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Abstract
Physics simulations are crucial for domains such as animation and robotics, yet they are limited to deterministic
simulations that require precise knowledge of initial conditions. Uncertainty often requires computationally in-
tensive sampling. This paper addresses this challenge by incorporating position and orientation uncertainty into a
rigid-body simulation. We formulate and compare four uncertainty propagation approaches: linearization, a sur-
rogate model, persistent sigma points, and local sampling. Our methods build on a penalty-based simulator with
a non-uniform sphere hierarchy for geometry approximation and collision detection. We evaluate these methods
against Monte Carlo sampling in collision-free and collision scenarios using the Wasserstein distance, and com-
pare their storage requirements. Across our test cases, the proposed methods are about an order of magnitude faster
than sampling-based baselines while preserving competitive accuracy. The surrogate model is the fastest, whereas
persistent sigma points achieve the best overall accuracy.
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1 INTRODUCTION

Physics simulations are central to predicting complex
scenarios but often fail to capture real-world unpre-
dictability, resulting in a “reality gap”. This gap stems
from computational models’ inability to capture every
nuance of physics and material properties, compounded
by deterministic simulators that yield identical, precise
outcomes. Sampling introduces variability by allow-
ing simulations to account for uncertain parameters,
thereby enhancing realism across applications such as
animation and robotics. For instance, software such as
Blender and SideFX Houdini uses sampling to refine
visuals for greater aesthetic and physical fidelity in ani-
mation. In robotics, sampling enables robots to foresee
and adapt to dynamic environments, optimizing their
actions for better decision-making [KNM+22]. Sim-
ilarly, recent research in cognition posits that people
possess an Intuitive Physics Engine (IPE) [SHS+24],
analogous to a game engine, that simulates the world.
The IPE takes the current state of the world as input
and yields predictions about future states. In studies,
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future simulations are sampled since game engines are
not probabilistic (see Fig.1).
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Figure 1: Teaser: (a) A robot drops a salt box into
a bin under positional uncertainty. (b) A sampling-
based mental simulation predicts possible outcomes us-
ing many rollouts, which is computationally expensive.
(c) Our method incorporates Gaussian uncertainty di-
rectly into the simulation and predicts the resulting out-
come distribution much faster than sampling.

To the best of our knowledge, prior work has not ad-
dressed uncertainty propagation for rigid-body colli-
sions in this form. Uncertainty propagation can be
performed analytically in cases where the transforma-
tion function is linear, forming the mathematical ba-
sis for the Kalman filter. For non-linear functions,
however, uncertainty must be approximated in gen-


