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Figure 1: We present a data-driven approach to synthesize plausible wrinkle details on a coarse garment geometry. Such coarse geometry
can be obtained either by running a physically-based simulation on a low resolution version of the garment (a), or by using a skinning-based
deformation method (d). Our method can generate fine-scale geometry (b,e) by replacing the expensive simulation process, which, in some
cases, are not even currently feasible to setup. For example, high-resolution simulation failed (c) for the blue dress as boundary conditions
between the blue dress and the yellow belt were grossly violated. Our method generalizes across garment types, often with different number of
patterns, associated parameterization and materials, and undergoing different body motions.

Abstract

Creating fine garment details requires significant efforts and huge computational resources. In contrast, a coarse shape may be
easy to acquire in many scenarios (e.g., via low-resolution physically-based simulation, linear blend skinning driven by skeletal
motion, portable scanners). In this paper, we show how to enhance, in a data-driven manner; rich yet plausible details starting
from a coarse garment geometry. Once the parameterization of the garment is given, we formulate the task as a style transfer
problem over the space of associated normal maps. In order to facilitate generalization across garment types and character
motions, we introduce a patch-based formulation, that produces high-resolution details by matching a Gram matrix based
style loss, to hallucinate geometric details (i.e., wrinkle density and shape). We extensively evaluate our method on a variety of
production scenarios and show that our method is simple, light-weight, efficient, and generalizes across underlying garment
types, sewing patterns, and body motion.

CCS Concepts
e Deep Learning — Motion Generation; Garment Motion Transfer;

1. Introduction develop folds and rich details, characteristic of the underlying mate-
rials. Naturally, we desire to carry over such realistic details to the

High fidelity garments are a vital component of many applications digital world as well.

including virtual try-on and realistic 3D character design for games,

VR, and movies. In real life, garments, as they undergo motion, Directly capturing such fine geometric details requires profes-
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Figure 2: We show a garment simulated with different mesh resolu-
tions, i.e., varying particle distances (PD), and report the compu-
tation time for simulating a single frame. While wrinkle details are
captured well when simulating high resolution meshes, i.e., lower
PD, computation time significantly increases. Our method captures
statistically similar quality details by enhancing a coarse simulation
much more efficiently (13x speedup here).

sional capture setups along with computationally-heavy processing
pipeline [BPS*08; CZL*15; PPHB17], which may not be applicable
for low-budget scenarios. An alternate option involves physically-
based cloth simulation [NSO12; TWL*18; LLK19] to virtually
replace the need for physical setups. However, despite many re-
search advances, achieving high quality and robust simulation still
has many challenges. The simulation is often sensitive to the choice
of parameters and initial conditions and may require a consider-
able amount of manual work to setup correctly. Even when setup,
it remains a computationally expensive process, especially as the
resolution of the garment geometry increases (see Figure 2). Further,
with increasing complexity of the garment geometry, e.g., garments
with many layers or with non-canonical UV layout, it may be diffi-
cult to obtain any stable result (see Figure 1(c)). Finally, for each
new garment type and/or motion sequences, majority of the setup
and simulation steps have to be repeated.

We propose a different approach. As garment undergoes motion,
its geometry can be analyzed in two steps. First, the corresponding
motion of the body (i.e., the body pose) changes the global shape of
the garment, e.g., its boundary and coarse folds. We observe that the
global shape to be consistent across different resolutions of a gar-
ment (see Figure 2). Such a global geometry can either be simulated
efficiently and reliably using a coarsened version of the garment, or
by utilizing a skinning based deformation method. Given the coarse
geometry, the high frequency wrinkles can be perceived by consider-
ing only local neighborhood information. As shown in Figure 2, the
highlighted local patches in the coarse garment geometry provide
sufficient cues to hallucinate plausible high frequency wrinkles in
the same region. Hence, we hypothesize that given the coarse ge-
ometry of a garment, the dynamics of the detailed wrinkles can be
learned from many such local patches observed from different type
of garments undergoing different motions.

In this work, we present a deep learning based method that en-
hances an input coarse garment geometry by synthesizing realistic
and plausible wrinkle details. Inspired by the recent success of
image-based artistic style transfer methods [GEB16], we represent
the garment geometry as a 2D normal map where we interpret the

coarse normal map as the confent and fine geometric details as a style
that can be well captured by the correlation between VGG features
captured in the form of Gram matrices, characteristic to different
materials. Furthermore, in order to tackle various garment materials
within a universal framework, we adopt the conditional instance
normalization technique [DSK16] that is proposed in the context of
universal style transfer. Finally, we design our detail enhancement
network to operate at a patch level enabling generalization across
different (i) garment types, (ii) sewing patterns, and (iii) underlying
motion sequences. In fact, we show that our network trained on
a dataset generated from only a single sheet of cloth by applying
random motion sequences (e.g., applying wind force, being hit by
a ball) can already reasonably generalize to various garment types
such as a skirt, a shirt, or a dress. See Figure 12 for a comparison.

We evaluate our approach on a challenging set of examples
demonstrating generalization both across complex garment types
(e.g., with layering) as well as a wide range of motion sequences.
In addition to enriching low resolution garment simulations with
accurate wrinkles, we also demonstrate that our method can en-
hance coarse garment geometries obtained by skinning methods as
often used by computer games, see Figure 1. To our knowledge,
we present the first learning-based method that casts garment detail
enhancement as a style transfer problem and achieves generalization
across unseen garment types, sewing patterns, and body motions all
at the same time.

2. Related Work

Realistic and physically based cloth simulation has been exten-
sively studied in the graphics community [CK05; NMK*06; NSO12;
LLK19; YZZ*19; TWL*18]. However, due to the associated com-
putational cost and stability concerns, as the complexity of the
garments increase, several alternative avenues have been explored.
For example, in the industrial settings, skinning based deformation
of garments is often favored for its simplicity, robustness, and ef-
ficiency. This, however, comes at the expense of losing geometric
details. Finally, there has been various efforts to augment coarse sim-
ulation output with fine details using various approaches including
optimization, data-driven, and learning-based methods.

Optimization-based methods. Miiller et al. [MC10] use a
constraint-based optimization method to compute a high resolu-
tion mesh from a base coarse mesh. Rohmer et al. [RPC*10] uses
stretch tensor of the coarse garment animation as a guide to place
wrinkles in a post-processing stage. However, they assume the un-
derlying garment motion is smooth which is not always the case
with character body motion. Gillette et al. [GPV*15] extends similar
ideas to real time animation of cloth.

Data-driven methods. Feng et al. [FYK10] present a deforma-
tion transfer system that learns a non-linear mapping from a coarse
garment shape to per-vertex displacements that represent fine details.
Zurdo et al. [ZBO12] share a similar idea to learn the mapping from
a low-resolution simulation of a cloth to high resolution where plau-
sible wrinkles are defined as displacements. Given a set of coarse
and mid-scale mesh pairs, Kavan et al. [KGBS11] learn linear up-
sampling operators. Wang et al. [WHRO10] construct a database
of high resolution simulation examples generated by moving each
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