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1. INTRODUCTION
The simulation of Multibody Dynamics systems with flexi-

ble bodies and smooth or non-smooth frictional contact requires
repeatedly the solution of linear systems. Systems with flexi-
ble bodies can have very large degree of freedom (DoF) counts,
making the linear system large and computationally expensive to
solve. In many applications, such as deformable tires and tracks,
the use of continuum-based Absolute Nodal Coordinate Formu-
lation (ANCF) [1] draws on an implicit integrator (e.g., HHT
[2]) along with a Newton-Raphson procedure, where at each it-
eration a sparse linear system needs to be solved. This step is
computationally expensive and represents a dominant portion of
the overall cost in ANCF-based simulations [3, 4].

Recent work has underscored the limitations of GPU-
accelerated sparse direct solvers, particularly their lack of scala-
bility and robustness when applied to ill-conditioned symmetric
systems. While GPUs often perform well on dense or well-
conditioned problems, these challenges have limited their broader
adoption [5]. In this abstract, we investigate the feasibility of us-
ing GPUs and recent GPU-based linear solvers to address linear
systems commonly encountered in multibody dynamics simula-
tions. Specifically, we use Chrono [6] to extract system matrices
from two flexible body simulations of an airless tire modeled
with the Absolute Nodal Coordinate Formulation (ANCF). The
number of “spokes” in the tire model is varied from 16 to 80
(see Fig. 1) to generate linear systems of different sizes. We
evaluate both the performance and accuracy of Nvidia CuDSS, a
recently introduced GPU-based direct solver, against Pardiso, a
state-of-the-art CPU-based direct solver currently integrated with
Chrono. This study also lays the foundation for a broader evalu-
ation of GPU-based direct and iterative solvers across a diverse
set of linear systems arising in multibody dynamics applications.

2. METHODS
Here we introduce the deformable ANCF tire simulation

from which the linear systems are extracted, the GPU and CPU
direct solvers applied to them, and the metrics used to compare
solver speed and accuracy.
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2.1 Problem Description
The multibody dynamics problem of interest involves a de-

formable tire modeled using ANCF with smooth contact. We
employ a full Newton-Raphson approach coupled with an im-
plicit HHT integrator, requiring the solution of a linear system at
each iteration.

Two variants of the ANCF tire model are evaluated — a
16-“spoke” configuration which includes 384 nodes and 288 el-
ements and a 80 “spokes” configuration which comprises 1,920
nodes and 1,440 elements. A tire test rig is modeled to constrain
the tire and apply a constant angular velocity to the wheel. This
setup introduces some rigid bodies and joint constraints, leading
to system matrices of size 4973 × 4973 and 83485 × 83485 for
the two tire configurations, respectively. A deformable terrain is
also included in the simulation, modeled using the Soil Contact
Method (SCM) [7, 8]. As SCM is a force-based model, it does
not add additional DOF’s to the system. Table 1 summarizes the
associated system matrix sizes and sparsity characteristics for the
two configurations.

TABLE 1: LINEAR SYSTEM SIZE AND CHARACTERISTICS FOR
THE TWO VARYING TIRE CONFIGURATIONS

Spokes Matrix Size 𝐴 ∈ R𝑛×𝑛 Nonzero Elements
16 4973 × 4973 419,248
80 83485 × 83485 7,917,936

2.2 Solvers Compared
The system matrices are saved from Chrono half-way through

the simulation. Two solvers are then used to solve the linear sys-
tem externally and are compared for accuracy and solve time:
(1) NVIDIA CuDSS is a GPU-accelerated direct sparse solver
library by NVIDIA for sparse linear systems, leveraging cuS-
PARSE and GPU memory optimizations for efficient factoriza-
tion [9]; (2) oneMKL PARDISO is a high-performance CPU-
based direct solver for sparse linear systems, integrated into the
Chrono framework and commonly used in flexible body simula-
tions with smooth contact [10].
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(a) 16-spokes tire model. (b) 80-spokes tire model.

FIGURE 1: TWO VARIANTS OF THE AIRLESS DEFORMABLE TIRE.

2.3 Evaluation Metric
For accuracy, the Relative Backward Error (RBE) is used

as a solver-independent metric to assess the accuracy of the com-
puted solution. The RBE is calculated as

RBE =
∥𝐴𝑥 − 𝑏∥2

∥𝐴∥2∥𝑥∥2 + ∥𝑏∥2
(1)

where 𝐴 is the system matrix, 𝑥 is the computed solution, and 𝑏 is
the right-hand side vector. Additionally, we compare the “solve
time” of the two solvers, which includes time taken for symbolic
analysis, numerical factorization, and the solve step. For Pardiso,
timing is measured using std::chrono whereas for CuDSS we
use CUDA events. CuDSS is run on an NVIDIA RTX 4080 Ti
GPU and Pardiso on a 13th Gen Intel Core i7-13700K CPU with
16 threads.

3. RESULTS
The solve time and Relative Backward Error (RBE) for the

two solvers is summarized in Table 2.

TABLE 2: SOLVER PERFORMANCE AND ACCURACY ACROSS
THE TWO TIRE CONFIGURATIONS

Spokes Solver Solve Time (ms) RBE

16
Pardiso 30.04 1.36E-18
CuDSS 24.55 3.42E-07

80
Pardiso 482.69 3.68E-20
CuDSS 130.53 2.87E-10

On the 16-spoke matrix, CuDSS is about 20% faster
than Pardiso; on the 80-spoke matrix, it is 3.6x faster.
Accuracy remains acceptable for CuDSS, but Pardiso still
achieves relative backward errors several orders of magni-
tude lower in both cases. The code and data neces-
sary to reproduce these results are available in our pub-
lic repository at https://github.com/uwsbel/sbel-reproducibility/
tree/master/2025/ASME-LinearSolversGPU/.

4. CONCLUSIONS AND FUTURE WORK
Initial tests confirm that GPU-accelerated sparse solvers

(e.g., CuDSS) can significantly reduce solve times for high-DOF

multibody systems, yet their relatively modest loss in accuracy
merits closer study. In future work we will (1) broaden the
solver suite to include both direct and iterative GPU methods,
(2) exercise them on a larger spectrum of Chrono problems, in-
cluding rigid and flexible-body dynamics with smooth as well
as non-smooth contact, and (3) extend the study to linear sys-
tems emerging from implicit Smoothed Particle Hydrodynamics
(SPH). Most importantly, we will embed these GPU solvers in-
side Chrono’s time-integration loop, enabling true end-to-end
benchmarks that capture factorization cost, communication la-
tency, and data-transfer overhead between host and device—all
factors omitted from the present, offline comparison.
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