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Abstract—A signed distance field (SDF) is a widely used
geometric representation for robust collision detection between
complex geometries, which is crucial for contact-rich simulations.
While numerous works have studied SDF representations and
SDF-based collision detection, achieving both memory efficiency
and high accuracy while maintaining scalability remains a
challenge. In this paper, we propose a novel SDF representation,
Tetra-Encoded SDF (TE-SDF), which combines the adaptive
spatial discretization of a tetrahedral mesh with exact-distance
evaluation localized to each tetrahedron by encoding a compact
set of candidate surface faces per tetrahedron. We demonstrate
the effectiveness of TE-SDF in contact-rich simulation by im-
plementing a fully GPU-accelerated collision detector based on
TE-SDF and integrating it into a GPU-accelerated simulation
framework. Our results show that TE-SDF enables memory-
efficient, accurate, and scalable collision detection, expanding the
domain of robotic simulation scenarios that can be handled in
practice.

I. INTRODUCTION

A signed distance field (SDF) implicitly represents the

geometry by encoding the distance to the closest surface point

throughout a volumetric domain. This property has motivated

extensive research and applications of SDFs for efficient and

robust collision detection in contact-rich simulations across

various fields, such as graphics [29, 17, 22], animations [30],

games [6], and robotics [34, 24, 10, 11]. The ability of

SDF-based collision detections to robustly handle complex

geometries enables the simulation of challenging robotic tasks,

such as complex assembly [44, 24, 34].

A common approach to representing SDFs is a voxel-based

method that stores precomputed distance values on a dense

voxel grid. Evaluation at an arbitrary query point is performed

using trilinear interpolation of the values at the eight voxel

corners surrounding it. This can be viewed as combining the

voxel-grid spatial discretization of the domain with a local

linear function, resulting in a piecewise linear approximation

of the underlying SDF. This representation is simple and

computationally efficient, making it a standard choice in prior

works [34, 1, 44, 17]. However, the accuracy of voxel-based

representations is constrained by the grid resolution, resulting

in a prohibitively large memory footprint for geometries with

tight tolerance requirements.
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Fig. 1: Overview of ‘Robo-assembly’ scenario consisting of

three peg-in-hole and seven bolt–nut assembly tasks. We use

the same meshes for both visualization and collision detection

of the assembled meshes.

To mitigate this cost, various studies propose memory-

efficient variants by using alternative spatial discretizations,

such as octrees [13], or by employing different local functions,

such as polynomial [22] or neural network [4, 2, 37, 45]. While

these approaches can reduce memory cost, evaluating the

SDF values requires complex procedures, such as traversing

trees and inferring neural networks. This overhead limits

the usage of these representations for Face–SDF collision

detection, which requires sequential SDF evaluations coming

from the per-face optimization scheme [29]. Consequently,

these representations are restricted to non-iterative methods,

such as Node–SDF evaluations [22, 26], which may miss

contacts between sharp features and edges. Moreover, these

methods still approximate the underlying SDF.

In this paper, we propose a novel SDF representation, Tetra-

Encoded SDF (TE-SDF), which we abbreviate as TES. TES is

motivated by the following observations regarding tetrahedral

meshes (tetramesh) and SDFs:

• Tetramesh: Tetrameshes inherently provide adaptive spa-

tial discretizations, allocating more tetrahedra in geomet-

rically detailed regions and fewer tetrahedra in simple

regions [40].

• SDF: Given an arbitrary query point, if a small set of

candidate surface triangles (faces) that may be closest




