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SUMMARY

Seismic simulation is fundamental for understanding earthquake physics and mitigating seis-
mic hazards, but accurate seismic modelling requires fine computational grids, imposing severe
memory and computational challenges. Traditional modelling solvers, relying on single-
precision floating-point 32-bit (FP32) and scalar register-based computation, suffer from
excessive memory consumption, low-memory access efficiency and limited computational
efficiency. Compared with FP32, half-precision floating-point 16-bit (FP16) reduces memory
consumption by 50 per cent and improves memory access efficiency; relative to scalar regis-
ters, ARM’s Scalable Vector Extension (SVE) registers provide vectorized single-instruction
multiple-data capabilities, significantly accelerating computation. However, leveraging the ad-
vantages of FP16 and SVE involves challenges such as FP16 overflow/underflow, SVE stencil
adaptation, and SVE data misalignment from FP16 storage with FP32 arithmetic. Therefore,
this study proposes three approaches on the ARM (Advanced RISC Machine) architecture:
FP16-based, SVE-accelerated and FP16-SVE hybrid; each is designed to tackle the respective
challenges while exploiting FP16 memory efficiency and SVE computational acceleration.
Correspondingly, the three solvers are implemented, validated and benchmarked on both hy-
pothetical models and real-world earthquake scenarios. The results of these solvers show
near-perfect agreement with the reference solver, confirming their accuracy across diverse
seismic scenarios. Moreover, the FP16-SVE hybrid solver halved memory usage and achieved
up to 3x computational speedup, delivering more than 2.3 x acceleration in the real-world
earthquake simulation. The gains in high efficiency of memory and computation highlight the
capability of the FP16-SVE hybrid solver to support large-scale, real-time seismic simulations

and efficient earthquake hazard assessment on ARM platforms.

Key words: Numerical modelling; Computational seismology; Wave propagation.

1 INTRODUCTION

Simulation is fundamental for understanding earthquake physics,
assessing seismic hazards and informing disaster mitigation strate-
gies. Accurate modelling of seismic wave propagation through com-
plex geological environments requires fine computational grids,
which, in large-scale 3-D simulations, can lead to high-memory

consumption, low-memory access efficiency and limited computa-
tional efficiency (e.g. Fu et al. 2017; Chen et al. 2018; Wan et al.
2023).

These challenges motivate the use of efficient solvers like the
finite-difference method (FDM). The FDM, particularly in its
staggered-grid formulation (Virieux 1986; Graves 1996), has long
served as a primary numerical approach for earthquake simulations.
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However, traditional FDM face challenges in accurately represent-
ing complex geometries, especially rugged surface topography. The
Curvilinear Grid Finite-Difference Method (CGFDM) extends the
traditional FDM by introducing curvilinear coordinates to better
conform to complex geological and topographic structures (Zhang
& Chen 2006; Zhang et al. 2012). Owing to its capability to ac-
curately model realistic Earth structures, CGFDM has been widely
applied in large-scale seismic wave simulations (e.g. Chen et al.
2018; Wan et al. 2023). In this study, CGFDM is adopted as the
core solver. Nevertheless, storing geometric metrics and performing
multistage Runge—Kutta time integration (Wan et al. 2023; Wang
et al. 2023) still leads to high-memory consumption, low-memory
access efficiency and limited computational efficiency. To address
these issues, CGFDM requires memory and computation optimiza-
tion, which is one task of this work.

The above solvers are implemented using FP32 (single-precision
floating-point 32-bit) arithmetic (e.g. Zhang et al. 2012; Chen et al.
2018; Wang et al. 2022; Wan et al. 2023), where each data ele-
ment requires 4 bytes of memory storage. Compared with FP16
(half-precision floating-point 16-bit), FP32 has twice the memory
consumption and only 50 per cent the memory access efficiency,
which severely limits the simulation scale, increases computational
cost and prolongs runtime in large-scale seismic modelling.

In contrast, FP16 stores each data element in only 2 bytes, halving
memory footprint and doubling memory access efficiency of FP32,
which has driven its adoption in fields such as deep learning and
scientific computing (e.g. Clark ef al. 2010; Courbariaux et al. 2014;
Micikevicius et al. 2018). However, the 2-byte width of FP16 limits
its representable range to approximately 6.1 x 1075 ~ 6.6 x 10*
(IEEE 2008), which restricts its applicability in seismic simula-
tions, as the physical quantities in the governing elastic wave equa-
tions often exceed this range. Recently, to address this limitation,
Wang et al. (2023) introduced three dimensionless scaling con-
stants (Cy, Cs and C,) and derived an FP16-based elastic wave
equation that significantly reduced memory usage while preserving
FP32-level accuracy in realistic earthquake scenarios. Building on
this foundation, subsequent studies optimized FP16 implementa-
tions on GPUs (Graphics Processing Unit, Wan et al. 2024) and
NPUs (Neural Processing Unit, Wang et al. 2025), achieving no-
table speedups. However, these implementations remain confined to
GPU and NPU platforms. FP16-based seismic solvers are still un-
explored on general-purpose ARM CPUs, which are the dominant
architecture in today’s supercomputing and computing platforms.
In this study, we extend the FP16-based elastic wave equation to
the ARM architecture by fully exploiting its features, enabling low-
memory consumption and high-memory access efficiency for 3-D
seismic simulations.

Even with FP16 improving memory efficiency, traditional seis-
mic solvers, which rely on scalar register-based computation (e.g.
Zhang et al. 2012; Wang et al. 2022, 2023), still suffer from low-
computational efficiency on modern ARM processors. This is be-
cause scalar registers can process only a single data element per
instruction, preventing full exploitation of instruction-level par-
allelism and thus limiting computational throughput (Hennessy
& Patterson 2011). In contrast, ARM’s Scalable Vector Exten-
sion (SVE) allows each vector register to hold multiple data ele-
ments, and process them simultaneously by one single instruction,
facilitating higher computational efficiency (Arm 2025). SVE is
an ARM single-instruction multiple-data (SIMD) technology de-
signed for high-performance computing, featuring scalable vec-
tor lengths from 128 to 2048 bits. Unlike traditional fixed-width
SIMD, SVE allows the same code to run efficiently across different

ARM platforms without modification, ensuring higher portability
and flexibility through its scalable design. Advanced features such
as predication, masked operations and gather/scatter instructions
further enhance parallel efficiency, making SVE particularly suit-
able for large-scale scientific and seismic simulations. Therefore,
once applied to seismic simulations, SVE can significantly acceler-
ate the computation of seismic solvers. However, a major challenge
remains: as each solver (e.g. CGFDM) involves complex diverse
computational patterns, and fully exploiting SVE’s potential re-
quires careful adaptation of these patterns. To address this, in this
work, finite-difference stencils of the CGFDM solver are restruc-
tured to fully adapt to SVE’s vectorization features, thereby enabling
accelerated 3-D seismic simulations on ARM-based platforms.

As introduced above, FP16 reduces memory consumption and
improves memory access efficiency in seismic simulations, while
SVE enhances computational efficiency. Therefore, combining
FP16 with SVE can fully leverage the advantages of both tech-
niques, significantly accelerating seismic simulations. However, the
FP16-based seismic solver adopts a mixed-precision strategy, in
which data are stored in FP16 format in memory and converted to
FP32 during arithmetic computations, to ensure memory efficiency
and computational accuracy (Wang et al. 2023). This design intro-
duces a challenge: because an SVE register holds twice as many
FP16 elements as FP32 ones, converting FP16 data to FP32 within
SVE register results in misaligned layouts and significantly compli-
cates vectorized operations. To overcome this limitation, this work
will design an FP16—SVE hybrid algorithm to adapt the ‘FP16 stor-
age + FP32 arithmetic’ scheme to the SVE acceleration framework.

The remainder of this paper is organized as follows: Section 2
introduces the methodology, including FP16-based methods, SVE
acceleration, and the FP16-SVE hybrid algorithm. Section 3 verifies
the accuracy of the optimized solvers against benchmark models.
Section 4 evaluates the memory consumption and computational
efficiency of the optimized solvers. Section 5 presents a real-world
earthquake simulation, conforming that the FP16-SVE solver sat-
isfies accuracy and computational efficiency for real-world seismic
events. Finally, Section 6 concludes this study and highlights FP16-
SVE’s potential.

2 METHODOLOGY

This section introduces the FP16-based elastic wave equation, de-
sign and implementation of SVE algorithm for CGFDM, and the
FP16-SVE hybrid algorithm.

2.1 FP16-based elastic wave equation

We begin with the velocity-stress form of the 3-D elastic wave
equations:

Vs = 04,/ p,

(1)
Oij = Ak 8ij + (Vi +vj) + 555

Here, v; and o;; denote particle velocity and stress, the comma *,’
indicates spatial derivatives, (i, j, k) € {x, y, z}, §;; is the Kronecker
delta, and X, u are the Lamé parameters, defined as

r=p® =267, pu=pp @

where p is density, and «, B being the P- and S-wave speeds.

As shown in Table 1, FP16 provides ~3.3 significant decimal
digits and a dynamic range of [6.1 x 10~° ~ 6.6 x 10*], which
cannot safely represent the raw magnitudes of v;, 0;; and p, , B in
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Table 1. IEEE FP16 and FP32 formats and their precision (IEEE 2008)
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Format FP32 FP16
Bit width 32 16
Storage range 27126 ~ 2127 (1.2 x 10738 ~ 3.4 x 1038) 2714 ~ (211 = 20) % 25 (6.1 x 107° ~ 6.6 x 10%)
Decimal digits of precision logyo 2%~ 72 logyo 211~ 33
eq. (1). Direct FP16 storage may underflow and/or overflow the wave ( OW ) _
field v; and o;;. To address this, we adopt the scaling framework og /t
of (Wang et al. 2023), introducing three dimensionless constants F ()
(Wang ) icing Lg (W3) @ O O
Cy, Cs, C, to define scaled variables . .
1—1 ¢ i+1 14+2 i4+3
Vi=Cyv;, ( o ) )
Xy = Csoy, 5 —~ 9g
G Lg (W) O—O0—@
TG GCyp’ 3) 1—3 1—2 1—1 7 141
C.
A= Los (ot2 — Zﬁz), Figure 1. The stencil of the forward and backward difference operators
Gy in the MacCormack—Hixon scheme. The grid point i/ marks the spatial
M= PCs derivative position.
= B
Cy

and S;; = C; s;; for the source term. Substituting eq. (3) into eq. (1)
yields the FP16-based Elastic Wave Equation

Vi.t = CpP Zij,j, (4)
S =AVig S+ MV + Vi) + S,

By properly selecting (Cy, Cs, Cp,), Wang et al. (2023) provided
detailed guidance on how to determine their values. Consequently,
the magnitudes of V;, X;;, P, A, M remain within the FP16 repre-
sentable range, while ensuring V; and X;; within similar magnitudes
to enhance numerical stability and conditioning. In particular, when
C, = C; = C, =1, the FP16-based equation degenerates to the
original elastic wave equation.

Following the framework of Wang et al. (2023), a mixed-
precision strategy is employed: FP16 is used to store wavefields,
time-invariant parameters and coefficients, while FP32 is employed
for computational operations, such as ‘+, —, x, =’. The results of
these operations are subsequently converted back to FP16 for stor-
age. This ‘FP16 storage + FP32 arithmetic’ mixed-precision design
combines the memory efficiency of FP16 with FP32-level accuracy.

During data output, wavefield snapshots and synthetic seismo-
grams are recovered in physical units through the inverse scaling of
eq. (3), thatis, v; = V;/Cy and 0;; = %;; / C.

2.2 Design and implementation of SVE algorithm for
CGFDM

To accurately model seismic wave propagation in complex geo-
logical structures, the CGFDM (Zhang et al. 2012) is employed.
This method maps irregular physical domains (x, y, z) to a uniform
computational domain (&, 1, ¢) through a curvilinear coordinate

mapping:
X =x($» TI,C)7 y=y(§y'7’§)a Z:Z(S, 7, é‘) (5)

Within this computational domain, the velocity and stress compo-
nents of the wavefield are organized into a state vector:

T
W = (vx, vy, Uz, Oux, Oy, 0=z, Oy, Oxz, 0y2)
T
W=V, Vy, Vo, Zixy Zyys Bz, By Ty Zy2)' (6)

corresponding to eqs (1) and (4), respectively. This formulation en-
ables a unified treatment of all wavefield variables during numerical

computation. Spatial derivatives are consistently expressed via the
chain rule. For example, the derivative in the x-direction is expanded
as

oW oW ¥
Ox  0F ox

and similar expressions hold for the y- and z-directions. The coeffi-
cients d& /dx, dn/dx, and ¢ /dx—that is, the entries of the Jacobian
inverse matrix J~' = 3(&, 0, ¢)/d(x, y, z)—are computed from the
grid coordinates (Zhang et al. 2012).

After establishing the coordinate mapping, eq. (1) is discretized
in the computational domain. Time integration is performed us-
ing the classical 4th-order Runge—Kutta method, ensuring accu-
racy and long-term stability (Zhang et al. 2012). Spatial derivatives
in (&, n, ¢) are approximated using the high-order MacCormack—
Hixon scheme (Hixon 1997, 1998; Zhang et al. 2012), which ef-
fectively reduces numerical dispersion. Taking the &-direction as an
example, the spatial derivative % at point node 7, is approximated
by forward and backward difference operators, defined respectively
as

AW an

oW ¢
an dx

¢ ax’ @

3
1
F _ E
Lo (W) = A& = 1an Wiin,

1 3
Lg(W,) = E Z —day, Wi—ns (8)
n=-—1

where the scheme coefficients @, are provided in Zhang’s work
(Zhang & Chen 2006; Zhang et al. 2012), as illustrated more in-
tuitively by the stencil structures in Fig. 1. In Fig. 1, the forward
stencil spans nodes i — 1 to 7 + 3 and the backward stencil spans
i —3toi+ 1. In both cases, node i denotes the grid point where
the derivative is evaluated.

In conventional implementations, the stencil-based operators in
Fig. 1 are computed sequentially with scalar registers, such that
each instruction updates at only one grid point. Although this scalar
approach is conceptually straightforward, this scalar approach be-
comes highly inefficient, as computational operation must be re-
peated for millions or even billions of grid points in a seismic
simulation.

To overcome this limitation, this work leverages the SVE of the
ARM architecture to accelerate stencil-based computations. SVE
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Table 2. Grid points for MacCormack—-Hixon stencil to be loaded into each SVE register.

Register &-direction n-direction ¢-direction
Forward difference (F)
R_| (i—1~i+14, .k (i~i+15,j—1,k) (i~i+15j. k=1
Ry (i ~i+15,j,k) (i~i+15,/,k) (i~i+15,/,k)
R G+1~i+16,jk) i~i+15j+1,k) i~i+15jk+1)
Ry i+2~i+17,j,k) (i ~i+15j7+2k) (i ~i+15j,k+2)
R3 G+3~i+18,j,k) (i~i+15j+3,k) i~i+15j,k+3)
Backward difference (B)
R_3 G—=3~i+12,j,k) (i~i+15 -3k i~i+15j,k—-3)
R_; (i—=2~i+13,j.k) (i~i+15 -2k i~i+15j,k-2)
R_; G—=1~i+14,j,k) (i~i+15j—1,k) i~i+15jk-1)
Ro (i ~i+15, ).k (i ~i+15,].k) (i~i+15,j.k)
R G+1~i+16,j,k i~i+15j+1,k) i~i+15jk+1)

OO0 R(i+2~i+175k)
O O O Rili+1~i+16,jk)
‘.‘Rﬂ(i~i+15,j,k)
OR-1(i—1~i+14,5,k)

GHMi+15i 16 E T4 €

(b)

Ry(imi+15,j+2,k)
Ry(imi+15,j+1,k)

(i~i+15,5+1,k)
L0 000000000000000 ~i-i+15-15

(c)
QQQQ @ Ry(i+3~i+18,4,k)

Ry (i~i+15,4,k +3)

0000000000000 000

m

| Ry(i~i+15,j,k+2) |

0:0:0:0:0:0:0;0:0:0:0:0:0:0;0:0)

AN
I
I
I
1
1
1
7
1
I
A !
i |
f . )
| Ri(i~i+155,k+1) | | .
1
g :
: I
U |
v ]
A i
o Ry (i ~i+15,5,k) [ ! \
i= |
f 1
e 1
. d |
| Ra(i~i+15j,k—1) | '
n 0 0000000000000 00
1
i €

Figure 2. Grid points for the forward difference stencil to be loaded into the SVE registers along the (a) &, (b) 7 and (c) ¢ directions for computing spatial
derivatives. The grid points (i ~ i + 15, j, k) denote where derivatives are evaluated. The the stencil points are consistent with those used in Fig. 1.

registers are configurable in width—256, 512, or 1024 bits—and
can hold multiple floating-point elements depending on their width
(e.g. a 512-bit register can store 16 FP32) (Arm 2025). In this
study, 512-bit registers are used as an illustrative example, but the
proposed method is fully general and applicable to other vector
lengths. Each core is equipped with SVE vector registers, enabling
the computation of spatial derivatives at 16 consecutive grid points
(i ~ i + 15) within a single vector instruction, rather than updating
one grid point (7) at a time as in scalar operations.

In the SVE-based implementation of the MacCormack—Hixon
scheme, the 5-point stencil is mapped onto five vector registers,
allowing derivatives at 16 consecutive grid points (i ~ i + 15) to
be computed simultaneously. For forward differences, the registers
are denoted as R_;, Ry, R;, Ry, R3, while for backward differences,
they are R_3, R, R_;, Ry, R;. Each register holds 16 FP32 val-
ues, allowing the derivative at all 16 grid points to be evaluated
simultaneously in a single vector instruction.

Specially, we consider computing the derivative at 16 consecutive

grid points (i ~ i + 15, j, k), that is, (%) , where W
5 J(i~it15,).k)

denotes any component of the wavefield W, and the indices (7, j, k)
represent grid points along the &, n and ¢ directions, respectively.
In memory, the wavefield data is stored in a £-major order, followed
by n and ¢. To ensure contiguous memory access for vectorized

computation, the stencil data is loaded along the & direction into the
SVE registers.

Following the stencil configuration in eq. (8), the forward and
backward difference operators in the &-direction are defined as:

() Lk
ron = - a_1 x| T apip
0§ (i~i+15,/.k) Ag

+a R +ax; Ry + a3 R3)

<3W)B 1 (aR R R
e = a3k 3 —ar R —aj
98 (i~i+15,/.k) A

—(loRo —a,lRl) (9)

The derivatives in the n- and ¢ -directions are computed analogously
using the corresponding stencil mappings along those directions.
Table 2 lists the positions of all grid points for the MacCormack—
Hixon forward and backward difference stencil that need to be
loaded for each SVE register. Taking the forward difference as an
example, we detail how the corresponding stencil is loaded into
SVE registers (shown in Fig. 2). In the &-direction (Fig. 2a), the
registers R_j, Ry, Ry, Ry, R; load the grid point values along the
same row of the k-th layer and the j-th line, covering nodes from
i —3 to i + 18. Each register holds 16 consecutive values, and
some of the values are shared among adjacent registers due to the
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Memory(FP16 Data)
Load 16 Values from Memory to SVE
[l @ [l @ . G [l @ G | wps) | w4 | wis] | wiiz2] wi3) | w21 | wi | wio]
Permute Data Using SVE Instruction (svtbl)
¢ |wpsl| @ |wpa| - . . ¢ |wo| ¢ |wel| ¢ |wm| ¢ |we| - - - ¢ |wer| e | wo
Covert FP16 Data to FP32 Data Using SVE Instruction (svevt 32 x)
W(15] W(14] w9 W8] w7 W6] W) wlo]
SVE Calculating Using FP32
U[15) U14] U[9) U8 o[ Ul o) Ulo]
Covert FP32 Data to FP16 Data Using SVE Instruction (svevt f16 x)
G |U@s] | @ (Uh4 LR G U9 G U G U7 G ule] L G U[2] G ulo]
Permute Data Using SVE Instruction (svtbl)
G G G G . G G G G U15] | U[14] | U13] | U[12] U[3] U[2] unj ulo]
Store 16 Values from SVE to Memory
Memory(FP16 Data)

G: Garbage Data  W: FP16 Wavefield Data

W: FP32 Wavefield Data

U: Updated FP32 Wavefield Data

U: Updated FP16 Wavefield Data

Figure 3. Illustration of the FP16—SVE hybrid algorithm. Data are loaded in FP16 format, rearranged and converted to FP32 for computation, then converted

back to FP16 and reordered before being written to memory.

stencil overlap. In the n-direction (Fig. 2b), the registers still load
values along the &-direction for nodes i ~ i + 15, but now they
correspond to multiple rows from j — 1 to j + 3 in the k-th layer.
In the ¢-direction (Fig. 2¢), the registers load values along the &-
direction for nodes i ~ i 4 15 in the j-th row, but across adjacent
layers from & — 1 to k + 3.

The backward difference is implemented analogously to the for-
ward difference. The correspondence between grid points and the
registers R_3, R_», R_1, Ry, R, is summarized in Table 2.

2.3 FP16-SVE hybrid algorithm

As discussed in Section 2.1, this study adopts a mixed-precision
strategy of ‘FP16 storage + FP32 arithmetic’. According to the
theoretical analysis in Section 2.1, arithmetic operations must be
performed in FP32, even though the data are stored in FP16. This
design introduces a technical challenge for SVE acceleration: FP16-
stored wavefields do not match FP32 vector lanes, making direct
vectorized computation impossible without reshaping or padding.
To address this limitation, we design an FP16—SVE hybrid algorithm
that adapts the ‘FP16 storage 4+ FP32 arithmetic’ scheme to the SVE
acceleration framework. The procedure is illustrated in Fig. 3 and
described as follows.

Referring to Section 2.2, using 512-bit registers as an example,
each SVE register can hold 16 FP32 or 32 FP16 elements. Under
‘FP16 storage + FP32 arithmetic’ strategy, only 16 FP16 values
from memory are initially loaded into one SVE register, which are
then converted to FP32 for computation. In this process, the lower
half of the register (right-hand side of Fig. 3) is filled with FP16
wavefield data W, while the upper half (left-hand side) remains
unused and contains invalid garbage values G.

Direct conversion of these FP16 values to FP32 is not supported
for arbitrary register positions. Instead, SVE provides conversion
only for FP16 elements located at even/odd indices. To overcome

this limitation, the FP16 data are first rearranged using the svtbl
instruction, which permutes the register contents such that all valid
FP16 wavefield elements are placed at even positions. Subsequently,
the svevt_£32_x instruction converts these FP16 elements into
FP32 format, fully slots of the SVE register with FP32 wavefield
values 7.

Once converted, the FP32 wavefield data W are fed into the SVE
arithmetic pipeline, where stencil operations (e.g. spatial deriva-
tives) are executed in parallel over 16 grid points per vector instruc-
tion, as detailed in Section 2.2. After the computation, the updated
FP32 results U are converted back to FP16 using the svevt_£16_x
instruction. As in the loading phase, this produces FP16 values
only at even register positions. Therefore, another rearrangement
operation via svtbl is applied to restore the correct ordering of
the FP16 data within the register. Finally, the reordered FP16 val-
ues U are stored back to memory, completing one full cycle of
load—compute—store in the FP16—SVE hybrid algorithm.

2.4 Boundary conditions

For the free-surface boundary, the traction image method (Zhang &
Chen 2006; Zhang et al. 2012) is employed to enforce the van-
ishing traction condition (Aki & Richards 2002) in this study.
To suppress artificial reflections at the computational bound-
aries, the complex-frequency-shifted perfectly matched layer us-
ing auxiliary differential equation (ADE-CFS-PML) technique
(Zhang & Shen 2010) is adopted as an absorbing boundary con-
dition. Both approaches are directly compatible with the present
mixed-precision and SVE-accelerated framework. Wang et al.
(2023) demonstrated that FP16 optimization of ADE-CFS-PML
requires introducing dozens of additional physical variables and
associated dimensionless constants, rendering parameter tuning
highly complex and impractical. Hence, PML is not suitable for
FP16 optimization. Following their strategy, it is used in this
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Table 3. The 3-D half-space multilayered media model used for the verifi-
cation test, following Subsection 3.1.

Density S-wave velocity ~ P-wave velocity
Thickness (km) p(kgm™3) B(ms™h) a(msh)
5 2250 2500 5000
5 2500 3000 6000
5 2750 3500 7000
5.1 3000 4000 8000

study only as an absorbing boundary without further optimiza-
tion.

3 NUMERICAL VERIFICATIONS

Following the methodology presented in Section 2, three optimized
solvers were developed based on the ARM architecture: the FP16
solver (hereafter FP16-CGFDM), the FP32-based SVE-accelerated
solver (hereafter FP32-SVE) and the hybrid FP16-SVE solver
(hereafter FP16-SVE). For verification, the FP32-based solver
CGFDM3D-EQR (Wang et al. 2022) (hereafter FP32-CGFDM)
is employed as the reference. The FP16-CGFDM, FP32-SVE and
FP16-SVE solvers are evaluated for their accuracy in capturing
sharp contrasts in multilayered media and their capability to han-
dle complex geometries, using two benchmark cases: seismic wave
propagation in a half-space multilayered media model and within
Gaussian-shaped topography Model.

For the two numerical experiments in this section, we follow the
approach of Wang et al. (2023), setting the three dimensionless
constants Cs = 1 x 107, C, =5 x 10° and C, = 1 x 10°. An ex-
plosive point source is adopted, with the derivative of the Ricker
wavelet as the source time function (Wang et al. 2023). The param-
eters are set as the centre frequency f. = 1.5 Hz and the time delay
to = 1.2/ f.s, and the seismic moment My = 10'* N - m.

3.1 Half-space multilayered media model

To verify the accuracy in capturing sharp contrasts in multilayered
media, we first consider seismic wave propagation in a classical 3-D
half-space multilayered model, with parameters listed in Table 3.
The computational domain spans 20.1km x 20.1 km x 20.1 km
and is discretized into 201 x 201 x 201 grid points, correspond-
ing to a spatial resolution of 100 m. The simulation runs for 165
with a time step of 0.008 s, resulting in 2000 iterations. The parallel
decomposition adopts a 1 x 8 x 8 MPI(Message Passing Interface)
layout on 64 physical cores of the ARM platform. The hypocentre

@ (b)

FP32-CGFDM: v; at time = 6.40s
[ 0

FP16-SVE: v; at time = 6.40s

is located at (0, 0, —2) km, as marked by the red star in Fig. 4. Five
virtual seismic stations are deployed on the free surface along the
x-axis: A (0,0,0), B (2,0, 0)km, C (4,0, 0)km, D (6, 0, 0) km and
E (8, 0, 0) km (green inverted triangles in Fig. 4).

Fig. 4 presents the vertical velocity snapshots at = 6.4s. The
wavefield snapshots from FP16-SVE and FP32-CGFDM are indis-
tinguishable, demonstrating near-perfect consistency in both am-
plitude, phase and wavefront. The relative error (Fig. 4c) remains
below 0.64 per cent across the entire wavefield. This level of agree-
ment demonstrates that FP16-SVE maintains excellent accuracy in
reproducing the reference solution, even in the presence of very
sharp multilayer interfaces.

Fig. 5 shows synthetic seismograms at stations A—E generated by
the optimized solvers (FP16-CGFDM, FP32-SVE and FP16-SVE).
The produced waveforms are indistinguishable from FP32-CGFDM
in arrival times, phases and amplitudes. The zoomed view at station
E reveals that the difference between FP16-SVE and FP32-CGFDM
only becomes apparent after a 100-fold amplification. These results
provide compelling evidence that our optimized solvers achieve the
same level of accuracy as the reference FP32-CGFDM solver in the
multilayered model.

To assess time—frequency misfits between the FP16-SVE and
FP32-CGFDM3D results, the envelope misfit (TFEM) and phase
misfit (TFPM) of the vertical component (v, ) seismogram at station
E (Fig. 5) are calculated following the criteria of Kristekova et al.
(2006, 2009). The TFEM (Fig. 6a) is mainly concentrated around
the principal seismic phase between 2 and 6 s, with dominant fre-
quencies of 2—-10 Hz. The TFPM (Fig. 6b) appears mainly in the
high-frequency range, but remains negligible. Overall, both TFEM
and TFPM are negligible and within an acceptable range, indicat-
ing that FP16-SVE maintains sufficient accuracy in multilayered
media.

3.2 Gaussian-shaped topography model

To further challenge the optimized solvers with complex geometry,
seismic wave propagation is simulated in a medium overlain by a
Gaussian-shaped topography. The surface elevation is defined as

)cz-i-y2
z(x,y)=hexp<— : )

(10)
with 2 =2000m and a = 1000 m. The medium parameters are

Vs =3464ms™!, ¥, = 6000m s~ and p = 2670 kgm®. The com-
putational domain spans 30.1 km x 30.1 km with a minimum depth

FP16-SVE: Relative Errors at time = 6.40s
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Figure 4. Vertical velocity snapshots (v.) at t = 6.4 s for the 3-D half-space multilayered media model: (a) FP32-CGFDM, (b) FP16-SVE and (c) relative
errors of FP16-SVE with respect to FP32-CGFDM. The inverted triangles denote the five virtual stations (A—E), and the star marks the seismic hypocentre.
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FP16-SVE (dot). The lower panel presents a magnified view of station E,
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Figure 6. TFEM (a) and TFPM (b) of v, at station E, between FP16-SVE
and FP32-CGFDM within the half-space multilayered model.
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of 15 km, discretized into 301 x 301 x 151 grid points. The sim-
ulation runs for 15 s with a 0.005 s time step, giving 3000 itera-
tions. The parallel decomposition adopts 1 x 8 x 8 MPI processes
(64 ARM cores). The hypocentre is located at (—5, 0, —1) km (red
star in Fig. 7), and five virtual stations (A—E) are positioned along
the x-axis across the Gaussian peak (green inverted triangles in
Fig. 7): A (—8,0,0)km, B (-2, 0, 1.256)km, C (1, 0, 2.425) km,
D (3,0,0.42)km and E (8, 0, 0) km.

Fig. 7 shows the vertical velocity snapshots at = 3.0 s. FP16-
SVE delivers results that are indistinguishable from those of FP32-
CGFDM, confirming its full numerical fidelity. The wavefront
shapes, reflection patterns around the topography and amplitude
distributions are perfectly consistent. The maximum relative error
is less than 0.75 per cent. Notably, no spurious reflections or arti-
ficial artifacts are introduced by the hybrid algorithm (FP16-SVE),
confirming its robustness under highly irregular geometries.

The seismograms in Fig. 8 reinforce this conclusion. Across sta-
tions A—E, all optimized solvers reproduce the reference waveforms
with indistinguishable arrival times and amplitudes. Even under the
most challenging conditions (station E, located farthest from the
seismic hypocentre shown in Fig. 7), the FP16-SVE error, when
amplified by a factor of 100, remains small compared to the sig-
nal amplitude. This highlights the numerical stability and accuracy
preservation of the FP16-SVE solver when applied to complex ge-
ometrical domains.

As with the multilayered model, the TFEM and TFPM of ver-
tical component (v,) seismogram at station E is calculated for the
Gaussian-shaped model (Fig. 9). The TFEM (Fig. 9a) is concen-
trated around the main phase between 3 and 8 s, with dominant
frequencies of 2—-10 Hz. The TFPM (Fig. 9b) appears mainly at
higher frequencies but remains negligible. Overall, both misfits are
minimal and within acceptable limits, demonstrating that FP16-
SVE provides sufficient accuracy for seismic wave propagation over
complex irregular topography.

In summary, both the half-space multilayered media and
Gaussian-shaped topography tests demonstrate that our optimized
solvers, especially FP16-SVE, preserve the full accuracy of the
FP32-CGFDM reference. The near-perfect agreement observed in
wavefields, seismograms, error distributions and time-frequency
misfits confirms that FP16-SVE is a robust and reliable tool for
large-scale seismic simulations of complex models.

4 PERFORMANCE EVALUATION

In this section, the memory consumption and computational ef-
ficiency of the three optimized solvers are evaluated, with FP32-
CGFDM serving as the reference benchmark. As discussed in Sec-
tion 2.4, PML is not suitable for optimization. Therefore, it remains
unoptimized and is excluded from the performance comparison.

4.1 Memory consumption analysis

In the CGFDM framework for solving the elastic wave equation,
the quantities stored at each grid point include:

(i) nine wavefield components:
T
W= (Ux, vy’ Uz, Oxx, O-yy» Ozz, O-xy» Oxz, 0—yz)
or

W=,V Ve Bars By, Bz By By 2,0)7

yys Xy

920z Youey £z uo 1senb Aq z68€/£8/9614e66/2/12/0101e/[B/woo dno-olwepeoe//:sdiy woly pepeojumoq


art/ggaf496_f5.eps
art/ggaf496_f6.eps

8 W. Wang et al.

(a) FP32-CGFDM: v; at time = 3.00s m/s
1.4e-02

6.8e-03

|
o

Vertical Distance-Z (km)

* [ 4
NN/
d
N Sy
0 5 10

-~ 0.0e+00
—10‘ V/ -6.8¢-03
s \

-1.4e-02

-15 -10 =5
Horizontal Distance-X (km)

(b) FP16-SVE: v, at time = 3.00s

Vertical Distance-Z (km)
ik
5

-15

-15 -10 “5 0 5 10
Horizontal Distance-X (km)

m/s

1.4e-02

6.8e-03

0.0e+00

-6.8e-03

-1.4e-02

©

FP16-SVE: Relative Errors at time = 3.00s

|
o o

Vertical Distance-Z (km)
il
5

|
-
G

|
i
&

-10 =5 0 5 10
Horizontal Distance-X (km)

%

0.00

Figure 7. Vertical velocity snapshots (v;) at t = 3.0's for the Gaussian-shaped topography model: (a) FP32-CGFDM, (b) FP16-SVE and (c) relative errors of

FP16-SVE relative to FP32-CGFDM. The inverted triangles indicate the five virtual stations (A—E), and the star denotes the seismic hypocentre.
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Figure 8. Synthetic vertical velocity (v.) seismograms at virtual stations
A-E shown in Fig. 7. Line styles follow the same convention as in Fig. 5.
The lower panel shows a magnified view of station E, which depicts the
FP16-SVE error (FP16-SVE minus FP32-CGFDM) amplified by a factor of
100.

(i) three elastic parameters: A, u, p or A, M, P.
(iii) nine geometric coefficients:

9E 0& IE 9¢ 9¢ 3¢

ax’ 9y’ 9z’ ax’ ay’ 0z’

dn 9n dn
ax’ dy 9z’
(iv) one Jacobian determinant: J.

During time integration, all Runge—Kutta substeps of the nine
wavefield components must be stored. Therefore, the FP32-
CGFDM solver and the three optimized solvers, which employ
a fourth-order Runge—Kutta scheme, require storage equivalent to
four times the nine wavefield components, that is, 36 components.
In addition, the other variables remain constant in time, totalling 13
components. Consequently, each grid point requires storage for 49
components in total.
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Figure 9. TFEM (a) and TFPM (b) of v, at station E, between FP16-SVE
and FP32-CGFDM within the Gaussian-shaped topography model.

For a computational grid of size NX x NY x NZ, the total
memory requirement is approximately

4x49x NX x NY x NZ

Memory (FP32) = o5 GB,
2x49x NX x NY x NZ
Memory (FP16) = =~ 102:3 * Y2 GB.

Using FP32-CGFDM as the benchmark with 100 per cent mem-
ory usage, the memory footprint of FP16-CGFDM is reduced to
approximately 50 per cent, while FP32-SVE maintains the same
memory as FP32-CGFDM. FP16-SVE reduces memory consump-
tion to around 50 per cent of the benchmark. This reduced memory
requirement demonstrates that FP16-SVE not only enables simula-
tions of larger-scale earthquakes within the same memory capacity
but also lowers computational costs.

4.2 Computational efficiency analysis

To analyse the computational efficiency of the proposed solvers
and compare their performance, five benchmark models with point
sources were selected. The models use different grid sizes (Fig. 10),
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Figure 10. Computational efficiency of the FP32 solver versus three op-
timized solvers across different grid sizes: (a) computation time and (b)
speedup factors.

with an MPI configuration of 1 x 8 x 8 and 200 time steps. Com-
putation times averaged over 10 steps for all models are presented
in Fig. 10(a), and these times were converted into speedup factors,
as shown in Fig. 10(b). It should be noted that the performance re-
sults depend on the underlying hardware platform, and all analyses
reported here are based on our ARM processor with 512-bit SVE
support.

Fig. 10(b) presents the measured speedups of different solvers
(FP16-CGFDM, FP32-SVE and FP16-SVE) relative to the baseline
FP32-CGFDM, achieving 1.16x%, 2.05x and 3.09x, respectively,
and FP16-SVE further attains a 1.51 x speedup over FP32-SVE.

FP16-CGFDM halves the memory traffic compared to FP32-
CGFDM. However, the actual speedup is only about 1.16x, far be-
low the theoretical 2 x bandwidth-driven limit. This indicates that,
under scalar execution, both FP32-CGFDM and FP16-CGFDM re-
main compute-bound, meaning that reducing memory access alone
cannot significantly improve overall performance. This motivates
the need to exploit hardware compute capability through vectoriza-
tion.

Next, comparing FP32-CGFDM (scalar version) with FP32-
SVE, vectorization delivers a 2.05x measured speed-up. Nonethe-
less, with a 512-bit SVE vector capable of processing 16 elements
per instruction, the theoretical upper bound is 16 x. The large gap
indicates that SVE compute throughput cannot be fully utilized due
to insufficient memory bandwidth, meaning that under vectorized
execution, FP32-SVE becomes memory-bound. Therefore, reduc-
ing memory traffic becomes essential in the SVE regime.

To address this, we combine FP16 with SVE and obtain the
FP16-SVE version, which reaches 3.09 x speedup over the baseline
FP32-CGFDM. Relative to FP32-SVE, switching to FP16 halves
total memory traffic, whose theoretical limit is a 2x speedup. The
measured gain is 1.51x, confirming the effectiveness of FP16.
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Figure 11. Geographic extent of the 2025 Tibet earthquake simulation. The
rectangle indicates the surface projection of the finite-fault, and inverted
triangles mark nine virtual stations (A-I).

This may stem from the additional precision-conversion and data-
rearrangement operations (as illustrated in Fig. 3), which introduce
extra computational overhead.

Overall, these results indicate that the combined use of FP16
storage and SVE vectorization effectively alleviates both computa-
tion and memory bottlenecks, producing a balanced and practical
performance profile. Moreover, FP16-SVE combines both enhance-
ments, achieving a speedup exceeding 3 x, and demonstrating high
efficiency for large-scale, high-resolution seismic simulations.

5 REAL-WORLD EARTHQUAKE
SIMULATION

To further assess the accuracy, robustness and efficiency of the
FP16-SVE solver in extremely complex geological environments,
we conduct a real-world simulation of the 2025 Tibet earthquake.
Following Wang ef al. (2023), the dimensionless constants are set
as Cs=1x 107, C, = 5 x 10%,and C, = 1 x 10°. For this earth-
quake simulation, the complexity of the finite-fault rupture, to-
pography and 3-D structural heterogeneity is fully incorporated. A
realistic finite-fault rupture source model released by USGS, the
SRTMO90 data set (Reuter e al. 2007), and the CSRM-1.0 model
(Xiao et al. 2024) are used to account for their effects on seis-
mic wave propagation. Fig. 11 illustrates the geographic extent of
the simulation region and the surface projection of the finite fault
(white box). Together, these data sets serve as inputs, ensuring that
the seismic wave propagation is simulated under conditions that
closely reflect the real-world scenarois.

The computational domain, shown in Fig. 11, spans 240 km x
240 km x 240 km, discretized into 601 x 601 x 151 grid points.
The parallel decomposition employs 4 x 8 x 2 MPI processes. The
total simulation duration is 80 s with a time step of 0.025 s, resulting
in 3200 integration steps.
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Figure 12. Ground motions of vertical velocity (v.) snapshots at # = 20 s for the 2025 Tibet earthquake, showing (a) FP32-CGFDM, (b) FP16-SVE and (c)

relative errors of FP16-SVE with respect to FP32-CGFDM.
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Figure 13. Synthetic seismograms of vertical velocity (v;) for the 2025
Tibet earthquake, recorded at nine virtual stations (A-I). Solid lines corre-
spond to FP32-CGFDM, dashed lines represent FP16-SVE, and the values
at the end of each trace indicate the maximum absolute value of v, at the
corresponding station.

In realistic earthquake simulations, PML is necessary to prevent
artificial reflections from affecting the true wavefield. Two sets of
tests were conducted to evaluate performance. FP16-SVE achieved
significant speedups over FP32-CGFDM: with PML, 27.329 min
versus 62.951 min (2.3 x speedup); without PML, 19.037 min versus
57.121 min (3 x speedup). These results demonstrate that, even with
the additional computational cost of PML, FP16-SVE maintains
high efficiency and robustness, highlighting its suitability for real-
istic large-scale earthquake simulations. The slightly lower speedup
observed with PML is mainly due to load imbalance: PML computa-
tions are performed only at the boundaries, that is, on boundary MPI
processes, which can create uneven workloads (Wan et al. 2023).
As noted in Section 2.4, PML is not well suited for FP16 optimiza-
tion, and therefore its optimization is not attempted in this study. A
comprehensive investigation of PML optimization lies beyond the
present scope and may be addressed in future research.

Fig. 12 presents the simulated ground motions of the vertical
velocity (v.) snapshots at # = 20 s for FP32-CGFDM (a) and FP16-
SVE (b), with the relative error distribution shown in panel (c).
The two wavefields exhibit almost identical radiation patterns and
amplitude distributions, with relative errors below 1 per cent across
the entire domain. This confirms that the FP16-SVE solver can
robustly capture complex wavefield features, even under realistic
earthquake source and media conditions.

Fig. 13 shows synthetic seismograms of the vertical velocity (v.)
recorded at nine virtual stations, A—I, indicated by red inverted
triangles in Fig. 11. The comparison between FP32-CGFDM and
FP16-SVE demonstrates excellent consistency in both arrival times
and amplitude evolution. The maximum deviations remain negligi-
ble relative to the signal amplitude, further supporting the accuracy
of the hybrid solver.

Peak ground velocity maps for the horizontal component are dis-
played in Fig. 14. Subplots (a) and (b) correspond to FP32-CGFDM
and FP16-SVE, respectively. The spatial patterns of ground motion
are highly consistent, with both methods producing comparable
PGV distributions. No systematic bias or artificial anomalies are
observed, which highlights the reliability of FP16-SVE in seismic
hazard assessment.

Overall, the Tibet earthquake case demonstrates that the FP16-
SVE solver achieves FP32-level accuracy even in highly complex
geological environments, making it suitable for real-world seismic
simulations and earthquake hazard studies. Moreover, it delivers
a more than 2.3x speedup over FP32-CGFDM, highlighting its
potential for operational rapid-response simulations and long-term
seismic hazard assessments.
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Figure 14. Peak ground velocity (PGV) distribution maps for the horizontal component of the 2025 Tibet earthquake: (a) FP32-CGFDM and (b) FP16-SVE.

6 CONCLUSIONS

This study developed three seismic simulation solvers on the ARM
architecture: FP16-CGFDM, FP32-SVE and FP16-SVE. In partic-
ular, the proposed FP16-SVE hybrid solver reduces memory con-
sumption, improves memory access efficiency and accelerates com-
putation, without compromising accuracy.

Extensive numerical experiments on half-space multilayered me-
dia and Gaussian-shaped topography models demonstrated that the
FP16-SVE solver achieves FP32-level accuracy, with relative errors
below 1 per cent across complex geological conditions. Performance
benchmarks confirmed that FP16-SVE halves memory consump-
tion and simultaneously achieves speedups exceeding 3 x compared
to FP32-CGFDM, enabling larger-scale simulations while reducing
computational costs.

The 2025 Tibet earthquake case study further validated the FP16-
SVE solver’s applicability in real-world earthquake simulations.
Even under extremely complex geological environments, the FP16-
SVE solver achieved FP32-level accuracy in waveforms, ground
motion snapshots and final PGV distributions, demonstrating a
more than 2.3x speedup. This highlights its potential for rapid-
response earthquake simulations and long-term seismic hazard
assessment.

Overall, the FP16-SVE hybrid solver provides a robust and effi-
cient framework for high-resolution, large-scale seismic simulations
on ARM platforms, accurately capturing extreme geological struc-
tures. To promote reproducibility and facilitate further research, the
codes and numerical examples developed in this study are open-
sourced (shown in Section 7). This enables practical applications in
both rapid-response earthquake analysis and reliable seismic hazard
assessment.
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All source codes of our proposed solvers (FP16-CGFDM, FP32-
SVE, FP16-SVE) in this work, has been open-sourced on GitHub:
https://github.com/wenqiangwangsustech/FP16-SVE. In addition,
the CGFDM3D-EQR code developed by Wang ef al. (2022) has
been released as open source on GitHub at https://github.com
/wengiangwangsustech/ CGFDM3D-EQR. The time—frequency en-
velope misfit package TF_MISFIT_GOF_CRITERIA (Kristekova
et al. 2006, 2009) can be accessed at https://www.nuquake.eu/Com
puter_Codes/.
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