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Fig. 1: PhysConvex introduces boundary-driven dynamic convex fields integrated with
mesh-free reduced-order convex simulation for dynamic reconstruction, system identi-
fication(a), physical generalization(b,c). It recovers appearance, geometry, and physics
from videos, improving dynamic and physical reconstruction(d,e), training efficiency(f).

Abstract. Reconstructing deformable objects from video requires a 4D
representation that should preserve geometry, explain motion through
physics, and generalize to future or new physical conditions. Existing
dynamic NeRF and Gaussian methods achieve strong view synthesis,
yet their voxel or ellipsoidal primitives are primarily designed for ap-
pearance rendering and typically driven by centers or predefined par-
ticle bindings, limiting physically meaningful non-uniform deformation
and sharp boundary evolution. We present PhysConvex, a physics-
informed dynamic convex field for video-based reconstruction, physical
system identification, and simulation. PhysConvex represents a dynamic
object as material-space deformable convex primitives whose boundary
is advected by physical dynamics. The boundary-driven convex expresses
non-uniform deformation and evolving active supports while serving si-
multaneously as a rendering element, deformation carrier, and physical
support where mass, elastic response, forces, and contacts are evalu-
ated. We further introduce a mesh-free reduced-order convex simulator
in which neural skinning modes define physics-based deformation bases
directly over deformable convex supports. Experiments show improved
dynamic and physical reconstruction, efficiency, future prediction, and
generalization to changed materials, forces, and boundary conditions.
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1 Introduction

Videos capture not only how objects look, but also how they move, deform, and
respond to the physical world. A dynamic 4D representation should preserve
appearance, geometry, and physical behavior: it can be rendered from novel
views, explained through physical properties, and simulated under new forces,
contacts, or material conditions (Fig. 1). This is especially challenging for de-
formable objects, where appearance, geometry, and physical properties are en-
tangled in video observations. Classical physics-based simulation [2,15,28,35,47]
provides physically plausible dynamics, but typically assumes known geometry,
meshing, and material parameters, limiting its real-world applicability where
geometries and materials are often unknown. Alternatively, purely neural ap-
proaches [5, 17, 30, 31, 39, 42, 44, 45] directly model dynamics through learned
networks from data, disregarding underlying physical laws and thereby limiting
generalization and interpretability.

Recent advances [9, 23, 29, 43, 48] bridge this gap by integrating neural ra-
diance fields with differentiable physical simulation. These methods make im-
portant progress toward video-based physics and dynamic reconstruction, but
most inherit a mismatch between rendering and simulation. They still rely on
primitives (voxels in NeRF-based methods [29], ellipsoids in Gaussian-based
methods [6, 9, 48]) that were designed for static appearance rendering efficiency
rather than dynamic physical deformation, resulting in several limitations in
dynamic scenarios (Fig. 2): First, in hybrid Eulerian-Lagrangian frameworks
[43], center-driven dynamics updates primitives using central particles or pooled
neighbors, lacking spatial sensitivity to non-uniform deformation; Second, prede-
fined particle-primitive bindings [7,48] neglect material and geometric relations,
resulting in inaccurate dynamic coupling; Third, existing NeRF and Gaussian
representations integrated with grid-based MPM simulation [22] struggle to cap-
ture hard or evolving boundaries, hindering physically meaningful surface defor-
mation; Finally, approximating Gaussian decomposition by symmetric, rounded
ellipsoids limits the modeling of anisotropic geometric structures or nonlinear
materials, while also producing poor spatial coverage near planar or angular
regions due to inherent sphere-packing and vacuum-gap issues [11,18].

Our key insight is that the rendering primitive should also be the material
support for physical deformation and simulation. Based on this principle, we
introduce PhysConvex, a physics-informed dynamic convex field for video-
based reconstruction, physical system identification, and future-state simulation
(Fig. 1). PhysConvex represents a dynamic object as a set of material-space
deformable 4D convex primitives. Unlike a Gaussian primitive, which is mainly
controlled by a center and covariance, each PhysConvex primitive is defined by
a deformable convex hull governed by continuum mechanics to model dynamics.

We introduce a boundary-driven dynamic convex representation (Sec.
4.1) that gives each primitive spatially adaptive deformation capacity, rather
than forcing it to move as a center-driven kernel (Fig. 2). We represent convex
boundary deformation explicitly as vertex dynamics of convex hulls, or implicitly
as the surface dynamics of half-space support functions: Vertex dynamics advect
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