GCC) version 8 (v.8 and higher with offloading support),
at https://gcc.gnu.org/. The information on OpenACC programming
model is available at https://www.openacc.org and the data about
OpenMP programming model are available at https://
www.openmp.org. Data about the PGI are available at https://
www.pgroup.com. The information about free GCC is available at
https://gcc.gnu.org/wiki/OpenACC and data about GCC that can off-
load to Nvidia GPUs already and plans to target AMDGPUs are avail-
able at https://gcc.gnu.org/wiki/Offloading. The MATLAB is available
at www.mathworks.com/products/matlab. All websites were last
accessed in March 2020.

TABLE 1
Wall Clock Times of the FD3D_TSN Code for the TPV5
Benchmark Model, Shown for Two Finite-Difference
(FD) Spatial Discretizations and for Single Core (Intel
i9-9900K) and GPU-Accelerated Versions (Nvidia RTX
2700)

Discrete
Step (m)

Degrees of
Freedom ×
Timesteps (RAM
Requirement)

Single-
Core Wall
Clock Time
(s)

GPU-
Accelerated
Wall Clock
Time (s)

100 54;558;900 × 3000
(210 MB)

0:3:12 0:0:22

50 389;491;200 × 6000
(1490 MB)

0:39:13 0:3:47

Note that the times do not include saving of the results to the disk.

TABLE 2
Wall Clock Times of the FD3D_TSN Code for the
TPV104 Benchmark Model, Shown for Two Finite-
Difference (FD) Spatial Discretizations and for Single
Core (Intel i9-9900K) and GPU-Accelerated Versions
(Nvidia RTX 2700)

Discrete
Step (m)

Degrees of
Freedom ×
Timesteps (RAM
Requirement)

Single-
Core Wall
Clock Time
(s)

GPU-
Accelerated
Wall Clock
Time (s)

100 88;149;600 × 3000
(340 MB)

0:4:28 0:0:22

50 638;517;600 × 6000
(2440 MB)

0:57:46 0:4:56

GPU, graphic processing units.

Figure 4. 3D plot animating the slip rate along the fault and the
radiated wavefield for the TPV5 benchmark with heterogeneous
initial stress at equidistant times, after the rupture nucleation in
the middle of the fault. See also Figure 2 for more information on
the problem setup. The color version of this figure is available
only in the electronic edition.
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