
Computational Visual Media
https://doi.org/10.1007/s41095-0xx-xxxx-x

Research Article

A Multi-scale Yarn Appearance Model with Fiber Details

Apoorv Khattar1, Junqiu Zhu2, Jean-Marie Aubry3, Emiliano Padovani3, Marc Droske3, Ling-Qi Yan2, Zahra
Montazeri1 (Corresponding Author)

© The Author(s) 2024

Abstract Rendering realistic cloth has always been a chal-
lenge due to its intricate structure. Cloth is made up of fibers,
plies, and yarns, and previous curved-based models, while
detailed, were computationally expensive and inflexible for
large cloth. To address this, we propose a simplified approach.
We introduce a geometric aggregation technique that reduces
ray-tracing computation by using fewer curves, focusing only
on yarn curves. Our model generates ply and fiber shapes
implicitly, compensating for the lack of explicit geometry
with a novel shadowing component. We also present a shad-
ing model that simplifies light interactions among fibers by
categorizing them into four components, accurately capturing
specular and scattered light in both forward and backward
directions. To render large cloth efficiently, we propose a
multi-scale solution based on pixel coverage. Our yarn shad-
ing model achieves 3-5 times faster rendering speed with less
memory in near-field views compared to fiber-based models.
Additionally, our multi-scale solution offers a 20% speed
boost for distant cloth observation.

Keywords Cloth Rendering, Yarn Shading, Bidirectional
Scattering Distribution Function (BSDF)

1 Introduction
Fabrics are an integral part of our everyday lives, serving a
wide range of purposes from clothing to functional textiles
such as curtains, furniture, and table sheets. Accurately
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modeling the appearance of cloth in a physically faithful
manner has extensive applications in various fields, including
design, online retail, and entertainment. However, they present
a challenge due to their complex geometry and optics, with a
hierarchical structure consisting of yarns, plies, and individual
fibers.

There are mainly two predominant approaches for cloth
rendering: surface-based and curve-based methods. Surface-
based models represent cloth geometry using 2D sheets, often
in the form of polygonal meshes [1–4]. While these models
offer lightweight and editable representations suitable for
macroscopic scale, they lack the fine-grained details required
to convincingly render cloth in close-up views.

On the other hand, curve-based models focus on capturing
intricate cloth details by representing the geometry at a
microscale [5, 6]. These fiber-based models represent the
structure of individual fibers and utilize volumetric or fiber-
based light scattering models to simulate light interactions.
While these approaches can achieve highly realistic renderings
with exceptional fidelity, they suffer from computational
expense, making them slow and challenging to manipulate.

To address these limitations, Montazeri et al. [7] (referred
as ply-based model) introduced a ply-based approach that
replaces the explicit representation of individual fibers with
ply curves, implicitly incorporating fiber details. However,
the number of plies in a yarn can vary (typically from 3 to 12)
which makes modeling fabrics at the ply-level challenging
and it still remains more computationally expensive due
to multiple light bounces between plies. Thus, we desire
an even more simplified model; we aim to represent the
cloth solely with yarn curves. Building upon this ply-based
approach, we pose the question: Can we completely conceal
the hierarchical structure as well as the light transport within
the yarns, treating the yarn as a whole aggregated model
that embeds all sub-yarn geometries and light transport? A
yarn-based model is notably more challenging compared to a
ply-based model because simplifying the geometry yields to
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Fig. 1 In this scene we compare the rendering results of our BYSDF model (near-field and multi-scale) to the reference ply-based model for
a knitted beanie, with the error map provided in the insets. Our model achieves close-matched results to the reference, both in far-away and
zoomed-in views, with accurate soft shadows and geometry of plies and fibers as seen in Row I and Row II close-up, respectively. Notably,
our approach achieves these results while utilizing only 20% of the memory and over 2.5 times acceleration compared to the reference under
the same rendering quality (noise-level). Our multi-scale result offers additional performance gain by leveraging a level-of-detail strategy as
shown in zoomed-out results. The scene has been lit using two area lights and one constant environment lighting.

a more complicated appearance model. It requires modeling
a ray that interacts with a yarn, aggregating light interactions
among plies as well as fibers, and ensuring both efficiency
and accuracy without introducing obvious trade-offs.

In this paper, we make the following contributions:
Accurate geometric representation with fiber details:

We propose using yarn curves as input geometry and dy-
namically computing ply and fiber details during rendering
(Section 3). This approach allows us to achieve significant
efficiency improvements while maintaining fiber-level details,
outperforming previous models such as the ply-based model
and fiber-based model [5].

An aggregated yarn-based appearance representation:
We introduce a Bidirectional Yarn Scattering Distribution
Function (BYSDF), a shading model that computes the ap-
pearance of the yarn as a whole using four components,
following similar notations as the ply-based model but now at
the yarn-level representation (Section 4.1). These components
include reflected and transmitted specular components that
capture highlights bouncing off the surface or transmitted
through the cloth without much scattering, as well as reflected
and transmitted body components that approximate scattered
light within the yarn medium. Additionally, we propose a
novel consideration for self-shadowing to compensate for the
lack of sub-yarn geometry (Section 4.1).

Multi-scale solution: Our model begins with a near-
field solution to accurately depict the appearance of yarns

and seamlessly transitions between near-field and far-field
rendering using an efficient integration technique based on
pixel coverage (Section 4.2). Inspired by fur and hair models
[8, 9], our approach addresses the issue of resolving individual
highlights within yarns when viewed from a distance, which
traditionally required an inefficient ray sampling process.
Our multi-scale rendering significantly reduces variance and
enables faster far-view renderings with substantially fewer
samples per pixel, while preserving the same level of quality
as our near-field model.

Significant speed-up and efficient memory usage: By
employing our aggregated yarn-based appearance model,
on-the-fly geometry realization, and efficient integration for
multi-scale rendering, we achieve equal quality with 3-5 times
reduction in rendering time and memory usage compared to
the fiber-based model and 2 times improvement over the ply-
based model. Furthermore, our multi-scale model delivers an
additional 20% speed-up for far-away renderings, maintaining
equal quality, as shown in Fig. 1. Consult the numbers about
render times, memory usage and number of bounces presented
in the figures and for a comprehensive comparison, refer
to Table 1. We have made the code publicly available and
submitted as a supplementary material to support future work.

2 Related Work
Surface-based Models: Early cloth rendering used 2D
mesh surfaces with BRDFs [1–3] or BTFs [10] for fast
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