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Fig. 1. We develop GRASS, a Generative Recursive Autoencoder for Shape Structures, which enables structural blending between two 3D shapes. Note the
discrete blending of translational symmetries (slats on the chair backs) and rotational symmetries (the swivel legs). GRASS encodes and synthesizes box
structures (bottom) and part geometries (top) separately. The blending is performed on fixed-length codes learned by the unsupervised autoencoder, without

any form of part correspondences, given or computed.

We introduce a novel neural network architecture for encoding and syn-
thesis of 3D shapes, particularly their structures. Our key insight is that
3D shapes are effectively characterized by their hierarchical organization
of parts, which reflects fundamental intra-shape relationships such as ad-
jacency and symmetry. We develop a recursive neural net (RvNN) based
autoencoder to map a flat, unlabeled, arbitrary part layout to a compact code.
The code effectively captures hierarchical structures of man-made 3D objects
of varying structural complexities despite being fixed-dimensional: an asso-
ciated decoder maps a code back to a full hierarchy. The learned bidirectional
mapping is further tuned using an adversarial setup to yield a generative
model of plausible structures, from which novel structures can be sampled.
Finally, our structure synthesis framework is augmented by a second trained
module that produces fine-grained part geometry, conditioned on global
and local structural context, leading to a full generative pipeline for 3D
shapes. We demonstrate that without supervision, our network learns mean-
ingful structural hierarchies adhering to perceptual grouping principles,
produces compact codes which enable applications such as shape classifica-
tion and partial matching, and supports shape synthesis and interpolation
with significant variations in topology and geometry.
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1 INTRODUCTION

Recent progress on training neural networks for image [van den
Oord et al. 2016b] and speech [van den Oord et al. 2016a] synthe-
sis has led many to ask whether a similar success is achievable in
learning generative models for 3D shapes. While an image is most
naturally viewed as a 2D signal of pixel values and a piece of speech
as a sampled 1D audio wave, the question of what is the canonical
representation for 3D shapes (voxels, surfaces meshes, or multi-view
images) may not always yield a consensus answer. Unlike images or
sound, a 3D shape does not have a natural parameterization over a
regular low-dimensional grid. Further, many 3D shapes, especially
of man-made artifacts, are highly structured (e.g. with hierarchi-
cal decompositions and nested symmetries), while exhibiting rich
structural variations even within the same object class (e.g. consider
the variety of chairs). Hence, the stationarity and compositionality
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Fig. 1. Nonlinear anisotropic damping that matches real-world leaf motion. We experimentally estimated both the leaf elastic nonlinear material, and

our nonlinear damping model, to match the real-world ground truth leaf motion. Our model accommodates anisotropic nonlinear damping, with different
nonlinear damping properties for the leaf bending in the up-down (deformation 1) and left-right directions (deformation 2).

To date, material modeling in physically based computer animation has
largely focused on mass and stiffness material properties. However, defor-
mation dynamics is largely affected also by the damping properties. In this
paper, we propose an interactive design method for nonlinear isotropic and
anisotropic damping of complex three-dimensional solids simulated using
the Finite Element Method (FEM). We first give a damping design method
and interface whereby the user can set the damping properties so that mo-
tion aligned with each of a few chosen example deformations is damped by
an independently prescribed amount, whereas the rest of the deformation
space follows standard Rayleigh damping, or any viscous damping. Next, we
demonstrate how to design nonlinear damping that depends on the magni-
tude of the deformation along each example deformation, by editing a single
spline curve for each example deformation. Our user interface enables an art-
directed and intuitive approach to controlling damping in solid simulations.
We mathematically prove that our nonlinear anisotropic damping general-
izes the frequency-dependent Caughey damping model, when starting from
the Rayleigh damping. Finally, we give an inverse design method whereby
the damping curve parameters can be inferred automatically from high-level
user input, such as the amount of amplitude loss in one oscillation cycle
along each of the chosen example deformations. To minimize numerical
damping for implicit integration, we introduce an accurate and stable im-
plicit integrator, which removes spurious high-frequency oscillations while
only introducing a minimal amount of numerical damping. Our damping

This research was sponsored in part by the National Science Foundation (CAREER-
1055035, IIS-1422869), and USC Annenberg Graduate Fellowship to Hongyi Xu.
Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.

© 2017 ACM. 0730-0301/2017/7-ART53 $15.00

DOI: http://dx.doi.org/10.1145/3072959.3073631

can generate effects not possible with previous methods, such as control-
lable nonlinear decaying envelopes whereby large deformations are damped
faster or slower than small deformations, and damping anisotropic effects.
We also fit our damping to videos of real-world objects undergoing large
deformations, capturing their nonlinear and anisotropic damping dynamics.
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1 INTRODUCTION

Three-dimensional Finite Element Method (FEM) simulations are
widely used in computer graphics, animation and related fields. The
simulation behavior of a deformable object is uniquely determined
by the mass properties, the underlying “stiffness” strain-stress ma-
terial law, as well as the damping model that irreversibly dissipates
the energy in a vibrating system and causes a decaying trend in the
system response. Despite several previous papers to design and op-
timize the strain-stress relationships, we are not aware of any prior
work on damping design for computer animation. Since the classic
publication of “Theory of Sound” [Rayleigh 1896], characterization
of the damping effects in a vibrating structure has long been an
active research topic in the mechanical engineering field. However,
there is still no single universally accepted damping model [Wood-
house 1998], due to the intricacies involved in understanding the
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