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ABSTRACT OF THE THESIS

An Evaluation of Appearance Models for Cloth Rendering

by

Marlena Fecho
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Henrik Wann Jensen, Chair

Cloth is a common material which exhibits complex, anisotropic reflection
behavior. Because cloth is such an important material class in human-centric
environments, many models have attempted to describe its appearance. This thesis
aims to clarify the state of the art of cloth rendering by comparing two recent
models, by Irawan et al. and by Sadeghi et al., which both describe cloth as
woven microcylinders. We fit each of these models to a set of measured fabrics
and link the resulting differences to theoretical elements of the models. Through
this comparison, we find that Sadeghi’s model is able to more closely match the
appearance of complex fabrics.

Additionally, we present measurements of 8 fabric samples, which exhibit

several different structural characteristics. These samples include woven, knitted,

x1i



nap and pile fabrics. Sadeghi’s model is used to reproduce the appearance of
the samples. This both allows us to further evaluate this model, and expands the
library of cloth types which Sadeghi’s model has been used to describe. We find the
model to be largely successful in matching the samples, although we also discover
a key limitation inherent to woven cloth models. To address this, we suggest an
extension, called the thread direction curve which would further generalize the

model.
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Chapter 1

Introduction

It is a common goal of computer graphics to model the appearance of the
various materials which make up our world. Cloth is a particularly common mate-
rial class which is present in any human-centric environment, making it a fixture
in both computer generated films and games. Yet, because cloth exhibits such
complex reflection behavior, it can be a challenge to model well. The fact that
cloth is such an integral part of our lives makes us, as observers, more sensitive to

physical inaccuracies in rendered images.



Humans have a long history with cloth which spans several millennia. The
earliest cloth was purely functional - it was worn to shield oneself from the cold and
the wind. But as humans are a creative animal, what started out as protection,
soon became a form of art and expression. It was discovered that the appearance
could be controlled by varying the small-scale structure. Some fabrics, like velvet
and satin (see Figure 1.1), exhibit quite complex reflections. These and other
luxury fabrics are chosen specifically for their appearance, rather than for their
function. From plain linen to lustrous velvet, cloth has a rather diverse material
class.

Throughout the history of computer graphics, numerous models have at-
tempted to capture the complexities of cloth appearance. The wide range of ap-
pearance can make it difficult to design an all-encompassing appearance model for
cloth. These models exhibit a broad spectrum of physical accuracy. The more
naive models are often isotropic and have little to no physical basis, while some
models simulate the material structure down to micro-scale levels. However, the
more accurate models are generally so cumbersome to use that the naive models

are favored in practice.

Figure 1.1: Artwork capturing the complex appearance of various fabrics. Left:
Sir Thomas More, painted by Hans Holbein the Younger [32]. Right: Woman
i satin dress holding mirror, photographer unknown, from the George Eastman
House Collection [34].



1.1 Previous Work

Traditionally, the appearance of cloth has been described using general
isotropic models such as Oren-Nayar [25], Cook-Torrance [7], and in some cases,
even Lambertian [17].

However, it has been demonstrated that many of the illumination effects
observed are unique to cloth, due to the structure of the threads and fibers which
make up the fabric [37, 2, 13, 10]. So cloth-specific models often attempt to recreate
these effects by accounting for the thread structure [36, 12]. Some models have ad-
dressed this by sampling a small patch of woven or knitted geometry [37, 9]. Westin
proposed sampling a small patch of woven geometry, and compressing the BRDF
with spherical harmonics [37]. Ashikhmin extended the traditional microfacet
model to create a microfacet BRDF with arbitrary geometry, and demonstrated
satin rendering using a woven microgeometry [2]. Adabala further extended this
model to support a multi-colored weave pattern, with fiber detail [1]. Xu pro-
posed a volumetric approach for rendering knitted fabrics [38]. Although these
models are based on the physical structure of cloth, they were not validated using
measured data, and fail to capture the full behavior.

More recently, there has been an increased focus on using direct mea-
surements to improve or validate the accuracy of cloth models. Data-driven ap-
proaches, such as Bidirectional Texture Function (BTF) [8, 22, 23] and volumetric
CT scans [41] are aimed entirely at accuracy. They are able to produce extremely
high fidelity results, but at the cost of expensive measurements, storage and cal-
culations. Also, because these models rely on measurements of the fabric they
represent, they are inflexible to tuning the appearance or extending the model to
new fabrics.

The current state of the art of cloth rendering is shared by two empirical
models, by Irawan et al. [13, 14, 15] and by Sadeghi et al. [30, 29, 4]. Irawan’s model
provides convincing procedural small-scale texture synthesis, as well as a large-
scale BRDF. This model describes cloth as curved segments of perfectly specular
cylinders. Sadeghi’s model is a purely large-scale reflectance model, with a similar

approach. This model builds up the appearance from a BRDF model of threads,



which is based on a model for hair [31]. Bisker extended this model to support
thread-level detail [4]. Both Irawan’s and Sadeghi’s models are based on measured
BRDFs, and have improved the accuracy over earlier models, while being more
generalizable than the data-driven approaches. But despite the wealth of research
which has gone into cloth rendering, still many applications use naive isotropic
models, because the more advanced models are either too costly to performance,
or too difficult to control.

With so many options for cloth appearance modeling, it becomes necessary
to evaluate their relative merits including appearance, physical accuracy, flexibility
and practicality. Some efforts have been made to evaluate the success of the
various models. Yuen qualitatively compared a wide range of cloth-specific models,
although this evaluation lacked any concrete results or error analysis [40]. Others
have based their evaluations on measured data [24, 10]. Using extensive BRDF
measurements, De Deken demonstrated that the most popular naive models are
insufficient to reproduce the illumination behavior of cloth [10]. These results
emphasize the importance of using such measurements to validate future models.

Part of why there are so many models is there are many types of cloth
(woven, knitted, pile, felted, etc.), which vary in the small scale structure of the
material. In general, the more successful models have targeted only a single fabric
type [38, 6, 11, 15]. A few models, however, have been used to describe multiple
types of fabrics [9, 30], which suggests that it may be possible to generalize across

more fabric types.

1.2 Contributions

The contributions of this thesis include

e A side-by-side comparison of Irawan’s and Sadeghi’s models, relating the

theory, implementation and results.

o A set of measured cloth samples, which represent a wide variety of cloth

types, including woven, knitted, nap and pile fabrics.



e The parameters which fit Sadeghi’s model to these new measurements.

e A suggested extension to Sadeghi’s model, called the thread direction curve,

which would further generalize the thread structures this model can describe.

e A test scene which can be used to visualize the reflection behavior of rendered

cloth.

Like [24, 10, 40], our goal is to better understand existing appearance models
for cloth rendering. This thesis aims to clarify the state of the art by comparing
two recent models, by Irawan et al. [15] and by Sadeghi et al. [30]. We fit each
of these models to a set of measured fabrics and link the resulting differences to
theoretical elements of each model. Through this comparison, we find Sadeghi’s
model is able to more closely match the appearance of complex fabrics. With
a new set of targeted measurements, we further evaluate the ability of Sadeghi’s
model to reproduce a wider range of cloth types, for which find the model largely
successful. We also discover a key limitation inherent to woven cloth models, and
propose an extension, called the thread direction curve which further generalizes

the model.

1.3 Thesis Organization

Chapter 2 provides some background on light scattering as described in
computer graphics, followed by an overview of cloth as it pertains to the scattering
of light. Chapter 3 describes several methods used to describe the appearance
of cloth, including two state-of-the-art models, by Sadeghi et al and by Irawan
et al. Chapter 4 provides a side-by-side comparison of these two models, delving
into the theory, implementation, and results for each. Chapter 5, then offers a
host of measurements of a wide range of cloth types, and fits Sadeghi’s model to
them. Chapter 6 discusses a few limitations of the model which were discovered in
fitting the new materials, and suggests some possible improvements to the model.
Chapter 7 summarizes the contributions of this thesis. Additionally, the Appendix

includes the Sadeghi parameters for all materials used in this paper.



Chapter 2

Cloth Appearance

2.1 Light Scattering

2.1.1 Bidirectional Reflectance Distribution Function

The appearance of a material depends on how incoming light energy scatters
on its surface. In computer graphics, this scattering is often described using the
Bidirectional Reflectance Distribution Function, or BRDF. The BRDF is a four-
dimensional function of both the incoming light direction, w;, and the reflected
direction, w,. The BRDF is defined as follows:

dL,(w)
Li(w;) cos 0; dw;

fr(wiawr) = (2'1)

where L is the radiance, and 6; is the angle between the incoming vector, w; and
the surface normal. According to Lewis [18], in order to be physically plausible, a

BRDF must satisfy two criteria:

e Energy conservation: The total reflected light energy is positive and does

not exceed the total incoming light energy.

e Helmholtz Reciprocity: The BRDF is reversible, such that
frlwiywr) = fr(wr, wi)

A simple example of a BRDF is a perfect mirror. An incoming ray of light is

completely reflected in the specular direction, which is the angle about the surface



N

(a) Specular (b) Diffuse
(c) Glossy (d) Dielectric

Figure 2.1: Example BRDF's

normal equal to the incident angle. On a diffuse (Lambertian) surface, incoming
light energy is scattered uniformly in all directions. On a glossy surface, this energy
may be scattered in a lobe centered on the specular direction. These examples are
illustrated in Figure 2.1.

Dielectric materials possess both surface and volume scattering components.
Unlike the surface reflection, the volume component is tinted by the material’s
color. This is because some of the light energy enters the material, and is absorbed

before exiting.

2.1.2 Scattering on Microfacets

A wide variety of surfaces, both matte and glossy, can be described with
microfacet theory. Microfacets are tiny surface grooves or divots, as illustrated in
Figure 2.2. These microfacets can be modeled as either diffuse [25] or specular [33],
and there are many models which describe the distribution of these microfacets
differently [7, 35, 25, 2]. Additionally, microfacets may occlude one another in
both light and eye paths, which is called shadowing and masking, respectively.



This effect is illustrated in Figure 2.3. Shadowing and masking must be accounted

for in microfacet models in order for the BRDF to be energy conserving.

Figure 2.2: Light scattering on a microfacet surface

S

Figure 2.3: Shadowing (blue) and masking (red) on a microfacet surface.

2.1.3 Scattering on Microcylinders

A surface with unidirectional parallel grooves or bumps, like a compact disk
or brushed aluminum, can often be described using a specific microfacet surface
made of microcylinders. Poulin described a model which captures the anisotropic,
or directionally dependent, appearance of such a surface, while accounting for the
shadowing and masking [28]. Light reflects on the surfaces of a specular cylinder in
the shape of a cone [16, 20]. This is due to the fact that the normals on a cylinder
point in all directions azimuthally around the cylinder, as shown in Figure 2.4b.

This reflection pattern is responsible for the anisotropy of microcylindrical surfaces.



\\ 4
N 1
(a) Longitudinal reflections (b) Azimuthal reflections

Figure 2.4: Light scattering on a cylinder

As cloth can be thought of as woven microcylinders, this reflection cone is very

relevant to its appearance.

2.2 Cloth Structure

The mili-scale and micro-scale geometry of cloth are important to the final
appearance. To better understand the appearance behavior, it is helpful to examine

the various levels of its structure.

2.2.1 Threads: Twisted Fibers

The materials which compose threads are called fibers. These are either
natural or synthetic strands which are grouped or twisted into threads. There are
two main categories of fibers: staple and filament. Staple fibers are relatively short
segments, and are usually, though not necessarily, natural materials like cotton or
wool. Because these fibers are short, threads made of staple fibers must be tightly
twisted and rely on friction in order to hold their shape. Filament fibers, on the
other hand, are long continuous strands. As a result, threads made from filaments
may be either twisted or untwisted, as desired. Examples of filament fibers are silk

and many synthetic fibers, like polyester.
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Figure 2.5: Photograph of silk fibers twisted into a thread. [30] (©2013 Association

for Computing Machinery, Inc. Reprinted by permission.

2.2.2 Woven Threads

In woven fabrics, perpendicular warp and weft threads are woven together.
Warp threads are held taut across a loom, while weft threads are passed over and

under the warp threads to form the fabric. This is illustrated in Figure 2.6.

Figure 2.6: Warp and weft threads in a plain weave.

The weave pattern has a strong impact on the appearance of the fabrics,
which can range from matte to highly reflective. Because the threads are passing
over and under one another, they do not simply lie flat on the surface of the
material, as illustrated in Figure 2.7. As demonstrated by Westin [37], these
deviations from the surface normal affect the specular component of the reflection,

as shown in Figure 2.8.
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Figure 2.7: Top view and side view of various weave patterns. The weaves, from

left to right, are plain, crepe de chine and satin charmeuse.

2.2.3 Knitted Threads

The key difference between knitted and woven structures is that in a knitted
structure, the threads are not limited to two perpendicular directions. Instead,
threads pass over, under, and around one another, with the direction changing
continuously. In addition, in most simple knits, the fabric is composed of only one
continuous thread, rather than many separate threads. A simple knitted structure

is illustrated in Figure 2.9.

2.2.4 Fuzz: Nap, Pile and Felt

During the process of knitting or weaving threads together, some fibers
may loosen from the twist of the thread, and point in stray directions. These
stray fibers are referred to as the nap, which causes a fuzzy appearance marked by
grazing angle highlights. When undesirable, the nap is trimmed in the final stages
of production. The nap may also be exaggerated by brushing the fabric to pull
more fibers astray.

In pile fabrics, a stronger nap is intentionally added, by weaving or knitting
in extra threads or fibers, which usually point away from the surface of the cloth.

Examples of pile fabrics are velvet, fleece, and corduroy (see Figure 2.10).
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Figure 2.8: Polyester Satin Charmeuse under a microscope. Left: Weave pattern.
Middle: Weft threads. Right: Warp threads, under three different light angles. The
deviations of the warp thread tangents affect the reflection. [30] (©2013 Association

for Computing Machinery, Inc. Reprinted by permission.

Felt is an entirely different fabric type, which contains no threads. Instead,
clumps of raw fibers are pressed and agitated so they intertwine in a flat sheet. In

the final product, the fibers point in all directions, causing an isotropic appearance.
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Figure 2.9: A simple knitted fabric. Top: Knitted structure. Bottom: Pho-
tographs of the front (left) and back (right) face of knitted fabric.

Figure 2.10: Corduroy. Top: Side-view of weave structure. Bottom: Photograph

of corduroy fabric.



Chapter 3

Appearance Models for Cloth

3.1 Simple Models

There are many models which have sought to describe the appearance of
cloth. Despite this vast wealth of research, just a few naive models, which were

not specifically designed for cloth, are most often used in practice.

3.1.1 Lambertian

The Lambertian BRDF is one of the simplest shading models [17]. It pro-
vides a coarse approximation of many matte surfaces, and is most often used in
real-time settings, where performance is more important than realism. The Lam-

bertian BRDF is
p
r\Wi, Wy ) = — 3.1
frlws,wr) = — (3.1)

where p is the albedo of the material.

3.1.2 Oren-Nayar

Perhaps the most commonly used appearance model for cloth is Oren-
Nayar [25]. This model describes rough surfaces as collections of lambertian mi-

crofacets, or v-shaped grooves. The BRDF for this model is
Folwiw,) = PAA + B x max(0, cos(¢ — ,)) sina tan B) (3.2)

T

14
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where
2
o
A=1-05——-
o2 +0.33
2
o
B=045————
o2 +0.09

a = max(6;,0,)

£ = min(6;,6,)

A major limitation of Oren-Nayar is that, as a diffuse model, it is unable to repro-
duce any specular effects, such as are observed in satin. To aid this, it is sometimes

combined with the non-physical Blinn model [5], which provides a glossy highlight.

3.1.3 Torrance-Sparrow

Torrance-Sparrow is similar to Oren-Nayar, only instead of diffuse micro-
facets, it describes perfectly specular microfacets [33]. As a result, it is able to
reproduce specular effects. It is most often used to model brushed metal surfaces.
The model was introduced to computer graphics by Cook-Torrance [7]. The BRDF
1s
D(wp)G(w;, wy) Fr(w;)

4 cos B, cos 6,

fr(wi,wr) =

(3.3)

where D(wy,) is the microfacet distribution function, G(w;,w,) accounts for shad-
owing and masking of the microfacets, and F,.(w,) is the Fresnel term. Ashikhmin
demonstrated that this model, plus a diffuse term, with the correct microfacet
distribution was able to reproduce the general appearance of satin [2]. Adabala’s
woven cloth model is also based on Torrance-Sparrow [1]. However, getting just
the right distribution function can be rather difficult, yet is crucial to adequately

reproducing a fabric’s appearance.

3.2 Advanced Models

By comparing the above three models against measured BRDFs of cloth

samples, De Deken demonstrated that these naive models are insufficient to re-
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produce the more complex scattering behavior of cloth [10]. The major deficien-
cies were the lack of support for anisotropic scattering as well as shadowing and
masking. Oren-Nayar, despite being the most commonly used model for cloth,
performed the worst of the three.

Current state-of-the-art cloth models are based on the observation that the
appearance of cloth depends on the threads which compose it. We describe two
models in this section, by Irawan [15] and by Sadeghi [30], which are based on

modeling cloth as interwoven specular cylinders.

3.2.1 Irawan

Irawan et al. described both a large-scale reflectance model and a small-
scale texture model [13, 14, 15]. In this thesis we will only discuss the large-
scale reflectance model. This model assumes cloth is composed of specular thread
segments, which are curved cylinders. The thread spine curve of a thread segment
is described as a conic section (ellipse, circle or hyperbola), which is illustrated in

Figure 3.2. The thread segment dimensions and angles are illustrated in Figure 3.1.

Figure 3.1: Angles and dimensions in Irawan’s model. u is the longitudinal angle
from the z axis. v is the azimuthal angle around the thread circumference. v is
the fiber twist angle. a is the cross sectional radius, and [ is the projected thread
segment length along the y axis. [30] (©2013 Association for Computing Machinery,

Inc. Reprinted by permission.
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Figure 3.2: Thread spine curve and x values. Higher x values specify a flat-
ter spine curve. More negative values specify a more pointed spine curve. [15]

Reprinted by permission.

The Irawan BRDF is

fs=ka+ Z ks j fr.j(wi, wr) (3.4)

which is a combination of a diffuse component and a per-thread specular compo-
nent, where the specular component is a function of the thread orientation. The
diffuse and specular coefficients are k; and kg, respectively.

Irawan describes two kinds of threads, staple and filament (as discussed
in Chapter 1), which reflect the light differently. The term f,. is the scattering

function, which captures the specular behavior of either staple or filament threads.

f?”,staple - / GUfCA du (35)
o
fr,filament = / GquA dv (36)
0

The scattering function is computed by integrating along the ideal specular
reflection on the thread segment. Because this reflection on a filament thread is
only a function of v, with constant u, this integral must be computed along v. For

a more in-depth explanation of this difference, see [15]. The location of the ideal
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specular highlight can be found using

v(w;, u, w,) = arctan(—h, sinu — h, cosu, h,) £ arccos(D) (3.7)
D h, cosu —h,siny cot )
\/hf/ + (hysinu + h, cosu)?
u(w;, v, w,) = arctan(—h,, h,) £ u (3.8)

2

The geometry factor, GG, accounts for the shape of the spine curve and the
twist of the thread. R(u) is the radius of curvature of the spine curve, the full

equation for which can be found in [15].

B a(R(u) 4+ acosv)
Colon ) = o W5 g Y

~a(R(u) + acosv)
Gu(wmvvwr) - |Wz +wr||(t % h)x| (310)

The phase function, f., is the sum of a uniform scattering lobe and a forward
scattering lobe. The forward scattering lobe uses a von Mises distribution, as given

in Equation (3.12).

fe(0r,8) = a+ g(—w; - wy, B) (3.11)
g(cosz,b) = %;?bs)x) (3.12)

The term, A, accounts for the attenuation within the thread material, and
follows Seeliger’s Law. For filament threads, this term is multiplied by a cubic
smooth-step function, s(x), to soften the boundaries of the highlights, as in Equa-
tion (3.14).

0s (w; - n)(w, - n)
Alwi, u,v,w,) = ST (3.13)

Ay(u) = A(u) (1 —s (‘“' —(- 5)““‘“)) (3.14)

OUmax

The parameters for controlling the appearance of rendered cloth using

Irawan’s model are summarized in Table 3.1.
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Table 3.1: Irawan parameters.

’ Parameter \ Type \ Meaning ‘

o float | Uniform scattering of specular lobe
I6] float | Forward scattering of specular lobe
0 float | Smoothstep applied to specular lobe, for filament
threads
P float | Fiber twist angle (in degrees)
Upax float | Maximum inclination angle (in degrees). Controls

extent of highlights

K float | Thread spine curvature. (See Figure 3.2)
w float | Width of segment rectangle

l float | Length of segment rectangle

ks color | Specular coefficient

kq color | Diffuse coefficient

3.2.2 Sadeghi

Sadeghi’s model is a large-scale (at a distance) model, which treats fabric
as interwoven specular cylinders [29, 30]. It is capable of reproducing a wide
range of cloth appearances, ranging from plain linen to polyester satin charmeuse.
Particularly, it allows fine control in reproducing multiple off-specular highlights.

For this model, we will refer to a thread-based coordinate system, illustrated
in Figure 3.3. The thread tangent vector t is the vector which runs down the length
of the thread. The surface tangent vector s, is perpendicular to t, and tangent to
the surface of the cloth. The normal vector n is the vector which is perpendicular
to both t and s. For threads which lie flat in the surface of the cloth, n is equivalent
to the surface normal.

Figure 3.4 depicts the relevant angles. The vectors w; and w, refer to the
incident and reflected light paths, respectively. The azimuthal angle, ¢, is the angle
between the projections of w and n on the n-s plane. The longitudinal angle, 6,
is the angle between w and t. The angle 1) is the angle between the projections of
w and t on the n-t plane. The equations in this model refer to the following half
angles and difference angles: 6, = (6, 4+ 6,)/2, 0, = (0; — 0,.)/2, and ¢q = ¢; — ¢,

Because threads pass over and under one another in a weave, they do not lie

flat in the plane of the fabric. Instead, the thread tangent deviates from the surface
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Figure 3.3: Thread-based coordinate system. The thread tangent vector t is the
vector which runs down the length of the thread. The surface tangent vector s, is
perpendicular to t, and tangent to the surface of the cloth. The normal vector n

is the vector which is perpendicular to both t and s.

tangent, as illustrated in Figure 3.5. Light scatters according to these deviated
thread tangents. Sadeghi introduces the concept of a tangent distribution curve,
which represents the distribution of tangents in either the warp or weft direction
for a particular weave. This curve may represent the actual shape side-view of the
thread segment, but because this is a large-scale model, this is not a restriction.

The model is as follows:
LT(WT) = a1 X LTJ((,UT) + as X an(wr) (315)

Equation (3.15) describes the combined reflected radiance from two perpen-
dicular thread directions, where a; is the ratio of the cloth surface area covered by

the 74, thread direction. The radiance for each thread direction is
11
Losten) = g 2 [ Lo fltson o) MO PO cos ds, (3.16)
I

which is computed by sampling its tangent distribution curve, thus determining
the local thread space. N; is the number of samples for the j thread direction.
We will explain the remaining terms in this paragraphs that follow.

The thread BRDF is

fs(twi,wy) = (frs(t,wi,wy) + fro(t,wiywy)) / cos® bg, (3.17)
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Figure 3.4: Angles and dimensions in Sadeghi’s model. The vectors w; and w,
refer to the incident and reflected light paths, respectively. The azimuthal angle, ¢,
is the angle between the projections of w and n on the n-s plane. The longitudinal
angle, 6, is the angle between w and t. The angle ¢ is the angle between the
projections of w and t on the n-t plane. [30] (©2013 Association for Computing

Machinery, Inc. Reprinted by permission.

where,

frs(t,wi,we) = Fr(n,w;) cos(da/2)g(7s, On) (3.18)

(1 —ka)g(vw, On) + ka
v t, iy W) = F A
Froo(t w3, wr) cos 0; + cos B,

F= Ft(n: wi)Ft(nlv w;)’

(3.19)

which is based on the model for human hair, described by Sadeghi et al. [31]. This
model treats hair fibers as glossy cylinders, which have separate reflection cones
for surface and volume scattering (see Equations (3.18) and (3.19), respectively).
In general, fiber materials are dielectrics, which exhibit untinted surface scattering
and tinted volume scattering. Hence, the volume scattering term is scaled by the
thread albedo, A. The widths of the specular lobes are controlled by unit gaussians,
g, about the longitudinal angle, #, accounting for the twist of fibers in the threads.
With specular materials, the fraction of light which is reflected and transmitted
depends on the index of refraction, which is accounted for in the Fresnel terms,
F,. and F. In the volume scattering term, F' is the product of a reflection and

a transmission Fresnel, to account for energy which scatters within the medium
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Figure 3.5: Warp (blue) and weft (orange) threads in a charmeuse weave.
left: Weaving pattern. right: Tangent curves for warp and weft. [30] (©2013

Association for Computing Machinery, Inc. Reprinted by permission.

before reaching the eye. To accommodate materials, like cotton, which exhibit

isotropic scattering, an adjustable fraction of the volume scattering is modeled as
diffuse.

The shadowing and masking term is

M(t,wi,wr) = (1 —u(pg)) M(t,w;) x M(t,w,)

+ u(pg) min (M (¢, w;), M (t,w,)), (3.20)

where,
M (t, w;) =max(cos ¢;,0) (3.21)
M (t,w,) = max(cos ¢, 0), (3.22)

which accounts for azimuthal shadowing and masking between parallel threads.
Equations (3.21) and (3.22) describe the shadowing and masking, respectively,
between parallel cylinders, as derived by Poulin et al. [28]. The combined term in
Equation (3.20) approximates the combined attenuation due to both shadowing
and masking, as described by Ashikhmin et al. [2]. This term is needed to account
for the overlap in shadowing and masking where the azimuthal angles of the camera
and light are nearly equal, weighted by a unit height gaussian, u, of the difference

angle.
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The projection term is

P(t,w;,w,) = (1 —u(1py)) P(t,w;) x P(t,w,)

+ u(1)g) min (P(t,w;), P(t,w,)), (3.23)

where,
P(t,w;) = max(cos;,0) (3.24)
P(t,w,) =max(cos,,0), (3.25)

which accounts for the foreshortening of the length of cylinders by the angle 1.
This foreshortening causes attenuation of light energy, both from the light and to
the eye, so the projection term must account for both projections. The light and
eye terms are combined just as the shadowing and masking terms.

The projection normalization term is
a a
Q zﬁl > P+ FQ > P(t)+ (1 — a1 — a)(w, - n), (3.26)
L 2y

which accounts for the total projected length occupied by the smallest patch of
both directions. This is used to adjust the ratio of the contribution based on the
relative foreshortening of each thread segments’ length.

This model takes two sets of parameters (one for each thread direction)
in order to control the appearance of the rendered cloth. These parameters are
summarized in Table 3.2.

This chapter contains several images which are reproduced from a published
paper, in which the thesis author contributed significantly to the comparison of
the proposed model and a previous model by Irawan et al. [15].

Iman Sadeghi, Oleg Bisker, Joachim De Deken, and Henrik Wann

Jensen. A practical microcylinder appearance model for cloth ren-
dering. ACM Trans. Graph., 32(2):14:1-14:12, April 2013.

IThe projection reweighting term is partially the contribution of the thesis author.
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Table 3.2: Sadeghi parameters.

’ Parameter \ Type \ Meaning
A color Albedo of thread
n float Index of refraction
kq float Diffuse coefficient. Fraction of volume scattering
which is treated as diffuse
Vs float Width of surface scattering lobe (in degrees)
Yo float Width of volume scattering lobe (in degrees)
a float Thread coverage ratio
tangent offsets | float array | Offsets from surface tangent (in degrees) of the
tangent curve.
tangent lengths | float array | Lengths of tangent curve segments




Chapter 4

Comparison of Irawan’s and

Sadeghi’s Models

Irawan’s and Sadeghi’s models represent the state of the art in cloth appear-
ance modeling. There are clear similarities in their approaches to the problem, as
both treat threads as curved microcylinders. However, key differences distinguish
them in practice. This chapter provides a side-by-side comparison of rendered re-
sults from these two models, in the hopes to better understand the implications of

these differences.

4.1 Method

4.1.1 Implementation Details

For this chapter, both Irawan’s and Sadeghi’s models have been imple-
mented using Pharr’s Physically Based Ray Tracer (pbrt) [26]. The implementa-
tion for Irawan’s model was based on a project by Yang [39]. Yang implemented
the small-scale textured model, with an additional self-shadowing term, so the
code was modified to match [rawan’s proposed model for large-scale reflectance.

Both Irawan’s model and Sadeghi’s model require integrating along each
thread segment. For both of these implementations this integration was performed

numerically, using the midpoint rule with 50 uniform samples.

25
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Bereeeecf) ////
Vertical Warp Horizontal Warp Diagonal Warp

Figure 4.1: Cylinders setup used by Sadeghi et al. to validate their model. We
use this same setup to compare Sadeghi’s and Irawan’s models. We refer to the

orientation of the warp threads in describing each of these cylinders.

4.1.2 Comparison Method

An image-based approach to measuring the BRDF of cloth involves wrap-
ping samples around a cylinder, at various rotations about the surface normal [19,
21]. A few simple photographs of this setup are able to demonstrate much of the
reflectance behavior of a cloth sample. Sadeghi included such photographs for sev-
eral cloth samples in order to validate the model. The setup for these images is
illustrated in Figure 5.1. In this section, Sadeghi’s and Irawan’s models are com-
pared by fitting each model to the cloth samples in Sadeghi’s paper. The materials
are Plain Linen, Silk Crepe de Chine, Polyester Satin Charmeuse, Silk Shot Fabric,
and Velvet.

Because Sadeghi included parameters for fitting the model to the provided
samples, we use those parameters in our rendered results. In order to match the
fabric samples using the Irawan implementation, these Sadeghi parameters were
methodically translated to Irawan parameters, as described in Table 4.1. This
method provided a starting point for matching, although a fair bit of manual tun-
ing was also required. It should be noted that the photographed samples contain
a high-frequency component, caused by thread-level detail. However, as the mod-
els in this section do not account for thread-level detail, this component will be

ignored.
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Table 4.1: Method used for matching Irawan parameters from Sadeghi parame-

ters.

[rawan Value relative to | Comments
parameter | Sadeghi parameters
o 0.01
I5; if 75 >10—4
else — 8

0 0.1 For filament threads only. Effect is very
dependent on highlight location.

(0 35 For staple threads only.

Umax Largest angle in For larger 0 values, this must be
Tangent Offsets | increased.
K Match shape of Refer to Figure 3.2, and choose x which
Tangent Curve most closely matches shape of Tangent

Curve.

w 1

l a;/ min(ay, as) Shorter direction thread has unit area.
Relative lengths between threads is pre-
served.

ks (1 — kq)x white | For some fabrics, especially those with
lower 7, like silk, this must be tinted by
A.

k?d ]{?d x A
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4.2 Results

All photographs and renders in this section are accompanied by plots of
the RGB values averaged vertically. This helps us to visualize subtle differences in
the reflection behavior of each model. Also, it should be noted that all rendered
results have been gamma corrected with an exponent of %

Figure 4.2 shows the results for Linen. Both Sadeghi’s and Irawan’s models
are quite successful at reproducing the appearance. The results for Silk Crepe de
Chine are shown in Figure 4.3. Note that the reference posesses subtle grazing
highlights on the vertical cylinder. This effect is captured by Sadeghi’s model,
but not by Irawan’s model. Figures 4.4 and 4.5 show the results for Polyester
Satin Charmeuse, front and back face, respectively. Sadeghi’s model is able to
reproduce all three highlights on the front face, and all four on the back. Irawan’s
model is unable to produce any more than two at a time. Two separate renders
are provided to demonstrate the Irawan shading which reproduces either the inner
or outer highlights. Figure 4.6 shows the results for Silk Shot Fabric. The results
on the vertical and horizontal cylinders are comparable. At grazing angles on the
diagonal cylinder, the two models differ, but without any ground truth photos for
that angle, it is not possible to verify which model is more correct. Figure 4.7 shows
the results for Velvet. Sadeghi’s model successfully reproduces asymmetric grazing
highlights. Irawan’s model, however, is unable to reproduce the asymmetry, and
produces unrealistic grazing reflection behavior. In the next section, we will address
all of these differencing results, and explain the theoretical differences which are

responsible.

4.3 Analysis

A major difference in the results using Irawan’s and Sadeghi’s models is
the number of the highlights each is able to produce. That Sadeghi’s model may
produce an arbitrary number of highlights is a key strength of the model. To
understand why Sadeghi’s model has this flexibility, while Irawan’s model is un-

able to produce more than two, we must examine precisely how the curve of thread



(a) Reference photograph. [30] (©2013 Association for Computing Ma-

chinery, Inc. Reprinted by permission.

|/'\ |/\

(b) Rendered result using Sadeghi’s model and tangent curves of

weft(left) and warp(right) threads.

(c¢) Rendered result using Irawan’s model and thread spine curves of

weft(left) and warp(right) threads.

Figure 4.2: Comparison results for Plain Linen.
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(a) Reference photograph. [30] (©2013 Association for Computing Ma-

chinery, Inc. Reprinted by permission.

————

| — LN

(b) Rendered result using Sadeghi’s model and tangent curves of

weft(left) and warp(right) threads.

— I\

) Rendered result using Irawan’s model and thread spine curves of

Weft(left) and warp(right) threads.

Figure 4.3: Comparison results for Silk Crepe de Chine.
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(a) Reference photograph. [30] ©2013 Association for Computing Ma-

chinery, Inc. Reprinted by permission.

7~ N\

(b) Rendered result using Sadeghi’s model and tangent curves of

weft(left) and warp(right) threads.

A

(c) Rendered result using Irawan’s model, which captures only the
inner highlight, and thread spine curves of weft(left) and warp(right)
threads.

N\

(d) Rendered result using Irawan’s model, which captures only the

outer highlight, and thread spine curves of weft(left) and warp(right)
threads.

Figure 4.4: Comparison results for Polyester Satin Charmeuse, front face.

31



(a) Reference photograph. [30] ©2013 Association for Computing Ma-

chinery, Inc. Reprinted by permission.

I Vi,

(b) Rendered result using Sadeghi’s model and tangent curves of

weft(left) and warp(right) threads.

— —

(c) Rendered result using Irawan’s model, which captures only the
inner highlight, and thread spine curves of weft(left) and warp(right)
threads.

— L~

(d) Rendered result using Irawan’s model, which captures only the

outer highlight, and thread spine curves of weft(left) and warp(right)
threads.

Figure 4.5: Comparison results for Polyester Satin Charmeuse, back face.
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(a) Reference photograph. [27] Reprinted by permission.

<~ N

(b) Rendered result using Sadeghi’s model and tangent curves of

weft(left) and warp(right) threads.

1
/7~ N\

(c¢) Rendered result using Irawan’s model and thread spine curves of

weft(left) and warp(right) threads.

Figure 4.6: Comparison results for Silk Shot Fabric.
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(a) Reference photograph. [3] Reprinted by permission.

(

(b) Rendered result using Sadeghi’s model and tangent curves of

weft(left) and warp(right) threads.

(c) Rendered result using Irawan’s model and thread spine curves of
weft(left) and warp(right) threads. Note that the thread spine curves

have been stretched horizontally in order to be able to see the shape.

Figure 4.7: Comparison results for Velvet.
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(a) Sadeghi’s model (b) Irawan’s model

Figure 4.8: Relationship between thread segment shape and highlight location
for Sadeghi’s model (left) and Irawan’s model (right), using results for Polyester
Satin Charmeuse. Top: Looking down the length of a cylinder, illustrating how
horizontal threads lie on its surface. The arrows indicate the locally flattest regions
of the curve. Red arrows indicate regions of curve responsible for front-facing

highlights.
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segments is expressed in each model. As mentioned in the previous chapter, flat re-
gions of the curve are responsible for highlights on the cylinder. Because Sadeghi’s
tangent curve may assume an arbitrary shape, threads may produce an arbitrary
highlight pattern. To create a highlight at a certain inclination, one must simply
create a flat section of the curve at that inclination. Irawan’s model, on the other
hand, uses a conic section (ellipse, circle, or hyperbola) to describe thread shape.
Because conic sections can have at most two nearly flat regions, this model can
produce no more than two highlights, as seen in Figures 4.4 and 4.5. Additionally,
this forces the spine curve to be symmetric about 8 = 0 degrees. Therefore, it is
unable to produce the asymmetric highlight in velvet, as shown in Figure 4.7.

In both of these models, the shape of the thread segments is critical for
determining at what angles highlights are observed. Figure 4.8 illustrates the
relationship between the thread segment shape and the locations of the resulting
highlights for each of these models.

Conic sections also have limited ability to control of the appearance of off-
specular highlights (those with negative x parameter, in Irawan’s model). Without
the use of additional smoothing, such highlights will necessarily be very sharp at
Umax- Irawan’s model uses a cubic smooth-step at the highlight edge in order to
soften this highlight. However, this has several negative effects. It pushes the high-
light towards the center, smoothing the outside of the highlight, but sharpening
the inside (see Figure 4.7). This also changes the location of the highlight, making
the parameters harder to tune.

Threads are typically dielectric materials, meaning that surface reflections
are untinted, while volume scattering is tinted by the thread albedo. Due to the
Fresnel effect, materials with a high index of refraction, like polyester (See Fig-
ure 4.4), will have a strong untinted highlight component, while those with lower,
such as silk, will have a more prominent tinted component. In Irawan’s model,
all directional scattering is multiplied by k,, meaning that to more closely repro-
duce materials like the Silk Crepe de Chine and Silk Shot Fabric (See Figures 4.3
and 4.6), it is necessary to use a non-physical, non-white k;. However, the full

effect cannot be captured without separate tinted and untinted specular lobes, as
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the untinted components should become stronger when the angle between the light
and eye is large.

We conclude that for large-scale appearance, Sadeghi’s model is more accu-
rate and flexible than Irawan’s model. So, for the remainder of the thesis we will
focus on Sadeghi’s model.

This chapter contains several images which are reproduced from a published
paper, in which the thesis author contributed significantly to the comparison of
the proposed model and a previous model by Irawan et al. [15].

Iman Sadeghi, Oleg Bisker, Joachim De Deken, and Henrik Wann

Jensen. A practical microcylinder appearance model for cloth ren-
dering. ACM Trans. Graph., 32(2):14:1-14:12, April 2013.



Chapter 5

Measurements of New Cloth

Types

In this chapter, we present a host of measurements of various fabric types
which have not yet been expressed with Sadeghi’s model. We then fit the model
according to these measurements and examine the results. The goal of this section
is to test how well this model applies to a wider range of physical characteristics,

as well as to expand the library of fabrics available for this model.

5.1 Measurements

5.1.1 Setup

All photographs in this section were taken with a Canon EOS-1D Digital
SLR camera, with a Canon EF 135mm lens. The aperture was set to 2.8, the
ISO was set to 250, and the exposure time varied by sample from 1/10 to 1/400
seconds. The samples were illuminated by a Dolan-Jenner DC950H Machine Vision
[Nluminator, which uses a 150Watt Tungsten Halogen bulb (Temperature: 3250K).
The walls of the room, in which these photographs were taken, were painted black
to minimize indirect illumination. There were no other significant sources of light
in the room.

These measurements were taken using the setup described by Sadeghi, il-
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Figure 5.1: Measurement setup. Cloth samples were wrapped around a cylinder

and photographed with the light source and camera approximately collocated.

lustrated in Figure 5.1, in which cloth samples are wrapped around a cylinder
and photographed with the light source and camera approximately collocated. To
minimize reflections through the sample of the cylinder itself, a base layer of black

fabric was wrapped around the cylinder, underneath the sample being measured.

5.1.2 Cloth Samples

Table 5.1: Fabric samples.

’ Cloth \ Structure \Material

Denim Twill weave | 100% Cotton
Pink Lining Satin weave | 100% Polyester
Polka-dot Lining | Satin weave | 100% Polyester
Swimwear Warp knit | 87% Nylon, 13% Spandex
White T-shirt Weft knit | 100% Cotton
Black T-shirt Weft knit | 50% Cotton, 50% Polyester
Faux Suede Woven, nap | 97% Polyester, 3% Spandex
Corduroy Woven, pile | 100% Cotton

The eight fabric samples, summarized in Table 5.1 and pictured in Fig-
ure 5.2, were chosen specifically to test Sadeghi’s model on a broader range of

cloth types. Denim and the Pink Lining were selected because they are very com-



(b) Pink Lining

(c) Polka-dot Lining (d) Swimwear

|

(e) White T-shirt (f) Black T-shirt

(g) Faux Suede (h) Corduroy

Figure 5.2: Fabric samples
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mon woven fabrics, which had not yet been expressed using Sadeghi’s model. The
Polka-dot Lining was chosen for its multi-colored pattern. The three knitted fab-
rics (Swimwear, White T-shirt and Black T-shirt) were selected to test how well
Sadeghi’s model applies to a knitted structure, although the model makes no claim
to support it. The threads in these three fabrics exhibit varying degrees of specu-
larity. Faux Suede was chosen to see how the model handled a strong nap. Finally,

Corduroy was selected for its mixed structure of woven and pile fabric.

5.2 Fitting to Sadeghi’s model

In the process of fitting each of the samples, only the vertical and horizontal
cylinder photographs were considered. The accuracy of the diagonal cylinders can
be used to gauge the success of the model for predicting non-perpendicular cloth
orientations.

These measurements were taken using a range of exposures. In order to
account for this, the intensity of the light source used in rendered images was

adjusted accordingly.

5.3 Results

All photographs and rendered results in this section are accompanied by
plots of the RGB values averaged vertically. This helps us to visualize subtle
differences in the reflection behavior of the reference and each model. Also, it
should be noted that all rendered results have been gamma corrected with an
exponent of %

Figure 5.3 shows the results for Denim. Sadeghi’s model successfully repro-
duces the appearance caused by a twill weave of blue and white staple threads.

Figure 5.4 shows the results for the Pink Lining fabric. A satin weave of
filament threads causes strong near-specular highlights. The vertical and diago-
nal cylinders display bright grazing-angle highlights, while the diagonal cylinder

possesses dark grazing reflections. The bright grazing reflections observed on a
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Figure 5.3: Denim. Top: Reference photo. Bottom: Rendered result using
Sadeghi’s model.

P —

Figure 5.4: Pink Lining. Top: Reference photo. Bottom: Rendered result using
Sadeghi’s model.
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Figure 5.5: A side-view of the measurement scene, illustrating reflections on
vertical threads as they lie on the cylinder. At grazing angles, vertical threads

reflect all incoming light back towards the camera, causing a highlight.

cylinder are caused, in part, by the threads which lie vertical on that cylinder.
The reason for this behavior is illustrated in Figure 5.5. However, on the diagonal
cylinder, no thread direction is vertical, so we observe the dark regions at grazing
angles.

The Polka-dot Lining was chosen to determine how best to accommodate a
dyed pattern within Sadeghi’s model. The pattern for this sample is two-colored, so
we’ve separated each color for the plots in Figure 5.6. From the measurements, the
graphs for each color appear to have the same general shape, so we hypothesized
that having a separate albedo for the two colors would be sufficient to capture the
full behavior. The rendered results match well, supporting this hypothesis.

The Swimwear was perhaps the most interesting of the fabric samples. The
fact that the base color was green and the highlights were yellow suggested that
using differently colored warp and weft threads would best be able to reproduce the
appearance. This approach was used to produce the results in Figure 5.7. However,
because knitted fabric is made from a single continuous strand, there should be only

a single color for all directions. A closer inspection of the threads reveals that the
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(a) Reference photo (top) with white (middle) and pink (bottom) com-
ponents separated. The RGB curve for the pink component has gaps

where no color information was available.

P

(b) Rendered result using Sadeghi’s model (top), with white (middle)

and pink (bottom) components separated.

Figure 5.6: Polka-dot Lining.
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(a) Swimwear, front face. Top: Reference photo. Bottom: Rendered

result using Sadeghi’s model.

~ o~

(b) Swimwear, back face. Top: Reference photo. Bottom: Rendered

result using Sadeghi’s model.

Figure 5.7: Swimwear.
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Figure 5.8: T-shirt, white. Top: Reference photo. Bottom: Rendered using
Sadeghi’s model.

fibers themselves exhibit yellow surface scattering, and green volume scattering.
There are two possible explanations. We could be observing a color shift resulting
from dispersion in higher order volume scattering. However, it is perhaps more
likely that a metallic coating was applied to the threads in the production of the
fabric, which is causing the yellow reflection. It should also be noted that on the
vertical front face and horizontal back face cylinders, the model predicts yellow
highlights which extend to the edge of the cylinder. However, this is not observed
in the measurements. This is discussed in the next chapter.

Figure 5.8 shows the results for the White T-shirt sample, and Figure 5.9
shows the results for the Black T-shirt sample, front and back, respectively. In
all of these fittings, only a single thread direction was needed, which was achieved
by setting the area ratio to 1 for the dominant direction, and 0 for the other.
In these samples, we observed that the front face was warp-dominant, and that
the back-face was weft-dominant. Also, we found that the Black T-shirt sample
exhibited small grazing highlights when the dominant thread was horizontal. We
reproduced these by adding a high-angle section to the tangent curve, like that
found in velvet.

Figure 5.10 shows the fit results for Faux Suede. This is a woven fabric

which has been brushed to create a stronger nap. Sadeghi’s model is able to



(a) T-shirt, black, front face. Top: Reference photo. Bottom: Ren-

dered result using Sadeghi’s model.

(b) T-shirt, black, back face. Top: Reference photo. Bottom: Ren-

dered result using Sadeghi’s model.

Figure 5.9: Black T-shirt.
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Figure 5.10: Faux suede. Top: Reference photo. Bottom: Rendered result using
Sadeghi’s model.

reproduce this material’s relatively flat, yet slightly asymmetric appearance, which
is comprised of a soft specular highlight as well as soft grazing highlights. Using
high ~ values widen the scattering lobes, creating softer highlights.

Corduroy, pictured in Figure 5.11, is a more complex material. It is com-
posed of alternating stripes of woven and pile fabric. Because this fabric is made
of two different types of cloth, it may seem natural to model it as a weighted sum
of two Sadeghi cloths, each with their own set of parameters. However, by simply
choosing our parameters based on the overall shape of the RGB curves, we are
still able to capture the general appearance with only a single Sadeghi cloth. The
alternating stripes, however, do strongly affect the recognizability of Corduroy. A

possible approach for addressing this is discussed in the next chapter.
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Figure 5.11: Corduroy. Top: Reference photo. Bottom: Rendered result using
Sadeghi’s model.
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(a) Denim (b) Pink Lining

(c) Polka-dot Lining (d) Swimwear

(e) White T-shirt (f) Black T-shirt

(g) Faux Suede (h) Corduroy

Figure 5.12: Rendered fabric samples. The Pink Lining and Swimwear samples

were rendered under lower light intensity to avoid saturating the image.



Chapter 6
Discussion and Future Work

In all, Sadeghi’s model was quite successful in reproducing the appearance
of a wide range of cloth types. In this section, we address each new type of
fabrics which was investigated, and discuss both strengths and weaknesses. For
the limitations discovered, we suggest extensions to the model that would address

them.

6.1 Khnitted Fabrics

For the Swimwear fabric, Sadeghi’s model predicted grazing highlights when
the true highlights were just inside grazing. This suggests that a woven model may
not necessarily be completely appropriate for knitted fabric, especially when a high
level of accuracy is required.

Additional measurements of the Swimwear sample reveal more interest-
ing properties about this particular fabric. Because there were no grazing high-
lights found in the original measurements, we took additional measurements to see
whether there were grazing highlights at any other cloth orientation. We found
grazing highlights at off-perpendicular orientations, which are pictured in Fig-
ure 6.1. The model, as fit in the previous chapter, does not reproduce these

grazing highlights.

o1
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Figure 6.1: Additional photographs (top) and corresponding rendered results
using Sadeghi’s model (bottom) of the Swimwear sample. Note the absence of the
grazing angle highlights in the rendered images. Left: Front face of fabric, oriented
65 degrees about the normal. Right: Back face of fabric, oriented 20 degrees about

the normal.
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Figure 6.3: Weft knit simplified into the three dominant thread directions.

6.1.1 Knitted Structure

Before speculating on the reasons for these shortcomings, it’s important to
first understand the structure of knitted materials and how it differs from that of
woven materials. There are hundreds, if not thousands of distinct knits, though
the two main categories are weft and warp knits. The structure of the knitted
samples in the previous section are some of the simplest examples of each weft
and warp knits, which are illustrated in Figure 6.2. Weft knits, like those found
in the T-shirt samples, involve a single strand of yarn or thread, looping around
itself across the weft of the material. In a warp knitted fabric like the Swimwear

sample, separate strands loop around each other down the warp of the material.
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Figure 6.4: Thread direction curve (left) and thread tangent curve (right) for
weft knit. The red, blue and green markers each indicate corresponding locations

on the two curves.

6.1.2 Non-Perpendicular Thread Directions

The key difference between woven and knitted fabric is that in woven fab-
ric, there are exactly two perpendicular thread directions. However, in knitted
materials, there are usually more than two dominant thread directions, which are
not necessarily perpendicular. This would suggest that Sadeghi’s model could be
extended to more fully support knitted materials by allowing a variable number
of thread directions, which can be in any specified direction. Figure 6.3 illustrates
how thread directions in a simplified model for weft knitted fabric, like the T-shirt
samples, might be broken down into its three dominant directions.

If this coarse approximation is insufficient, the model could further be ex-
tended to support a continuous curve of thread directions. Much like the thread
tangent curve can be thought of as a side-view of the thread, a thread direction
curve would be the top-view of the thread. If the tangent and the direction curves
were aligned, as illustrated in Figure 6.4, this direction curve could then be sam-
pled along with the tangent curve. Because the combination of a tangent and a
direction can specify any possible 3D orientation of a cylinder, this modification
should allow Sadeghi’s model to describe any possible fabric composed of dielectric

microcylinders, regardless of the thread structure.

6.1.3 Improved Reflectance Visualization

The three-cylinders model works very well for producing test renders of

woven fabric. Because the thread directions are always perpendicular on the ver-
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Figure 6.5: Left: Typical sphere mapping. Right: Proposed mapping of cloth on
a sphere for test renders. Blue lines indicate the warp direction, and orange lines
indicate the weft. In the proposed mapping, the material wraps away from the

center of the sphere towards all grazing angles.

tical and horizontal cylinders, the dominant components of the appearance are
captured with just those orientations. However, with any non-woven fabrics, this
will be insufficient to visualize the full behavior. Instead, we propose rendering
the material on a sphere as illustrated in Figure 6.5. In this mapping, as opposed
to traditional spherical mapping, the material wraps away from the center of the
sphere towards all grazing angles. The benefit of this mapping is that each slice
across the diameter corresponds to a single cylinder orientation, as illustrated in
Figure 6.6. Therefore the sphere effectively captures all cylinder orientations in a
single view.

The down-side of this approach, however, is that no planar cloth can ac-
tually be wrapped flat around a sphere. This means that this is not an accurate
method for measuring physical cloth samples. For fabrics which can stretch in all
directions, one can stretch the material around a sphere, as we’ve done in Fig-
ure 6.7, in order to get a general feel for the appearance behavior. But this should
not be considered an accurate measurement, as stretching the cloth changes the
underlying structure - and thus the reflective properties - of the material. How-
ever, even this rough measurement demonstrates the grazing angle highlights we

observed in the non-perpendicular orientations from Figure 6.1.
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Figure 6.6: The proposed sphere mapping captures all cylinder orientations in a

single view. To illustrate this point we’ve outlined the vertical (red), horizontal

(green), and diagonal (blue) cylinders on the sphere.

Figure 6.7: Swimwear sample stretched around a sphere to visualize highlight

behavior at all orientations simultaneously. Top: Front face. Bottom: Back face.
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Figure 6.8: All non-textured cloths from this paper rendered on a sphere as

described. First row: Linen, Silk Crepe de Chine, Polyester Satin Charmeuse
(front), Polyester Satin Charmeuse (back), Silk Shot Fabric. Second row: Velvet,
Denim, Polyester Lining, Swimwear (front), Swimwear (back). Third row: White

T-shirt, Black T-shirt (front), Black T-shirt (back), Faux Suede, Corduroy.

Figure 6.8 shows all cloths used in this paper, rendered in the fashion de-
scribed above. The actual model in these images is composed of 180 very short
cylinders, rotated about the z-axis from 0 to 179 degrees. These images capture
all cloth orientations in a single shot. A clear result of using a woven model with
perpendicular threads is that the highlights are oriented in on-perpendicular di-

rections.

6.2 Texture

6.2.1 Large-Scale: Dyed Cloth

We've demonstrated, with the Polka-dot Lining sample, that it is sufficient
to assume that dying a fabric only affects its albedo. Therefore, a piece of cloth

with a dyed pattern can be reproduced simply by using a texture for the albedo
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Cloth A: Plain Weave

B Cloth B: Pile

Figure 6.9: Proposed pattern of two cloth types for corduroy.

Figure 6.10: Rendered corduroy using alternating stripes of different materials.

parameter. It should be noted that this would not apply to any coating applied to

the cloth surface, such as opaque paint on a silk-screened t-shirt.

6.2.2 Medium-Scale: Mixed Cloth Types

The appearance of some materials, like corduroy, are dominated by medium-
scale features from a pattern of different cloth types. This can likely be addressed
by modeling corduroy as a striped pattern of two different cloths, with two separate
sets of parameters, as illustrated in Figure 6.9. This would produce the familiar
striped pattern, as in Figure 6.10, while allowing each separate material to behave

correctly.

6.3 Fuzz

The sphere render of velvet exposes a potential problem with using a woven
model for fuzzy fabrics. The highlights in velvet end up with a rather square
appearance, which does not match the smooth appearance typically associated
with velvet. A photo of a different velvet sample stretched around a sphere, as
in Figure 6.11, demonstrates the expected smooth reflection shape. Because the
microcylinders in fuzz are typically oriented in a broad distribution of directions,
it seems that an approach like the thread direction curve could be a natural fit for

describing grazing angle highlights from fuzz.
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Figure 6.11: Left: Photograph of velvet stretched around a sphere. Right: Ren-
dered sphere using Sadeghi velvet model from Chapter 4.

6.4 Tailoring the model for artists

In computer graphics research, it is a common problem that the workflow of
artists is given insufficient consideration. With any new advancement, particularly
in appearance modeling, if it is not intuitive for an artist to control, it will never
see the light of day. Sadeghi’s work on hair rendering incorporated input from
artists [31], resulting in a significant improvement in the physical accuracy in hair
shading used in film. Similarly, it would be informative to learn what qualities
artists want to control when shading a piece of cloth, and how this model might

be modified and parameterized to best suit their workflow.



Chapter 7

Conclusion

7.1 Contributions

This thesis has helped to clarify the state of the art of cloth rendering by
comparing and analyzing Irawan’s and Sadeghi’s appearance models. These two
models, which are based on BRDF measurements of cloth, represent the forefront
of cloth appearance modeling research. We have determined that Sadeghi’s model
both has a stronger physical basis, and is better able to express a wide range of
cloth appearances.

We also have provided a host of measurements which can be used to gauge
the success of a cloth model. These measured cloth samples have been reproduced
using Sadeghi’s model, accomplishing two things. First, we have expanded the
library of parameterized cloth types available for this model. Secondly, we have
used these results to further evaluate the flexibility and accuracy of Sadeghi model,
by comparing the results to the measurements. This evaluation brings to light an
inherent limitation of woven cloth models, for which we suggest the addition of a

thread direction curve.

7.2 Future Work

Because of its physical basis and its flexibility, Sadeghi’s model holds much

promise for cloth appearance modeling. With the addition of a thread direction
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curve, it is likely this model can be generalized to describe a much wider range of
cloth types. With this added complexity, however, it will be important to address
the model’s usability. Therefore, further research should be invested in tailoring
the model to better suit artists’ workflow, and improving its ability to be intuitively
controlled.

The medium and small scale appearance of cloth often contributes signif-
icantly to its overall appearance. Yet Sadeghi’s model only addresses the large-
scale appearance of cloth. An approach which incorporates thread-level detail,
like Bisker’s model [4], or even simply physically plausible noise, would greatly
improve the flexibility of the model to support a wider range of zoom levels. The
physical accuracy of texturing models like this, however, tend to break down at
grazing angles. So it would be informative to evaluate any small-scale model with
comparisons against the large-scale model. Additionally, it would be interesting
to investigate the transmission of light through various fabrics.

We believe these directions for future research are the most important in
order to realize the full potential of Sadeghi’s model. With these areas addressed,
we would finally have the ability to describe all cloth types, for all levels of detail,

with a single, unifying model.



Appendix A
Sadeghi Parameters

This Appendix contains the Sadeghi parameters for all new cloth types

introduced in this thesis.

Table A.1: Sadeghi parameters for Denim.

’ Parameter ‘ Warp ‘ Weft ‘

A (0.5, 0.75, 1) x 0.07 | (0.9, 0.85, 0.07) x 0.1
n 1.4 1.4
kq 0 0
Ys 15 15
Yo 30 30
a 0.7 0.3

Tangent Offsets -20, -5, 5, 20 -20, 20

Tangent Lengths 1,1, 1 1
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Table A.2: Sadeghi parameters for Polyester Lining.

] Parameter \ Warp \ Weft ‘

A (1, 0.04, 0.18) x 0.7 | (1, 0.04, 0.18) x 0.7
1 1.3 1.3
kg 0.2 0.2
~ 15 1.5
Vo 3 3
a 0.7 0.3

Tangent Offsets -25, 25 -5,-5,5,5

Tangent Lengths 1 1,0, 1

Table A.3: Sadeghi parameters for Polka-dot Polyester Lining.

’ Parameter Warp Weft ‘
Awhite (0.8, 0.7,0.6) x 0.5 | (0.8,0.7, 0.6) x 0.5
Apink (1,0,0.25) x 0.35 | (1,0, 0.25) x 0.35
n 1.2 1.2
kq 0.1 0.1
Vs 1.5 1.5
Yo 3 3
a 0.6 0.4
Tangent Offsets -15, -15, 15, 15 -7,-7,7,7
Tangent Lengths 0.1, 0.8, 0.1 0.2, 0.6, 0.2

Table A.4: Sadeghi parameters for Swimwear, front.

’ Parameter \ Warp \ Weft ‘
A (1,09, 03) x 1] (0.1, 1, 0.2) x 0.7
n 1.3 1.3
kq 0 1
s 8 32
Yo 16 64
a 0.8 0.2
Tangent Offsets -30, 30 -25, 25
Tangent Lengths 1 1




Table A.5: Sadeghi parameters for Swimwear, back.

Parameter \ Warp \ Weft ‘
A (0.1, 1,0.2) x 0.7 | (1,09, 0.3) x 1
n 1.3 1.3
kq 1 0
Vs 32 8
Yo 64 16
a 0.2 0.8
Tangent Offsets -25, 25 -30, 30
Tangent Lengths 1 1

Table A.6: Sadeghi parameters for White T-shirt.

’ Parameter \ Warp \ Weft ‘

A (1,09,0.75) x 1| —
n 1.3 -
kq 1 -
% 24 -
Y 18 -
a 1 0

Tangent Offsets -9, O

Tangent Lengths 1 -

Table A.7: Sadeghi parameters for Black T-shirt, front.

’ Parameter \ Warp \ Weft ‘
A (0.89, 0.68, 0.48) x 0.05 | -
i 1.1 -
K 0.1 -
Vs 15 -
Vo 30 -
a 1 0
Tangent Offsets -5, 5, -90, -90, 90, 90 -
Tangent Lengths 10, 0, 0.2, 0, 0.2 -
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Table A.8: Sadeghi parameters for Black T-shirt, back.

] Parameter \ Warp \ Weft ‘

A - (0.89, 0.68, 0.48) x 0.05
n - 1.1
kq - 0.1
Vs - 15
Yo - 30
a 0 1

Tangent Offsets -5, 5, -90, -90, 90, 90

Tangent Lengths - 10, 0, 0.2, 0, 0.2

Table A.9: Sadeghi parameters for Faux Suede.

’ Parameter \ Warp \ Weft
A (1, 0.27, 0.2) x 0.15 | (L, 0.27, 0.2) x 0.15
n 1.15 1.15
kq 0.7 0.7
Vs 15 15
Yo 30 30
a 0 1
Tangent Offsets -60, -30, 30, 60 -45, -45, 0, 0, 45, 45
Tangent Lengths 1,0, 1 2,0,1,0,1
Table A.10: Sadeghi parameters for Corduroy.
Parameter \ Warp \ Weft ‘
A (0.83, 0.58, 0.35) x 0.4 | (0.83, 0.58, 0.35) x 0.4
n L5 1.4
kg 0.3 0.3
Vs 8 8
Yo 16 16
a 0.5 0.5
Tangent Offsets -90, 90, -30, 10 -35, -5
Tangent Lengths 1,0,0.5 1
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Appendix A

Additional Rendered Images

Figure A.1: Sadeghi’s model is able to reproduce a wide range of cloth appear-
ances, including the strong specular highlights found in polyester lining (left), the
matte appearance of faux suede (center), and the asymmetric grazing highlights

found in velvet (right).
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Figure A.2: A curtain made of the Polka-dot Lining fabric, rendered using
Sadeghi’s model.

Figure A.3: A curtain made from two orientations of the same Lining fabric,

rendered using Sadeghi’s model.
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Figure A.4: Pant fabrics, rendered using Sadeghi’s model. Left: Denim, Right:
Corduroy
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