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with imperfections

Fig. 1. Our wave-ray hybrid ply model can simulate a wide range of woven fabrics, from translucent to completely opaque (left). By augmenting the average
scattering response with per-instance variations, we can simulate imperfections on fabrics, resulting in a more realistic and visually rich appearance (right).

Realistic fabric rendering is still a significant challenge due to their complex
structures and varying fiber properties. We present a new fabric shading
technique, which models both reflection and transmission using a hybrid of
ray and wave optics methods, grounded in simulation data.

We target fabrics woven from yarns, each formed by twisting together
one or more plies, which further contain twisted fibers. Our model is based
on simulations that predict the scattering of a narrow Gaussian beam by a
single ply. Comparing results from full-wave simulations and path tracing,
we found that ray optics can accurately simulate the average far field scat-
tering from an ensemble of plies, but not the variation among individual ply
instances, and ray tracing overlooks important diffraction effects. Follow-
ing these observations, our model is built from ray simulations performed
for many ply instances, with simulation data fitted by Gaussian mixtures
to be used during rendering. Wave simulations are used to calibrate noise
functions that account for instance-to-instance variation, and an aperture
diffraction model is used to handle light passing between plies and yarns.

The result is a hybrid model capable of producing realistic appearance
and highlight structure in fabrics, while capturing spatial break-ups and
irregularities and simulating the subtle color shifts and blurriness that occur
in transmission. We validate our results by comparing rendered images with
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photographs, demonstrating the effectiveness of our approach in achieving
realistic cloth rendering.
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1 INTRODUCTION

In recent years, significant progress has been made in fabric render-
ing, particularly through ply-based models [Zhu et al. 2024, 2023a].
These models have substantially improved realism by relying on
physical principles and measurable properties, rather than on em-
pirical methods [Estevez and Kulla 2017; Zeltner et al. 2022] that
match appearance purely through observation.

Despite these advancements, faithfully capturing the appearance
of fabrics remains challenging. Modeling both reflection and trans-
mission accurately is difficult, and characteristic irregularities of
real materials are often inadequately addressed. Additionally, many
current models rely on idealized assumptions—for instance, fibers
are assumed to be perfectly circular and lack natural variation, and
wave optics effects are ignored—which do not reflect the complexity
of real-world fabrics.

We propose a ply model derived from first principles, combining
the realism of wave optics with the speed of ray optics. Our ply
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scattering model is based on multi-fiber full-wave simulations and
path tracing, where both simulation methods account for the true,
generalized shapes of fibers. Comparisons between wave and ray
simulations show that ray optics can accurately compute the aver-
age far field scattering from a large collection of plies, but not the
variation among individual ply instances. Thus, we model average
ply scattering by fitting ray simulation results to a small set of Gauss-
ian lobes, achieving a lightweight representation. Moreover, since
the spatially varying and sometimes glinty appearance of fabrics
arises from instance-to-instance differences in ply structures, we
derive noise data from a limited set of wave simulations and use
them to augment our average ply scattering model.

Moreover, our model handles multi-bounce interactions between
multiple plies and in double-yarn configurations, resulting in a new,
more diffuse transmission model that captures complex scattering
and absorption effects across ply layers. Additionally, we introduce
wave optics based diffraction lobes to more realistically model trans-
mission through gaps and around yarn edges. Together, these com-
ponents enable a robust and accurate approach to fabric rendering,
contributing to the advancement of appearance modeling.

2 RELATED WORK

In this section, we review prior works related to fabric rendering,
with a focus on far field reflectance models, ply-based yarn models,
and recent applications of wave optics in rendering.

2.1 Far Field Fabric Reflectance Models

Rendering fabric has a long tradition. Early models were mostly
empirical, focusing on phenomenological features [Ashikhmin and
Premoze 2007], or used microfacets to fit measured data [Wang
et al. 2008]. Later works enhanced realism using geometric features
such as implicit micro-cylinders [Adabala et al. 2003; Irawan and
Marschner 2012; Sadeghi et al. 2013] or microflake models that split
surface reflectance into single and multiple scattering components
[Jin et al. 2022; Tang et al. 2024; Wang et al. 2022]. [Garces et al.
2023] measured fabrics at two scales and used a neural network to
propagate microscale SVBRDF parameters to the mesoscale.

Alternatively, volumetric models simulate fabrics using fiber-
like participating media with microflakes [Jakob et al. 2010] or as
heterogeneous volumes [Schroder et al. 2011]. While effective in
many scenarios and sometimes efficient enough for real-time use,
these models lack detailed fiber-level representation.

Data-driven methods, such as bidirectional texture functions
(BTFs) [Sattler et al. 2003] or volumetric scans from techniques
like micro-CT [Zhao et al. 2011, 2012], mitigate this by directly
capturing rich structural details. However, they come with high
memory demands, complex acquisition setups, and limited support
for editing. An extensive survey on recent methods in fabric ren-
dering is available in [Castillo et al. 2019].

2.2 Ply-Based Yarn Models

In recent years, fiber-based and ply-based models have gained atten-
tion for their ability to incorporate measurable physical parameters,
leading to more realistic appearance. Notably, works such as [Aliaga
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Fig. 2. Photos of various types of fabrics demonstrating subtle wave optics
effects, in both reflection and transmission.

et al. 2017; Khungurn et al. 2015; Zhao et al. 2016] model yarns ex-
plicitly at the fiber level, achieving high detail at the cost of memory
and performance inefficiencies. Consequently, several approaches
simulate at the ply level, avoiding explicit modeling of individual
fibers in favor of cluster-level scattering approximations or precom-
putation techniques [Khungurn et al. 2017; Montazeri et al. 2021,
2020; Wu and Yuksel 2017; Zhu et al. 2023b].

Ply-based models can be applied to both curves and surfaces;
however, when used on surfaces, additional components are often
required. For instance, [Zhu et al. 2023a] introduced a Dirac delta
transmission term to simulate transmission through weave gaps, and
[Zhu et al. 2024] considered parallax effects. More recently, [Khattar
et al. 2025] extended their model to support a second yarn layer
resulting from weaving. Our model also belongs to the ply-based
category: similar to data-driven methods, it uses simulation data as
input but approximates reflectance using analytical functions.

Neural techniques have also been employed to render fabrics
[Chen et al. 2024; Soh and Montazeri 2023], while we consider these
works orthogonal to ours.

2.3 Wave Optics in Appearance Modeling

Wave optics remains a niche area in graphics, but various phe-
nomena have been explored, including interference from layered
structures [Dias 1991; Gondek et al. 1994; Hirayama et al. 2001; [cart
and Arqués 1999, 2000], dispersion [Sun et al. 1998], and diffrac-
tion from small periodic structures [Egholm and Christensen 2006;
Okada et al. 2013; Stam 1999; Sun et al. 2000]. Kirchhoff and Fraun-
hofer theories have been used to model diffraction around cylinders
[Benamira and Pattanaik 2021] and polygonal solids [Steinberg et al.
2024b]. In this work, we use Kirchhoff diffraction computations to
model light passing through micro-scale fabric weave gaps.

Textile fibers typically range from 10-50 ym in diameter [Houck
2009], though some synthetic fibers can reach as small as 1 ym
[Chang et al. 2020]. Yarn spacings rarely exceed 1 mm and is often
much smaller depending on weave tightness. These scales suggest
that diffraction may influence fabric appearance; indeed, subtle color
effects can be observed in photographs (see Fig. 2). Nevertheless, to
our knowledge, no prior work has incorporated wave optics into
fabric appearance models, and we address this gap by embedding
wave-based effects into our ply and fabric model.

The closest works to ours are [Xia et al. 2020], which used the
boundary element method (BEM) to derive a BCSDF for hair, and
[Xia et al. 2023], which introduced a noise-based model to simulate
imperfections. A similar technique was also adopted by [Yu et al.
2024] for modeling the appearance of iridescent feathers.



(b) Cotton

Fig. 3. Cross sections of different fibers. While wool fibers are near-elliptical,
cotton fibers are more kidney-shaped with a hollow space in the center, and
silk fibers are triangular or stone-shaped. Images from [Markova 2019].

3 BACKGROUND

In this section, we describe the structural organization of fabrics and
our surface-based representation of woven cloth. We then introduce
the role of wave optics in our framework and summarize the core
ideas behind our ply-level scattering model.

3.1 Fabric Structure

Rendering realistic fabrics is challenging due to their geometric
complexity. Fabrics are composed of yarns that are either knitted or
woven, and these yarns consist of twisted plies. Each ply is made up
of numerous fine fibers further twisted together. Fibers fall into two
broad categories: natural and manufactured. Natural fibers include
materials such as wool, cotton, and silk, while manufactured fibers—
produced by processing natural or synthetic polymers—include
examples like polyester and viscose.

The cross section shape of a fiber depends on its material. While
most previous works assume circular cross sections, real fibers
exhibit a range of shapes, resulting in distinct light scattering char-
acteristics. Fig. 3 shows examples of various fiber shapes.

3.2 Surface-Based Representation

Our work focuses on woven fabrics, which we represent using
surface-based models. Each fabric is modeled as a surface mesh,
which is easy to generate from cloth simulators and requires less
memory than representing yarns as curves. Surface-based rendering
is also generally less expensive than curve-based shading, despite
known limitations such as inter-shadowing and parallax effects.
Surface-based models of woven cloth typically consist of two
main components: the weave pattern and the geometry at the yarn
or ply level. As in many previous works, we represent relevant
information using textures. The weave pattern (e.g. plain weave,
satin, twill, etc.), is textured using a weaving grammar; moreover,
each point on the fabric surface maps to a position on a yarn, and
local attributes such as yarn direction and yarn width are stored
in texture maps. At each shading point, we reconstruct local yarn
geometry by evaluating these textures using UV coordinates.
Each yarn contains one or more plies, and in multi-ply yarns,
we model the plies as circular helices twisted together. For fabric
rendering, we are interested in ply-level information: for a ray that
intersects our fabric surface, we use our textured information to
determine whether this ray hits a yarn, and further, which ply in
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Fig. 4. Beam-ply interaction events. We distinguish between three different
events, a near-center hit where the beam fully hits the ply, an off-center hit
where the beam center intersects the ply but a fraction of the beam leaks
from the ply edge, and a “miss” case where the beam center does not hit
the ply but part of the beam may still scatter from the ply edge.

this yarn and where on the ply it hits, using an implicit ray-helix
intersection calculation as in [Zhu et al. 2023b]. If an intersection is
found, we shade this point on the fabric with our ply model.

3.3 Wave Optics Extension

Importantly, our use of wave optics sets us apart from all previous
methods: an ideal delta ray does not exist in wave optics [Steinberg
et al. 2024a], and each ray in our framework actually represents a
beam with finite spatial extent. These beams are still traced as rays,
with each ray corresponding to the center of a beam.

Unlike in pure ray optics, beam—ply interactions are not binary. In
addition to full hits and complete misses, there exists an extra case:
partial hits, where our incident beam partially overlaps with a ply.
More specifically, we consider three types of beam-ply interaction
events in our context, as shown in Fig. 4 (a)—(c):

¢ If a beam hits near the center of a ply, it fully interacts with
the ply and scatters from fibers.

e If it hits near the edge of a ply, part of its energy will not
interact with fibers and instead undergoes edge diffraction.

e Ifthe beam center does not intersect any ply, the beam diffracts
through a weave gap, and small portions of it may scatter
from fibers in surrounding plies.

Identifying different beam-ply interactions is straightforward
with our surface representation. Given a beam, we can determine
the beam center’s intersection point on a ply, and when no inter-
section is detected, we evaluate distances between the beam center
and nearby plies to identify relevant edge-scattering or diffraction
events. This is possible because the full fabric structure—including
information on neighboring shading points on the fabric surface—is
readily accessible through textures. Moreover, our three types of
beam-ply interactions relate to different components of our ply
shading model, as summarized in the following section.

3.4 Method Overview

Our physically based, wave-augmented ply scattering model ad-
dresses different types of light-ply interactions and integrates well
with our surface-based fabric representation. The model is funda-
mentally based on accurate simulations of multi-fiber scattering.
As presented in Section 4, our work begins with experimenting on
simulation methods for computing the collective scattering of fibers
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in a ply. Specifically, wave simulation results serve as our ground
truth data, validating the accuracy of more practical path tracing
simulations—what we primarily use to build our model.

In Section 5.1 and 5.2, we describe our compact analytical rep-
resentation of single-ply scattering, obtained by carefully fitting
Gaussian lobes to simulated scattering distributions. Alongside this
multi-lobe ply scattering model, we also introduce a ply-edge diffrac-
tion lobe to account for partial beam-ply overlap. Furthermore, as
presented in Section 5.3 and 5.4, we extend our single-ply model to
handle multi-ply scattering and account for light interactions with
double yarn layers resulting from weaving.

Furthermore, in Section 6.1, we present our diffraction model
based on the Kirchhoff diffraction integral [Heurtley 1973], which
describes light propagation around plies or through weave gaps.
In Section 6.2, we introduce our wave optics based noise functions
for simulating spatially varying appearance along plies and across
fabric surfaces. As we will see in our results, our wave-augmented
ply shading model leads to highly realistic fabric rendering.

4 ACCURATE SIMULATIONS OF PLY SCATTERING

In this section, we present our geometric representation of a ply
and discuss a few 2D and 3D simulation methods for computing ply
scattering, which form the basis of our single-ply shading model.

Table 1. Important notations in Section 4.

R Radius of a ply

Priber | Pitch describing fiber twists in plies
afper | Fiber roughness

oy Fiber absorption coefficients

i, @ | Incident and outgoing directions

0; Longitudinal incident angle

h Incident position on the ply

A Wavelength of the light

wp Waist of the incident Gaussian beam
deut Gaussian beam distance threshold

fmiss | Distribution of paths that miss all the fibers

f“"ﬂ Outgoing distribution of reflection-only paths

fhigh | Outgoing distribution of all other paths

4.1 Ply Geometric Modeling

We first introduce our geometric modeling of plies in both 2D and 3D
simulations. Each ply is modeled as a bundle of moderately twisted,
locally aligned fibers, with each fiber represented as a generalized
cylinder having an arbitrary, procedurally generated cross section.
The fibers consist of dielectric material characterized by a refractive
index and an absorption coefficient. As noted in Section 3.1, the
shape and size of the cross section depend on the fiber type.

In 2D simulations, each ply is represented with an integrated cross
section model, procedurally created by generating and clustering a
number of fiber cross sections, as shown in Fig. 5 (a). Measurements
(see supplemental document) show the number of fibers per ply
in fabric yarns typically ranges from 20 to 50. As 2D models only
capture plies’ cross sections, the fibers are assumed to be perfectly
parallel, and thus 2D simulations target plies with no fiber twist.
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Fig.5. Ply geometric models and coordinate system used in our simulations.

For 3D simulations on plies with twisted fibers, we extend our
2D cross section representation into 3D by sweeping each fiber’s
cross section along a helical path. Each fiber follows a uniform
helical twist, with its cross section rotating smoothly along the
fiber axis. The amount of twist is governed by a parameter pgper.
which defines the pitch of the helix. This procedure generates a
twisted 3D geometry for each fiber, which we discretize into a mesh.
Assembling the 3D meshes of all fibers produces our complete ply
geometry, as illustrated in Fig. 5 (b).

It is worth noting that each 2D or 3D simulation discussed below
targets a single ply instance with a specific geometric realization.
However, our final ply model is based on the average scattering be-
havior over an ensemble of such instances, requiring us to generate
many ply geometries and perform simulations for each.

4.2 Ply Coordinate System and Simulation Setup

Having introduced our geometric representation of a ply, we now
formulate our single ply simulation problem. Each simulation takes
aply geometry and an incident beam as inputs. The beam is modeled
with a Gaussian intensity profile, inspired by Gaussian beams in
wave optics [Dickson 1970], and is characterized by a beam waist wg
(we use wy = 10um). To specify the beam’s direction and position,
we first introduce our ply coordinate system.

As shown in Fig. 5 (c), the z-axis in ply space aligns with the
ply axis. The incident beam is characterized by an incident angle
0; € (—m /2, m[2), measured with respect to z. The y-axis is chosen
such that the beam always enters from the +y direction in this local
frame. Mathematically, the incident direction in ply space is

w; = (0, cos 0;, sin 0;) (1)



where, following BSDF convention, w; points away from the ply.
The x-axis is determined from y and z, allowing us to specify the
beam’s position with the parameter h—the x-coordinate of the beam
center, as illustrated in Fig. 5 (c). Given the beam’s Gaussian intensity
profile, its intensity becomes negligible beyond a distance deyt from
the beam center (we use doyt = 2wy, assuming an intensity profile
I(ry = efzrz/""tf). Thus, letting R denote the ply radius, the three
beam-ply interaction cases shown in Fig. 4 (a)-(c) correspond to
different ranges for the h parameter:

0<|hl<R-deyw; R-doy < |h| <R R<|h| <R+dey (2)

We characterize each incident beam using the parameters (6;, h).
Given such an incident condition, our simulation computes the
scattering distribution from a ply as a function of the outgoing di-
rection, resulting in a model of the form f(6;, h; w,), or equivalently
f(8i, h; B, ¢0), where wo ~ (8g, ¢o) is an outgoing direction in the
ply coordinate system:

Wy = {cos By cos ¢y, cos B, sin ¢y, sin G, ) (3)

Note that while our model distinguishes between incident po-
sitions, it stores scattering as a function of outgoing direction in
the far field limit. Also, the model does not depend on an incident
azimuthal angle, as it is based on ensemble-averaged simulation
results from many ply instances; we assume this averaging makes
the far field scattering invariant to rotation around the ply axis.

We next present our 2D and 3D simulations for computing scat-
tering distributions from plies, including our wave-based ground
truth and more practical ray-based methods.

4.3 Full-Wave Simulations

The constituent fibers in plies and yarns are very small, with diame-
ters typically between 10um and 20pm. Thus, we need to consider
the wave nature of light when simulating scattering from plies. Since
it is important to compute ground truth distributions from multi-
fiber scattering, accounting for wave effects as well as scattering of
all orders, we built a 2D full-wave simulator based on the Boundary
Element Method (BEM) for multiple objects [Gibson 2021].

BEM is an accurate method for computing object scattering, with
no approximation other than numerical discretization. The method
has been thoroughly discussed in recent works [Xia et al. 2020; Yu
et al. 2023], where it was used for computing scattering from single
objects. Our multi-fiber BEM solver generalizes previous simulators
to multiple scattering objects, while our simulation costs increase
quickly with the number and sizes of fibers—despite GPU and nu-
merical approximation acceleration [Bleszynski et al. 1996]. For
scalability, we keep our wave simulations in 2D, where all compu-
tations are performed on cross section models. These simulations
compute scattering from plies with parallel, non-twisted fibers.

Each wave simulation starts with a 2D cross section model of a
ply as well as a Gaussian beam incident field with wavelength 4,
described by the incident parameters (6;, h). Note that these simu-
lations are capable of computing ply scattering under out-of-plane
incidence, i.e. f; # 0. The result is a 1D scattering distribution with
respect to the outgoing azimuthal angle ¢,, as the translational sym-
metry in the ply constrains its scattering distribution in a specular
cone where 0, = —0;, as in [Xia et al. 2020] and [Yu et al. 2024].

Realistic Cloth Rendering with a Ray-Wave Hybrid Shading Model + 217:5

beam ray bundle

Fig. 6. For path tracing, we simulate a Gaussian beam incidence on a ply
using a ray bundle, where the spatial and angular distributions of the rays
match those in the Gaussian beam.

Since these 2D simulations cannot generate full scattering dis-
tributions of plies containing twisted fibers and are also expensive,
we do not use them directly for computing ply scattering models.
Instead, we use this simulator as a reference and diagnostic tool that
we compare with more practical methods.

4.4 Path Tracing Simulations

A natural alternative to wave simulations is standard path tracing,
which is significantly more tractable and can be easily implemented
in 2D (tracing fiber cross sections) or 3D (tracing full meshes).

When using path tracing to compute scattering distributions as
a function of the incident direction, we are computing samples of
a function, and to avoid aliasing, these samples should be filtered
over some range of incident directions. We provide this filtering by
illuminating the ply with a bundle of rays with Gaussian distribu-
tions in their incident positions and incident angles. This also allows
us to simulate a Gaussian beam incidence on our ply, by matching
the spatial and angular distributions of the rays with those in the
Gaussian beam. Our path tracing uses the same incident beam for
all wavelengths, and since a fixed-waist Gaussian beam’s angular
divergence is wavelength dependent, the angular distribution un-
derlying our ray bundle exactly matches the Gaussian beam for one
wavelength and is slightly mismatched for others.

This way, our path tracing simulation starts with incident rays
distributed over the spatial and angular extent of an incident Gauss-
ian beam, as shown in Fig. 6. The spatial distribution of rays is
determined by the beam waist wy and incident position h, and the
angular distribution matches the angular divergence of a Gaussian
beam with waist wg at our center wavelength, 1 = 550nm. These
rays are traced through our 2D or 3D ply geometry, as we randomly
sample a new ray direction from a rough dielectric BSDF at each
intersection with a fiber surface, controlled by a fiber roughness
parameter @gpey, until the path escapes the ply.

The results are binned according to the exiting direction, as well
as the number and types of scattering events in each path, producing
three separate far field distributions, f™iss, frefl ang fhigh Among
them, f™*% corresponds to incident rays that never intersect any
fiber and directly propagate to the far field, f*f! describes paths
that only contain reflection events—paths that never travels to the
interior of fibers. Lastly, f° high records all other paths, describing
multiple scattering of all orders. We independently record f™*° in
order to better study the scattering from fibers, and we distinguish
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Fig. 7. Comparison between wave and ray simulations. While scattering distributions from a single ply predicted by wave and ray methods look very different,
the average scattering distributions over more (50) ply instances show much stronger agreement. The only major difference between ensemble-averaged wave
and ray results occurs from off-center illumination, where ray simulations predict much stronger forward scattering, due to not addressing edge diffraction.

between f'efl and fMEM because it makes it easier to model plies
with different amount of absorption. With the same ply geometry,
freﬂ is independent from the fibers’ absorption coeflicient while
fhigh varies with it. In practice, in each simulation we compute
this high-order scattering distribution for a collection of absorption
coefficients gy (k = 0,1, ..., K — 1), resulting in f(;hlgh, hgh and

1 3 sy
f;ig‘r This is achieved by tracking the total path length L in the

interior of fibers, and weight its contribution to f;‘ igh by e~ kL,

Our 2D path tracing, just like our wave simulations, is performed
on fiber cross sections but supports out-of-plane incident angles, and
the resulting distributions are defined in the specular cone (recall
Section 4.3), as 1D functions of the outgoing azimuthal angle. Thus,
our 2D path tracing results are directly comparable to 2D wave
simulation results, as we will present in the next section. Moreover,
our 3D path tracing on general, twisted fibers are what we rely on
for building our ply model, and we dive into these 3D simulation
results as well as our modeling process in Section 5.

4.5 Wave-Ray Comparison

As mentioned earlier, our 2D simulations serve as experiments for
ply scattering computation in the special case of plies with untwisted
fibers. With wave simulation data as ground truth, we compare our
wave and ray results to study when path tracing provides sufficient
accuracy and to identify key differences when it does not.

We first compare scattering distributions from a single ply in-
stance. For path tracing, we use the full distribution given by f™iss 4
f refl . 1 high fr6m Section 3.4, computed with agpe, = 0—i.e. assuming
specular reflection or refraction at each surface interaction—since
wave simulations use exact fiber geometry and do not model implicit
fiber roughness. As shown in Fig. 7(a), with results from path tracing
alongside wave simulations at A = 400nm and A = 694nm, the two
methods yield notably different predictions. Path tracing exhibits
several sharp peaks absent in wave-based results, and more impor-
tantly, wave simulations reveal strong wavelength dependence in
the scattering distribution, whereas path tracing lacks any notion of
wavelength and produces a single, wavelength-independent result.

Nevertheless, once averaged over many ply instances, the scat-
tering distributions from wave and ray simulations become more
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similar. As shown in Fig. 7(b), when the incident beam strikes near
the center of the plies, the 50-instance average scattering distri-
butions from path tracing and wave simulations at A = 400nm
and A = 694nm yield much stronger agreement. Notably, even the
wave-based results exhibit minimal wavelength dependence in the
averaged scattering. In Fig. 7(c), where the beam hits near the ply
edge, ray and wave predictions remain closely aligned. The key
difference is that path tracing allows rays that miss the ply to travel
directly to the far field, producing a sharp forward scattering peak.
In contrast, wave simulations diffract the unoccluded portion of the
beam at the ply edge, yielding a broader angular spread around the
forward direction—one that varies with wavelength.

Our 2D wave-ray comparison therefore indicates that, for ensem-
ble averages of ply scattering distributions, path tracing is generally
an accurate approach for modeling scattering from fibers. However,
our ply model also requires a ply-edge diffraction component under
off-center illumination, which must be computed wave optically.

Lastly, we believe the demonstrated accuracy of 2D ray simula-
tions in computing ensemble-averaged multi-fiber scattering gen-
eralizes well to 3D. Therefore, we use 3D path tracing to generate
data underlying our single-ply scattering model. These simulations
are tractable using efficient, off-the-shelf ray tracing libraries [Wald
et al. 2014], and we further optimized runtime through path reuse.

5 MULTI-LEVEL PLY SHADING MODEL

As concluded in Section 4, we use 3D path tracing as the foundation
for building our ply scattering model. Each 3D simulation produces
scattering data for a single ply, a single incident beam, and a full
sphere of outgoing directions. To support ply shading under arbi-
trary illumination and within a fabric composed of many plies and
yarns, we develop a multi-level model as follows:

e We compute ensemble-averaged single-ply scattering distri-
butions over a grid of incident parameters (8;, h) (5.1)

¢ For each incident condition, we fit the resulting outgoing
distribution to an interpolated Gaussian mixture model (5.2)

e We extend our single-ply model to multi-ply configurations
through numerical convolutions (5.3)

e We further convolve our single-ply or multi-ply model to
account for the two yarn layers in woven fabrics (5.4)



Table 2. Important notations in Section 5.

G Anisotropic spherical Gaussian (ASG) lobe

0z, ¢z, Pxy | ASG lobe axis parameters

Ui, {2 ASG lobe bandwidth parameters

c ASG lobe amplitude parameters

q; Umbrella notation for all ASG parameters
single Single-ply scattering distribution

D i Multi-ply scattering distribution

5.1 Tabulated Single-Ply Scattering Distributions

The ensemble-averaged single-ply scattering data from our 3D sim-
ulations can be viewed as a function of five variables: the inci-
dent beam, described by (8;, h); the outgoing direction, defined
by (6,, ¢o); and for high-order scattering within fibers, the fiber
absorption coefficient o. Following discussions in Section 4.4, we
denote these tabulated, high dimensional scattering distributions as

55 (03, b O, o), f1(05, b 0o, Bo), and £"5" (04, h; 0o, $o), where

each j‘;chlgh corresponds to an absorption value o} we simulate.

F™isS captures rays that bypass the fibers entirely. This compo-
nent vanishes when the beam is fully occluded by the ply—i.e. when
|h| € R—dy; (recall Section 4.2). For larger |A], fmiss contains a sharp
forward scattering peak unique to path tracing, where rays that
miss the ply continue directly to the far field without undergoing
diffraction. Because this component lacks diffraction and produces
an overly sharp forward scattering peak, we do not retain the full
4D distribution f mis5( Bi, h; 0o, o). Instead, we integrate it over all
outgoing directions to obtain a scalar energy fraction ry(8;, h) for
each incident condition, which represents the total portion of the
beam that escapes without interacting with any fiber. In particular,
this value is zero for small |h|. The scalar ry(8;, h) represents the
energy that should be redirected into an edge-diffraction term f°d2¢
in our model, whose construction is deferred to Section 6.1.

Moreover, f refl describes the reflection-only scattering events

from the fibers, and fflgh corresponds to other, higher-order scat-
tering within the ply. Each of these is a 4D function sampled over a
grid of (6;, h) and several hundreds of values for 8, and ¢,. As stor-
ing these 4D tables is impractical, we fit analytical approximations
to each of these tabulated functions. These fitted models provide
a compact and accurate representation of the scattering behavior,
while supporting smooth interpolation across all the 5 dimensions.

5.2 Anisotropic Spherical Gaussian Fitting

Our analytical representations for the reflection-only and higher-
order scattering distributions are constructed using the anisotropic
spherical Gaussian (ASG) function [Xu et al. 2013]. For each incident
configuration (6;, h), we fit the corresponding 2D slice of the 4D
scattering table—i.e. f“ﬂ(b’i, h; wy) or f;"gh(ﬁf, h; we)—to a single
ASG lobe or a mixture of lobes. These local fits provide smooth
analytical approximations over outgoing directions &, ~ (85, ¢5),
enabling fast evaluation. Moreover, to obtain a continuous scattering
function across the incident domain, we need to interpolate between
ASG fits at different values of (6;, h), and for high-order scattering,
interpolate across the absorption coefficient oy.
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First invented in [Xu et al. 2013], an ASG function is defined with
respect to unit vectors v on the unit sphere:

G(X, Y. i1, iz, V) = ¢ - max(v - 2,0) - e A1 (VO V" (g

where z is the lobe center, and x, y are the tangent and bi-tangent
axes of the ASG lobe. 1, iz are positive values representing the
lobe’s bandwidths for x and y axes, and c is the lobe amplitude. In
our implementation, we parameterize [x,y, z] using three scalars
(02, ¢z, ¢hxy) (see supplemental document).

Our reflection-only distribution ! exhibits a clean, single-lobe
structure at each incident configuration (8;, h), as it primarily repre-
sents single surface reflection from the illuminated region of the ply.
Therefore, we can fit each 2D slice in f.q to one single ASG lobe,
such that for each incident parameter sample (9:", h™), we have:

SO B 00) & GO, I, IR, R, B R, ) (S)

where the six lobe parameters are optimized using the L-BFGS-B
algorithm [Zhu et al. 1997]. Note that m and n are superscripts rather
than exponents. The fitted lobe parameters vary smoothly with
the incident samples (", k™). Thus, for an arbitrary (6}, h"), we
can perform bicubic interpolation on the precomputed parameters
(o7, pmn, ;”;‘, ,u;””, pg”",cm”), obtaining parameters that define
the reflection lobe corresponding to (8], h*).

In contrast, fitting the high-order scattering data f}(hlgh requires

a mixture of ASG lobes, as f;l igh incorporates all scattering events
where light travels into fibers, resulting in complex structures in
the scattering distribution. Also, this ASG mixture fitting can no
longer be performed independently for each (01", k"), because lobes
fitted to neighboring incident conditions may represent entirely
different scattering features, making it difficult to interpolate the
fitted parameters across the incident domain in a meaningful way.

To address this challenge, we propose a joint fitting technique
that uses the notion of “fitting blocks” Specifically, we partition our
discretized incident domain into overlapping 3 X 3 neighborhoods,
i.e. our fitting blocks. Each block contains nine adjacent incident
configurations, and within each block, we fit a mixture of L ASG
lobes to each of the nine data slices, but only optimize the lobe
parameters at the four corners. The five remaining slices are assigned
parameters by averaging the fitted parameters for the corner slices,

ensuring that each fitted lobe refers to a consistent scattering feature
across the block. This fitting technique is first applied to fohlgh,
representing high-order scattering in non-absorptive fibers (g = 0).

The idea of fitting blocks is illustrated in Fig. 8 (a), and mathe-

matically, each fitting block, indexed (rm, 1), includes nine 2D slices:
£ (Za 2. ) forab € {0,1,2) 6)

On these data slices, we perform a large-scale ASG fitting so:

L-1
RGP 00) x 3 Gilay 00 forab=0.12 ()
=0

where q is an umbrella notation representing the six parameters
(02, ¢z, dhxcys i1, 12, ¢). Importantly, only qﬁ"fo, q%’fz, q:,"'lz’fo, and qz‘;’lz
are our free parameters to be optimized, whereas the other five
sets of parameters are forced to be averages (linear combinations

ACM Trans. Graph., Vol. 44, No. 6, Article 217. Publication date: December 2025.



217:8 + Yunchen Yu, Bruce Walter, Steve Marschner, and Andrea Weidlich

ok ash

Each point respresents
al bloek(n.1) a 2D slice in our ply
seattering function

4 g afh
ak afh] ad% @il - @it el gl
At block(0.0) block(1,0)
o 195D ] el ko
uf 6 [ [ 6}

(a) Hlustration of fitting blocks.

,=00
h=0

multi

8,=60
h=in
multi

50 o a0 150 2700 160

bo bo

(b) Example slices from single-ply and multi-ply scattering distributions.

Fig. 8. lllustration of our ply scattering distributions and ASG lobe fitting. (a) Fitting blocks in Section 5.2, where each point in the block structure refers to a
2D slice in our ply scattering distribution. (b) Slices from the scattering distributions of a polyester ply containing circular fibers, featured for three incident
conditions. The top row demonstrates single-ply scattering, and the bottom row presents corresponding multi-ply scattering distributions for a 3-ply yarn.

with weights 1/2 or 1/4, see supplemental document) of these corner
parameters. By design, this guarantees that for incident parameters
(67, h*) such that 87 € [67™, 62™*2] and h* € [h*", h*"*?], the
2D slice Jf(]hlgh(ﬂz, h™;we) can be constructed as an ASG mixture
with bilinearly interpolated parameters. Globally, this leads to a

piecewise-interpolatable analytical approximation of fohlgh.

Lastly, to handle absorption, we reuse the ASG lobes from f;ngh

and apply scalar weights per lobe to model attenuation in fkh igh for
k = 1. These weights are optimized using least squares and can be
interpolated linearly across o. Full details and equations are provided
in the supplemental document. One limitation of our piecewise
fitting is that the resulting representation offkhlgh is not globally
continuous. In particular, 2D slices located at block corners can
belong to multiple overlapping blocks and therefore have multiple
valid ASG mixture fits. However, using L = 8 lobes, we find that each
of these fits is individually accurate, and we have never observed
visual artifacts due to this discontinuity in any of our renderings.

In summary, our single-ply scattering model, temporarily exclud-
ing ply-edge diffraction, can be written as:

R0, b, 03 00) = F7(0;, s o) + FHEN (01, h, 03 00)  (8)

where the reflection term freﬂ is modeled by a single ASG lobe,
and the high-order term fhigh is represented as a mixture of ASG
lobes with absorption-dependent amplitudes. All ASG parameters
can be interpolated over (6;, k), and f1€ also supports lobe ampli-
tude interpolation across o. Some visualizations of our single-ply
scattering distributions can be found in Fig. 8 (b) (top row).

5.3 Multi-Ply Scattering Extension

Our model f5"€!¢ can be directly used for rendering fabrics with
single-ply yarns; however, when our fabric consists of multi-ply
yarns, we need to extend our single-ply scattering to account for mul-
tiple scattering among plies. Prior work [Zhu et al. 2023b] modeled
scattering from a multi-ply yarn through performing aggregation
with their ply scattering function, formulating yarn-level forward
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and backward scattering lobes from ply-level scattering function
parameters. In contrast, our single-ply model—represented using
numerous ASG lobes—is more expressive but contains less clean
separation between forward and backward scattering, and deriving
multi-ply scattering requires a more simulation-driven approach.
Fig. 9 (a) illustrates a multi-ply yarn. When one ply is illuminated

by an incident beam described with (6;, h), this primary ply scatters
light according to fsmgle(gz-,h, 0; @y ), while some of the scattered
light may hit another secondary ply before escaping to the far field,
and thus be redirected or absorbed. To model relevant multiple
scattering events, we split our multi-ply scattering into:

o Direct, unoccluded scattering from the primary ply

e Scattering that includes one additional interaction with a

secondary ply before reaching the far field
¢ Remaining energy from more inter-ply interactions

Mathematically, for a yarn with P plies, we can write:
) ) P-1
F™ (0 b a3 00) = IO, b 03 w00) + ) f5o™ (01,03 00)
p=1

+ f*54(0;, h, 07 )
(9)

The single-to-multi extension needs to be performed for different
(8;, h) with respect to the primary ply and for different absorption
coefficients, and each resulting 2D slices in f™1 are temporarily
tabulated with respect to w,. To compute each component in Eq. 9,
we first simulate shadowing between plies in 2D, as illustrated in
Fig. 9 (a). For each azimuthal angle ¢, we trace out a set of rays
from the primary ply (indexed 0), and measure what fraction ry(¢,)
of these rays escapes and what fraction r, (¢ ) hits each of the other
plies p. Following our shadowing tests, we compute fdire":t as:

FE (1, b, 7300) = ro(ho) - fE (61, b, 03 00)
The secondary scattering of the outgoing light from the primary

(10)

ply 0 by another ply p is computed through “numerically convolv-
ing” two single-ply scattering functions describing ply 0 and ply p.
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Fig. 9. Multi-ply yarns. (a) The ply illuminated by an incident beam is the
primary ply, and other plies, which may rescatter the outgoing light from
the primary ply, are secondary plies. (b) A rotation configuration of the plies
is valid if the primary ply can be directly seen by the incident beam, which
illuminates it from the upright direction in the ply space. In other words, a
primary ply cannot be “buried” under other plies in a valid configuration.

On the high level, the outgoing energy from ply 0 along each direc-
tion ay is weighted by ry () and treated as incident energy on p,
with incident direction and position relative to p determined from
coordinate transformations. This energy is rescattered according
to our single-ply model—evaluated on ply p, and accumulating the
rescattered energy corresponding to all outgoing directions from ply
0 gives us a convolved scattering function. This convolved scattering
function is further weighted down after another 2D shadowing test
from ply p, retaining only the rescattered energy that is not again
occluded. This rescattering term is denoted f;°" in Eq. 9, and more
details on computing f;°"" are in the supplemental document.

Since higher-order effects are too costly to simulate, we instead
keep track of the fraction of light scattered and absorbed in previ-
ously considered ply interactions that involve at most one secondary
ply, and then use a geometric series to estimate the total energy
that should be piped into a more diffuse residual term ™ which
incorporates all further inter-ply scattering (see supplemental).

Notably, special care is needed when the incident position h is
close to the ply edge—when a portion of the incident beam misses the
primary ply, it either misses the yarn entirely or lands upon another
ply in the yarn. The former case will be addressed by our ply-edge
diffraction modeling (see Section 6.1), and for the latter case, where
there are essentially two plies illuminated by the incident beam,
we perform our direct and secondary scattering analysis twice and
combine together the two resulting distributions.

Furthermore, we repeat our computation on a set of representative
“valid rotation configurations” and average the results, as explained
in Fig. 9 (b). This improves our modeling of the expected response
from the whole yarn, when one ply, whose relative position to
other plies varies due to ply twisting, is illuminated. The final multi-
ply model averaged across various ply configurations—still in its
tabulated form—can then be refitted to ASG lobes as in Section 5.2,
resulting in an identical form as the single-ply model !. At render
time, ™ js used in place of f5"&!¢ on fabrics with multi-ply yarns.
'We maintained separation of reflection-only and higher-order scattering throughout

our multi-ply computations. Moreover, the energy that should be redirected to the
ply-edge diffraction term in the multi-ply model is tracked, and the diffracted energy is
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Fig. 8 (b) presents some example slices in our single-ply and
multi-ply model, under a few incident conditions. For each (6;, h),
our multi-ply scattering function resembles its single-ply counter-
part along backward scattering directions but appears weaker and
blurrier along for forward scattering—due to increased inter-ply
interactions associated with forward scattering of the primary ply.

5.4 Double-Layer Scattering

Our previous sections provide a directionally detailed model for
single-ply and multi-ply scattering, allowing us to compute scatter-
ing from a single yarn. However, to characterize the overall color,
especially transmitted color, of an entire fabric, it is also essential to
account for scattering between the two yarn layers in a woven cloth.
Since this double-layer scattering involves interactions between
yarns that are approximately perpendicular, we expect direction-
ality to be significantly reduced in resulting distributions. Thus,
we perform analysis in terms of scalar reflection and transmission
factors for the two yarn layers, which we compute through our
single-ply or multi-ply model, averaged across incident positions.

We provide a full description of our double-layer scattering model
in the supplemental document. In brief, we simulate two steps of
scattering through a top and bottom yarn layer, estimate their reflec-
tion and transmission factors, and derive total forward and backward
scattering by modeling inter-reflection events with a geometric se-
ries. These scalar corrections allow us to account for additional
absorption and scattering in double yarn layers and result in a more
diffuse model for fabric transmission.

6 WAVE OPTICS AUGMENTATION

In this section, we augment our ply scattering model with wave
optics. Specifically, we introduce models for diffraction around and
between plies, and for instance-to-instance variations in ply scatter-
ing. Both are crucial for improving the realism of rendered fabrics.

Table 3. Important notations in Section 6.

A, X, Xe, Ys, Yn | Quantities describing a diffraction aperture

&, & Incident and outgoing directions

K, fu. fy Kirchhoff diffraction integral related quantities
feP Weave-gap diffraction term

fedge Ply-edge diffraction term

rd Ply-edge diffraction energy fraction

NZ(BJr' Nz(g)h 2D wave optics noise function instances
ﬁiﬁ),ﬁga Noised instances of ply scattering distributions

6.1 Diffraction Modeling

Diffraction comes into play in two cases. First, when the incident
beam center misses all the plies and passes through a gap between
yarns. Second, when the beam partially overlaps with a ply, ie.
an off-center hit. In ray optics, both cases are modeled with delta
impulses, but wave optics predicts diffraction, producing blurrier

strictly reduced in the multi-ply case, since an incident beam that misses one ply can
be captured by another ply. therefore not considered diffracted.

ACM Trans. Graph., Vol. 44, No. 6, Article 217. Publication date: December 2025.
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e

(b) Weave-gap diffraction and possible diffraction patterns.

: | - -

(c) Ply-edge diffraction and possible diffraction patterns.

Fig. 10. llustration of our aperture coordinate system and some diffraction
patterns corresponding to weave-gap diffraction and ply-edge diffraction.

transmission profiles. We address these with two related models—
weave-gap diffraction and ply-edge diffraction—based on the far field
diffraction of a Gaussian beam through a rectangular aperture.

We formulate our problem in a coordinate system aligned to the
beam and the aperture, as in Fig. 10 (a). The aperture is the rectangle
[x4, Xe] X [ys, yn] in the xy-plane, the beam’s propagation direction
is given by —&;, where (as before) the unit vector & = (&, E:j, &)
points away from the aperture, and the origin is located where the
beam center intersects the aperture plane.

With our incident field modeled as a Gaussian-windowed plane
wave, we compute the forward diffracted field intensity along each
direction &, = (&, &y, £2) (£2 < 0) in the far field limit, using the
Kirchhoff diffraction integral [Heurtley 1973]. As fully derived in
our supplemental material, this diffracted intensity is given by

HAAG L) = (G HEVK A k) (1)

where A = (X, Xe, Us, Yn) represents the aperture, while fi = (&7 +
&)/Aand f, = (f;" + &) /1. Moreover, we have:

2, .2
Xe Y XY s
K(A fur fy) :f f e v Y gy (12)
Xy, s
Using Eq. 11 and Eq. 12, we can readily compute the far field

diffraction pattern for any aperture A = (x.,, Xe, Us, Yn), wavelength
A, and incident direction £;, but the computation is too expensive to
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perform during rendering. Instead, we create tabulations separately
for weave-gap diffraction and ply-edge diffraction.

For weave-gap diffraction, we precompute and tabulate K as
functions of ( fy, fy) for different aperture configurations A. Since
&, & are unit vectors, we have |£F + &, I_Eiy +&J| < 2, and our
wavelengths are between 400nm and 700nm, bounding f, fy ina
relatively small range. Moreover, we only need to evaluate weave-
gap diffraction if A satisfies:

—deut € Xw <0 <Xe <deut; —deut £ Ys <0 < yp <deur (13)

recalling from Section 4.2 that at points farther away than dy; to the
beam center, the beam intensity is negligible. In such cases, further
enlarging the aperture has no effect on the diffraction pattern, so
we clamp our aperture edge distances to deyt.

Also, we find that apertures of the same size give rise to similar
diffraction patterns, and the relative position of the beam center to
aperture edges merely changes the pattern’s color saturation (see
the supplemental material for an example). Following these obser-
vations, we only tabulate K for a collection of apertures satisfying

Xw ==Xe; UYs ==Un; U<xe,yn5dcut (14)

and apply a color saturation correction heuristic when rendering.
With K precomputed, the weave-gap diffraction model f8 is:

l\§z|+|52 5
15

fgap(A: A&ik) = K(A,fx,fy) (15)

49, ( A)
where the normalization factor ®;(A) - j§f| is the beam’s total inci-
dent power on the aperture, with

x& y” - “ “
®;(A) = f f e~ (Y gudyx (16)
X

w 5

precomputed for different apertures and |{7| representing the cosine
falloff in non-normal incidence.

Moreover, ply-edge diffraction, as a component of the ply scatter-
ing model, is evaluated in the ply coordinate system and required
when part of the incident beam extends beyond the edge of the
ply, i.e., R — deyt < h < R (recall Section 4.2). A simple sketch in
our supplemental document reveals that for a beam with incident
position h on the ply, the relevant aperture A is given by

A= (R — h,deyp, —deyp dewt) (17)

for h > 0, and h < 0 can be handled symmetrically. Moreover,
comparing Fig. 10 (b) and (c) shows that ply-edge diffraction patterns
are much simpler and smoother, and edge diffraction primarily
serves to broaden the angular divergence of the forward propagating
beam along the ply space’s x-axis.

Therefore, for each wavelength A and incident position h, we
compute the ply-edge diffraction pattern using Eq. 11, Eq. 12, and
Eq. 17 and approximate the resulting pattern with one ASG lobe.
As this diffraction lobe is centered in the forward direction and
aligned with the ply space’s x-axis, we only need to store the ASG
bandwidths p; (A, h), gr2(A, h). Our ply-edge diffraction term is then

Fe8e (1, 63, b wp) = rg(0i, h) - G(— 9,,_ 0, 1, ;;2,” -wp) (18)
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(a) Comparison between simulated and synthesized scattering patterns, for surface reflection (left) and high-order scattering (right).

(b) Reflection (left) and high-order scattering (right) distribution instances, synthesized with 2D noise tiles, presented for two incident configurations.

Fig. 11. llustrations of our 1D and 2D noise functions and synthesized scattering distributions. Our 1D noise functions can synthesize fiber scattering patterns
very similar to those computed from wave simulations. We can generalize these noise functions to 2D and use them to augment our ply scattering model
defined on the entire unit sphere. In our noise application, we try to preserve the speckle pattern details in surface reflection patterns as they shift with the

incident light direction, but do not need to model this memory effect in higher-order scattering.

where ry(6;, h) is the total energy in this edge-diffraction term, first
introduced in Section 5.1 2. The ASG lobe parameters follow the
definition from Section 5.2, and y; = py (4, h), pz = p2(A, h) are pre-
computed and interpolated over A and h. py pz / 7 is an approximated
normalization factor of the ASG lobe such that G integrates to 1
[Xu et al. 2013]. Thus, f¢98¢, which corresponds to the portion of
an off-center beam that misses the ply, completes our ply model.

6.2  Wave Optics Noise Functions

The ply scattering model in Section 5 captures average behavior
across similar plies, but without per-instance variation, it will pro-
duce overly uniform appearance if used in rendering. To address this,
we introduce a wave optics informed noise model that augments
scattering distributions based on single-instance simulations.

Because the structures of our idealized yarns and plies are dif-
ferent from those in real fabrics, where fibers are more irregularly
arranged, we focus on modeling fiber-to-fiber variation in direc-
tional scattering from a specific fiber type, providing a distribution
that can be used at an appropriate spatial scale to capture the spatio-
angular variation of fabrics made from that type of fiber. For each
given fiber type (characterized by size and shape), we perform 2D
wave simulations on 200 single fiber instances, where in each simu-
lation the fiber scatters light from a wide Gaussian beam. We repeat
each simulation for wavelengths between 400nm and 700nm, and
for both black (highly absorbing) and white (non-absorbing) fibers.
The black fibers produce mostly surface reflection, and subtracting
their scattering distributions from those of their white counterparts
yields the high-order scattering component.

To summarize the variation across instances and wavelengths, we
design a 1D noise function that matches the statistical properties of
fiber scattering distributions, following Yu et al. [2024]. Grounded
in speckle theory [Goodman 2007; Steinberg and Yan 2022; Xia et al.

“This energy portion is decreased in our multi-ply madel, as briefly discussed in our
previous footnote. With multiple plies in a yarn, light that leaks from one ply may be
captured and scattered by another ply and not considered diffracted.

2023], our noise function takes the form
1 1
Ny (o) = 2Irip A go))? + S [ L)) (19)

(n) .(n) . . :
where r| ) and i}’ are independent Gaussian processes with

A g), i (A go) ~ N(0,1) foc
This guarantees unit expectation at each (A, ¢y ):
E[N{ (4 $0)] = 1 (1)

A synthesized scattering distribution is then obtained by multiplying
the mean distribution I(A, ¢,) with this noise:

I (4, §o) = I(A. ¢o) - N\p (A, o) (22)

where I'") is a synthesized scattering distribution, and I is computed
from averaging all simulated instances.
Moreover, as in [Yu et al. 2024], rl(g)

ing a 1D Gaussian process with dual-point statistics governed by a

A(n)
and i, are generated us-

power spectral density (PSD) function, derived from the angular cor-
relations in our simulated scattering data. To further maintain corre-
lation across wavelengths, we generate noise only at A = 400nm and
produce longer-wavelength variants by rescaling and resampling,
following the same prior approach.

In Fig. 11 (a), we compare 1D angular scattering patterns synthe-
sized from our noise model against real simulation results. For both
single reflection and higher-order scattering, the synthesized and
simulated results show visually similar intensities and chromatic
banding, validating the statistical accuracy of our approach. Building
on this, we generalize the noise model to 2D angular domains—over
outgoing directions on the unit sphere—so it can be applied to our
full ply scattering model. Details of this 2D construction are pro-
vided in the supplemental document.

For rendering, we generate two sets of 2D noise tiles NZ(;)’_(;{, o),

(n)
Nopih

At each shading point, we select noise instances based on a hash

(A, o) for modeling reflection and higher-order scattering.
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function of the ply ID and fiber position. These noise instances are
queried to modulate the average ply scattering functions via:

]:—(erfil) (A, 0, b 00) = fmﬂ(ais h; o) - Nz(;,)r('L w(;)

£ (3,01, h,0:00) = 861, b, 0300) - N, (3, 00)

(23)

where for single reflection, we preserve the memory effect [Xia et al.
2023]—a phenomenon where the speckle pattern shifts predictably
with the illumination angle—by computing «/, from w; and w, to
reflect this shift (see supplemental document). High-order scattering
does not exhibit this effect, and we find that querying Nz(g,)h directly
with w, (no w; dependence) yields reasonable results. Fig. 11 (b)
demonstrates some noised scattering distributions from our method,
featuring two incident conditions, (8; = 0°,h = 0) and (8; = 15°, h =
0). For the same ply instance, the single reflection patterns (left) are
almost identical up to a shift, thanks to the memory effect.

Lastly, we mention that due to the high dimensions of our ply
scattering function and the complex correlations in scattering across
different dimensions, designing an entirely physically based noise
function is extremely challenging. Our noise function design and
application scheme is physically informed while containing approx-
imations, but it results in realistic appearance in practice and is
easily implemented in rendering—as a multiplication operation.

7 IMPLEMENTATION AND RENDERING

In this section, we describe our fabric rendering implementation,
demonstrate how our ply-based model captures diverse material
appearance under front-lit and back-lit conditions, and showcase
the visual effects enabled by wave optics.

7.1 Fabric Shading Implementation

We implemented our ply-based shading model as well as a surface-
based fabric rendering pipeline in Mitsuba3. Each fabric is repre-
sented with two tangent textures for yarn directions, two position
textures containing each shading point’s position along and across
a yarn, a yarn ID texture encoding the weave pattern, and some ad-
ditional parameters describing yarn widths and ply twists. Each ply
scattering model is specified by a collection of parameter tables and
tabulated patterns: fitted ASG lobe parameters, double-layer scat-
tering correction factors, edge-diffraction bandwidths, weave-gap
diffraction patterns, and 2D wave optics noise tiles.

To use the shading model, we follow our beam-based pipeline
described in Section 4-6. At a fabric shading point, we reconstruct
the local ply geometry and set up the ply coordinate frame to deter-
mine the incident beam parameters (6;, k). Based on the value of h,
we select one of the three cases:

(a) |h| < R — d.y: the beam hits a ply near its center. We evaluate
feimnele or pmult Jepending on the number of plies (5.2 & 5.3).

(b) R — deut < |h| < R: the beam hits near a ply edge. We blend
fingle op pmultl wirh the edge-diffraction term fedee (6.1).

(c) No ply intersection. We estimate distances to nearby plies to
define an aperture, query the corresponding weave-gap diffraction
pattern f&%P (6.1). If a nearby ply is close enough such that |h| <
R + deut, we also weight in its scattering using fSingle op pmulti
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Reference Zhu et. al. Ours

Fig. 12. Comparison of photographs of four different fabric samples with
renderings produced by our model and the model from [Zhu et al. 2023b].
While both models capture the overall reflection well, only our model can
simulate the glinty or irregular appearance on these samples.

If both yarn layers are intersected in (a) or (b), we apply our
double-layer energy adjustment (5.4). We also apply wave optics
noise to modulate the our ply scattering functions (6.2).

Our shading model operates in a spectral renderer and requires
fabric color to be specified via an absorption spectrum rather than
an albedo. The procedure we use to convert colors to absorption
coefficients is detailed in the supplemental document.

Lastly, our scattering model supports importance sampling by
selecting ASG lobes proportionally to their weights and drawing
samples from their Gaussian distributions—an approach that is es-
pecially effective when lobes are sharp.

7.2 Rendering Fabrics with Various Materials

We first demonstrate our fabric model using four samples with dis-
tinct weaves and fiber materials, and include three addition samples



Ours: delta Qurs: diffract

Zhu et. al.

Reference

Fig. 13. Transmission through the fabric samples from Fig. 12. Delta trans-
mission leads to unrealistically sharp forward scattering and reveals the
light source behind the sample. Our modeling of diffraction through weave
gaps produces significantly closer match with the reference images.

in the supplemental document. For each sample, we estimated ply
geometry from measuring detached yarns and performed scatter-
ing simulations to derive ply models (see supplemental). Notably,
measured fiber counts per ply are much lower than those reported
in [Zhao et al. 2016], which used statistics for sewing threads.

Each fabric was photographed under calibrated front-lit and back-
lit setups. We reproduced these conditions in scenes and rendered
with our ply models. For comparison, we rendered the same scenes
using the model in [Zhu et al. 2023b]; this method is the closest to
ours, as we share a similar single-ply to multi-ply structure. Param-
eters such as fiber count and refractive index were shared between
models, and less observable parameters such as the transparency
in [Zhu et al. 2023b] were fitted to the best of our abilities. We
converted their ply model to a fabric model by including a delta
transmission component [Zhu et al. 2023a] to simulate gaps, and
added a double-layer scattering feature as in [Khattar et al. 2025].

As shown in Fig. 12, both models match front-lit references reason-
ably well. The main difference lies in the lack of ply-to-ply variation
in the prior method, which leads to flat or overly smooth appearance,
especially in the orange polyester. Our model, by contrast, captures
the glinty, spatial variation seen in photos.

Back-lit comparisons in Fig. 13 reveal stronger differences. While
the translucent organza remains bright under fixed exposure, the
three opaque fabrics appear nearly black in photos. Prior methods
produce overly transparent renderings for these, even with double-
layer scattering addressed. Reducing transparency further required

Realistic Cloth Rendering with a Ray-Wave Hybrid Shading Model + 217:13

cotton satin

polyester satin

Fig. 14. Renderings of a polyester satin and a cotton satin, using ply models
derived from nearly identical fiber scattering simulations, with the only
difference being the simulated fiber shapes. Compared to polyester, the
cotton satin features stronger backward scattering and less absorption, and
also exhibits slightly softer highlights.

unrealistically high fiber counts (10000+). In contrast, while our
model also overestimates the brightness in transmission images, it
produces convincingly more opaque results for thick fabrics and
recovers the distinctive cross-shaped highlight in the loose organza.
Replacing our beam-gap handling with delta transmission also re-
sults in unrealistically sharp area light outlines (3rd column), while
our combination of weave-gap diffraction and edge scattering from
nearby plies significantly softens forward scattering. Our double-
layer modeling further makes the transmission more diffuse, yield-
ing smooth appearance (4th column) that matches reference photos.

Furthermore, we analyze the visual impact of fiber shapes by
comparing polyester and cotton satin fabrics rendered with ply
models that differ only in fiber shapes. The same fiber absorption
spectrum was used for rendering both fabrics, and as shown in Fig.
14, our polyester and cotton fabrics exhibit different shades of pur-
ple. Specifically, the cotton satin appears lighter and features more
backward scattering, most likely owing to its hollow-core fibers.
Slight differences in highlight softness are also visible. However, the
overall similarity between the two renderings suggests that other
factors like fiber roughness and twist likely have an even larger
influence on fabric appearance.

7.3  More Wave-Related Visual Effects

We now highlight additional visual effects enabled by wave optics,
beyond those already demonstrated in prior sections. Fig. 15 shows
fabrics rendered with and without our wave optics noise functions.
Without noise, rendered fabrics appear smooth and less organic,
resembling a far field appearance despite using near field ply ge-
ometry, while our noise-based irregularities improve realism with
negligible cost. More results rendered with and without our wave
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wio irregularities

with irregularities

Fig. 15. Several fabrics rendered without and with our wave optics based
structural irregularities. While the overall appearance is similar, the visual
break-ups introduced with our noise functions significantly improve realism.

optics noise are in the supplemental material, where we also com-
pare the effects of using our sophisticated, wave-driven noise model
and adopting less controlled, pseudo-random noise.

We also explore subtle color phenomena sometimes observed
in real fabrics under back-lighting. While our organza sample in
Fig. 13 does not show color fringing under a large area light, we
were able to capture pink and green tints (Fig. 2, last two) on some
back-lit organza fabrics in real life, when using a very narrow light
source. These colors are unlikely caused by the weave-gap diffrac-
tion modeled in our framework, since the wide gaps in organza
fabrics should yield near-delta transmission that lacks chromatic
features. Instead, we think that these colors more likely arise from
diffraction through small gaps between fibers or between twisted
plies, which our current model does not explicitly capture.

Therefore, although not formally part of our model, we imple-
mented a bonus feature to reproduce the subtle pink and green color
patterns that sometimes appear in loose fabrics back-lit with a very
small light source. We modeled a rectangular aperture that is narrow
in one dimension (< 5um) and unbounded in the other, mimicking
thin gaps between locally aligned fibers. Using the method from
Section 6.1, we computed the resulting diffraction pattern, which
exhibits a linear shape and strong chromatic effects, as seen in Fig.
16. We blended this pattern with our regular scattering model, as-
suming roughly 25% of the forward scattering arises from diffraction
through such tiny inter-fiber or inter-ply gaps (slightly abusing our
ply-level shading pipeline). This 25% / 75% mix produced plausible
color effects in the back-lit organza rendering in Fig. 16. While not
meant to match any specific photo, our rendered color patterns re-
semble those in Fig. 2 (last two). A formal integration of this bonus
feature is left for future work.

8 DISCUSSION
In this section, we briefly discuss limitations, design decisions, and

generalizations of our current model.

8.1 ldeal Structure Assumptions

Our ply-based fabric shading model makes several simplifying as-
sumptions about yarn structures. In particular, while real plies can

ACM Trans. Graph., Vol. 44, No. 6, Article 217. Publication date: December 2025.

Fig. 16. A back-lit silk organza sample, rendered by combining a strongly
colored diffraction distribution with our regular ply model. These color
effects are likely due to the small gaps between fibers and twisted plies.

have irregular cross sections and twist patterns, we assume circular
ply and ideal helical twisting for both plies and fibers. These assump-
tions greatly simplify our modeling—for example, our ply scattering
functions depend only on the difference between azimuthal an-
gles (¢; — ¢o). Nonetheless, our simulation framework generalizes
easily to less ideal settings. As a light example, we compute and
visualize 2D slices of average scattering functions from plies with
three different cross section shapes. As shown in Fig. 17, all three
examples contain roughly the same number of fibers, and all scat-
tering plots correspond to an incident angle of &; = 0°. For each ply
shape, we sample five incident positions across the ply’s horizontal
extent. The resulting scattering functions show visible differences
across ply types and incident positions—especially for off-center
hits—demonstrating how cross-sectional geometry affects angular
scattering. A full investigation of ply scattering using non-ideal
geometry is left for future work.

8.2 Modeling Choice and Flexibility

As our method is partially data-driven, it offers less flexibility for
editing compared to fully analytical approaches. For instance, our
model does not allow on-the-fly changes to some properties, in-
cluding roughness, IOR, and fiber twist, without re-running the
simulations and re-fitting the ASGs. However, we have designed the
system so that key appearance parameters, such as absorption, re-
main outside the simulations and can even be textured as needed. For
fiber twist, it may be possible—albeit with some loss of accuracy—to
simulate an untwisted fiber and apply analytical coordinate frame
rotations during rendering, as in [Zhu et al. 2023b].

Our ASG mixture model is an analytical representation that can
be easily implemented in any renderer. Alternatively, one could
construct a semi-analytical neural model based on simulation results.
Such a model may be trained on sparse simulation data and depend
on a larger number of geometric and structural parameters, avoiding
the need to interpolate between fitted distributions and potentially
allowing more parameters to be varied on the fly. Still, our work is
orthogonal to neural techniques, since we are primarily interested
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Fig. 17. Scattering from plies with elliptical cross sections. Each row shows scattering distributions (at 8; = 0°) from a different ply shape, all containing a

similar number of fibers. We sample five incident beam positions hy—hs across each ply’s horizontal extent. The resulting angular distributions vary across
shapes and incident positions, illustrating the sensitivity of scattering to ply cross section geometry.

in fabric appearance and the influence of wave optics, rather than
data representations.

8.3 Transmission

Transmission through opaque fabrics presents a particular challenge
for simulation-based methods. The small amount of light that passes
through typically results from high-order scattering involving mul-
tiple yarn interactions or occasional gaps due to slight variations
in the weave. While our results are closer to the reference pho-
tographs than those produced by the previous method, we still tend
to overestimate transmission in dense fabrics. One explanation is
that real fabric structures differ from our helical fiber and ply model,
especially in interior regions where yarns are tightly compressed.
Such deviations could increase the optical thickness of the yarns
and reduce the size of the weave gaps.

9 CONCLUSION

In this paper, we presented the first fabric appearance model that
incorporates wave optics. Since full-wave simulations on large fiber
assemblies remain prohibitively expensive even with our accelera-
tions, we based our model on path tracing simulations. While ray and
wave simulations yield different results for individual ply instances,
their ensemble-averaged scattering distributions are remarkably
similar—aside from the absence of diffraction in ray-based results.
We addressed this by augmenting our ply scattering model with
diffraction components grounded in wave optics, and introduced
wave-based noise functions to model spatial variation. Comparisons
with photographs show that our model closely reproduces reference
images, with fabric irregularities and imperfections playing a key
role in enhancing realism.

We therefore believe our model marks an important step toward
more realistic fabric rendering. Looking ahead, we aim to overcome
the current limitations posed by the simulation-driven nature of

our method, enabling applications such as inverse rendering and
interactive material editing.
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