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Figure 1: Advanced cloth rendering models. Left: results of our ply-based cloth model [6]. Middle: a frame from the movie
"Avatar: The Way of Water," which utilized our yarn-based cloth rendering techniques [18]. Right: rendering of various
curtain fabrics using our surface-based methods [17]. These advanced cloth rendering models achieve both realism and high
performance.

Abstract
Fabrics play a signi�cant role in our daily lives, making their dig-
ital modeling crucial for applications in online retail, the textile
industry, and entertainment, such as games and movies. Despite its
importance, there have been signi�cant advances in fabric render-
ing techniques over the past decade to highlight the state-of-the-art
advancements. Rendering fabrics is a complex task due to their
intricate microgeometry and anisotropic appearance. Conventional
approaches either model fabrics as 2D sheets, which are e�cient
but lack high �delity in close-ups, or model them at the �ber level,
trading high �delity with signi�cant computational costs. Recent
models propose aggregation-based techniques that combine the
strengths of both approaches.
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Cloth rendering is challenging due to the need for high perfor-
mance, detailed representation, handling repetitive patterns, and
e�cient multi-scale rendering. These complexities make it a hard
problem in both academia and industry. The industry, in particu-
lar, has a strong interest in advancing cloth rendering to meet the
high demand for better image quality. This course is essential for
bridging the gap between recent research and practical applications.

Participants will gain insights into basic cloth properties, the
di�culties inherent in cloth rendering, and a detailed review of
micro-appearance and surface-based models. Additionally, we will
cover innovative appearance aggregation techniques that enhance
rendering e�ciency without compromising visual quality. Through
comparative analysis under di�erent patterns and lighting condi-
tions and evaluation against photographs, attendees will develop
a deep understanding of state-of-the-art cloth rendering methods.
The course will also explore open problems and future research
directions, providing a comprehensive overview of the current state
and potential advancements in the �eld.

In this course, we plan to:
• explain the basic knowledge of cloth, including classi�ca-
tions and unique e�ects.

• discuss the di�culties in cloth rendering due to geometric
and optical complexities.
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• review micro-appearance cloth models, their approaches,
and their advantages and disadvantages.

• review surface-based cloth models, their approaches, and
their advantages and disadvantages.

• introduce the concept of cloth appearance aggregation to
enhance e�ciency without compromising quality.

• describe the new advanced curve-based model using the
aggregation-based idea. Introduce advanced surface-based
models to ultimately render fabrics e�ciently in high �delity.

• explore open problems and future directions in cloth render-
ing and facilitate further discussion.

CCS Concepts
• Computing methodologies! Re�ectance modeling.
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1 COURSE FORMAT & PREREQUISITES
We propose a short course (1 hour and 45 minutes) at an intermedi-
ate di�culty level. It is expected that attendees have a basic under-
standing of appearance rendering and calculus. Familiarity with
the rendering equation, microfacet theory, Monte Carlo integration,
importance sampling, and the fundamentals of the Bidirectional
Re�ectance Distribution Function (BSDF), particularly for hair and
cloth, is assumed. However, this course will provide a brief review
of these concepts as gradually introduce the latest techniques in
cloth rendering.

2 TARGET AUDIENCE
This course is designed for students, researchers, and rendering
engineers interested in realistic cloth rendering, whether they are
unfamiliar with existing techniques or recent advancements. It aims
to provide insights into the challenges of cloth rendering, familiarize
attendees with recent developments for achieving optimal perfor-
mance and accuracy, and highlight open problems that could inspire
future research. This will begin with a brief review of basic cloth ren-
dering models, comparing lightweight, less accurate surface-based
models with more detailed, accurate micro-appearance models. The
focus will then shift to advanced models proposed over the past
decade that combine the strengths of both approaches. Attendees
should have at least a basic understanding of BSDF and importance
sampling, such as that gained from a graduate course in computer
graphics or image synthesis.

3 WHY A SIGGRAPH ASIA COURSE IN 2024?
Since the introduction of the microcylinder model a decade ago [8],
it has become widely used in the industry due to its speed, despite
lacking detailed realism. Meanwhile, the research community has
been focusing on more detailed, micro-appearance models [14] that

are slower but more realistic, creating a divide between industry and
research. In the past �ve years, however, we have been dedicated to
developing cloth models that are both fast and realistic. Our team
has published 10 papers to develop this problem [4–7, 10–12, 16–18].
Our current work bridges the gap between research and industry,
achieving photo-realistic results in real-time. Our success extends
to practical applications in the industry. Zhu et al. [18] was used in
the �lm "Avatar: The Way of Water," and [16] has become Meta’s
o�cial model. This is a signi�cant advancement, and we now feel
con�dent presenting a usable, understandable, and theoretically
sound update on the state-of-the-art in cloth rendering. Contempo-
raneously, we have received numerous inquiries about our work,
especially following our presentations, sparking signi�cant interest
from both the research and industrial communities. Many graduate
students have also shown keen interest in our work and consider
the implementation of our model as their �nal project [10]. This
variety and quantity of interest suggest that a coherent update on
the state-of-the-art in cloth rendering would be welcomed by the
rendering community. It would help accelerate further research and
adoption and also aid in achieving fast, high-quality cloth rendering
in games, VR, and movies.

4 PROPOSED SYLLABUS (SHORT)
5 min: Welcome and introductions. Lingqi Yan
A course overview, learning objectives, and speaker introductions.

10 min: Basic Knowledge of Cloth. Lingqi Yan
This will clarify why it is necessary to investigate cloth rendering.
This starts with the basic knowledge of cloth, including its classi-
�cations (woven, knitted, felt), its complex hierarchical structure
(single �ber! ply! yarn!weave pattern), and the unique e�ects
of cloth (sheen, anisotropic specular re�ection, transparency).

10min: Di�culties in Cloth Rendering.Ma� Jen-Yuang
Chiang
Rendering cloth is challenging due to its geometric and optical com-
plexities. Geometrically, modeling down to the �ber level can lead
to issues with storage and geometric trace speed. Optically, �bers
are more complex than surface appearances as they are cylindrical
and require BCSDF to describe their behavior, including complex
re�ection and transmission. This is compounded by the complex
hierarchical structure that introduces multiple scattering. This clar-
i�es the di�culties of cloth rendering to prepare for discussing
speci�c methods. We will review the traditional models of cloth
rendering, categorizing them into two types based on rendering
speed and e�ect: micro-appearance and surface-based.

10min:Micro-appearanceClothModels.Ma� Jen-Yuang
Chiang
First, we introduce micro-appearance models. A large number of
works de�ne cloth as an assembly of �bers, either through explicit
geometry [15] or as a heterogeneous volumetric representation [9,
13]. The main advantage of curve-based cloth models is the accurate
representation of �ber-level geometric details at a microscopic scale.
However, the storage requirements for 3D details in curve-based
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methods are substantial, and the complexity of multiple bounces in
modeling curves makes e�cient rendering challenging. In addition
to introducing the main ideas, we will also present representative
works, explaining their approaches and analyzing their advantages
and disadvantages.

10 min: Surface-based Cloth Models. Junqiu Zhu
Surface-based methods have been used for further practicality. As
the name indicates, cloth is de�ned as 2D thin sheets, usually on the
surface of a 3D mesh. In this way, the appearance of cloth can be
easily represented by Bidirectional Re�ectance Distribution Func-
tions (BRDFs) [1–3, 8]. Surface-based models are popular for their
fast performance; however, these models often lack realism due to
missing yarn/ply/�ber details (often compensated in an ad-hoc tex-
ture mapping process), energy transmission (often misunderstood
as transparency/alpha), and shadowing-masking (either missing or
homogeneous regardless of local structures). This group of methods
is more widely used in the industry. Similarly, in addition to intro-
ducing the main ideas, we will also present representative works,
explaining their approaches and analyzing their advantages and
disadvantages.

10 min: Cloth Appearance Aggregation. Junqiu Zhu
Surface-based cloth rendering techniques often appear non-realistic,
while micro-appearance models, though realistic, are costly and
slow. The challenge is achieving both realistic accuracy and real-
time speed. The solution may lie in appearance aggregation:
condensing details into a simpli�ed representation to enhance ef-
�ciency without sacri�cing visual quality. This will introduce the
concept of appearance aggregation [19], using vivid examples to
explain why and how we need to aggregate the appearance.

15 min: Advanced Curve-based Cloth Models. Zahra
Montazeri
Thiswill introduce our advanced curve-based cloth renderingmethod
[4–6, 10, 11, 18], which addresses the practical issues of traditional
micro-appearance methods by exclusively modeling the ply/yarn
geometry. By deriving an accurate aggregated Bidirectional Curve
Scattering Distribution Function (BCSDF) for the ply/yarn, this
part will detail the derivation process of the aggregated BCSDF,
considering physically-based parameters such as twist, density, and
the number of �bers in a ply/yarn.

15 min: Advanced Surface-based Cloth Models. Zahra
Montazeri
Surface-based methods remain signi�cantly faster than curve-based
methods. We will introduce our surface-based work [16? , 17], de-
tailing how we aggregate the complex light scattering on surfaces
and perform Level of Detail (LoD) calculations to achieve real-time
performance. Additionally, we will present our advanced sheen
model [12].

5 min: Open problems and future directions All
We now have a fairly comprehensive understanding of cloth ren-
dering, but there are still some open questions that need to be

Table 1: High-level syllabus for cloth rendering. See text for
detailed descriptions.

Duration Topic Speaker

5 min Welcome and introduction Yan
10 min Basic Knowledge of Cloth Yan
10 min Di�culties in Cloth Rendering Chiang
10 min Fiber-based Cloth Models Chiang
10 min Surface-based Cloth Models Zhu
15 min Cloth Appearance Aggregation Zhu
15 min Advanced Curve-based Cloth Models Montazeri
15 min Advanced Surface-based Cloth Models Montazeri
5 min Open problems and future directions All
10 min Audience Q & A All

addressed. Montazeri will moderate a panel discussion where au-
thors will highlight directions that are interesting for future work.
This will transition into an audience Q&A session.

10 min: Q&A All
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Cloth 101

● Different level of cloth geometry
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Underlying structure Sigle fiberWoven cloth



Cloth 101 
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• Common structure to  
form a yarn 

Fiber Ply Yarn

• Common structure to  
form a piece of cloth 

Satin Plain Weave Twill



Cloth 101 

● Complex and Unique Visual Effects
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Asymmetric highlight due to fibers twisting Cross-shaped highlight due to weave pattern Transparency of thin cloth



Cloth 101 - Cloth Rendering is Difficult

● The number of fibers is too high

300 M 45 M 4.6 M 17 M

Memory intensive!

Large number of bounces!

Violation of energy conservation!
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Cloth 101 - Cloth Rendering is Difficult

● Complex geometry structure

Woven sample Knitted sample
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Complex fiber arrangement!

Complex multiple scattering!
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Cloth Rendering Models
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Surface-based methods

Surface geometry Rendering

Micro-appearance methods

Fiber geometry Rendering
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Micro-appearance Methods - Geometry Modeling

All fibers 
in untied plies

= +
Regular fibers Flyaway fibers

[Zhao et al. 2016]

Modeling the fiber geometry using control parameters 
• Twist, density, migration, fly-away fibers  



Why Aggregation?

Level of details (LOD) 23
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Why Aggregation?

• Use fewer fibers w/ original fibers’ 

appearance 

• Drier, harder and brighter!  

• Use fewer fibers w/ aggregated 

appearance 

• Realistic!

❌
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