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Abstract

The fading of materials due to light exposure over time is a major contributor tovémrall aged
appearance of man-made objects. Although much attention has been devtitednodeling of
aging and weathering phenomena over the last decade, comparativeltittigom has been paid
to fading effects. In this dissertation, we present a theoretical frankefopothe physically-based
simulation of time-dependent spectral changes induced by absorbiatialad This framework
relies on the general volumetric radiative transfer theory, and it emplolygsacochemical approach
to account for variations in the absorptive properties of colourants. &g this framework, a
layered fading model that can be readily integrated into existing rendeystgmss is developed
using the Kubelka-Munk theory. We evaluate its correctness througharsops of measured
and simulated fading results. Challenges in the acquisition of reliable measuseane discussed.
The performance characteristics of the proposed model are anadysktichniques for improving
the runtime cost are outlined. Finally, we demonstrate the effectivenesssaitdel through

renderings depicting typical fading scenarios.
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Chapter 1

Introduction

Computer generated images usually depict settings devoid of signs of metéea. The appear-
ance of real-world materials, however, varies over time due to a myriadindg amd weathering
phenomena. Arguably light exposure is among the main environmentaldaegponsible for such
time-dependent variations. A few examples of material appearanceahaagsed by light expo-
sure are depicted in Figure 1.1. For instance, a corkboard or stained woring may fade in
areas where it is exposed to sunlight from a nearby window. This fad&gbe lacking in areas
that were once covered with photographs or posters. A painting on awaglllose some of its
colours after being excessively exposed to light, with some colours fadlimg readily than others.
Accounting for these effects provides the viewer with important visuad,caigni cantly improving
the perceived realism of a given scene.

In this dissertation, we introduce a novel theoretical framework for tladyais and simulation
of material appearance changes over time due to light exposure. Timeviiak is based on the
general formulation for light transport within a medium [3]. It employs agitgchemical approach
that accounts for the kinetics of pigment and dye fading processedlesswariations in exposure
level with depth in samples of arbitrary thickness. We describe in detail thicafion of this
framework using the Kubelka-Munk (K-M) theory [63], and evaluate iiglity through compar-

isons of measured and simulated re ectance curves resulting fromattfeeriods of fading. We
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also illustrate the effectiveness of the model derived from this frametiookigh the rendering of
scenes depicting material appearance changes over time.

Besides the contribution to realistic image synthesis, the physically-based simwhfading
effects described here has also important cultural and industrial ajputisaFor example, museums
are interested in the long term effects of light exposure on their art colhecfity, 91]. Hence, a
compromise must be reached that minimizes damage caused by light expdsieetill allowing
enough light for public viewing. In this context, damage caused by visibld Iglf primary
concern, as ultraviolet light may usually be ltered out without affectingmiiey by means of a
glass case. By taking a physicochemical approach, the proposediogknis able to simulate the
fading of objects under experimental and hypothetical conditions. Thigdnadlow a conservator
to evaluate the use of various lters, coverings, illumination conditions andifiglpolicies. In the
multi-billion dollar manufacturing sector, one is interested in extending the lifeiddse nishes
such as paints and stains [44]. Accordingly, in recent years, suiadtaasearch efforts [67] have
been directed toward this goal. Viewed in this context, a framework for simglétia long term
effects of light exposure can be used by industry researchers torite¢chow various additives or
varnishes affect the lightfastness of surface nishes, their resistance to alterations due to light
exposure. These investigations, in turn, would allow for the manufactafiqpyoducts that can

maintain their original colours for longer periods of time.

1.1 Summary of Original Contributions

In this dissertation, we endeavor to demonstrate that:

Introducingtime into the traditional rendering equation provides a framework which
enables the development of computational techniques aimed at simulatiefjetbts of

light exposure on material appearance.

In support of this, the contributions of this work are as follows.
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1. Atheoretical framework for the physically-based simulation of time-dependent spectral

appearance changes induced by absorbed radiation.

We explore the rami cations of adding time to each of the components of the ajerady
umetric rendering equation. Furthermore, we provide analyses spkgifoathe cases of

single- ux and dual- ux light transport environments.

2. The rst model for simulating the effects of light exposure on spetral appearance over

time [60].

As we shall see, even for these restricted light transport environmeatsptresponding sys-
tems of equations will not be amenable to analytic solution. We develop numedbaliques
for simulating the effects of light exposure on spectral appearangaatbéstics over ex-
tended periods of time. These techniques are evaluated through compavitio measured
fading rates for several material samples. We also provide an analysie performance

characteristics of the proposed techniques as key parameters ace[6atie

3. Measurements of the effects of light exposure on the spectrabpearance characteristics
of a particular selection of materials over time, along with an accounbf the challenges

involved in acquiring reliable measurements with limited resources.

The progression of spectral re ectance curves are providedef@mral specimens exposed to
an extended period of light exposure. Such data is not readily availatile literature. We
describe the procedures and equipment employed in preparing thegaeape, illuminating
them over the duration of the experiment, and in measuring their specteaitegce curves
at set times during the course of exposure We outline the challenges idvalabtaining
these measurements given the constrained set of resources at @satismd discuss the

techniques we used to overcome these challenges.
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1.2 Document Organization

The remainder of this document is organized as follows.

Chapter 2 provides the relevant background that serves as the foundatioreforaterial presented
in this dissertation. We rst outline the main objectives of computer graphibss ifivolves
generating representative images of a scene, given an accuraiptitmsof the geometry and
materials comprising the environment. We discuss the nature of light and peovaesrview
of the relevant optical processes that contribute to the distribution of ligiit Environment.
This includes emission, which adds light to the environment; absorption, whitloves
light from the environment; and scattering which redistributes light within th&@mment.
We then outline how these processes are accounted for within compypéiagan order to
render a particular scene. This may be partitioned into the simulation of globalrition
and of local illumination. The former refers to simulating the distribution of lighdtighout
the entire scene. The latter relates to the interactions of light with particularialsitier
the environment, which is described by theeasurement of appearancé&Ve discuss the

importance of predictive simulation in all aspects of the rendering pipeline.

Chapter 3 reviews the literature related to the topics discussed in this dissertation. Augmgm-
ena, such as fading and yellowing, resulting from exposure to lightawextended periods
of time, is the main focus of this research. We therefore begin by providirayarview of
the state of the art with regard to the simulation of the broader class of agingeathering
phenomena in computer graphics. This includes methods developed at signpkaticular
processes, such as the formation of metallic patinas, as well as data-gobmiques aimed
at reproducing a wider range of aging effects. Next, we review inweg#igs into lightfast-
ness of materials in the conservation literature, as well as methods aimed atrdggaeation
of faded artwork. We provide an overview of other uses of varioustigcies used throughout

this work.

Chapter 4 introduces the theoretical framework for describing light-induced obsung material

4
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appearance. The framework employs the volumetric radiative trangfatieqs as its basis.
Time is introduced as a parameter. The resulting system accounts for ttecipdrmical
kinetics of pigment and dye fading processes. Based on this framesvosko- ux model is

developed based on Kubelka-Munk theory.

Chapter 5 presents numerical algorithms suitable for simulating the effect of light expasn
material appearance. Models, such as the two- ux model developed préh@ous chapter,
derived from the temporal-volumetric radiative transfer framework oftemot admit ana-
lytical solutions. It is therefore necessary to resort to numerical teaksifpr solving the
resulting systems of equations. We describe these technigques in this chidpseinvolves
discretization of the problem in the temporal and spatial domains. The solutio@nsom-

puted alternately in each domain.

Chapter 6 describes the procedures used to evaluate the effectiveness obplused algorithms.
We conducted several sets of experiments in which we subjected varidasaisato light
exposure over an extended period of time. The materials employed inchadgnira, cork,
and two dyes. Re ectance measurements were taken prior to exposuraftar several

periods of exposure throughout the process.

Chapter 7 discusses the challenges involved in obtaining accurate measurementbéthe of

light exposure on material appearance over an extended period of time.

Chapter 8 evaluates the predictive capability of the proposed algorithms. Resultsegenped
depicting comparisons between simulations employing the numerical algorithms samn@ea
ments obtained using the procedures outlined in the previous chapter. dVasalsss the
phenomenological characteristics of the proposed framework, drasgimgarisons with ac-
counts from the conservation literature. Finally, we demonstrate the apfticabthe pro-
posed techniques to computer graphics through several renderes stepicting the fading

and yellowing of materials before and after extended periods of light expos
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Chapter 9 discusses the performance characteristics of the algorithms presentedpiretieding
chapters. We analyse the in uence of key parameters, including the nmuvhiteeyers and
time steps, on the accuracy and run-time cost of the proposed technigbestun-time,
and the resulting spectral re ectance and colour characteristics regtritim the simulation
obtained while varying these key parameters are compared with the residedyiiy a ref-
erence simulation employing a large number of layers and time steps. Praghitadrss are
proposed allowing for the simulation of material appearance changes digbattexposure

where higher performance is required.

Chapter 10 concludes the main body of this dissertation. Here, we summarize the contmbutio

and discuss the limitations of this work. We also outline potential avenuestioefresearch.

Finally, some additional details and data pertaining to the evaluation prosedsed in this

research are included in appendices following the main body of this work.

Appendix A describes how to estimate the absorption and scattering properties of admaoag

medium from measurements of its re ectance over black and over whitératés

Appendix B provides the data employed in our simulations in tabulated form. This includes the
spectral irradiance of the illuminants used and the absorption and scatikaragteristics of

the materials.
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Figure 1.1: Photographs depicting common materials subjected to fading duéttexjgpsure.
Top Left An area rug has faded everywhere except where a couch hadtzeed.Top Right A
newspaper has turned yellow from many years of light exposMiiddle: Printed materials have
been added and removed from a bulletin board over time, resulting in anlardgding pattern.
Bottom Wood ooring darkened from light exposure except where coddrga rug.
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Figure 1.2: Photographs depicting artistic objects subjected to appeatzarges induced by ex-
tended periods of light exposurg@op: The surface of an art nouveau table (c. 1900, on exhibit at
the Royal Ontario Museum) has faded except where a lamp skéioldlle: A carpet that has faded
due to many years of light exposure (on exhibit at the Victoria and Albeiséddm).Bottom The
left end of a mural has been exposed to more light than the right, yieldingeariading along its
length. Photographs of the two ends are shown adjacent to one anottiet gshe difference is
clearly visible.
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Chapter 2

Background

In this chapter, we provide the relevant background that serves dsuthdation for the material
presented in the remainder of this dissertation. Its contents are orgarif@bbas. In Section 2.1,
we outline the main objectives of computer graphics. This involves generafingsentative images
of a scene, given an accurate description of the geometry and materigisising the environment.
In Section 2.2, we discuss the nature of light as an electromagnetic wa@ection 2.3, we pro-
vide an overview of the relevant optical processes that contribute toigtréodtion of light in an
environment. This includes emission, which adds light to the environmentrlmsyg which re-
moves light from the environment; and scattering which redistributes light witkietivironment.
In Section 2.4, we then outline how these processes are accounted for eathputer graphics
in order to render a particular scene. This process is governed bgritlering equationwhich
is discussed in Section 2.5. Rendering algorithms may be partitioned into the simaataxal
illumination and of global illumination. These are discussed in Sections 2.7 ance&ctively.
The former relates to the interactions of light with particular materials in the anmieat, which is
described by theneasurement of appearanckhe latter refers to simulating the distribution of light
throughout the entire scene. In Section 2.9, we outline how radiometridii@sigenerated from
the rendering equation are converted into colour. This involves modelirfgutinan visual system.

In Section 2.10, we discuss the importance of predictive simulation in all esspkthe rendering



2.1. Overview Chapter 2. Background

pipeline.

2.1 Overview

One of the main objectives in computer graphics is the production of phétti@amages. This
involves generating a two dimensional image from a model of a three dimehseame. The scene

is described by:
* the position and orientation of tleamerawithin the scene,
» thegeometryof the objects within the scene,

» thematerialsthat describe the appearance (re ectance, glossiness, etc.) ofsobjdtn the

scene,

« optionally, theparticipating medighat describes how light interacts with the volume between

objects within the scene.

The goal is to produce a rectangular array of colours (pixels) thatsept the scene from the per-
spective of the camera. Here, the tezolouris used in an abstract sense. This may be represented
in terms of red, green, and blue quantities (RGB), or some other coloue spdternatively, the

pixels may be represented by a spectral power distribution.

2.2 Electromagnetic Spectrum

Light is an electromagnetic wave. As such, wavelength (or its recipraegliéncy) is a fundamen-
tal property of light. The entire electromagnetic spectrum encompasses gaysnx-rays, etc.,

on the short wavelength (high frequency) end to microwaves and raaliesaon the long wave-
length (low frequency) end, as depicted in Figure 2.1. Human beingsnéyecapable of seeing

a small portion of the total electromagnetic spectrum, ranging in wavelengthdpproximately
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Figure 2.1: The electromagnetic spectrum ranges from gamma rays aags>en the short-
wavelength range to microwaves and radio waves at the long-wavelemgithtHaman beings are
only capable of seeing light falling within a narrow range from approximatélyto 700 nm.

400 to 700nm. Other regions of the electromagnetic spectrum, in particulaltitiéalet region

(approximately 200 to 400 nm), may have a signi cant in uence on materipeéapance over time.

2.2.1 Nature of Light

Light has a dual nature: it may be viewed as consisting of a stream oflpartialled photons,
or as an electromagnetic wave. Which form best describes a particidappienon depends on
the experimental conditions [24]. Typically, however, when the sizes ebtijects that light is
interacting with, and of their surface details, are large relative to the wagtbleof the light, the
particle nature of light dominates. Within this dissertation, we primarily make usigegbarticle
nature of light. However, certain quantities, such as wavelength anttajdistribution, are drawn

from the wave nature of light.

2.3 Light Interactions with Matter

When analysing the distribution of light within an environment, we must acdoutiie sources of
light, the redirection of light, and the loss of light from the system. The terms @mjsscattering,

and absorption are used to describe these phenomena, respectiealisdiss each in more detalil

11
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in the remainder of this section.

2.3.1 Emission

Emission introduces light into the system. It occurs when another form erfygris converted
to light. Forms of emission may be broadly classi ed into one of two categoriesrmial and
luminescent [2, 55]. Thermal emission refers to the emission of light caogdtbat, whereas
luminescent emission is attributable to other factors. We describe these fomaserdetail in the

following sections.

Thermal Emission

Thermal emission occurs when light is emitted due to heaf, (combustion). Speci cally, some
of the kinetic energy of atoms or molecules in thermal motion is converted into lighe. spec-
tral radiant exitance of this emission is described by blackbody radiatibichws a function of

temperature [78]:
2phc? 1

Mool T) = =5~ g 1

2.1)

wherel represents the wavelength,represents the temperatuteis Planck's constant; is the
speed of light, andt is the Boltzmann constant. The colour emitted by a blackbody radiator follows

a progression from infrared, to red, orange, white, and nally bluthagemperature increases.

Luminescent Emission

Luminescent emission refers to forms of emission resulting from procesisesthan heat. For
example, chemiluminescence results when light is emitted as a result of a chezadtain, such as
the reaction of luminol with iron in the blood that is employed in investigations of csiceaes [49].
Bioluminescnece is a form of chemiluminescence that results when a cheeagctibn takes place
within a living organism, such as the light emitted by a rey. Photoluminescenceurs when

light is re-emitted as a result of prior absorption by light [69]. Fluoreseeand phosphorescence

12
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are forms of photoluminescence. Fluorescence occurs when lightawvavelength is absorbed
and then subsequently re-emitted at a longer wavelength [65]. Fluatdseatments are applied
to photocopy paper that re-emit ultraviolet light in the visible region of thetspm, making them
appear brighter. Phosphorescence occurs when light is re-emittedi aang period of time after
absorption takes place [65]. This effect is used, for example, in thdupton of glow in the dark

toys.

2.3.2 Scattering

Scattering occurs when a photon is de ected through interactions with mgtariicles or inter-
faces, thus redistributing light within the environment by removing it from jpaith and adding it

to another [25]. The nature of these interactions (spatial distributionatfesed light, as well as
the amount of light that is scattered), depends on the wavelength of lighiveeto the size of the
particles with which it is interacting. This can be divided into three broad sasjteegimes, which

are distinguished according to the size of the scattering particles relative weatrelength of light.

The rstis Rayleigh scatteringwhich occurs when the particles are much smaller than wavelength
of light. Mie theorydescribes the scattering that occurs when the size of the scattering pagticle
on the same order of magnitude as the wavelength of light. Finally, when ttiergugparticles are
much larger than the wavelength of liggeometric opticslominates. Each of these light scattering

regimes is discussed in more detail below.

Rayleigh Scattering

Rayleigh scattering occurs when the particles are much smaller than the mgihedéd light inter-

acting with them. The strength of scattering is inversely proportionaftfy8]. As a result, blue
light is scattered preferentially over red light. This phenomenon explaiggivasky is blue during
the day and red at sunset, as blue light is more likely to be scattered to anerlme the surface
of the Earth during the day, yet red light is more likely to traverse the longartpeough the atmo-

sphere unscattered when the Sun is low in the sky [9]. It also explaingheh$un appears yellow

13
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Figure 2.2: At an ideal planar interface between two media, having te®dndices ofn; andny,
re ected light leaves the surface at an angle equal to that of inciddemaation 2.2). Transmitted
light is refracted according to Snell's law (Equation 2.3). In both caselst iggscattered into the
same plane which contains the incident vector and the normal to the inteFieasnel's equations
(Equations 2.4-2.9) describe how much light is re ected and how much isrriied.

from Earth (whereas from space it appears white), as blue light is melg ti&k be scattered away

from the direct path between the Sun and an observer on Earth.

Mie Scattering

Mie scattering occurs when the particles are of approximately the sameadnteignitude in size
as the wavelength of light. In the Mie scattering regime, scattering tends toitmenuracross
all wavelengths. Mie scattering explains, for example, the white appeadratouds, which are
comprised of water droplets of a size approximately of the same magnitude wa\thkength of

visible light [17].

Geometric Optics

Geometric optics best describes the interaction of light with objects much taayethe wavelength
of the light. Geometric optics explains most of the appearance phenomenmtared on a daily
basis. Within the geometric optics regime, light travels in straight lines betweenagtitsns with

objects in the environment (rectilinear propagation). At an interface leehweo media, depicted

in Figure 2.2, light may be re ected.€., scattered back into the medium from which it came) or

14
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transmitted (scattered into the other medium). For an ideal interface, the lavection [78],

G = . (2.2)

describes how light is re ected. Snell's law describes how light is transmj#8H It is expressed
in terms of the refractive indices, andn, of the two media as well as the anglgsandq, between

the normal and the incident and transmitted directions, respectively:
n;sing; = nysing;. (2.3)

The Fresnel equations describe how much light is subject to either phaaafmeeection or
transmission) [78]. It describes, for example, the appearance af, glagch appears more re ective
when viewed at an obliqgue angle than when viewed from the perpendaitégtion. Re ectance
at an ideal surface is dependent on the polarization of incident lightpreaydbe expressed sep-
arately for the component of light oriented so that the electric eld is peafjpetar to the plane
of incidence and the component oriented so that the magnetic eld is pegodandto the plane
of incidence. These are called ttransverse electri¢TE) andtransverse magneti€TM) modes,
respectively [78]. The re ectances for these two components may fressed as:

P——— 2
cosg _ n? sirfg

RTE = (24)
cosg+ M sitq
n2co b n2 sir? 2
i o
Rrm = > P 7@ : (2.5)
n2cosg+ n sirfg
wheren = n.=n;. The re ectance of unpolarized light is then given by
1
Ry = é(RTE+ Rrwm) - (2.6)
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The transmittances for each component are given by

Tre=1 Rrg, (2.7)

TTM =1 RTM, (28)

and consequently the transmittance for unpolarized light is

=1 Ru. (2.9)

Additional models have been developed that describe scattering at rmopdesanterfaces [15,

40, 76, 92, 100], although many of these models incorporate these basioflgeometric optics.

2.3.3 Absorption

Absorption removes light from the environment by converting it into andiiien of energy [23,
71]. Light that is transmitted into a medium may then be absorbed by pigmentesmdthin the
medium. The degree to which light is absorbed while travelling through a medivtmuénced by
several factors, including the concentration, distribution, and absitypdif the pigments or dyes
within the medium [90]. When light is absorbed, its energy is converted irdthanform such as
heat or chemical energy. This may, in turn, lead to chemical change in theimmegsulting in
fading or brightness reversion.

Concentration refers to the total amount of pigment present within a gileme of the mate-
rial. This quantity may be expressed in various forms across differeasaf research [69]. For
example, in biological elds, concentration is often expressed in terms ofiatraf substance per
unit volume, having Sl units of mein®. In other elds, mass per unit volume may be usedy(
kg=m?3). Concentration may also be expressed as a dimensionless ratio of voluitesother
factors remaining constant, a larger concentration will yield increasemt fation.

Absorptivity describes the capacity of a pigment or dye to absorb light. i§has intrinsic

property of the pigment or dye which expresses the fraction of lightrabdoacross a given dis-
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tance (m 1) per unit concentration. Accordingly, absorptivity may have S| units &fmol (molar
absorptivity), ii=kg, or m * depending on how concentration is expressed. A greater absorptivity
results in increased absorption.

The distribution of absorbing pigments or dyes within a medium may also in uahserption
by the medium as a whole. A homogenous solution consisting of the absoigimgmt within a

non-scattering substrate will result in absorption that follows the Bestblest law [69]:
| = lge °, (2.10)

wherel is the radiant intensity (Wst) after passing through the mediuig,is the incident ra-
diant intensity,e is the absorptivityc is the concentration, andis the path length through the
medium. Alternatively, if the pigment is concentrated within smaller particles distdbtinrough-
out the medium, absorption may be in uenced by sieve and detour effectsy &ntering the
medium may pass through the entire medium without encountering an abspabiicde. This phe-
nomenon is called the sieve effect, and it results in decreased absofptioversely, a ray entering
the medium may be subject to scattering within the medium. The resulting increasth ilepgth
may result in a higher probability that an absorbing particle is encountdi@id. phenomenon is

referred to as the detour effect, and it results in increased absorption.

2.4 Ray Tracing Pipeline

The ray tracing pipeline describes the process of generating an imagexfroodeled scene. For
realistic image synthesis, we are interested in developing a predictiverirgndaeline [32]. That
is, rendered images should accurately represent the appearaneg stehe, if it were to exist.
In order to generate a photorealistic image, each stage of the pipeline mufstilifaghmulate the
underlying physical processes. Inaccuracies in any of these stamesesult in a corresponding
reduction in accuracy in the nal image. Furthermore, it is possible fossgbent stages in the

pipeline to mask inaccuracies in a prior stage, thus resultibglievable yet non-predictive images.

17
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It is therefore important to evaluate each of the components of the reggepieline in isolation.

2.5 Rendering Equation

The rendering equation describes how light is in uenced by emissiooyptisn, and scattering by
elements within the environment. It is expressed in terms of the radiaficey), at a pointr in
space and in the directiom. This refers to the power owing through a differential area around
in a differential cone of directions aroumd and has units of Wn?sr L. In its most general form,
light may be emitted, absorbed, or scattered at any point within the enviraniirt@a is described

by the volumetric rendering equation [3]:
Z
w NL(r;w)+ m(r)L(r;w) = Le(r;w)+ 2k(r;WO w)L(r; w9 dw® (2.11)
s

This indicates that the radiance along a path thrauighhe direction ofw is reduced by attenuation
at a rate ofn(r) per unit distance, which may be further broken down into attenuation due to

absorptiony1(r), and scattering of light into other directions,

4
m(r) = Sz|<(r;w w9 dw? (2.12)

Conversely, radiance along this path is increased by emiskign,w), and scattering into the
directionw of light originally travelling in other directions/”.
Often, only emission, absorption, and scattering events that take plaséaes are considered.

Radiance then remains unchanged along an unobstructed line. That is,
L(r;w)= L(r+tw;w), (2.13)

so long as there is no obstructing surface betwesamdr + tw. Under this assumption, the rendering
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eguation may be simpli ed to

z
L(r;w) = Le(r;w)+ szf(r;w;ML(r;MdM (2.14)

Here f (r; w; w9 represents thbidirectional scattering distribution functioor BSDF, given by

oo dL(rwd
f(r;w;whd = L(rw) cosq dw’ (2.15)

Often this is separated into the bidirectioralectancedistribution function (BRDF) and the bidi-
rectionaltransmittancedistribution function (BTDF) [6], which refer td on the regions of the
domain wherg(w n)(w® n) is either negative or positive, respectively. More generally, light
may scatter within a medium and be re-emitted at a point separate from whdighthentered
the medium. Accounting for this yields the bidirectional scattering-surfaeeteance distribution

function (BSSRDF)f(r;r®w;wY. The BSDF is a special case of this where r°[74].

2.6 Monte Carlo Methods

Several algorithms designed for realistic image synthesis employ the Morter@athod [37] to

compute the integral described in Equations 2.11 or 2.14. To estimate the Véhedegral,

Z
= f(x)dx (2.16)
s
we draw uniform random samplas2 S 1 i N. The estimate is then given by
~ ol N
1= Y293 1) 2.17)
i=1
where
Z
vol(§ = dx (2.18)
s
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denotes the volume @& The variance of this estimate is proportional tc?ﬂ [37].
This may be generalized to allow for drawing samples fi®rccording to a distribution de-

scribed by the probability density functigafx). The estimate then becomes

N f(y
= VOI'\(IS) E\l m (2.19)
By selecting a probability distribution whose probability density function closedgmbled, the
variance may be reduced. In the ideal case,iff exactly proportional td, the summands become
constant and the variance of the estimate becomes zero.

In the last decades, Monte Carlo based rendering systems have heersivety employed in
the generation of synthetic images [22]. These systems use the abovigteshto evaluate the

rendering equation (Equation 2.11 or Equation 2.14).

2.7 Local lllumination

Local illumination describes the interaction of a ray with a material at the boyrafaan object
within the scene. When a photon impinges on a material within a scene, it maycinietia the
material in several ways. It may be scattered within the material. The resuttiitiggé photon may
travel outward in a direction given by some probability distribution charaetdiby the properties
of the material. This distribution may be fairly uniform, resulting in a matte appearam it may
be sharply peaked.€., specular), such as glass or a mirror. The photon also may be absoHzd
is, the energy of the photon may be converted into another form, suctaasHmwv light interacts

with the material determines the appearance of that material.

2.7.1 Measurement of Appearance

The appearance of a material may be divided into its spectral attributes apdtie attributes. The
former describes its colour. The latter refers to other qualitiative chaistats, such as whether the

material appears matte or glossy. Together, these attributes form thedrabisrheasurement of
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appearancg45].

Spectral Component

The spectral component of the measurement of appearance refegs/aitition of the re ectance

of the material as a function of wavelength. This determines the colour of ttexieda

Spatial Component

The spatial component of the measurement of appearance refers tostifiteution of outgoing
scattered photon directions as a function of incident direction. This idlusigscribed by thdidi-
rectional scattering distribution functigror BSDF de ned earlier (Equation 2.15). Recall that the
BSDF is sometimes separated into a bidirectise@ctancedistribution function (BRDF) and bidi-
rectionaltransmittancedistribution function (BTDF). Alternatively, the BRDF may be used alone
when the material is opaque. The spatial component determines varidilatiygacharacteristics
of the appearance of a material, such as whether a material appeargkigay, matte, transparent

or translucent, anisotropie(g, brushed metal), etc.

2.8 Global lllumination

Whereas local illumination is concerned with the simulation of light interactions witlemads,
global illumination refers to the simulation of light transport throughout th@ede be rendered.
The emphasis is placed on what happens to light between material interagtiensimulation must
account for how the geometry of the scene occludes and distributes laghttfre light sources.
An accurate simulation of global illumination within a scene will faithfully reproglphienomena
such as soft shadows, diffuse interre ections, colour bleeding,candtics. Popular methods for
simulating global illumination are path tracing and bidirectional path tracing [6§,Metropolis
light transport [97, 98, 57], photon mapping [50, 51], and radiosity.[3

Despite this difference in emphasis, global illumination and local illumination aselae-
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lated. Many local illumination models are designed around modelling the small-geataetry
comprising the material. These are effectively precomputations of the ‘{gidbaination simula-
tion at this scale. Conversely, one can imagine that precomputing a regectaadel representing
an entire scene might be useful as viewed from afar [26]. A key distimtt&ween global illumi-
nation and local illumination in this context is that the geometry is often viewed ed rglative to
nearby geometry in the latter case. At the scale of an entire scene, ipwai@us components are

often moved around, making such precomputation impractical [26].

2.9 Photometry

Photometry refers to the perception of electromagnetic radiation by a hurserveb[106]. Typ-

ically, at the end of the rendering pipeline, spectral power distributions bausonverted to some
colour space (such as an RGB colour space) to be displayed on a.sfi@irately transforming

spectral power distributions to RGB requires modeling the human visuahsyatewell as the dis-
play characteristics of the screen. The human eye contains two types tofelagptors: rods and
cones. Rods are sensitive to brightness, while cones are sensitideua ddere are three types of
cones, which are sensitive to light having long, medium and short waytlenAs a result, colour

spaces are typically three-dimensional.

2.9.1 CIE XYZ Colour Space

The XYZ colour space was developed by tBemmision Internationale deHclairage (CIE).

Colour matching experiments were used to model a standard human olfS&jvefor these ex-
periments, lights having three primary colours (red, green, and blue prervided, as well as a
reference light. The subject could vary the intensity of the primary colandswas instructed to
mix the primary colours in order to match the reference colour. Becausallramlours could be
reproduced from the three primaries, the subject was also allowed toaipineary colour onto

the reference colour instead, effectively assignimggativeintensity to that primary. This test was
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Figure 2.3: The colour matching functions for the CIE XYZ colour spa&g.[8

repeated using monochromatic light, at several wavelengths, as refar@lours. This would yield
red, green and blue colour matching function@:), g(/ ), andB(I ), respectively. The amount of

red, green, and blue light needed to reproduce the colour of light ¢paspectruni(/ ) would

then be:
Z
R= i/ )L(/)dl, (2.20)
G= ’ g/ L )dI (2.21)
B= ’ b(/ )L(/ )dI . (2.22)

A linear transformation was then applied to this colour space so that thespor@ing colour
matching functions would always be non-negative forming the XYZ col@acs, with colour
matching functionx(T ), y(/ ), andz(l ). These functions are depicted in Figure 2.3. The colour

corresponding to light having the spectriufi ) is then computed by:

Z

X=k x/)L()dl, (2.23)
Z

Y=k yU)L()dl, (2.24)
Z

Z=k ZI)L()dl, (2.25)

23



2.9. Photometry Chapter 2. Background

>
600nm N
650nm
700nm
0 450 n\ \400 n\m | | |
0 0:2 04 0:6 0:8 1

X

Figure 2.4: The CIE chromaticity diagram depicting the colours correspgrdithe chromaticity
coordinatesc andy expressed in Equations 2.26 and 2.27. The outer edge of the horskEgiicis
the monochromatic colours in the visible region of the electromagnetic spectrum.

wherek = 683ImW 1 is the peak luminous ef cacy for photopic vision. Note that the colour
matching functions are normalized so th@b55nn) = 1. The XYZ colour space also has the
property thaty corresponds to luminance, or the overall brightness of a colour. Tlharamay be

expressed independently of the luminance by evaluating the chromaticityicatas:

X

X= VT 7 (2.26)
Y
= 2.27

The resulting colours are depicted in Figure 2.4.
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2.9.2 CIEL"ab" Colour Space

The CIE XYZ colour space is a linear projection of the spectral radianceecL(/ ). Human
perception, however, relates to radiance in a non-linear fashion. i§h#ie distance between
two points in CIE XYZ space will not necessarily correspond to the subgdiiference between
those colours. The CIE"la'b" colour space is a transformation of the CIE XYZ space in which the
Euclidean distance does indicate a better difference between coloardiagdo human perception,
with the unit distance corresponding t§ust noticeable difference

Like CIE XYZ, the CIE L'a’b" colour space is a three dimensional colour space. [The
coordinate indicates the luminance, the colour along the blue-yellow axis, aibd the colour
along the red-green axis. The point= 100,a = b = 0 corresponds to the reference white.

The following equations may be employed to convert from CIE XYZ to CI&'b" colour

space usin®, Yw, andZ,, as the reference white [90]:

Y 16
L =116 f Yo 116 (2.28)
X Y
a =500 f — f — 2.29
e Yo (2.29)
Y z
=2 f — f — 2.
a = 200 v 7. (2.30)
where
8
2 1 if t > 0:008856
f(t)= . (2.31)
T 7787+ L otherwise.
The distance between two points is then referred to by
2 2 2 ¥
DE= (L, Ly)"+(a &) +(b, by) : (2.32)
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2.9.3 sRGB Colour Space

Often images will need to be converted to an RGB colour space, for exampke dsplayed on
a monitor. In the absense of an RGB space indicated by the colourimetrierpespof the actual
display, the standard RGB (sRGB) colour space may be used. To t&naverCIE XYZ to SRGB,

we must rstapply a linear transformation to the XYZ coordinates, yieldinggirRGB coordinates:

0 1 0 10 1
RO 3:2410 1:5374 0:4986 X

% GOE = % 0:9692 18760 00416§ % Y § : (2.33)
BO 0:0556 0:2040 10570 z

Next, we apply a transformatiori(t), to each channel to account for the non-linear response of a

typical display, where

8
2 1:0551:0=24  0:055 ift> 0:0031308
f(t) = (2.34)
> .
12:.92 otherwise.

The sRGB coordinates are then givenPy f(RY), G= f(GY, andB= f(BY.

2.10 Predictive Modeling

A model is predictive if it is capable of reproducing the spectral or spapipearance of real materi-
als when provided with the data characterizing that material. This, in turairescthat a proposed
model be validated through comparisons with physical measurements [32].

For artistic applications in computer graphics, predictive models may assistamating as-
pects of scene design, allowing the artist to focus on the creative asptbetir work. Instead of
tweaking meaningless paramaters to achieve a desired appearanctstitamiadjust parameters
relevant to the material in question. The artist can then be con dent that Bke has a realistic
starting point from which to work.

Furthermore, in general multiple spectral curves may vyield identical peteiolours. That
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is, L1(/' ) andLy(/ ) may yield identical tristimulus valueX;Y; Z) when substituted into Equa-
tion 2.25. This phenomenon is calledetamerisn{90]. A consequence when employing non-
predictive models is that the artist may determine a parameter set that aghieadistic appearance
in one environmenti., lighting conditions, surroundings, etc.). However, a subsequengeht®
the environment may render that object's appearance unrealistic. By @ngplaredictive models,
the artist is assured that a realistic appearance will be maintained regastitedbsequent changes

to other aspects of the scene.
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Chapter 3

Related Work

In this chapter, we review the literature related to the topics discussed in thestdison. In Sec-
tion 3.1, we provide an overview of the state of the art with regard to the simulatithe broader
class of aging and weathering phenomena in computer graphics. Thisaachethods developed
at simulating particular processes, such as the formation of metallic patinas|la&swata-driven
techniques aimed at reproducing wider range of aging effects. In S&fonve review investi-
gations into lightfastness of materials in the conservation literature. In Sec8pw8 outline the
research related to yellowing, or brightness reversion. In Section &.4jsguss previous applica-
tions of Kubelka-Munk theory, which is employed in this dissertation. In Se@i6, we outline

works aimed at digital restoration of faded works of art.

3.1 Aging and Weathering

While there have been many recent advances toward the modeling of agingeathering phe-
nomena in computer graphics, the work presented here is, to the bestlafawdedge, the rstto
address the physically-based simulation of light exposure effects oniahaigwearance over tirhe

For in-depth surveys on the modeling of aging and weathering phenomenaatiter is referred to

*Note that this work was originally published in 2013 [60].
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the comprehensive texts by Dorsgtyal.[21] or Mérillou and Ghazanfarpour [70]. In the following,
we present an overview of relevant techniques used to render agingeathering effects. For the
purpose of this overview, we loosely divided these techniques into twapgrgohenomenological

and functional.

3.1.1 Phenomenological Techniques

Phenomenological techniques are targeted toward particular effectsxdaple, Dorsey and Han-
rahan [19] applied erosion and deposition to a layered surface modelénto simulate and render
metallic patinas, while Dorsegt al. [20] simulated water ow over a surface using particle sys-
tems to account for the transport of material and the resulting aged appearMore recently,
Chenet al.[13] extended this idea by allowing weathering particles to leave the surfaoeec-
tion (as in photon transport), and by bouncing off a surface, in additioowimg along a surface.
They also employed the results of their weathering transport computationderrether types of
weathering phenomena besides those involving transport of material tey. woschet al. [10]
developed techniques for determining ow simulation parameters from images.

There has also been much effort devoted to the simulation of organic matKiids et al.[59]
used a biologically motivated reaction-diffusion approach to simulate theiatetiéon of fruit.
Iglesias-Guitaret al.[46] proposed a model for simulating the aging of human skin. @Gtah[12]
developed a hyperspectral model for skin appearance, which Wwasguently used to simulate skin
tanning effects due to ultraviolet exposure [11]. More recently, Baarmd Walter [5] proposed a

model to simulate the most frequent types of human skin pigmentation disorders.

3.1.2 Functional Techniques

Functional techniques are more broadly applicable, but require pgoiisiton of the time-varying
BRDF data describing the desired effect. For examplegGal. [34] developed a database of the
time-varying appearance of materials undergoing various naturalggegsuch as drying or corro-

sion. This is expressed in the form of a seven dimensional Time and Spatailing BRDF (TSV-
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BRDF). They described a procedure for factoring the TSV-BRDF intgotarally and spatially vary-
ing components which may then be stored compactly in their database. Similang,efval.[99]
noted that the spatially varying appearance of a weathered material gimpéx rust forming on a
sheet of metal, typically re ects variation in the degree of weathering. Rpaially variant BRDF
data captured from a weathered material sample at a single instant in timerdaeyzed the va-
riety of appearances present in a particular weathering process iatopaarance manifold. This
manifold was then used to synthesize new textures of the same materiabréprgéts weathered

appearance at different points in time.

3.2 Fading

The relevant work on fading and lightfastness of materials comes primauwity fine conservation
eld. Giles and McKay [29] and Giles [27] studied the factors and mechasithat contribute to
fading of dyes and pigments. They found that a nely dispersed dyddiMade more readily than
one in an aggregate form. Johnston-Fedteal.[53] studied the fading rates of thin Ims of several
pigments under various levels of exposure. They observed that timg faehavior followed rst
order kineticsj.e., the rate at which pigment is lost over time is proportional to its concentration.
The formulation of our framework is consistent with these ndings. In addijtibaccounts for a
wide range of variations in the light exposure and sample conditions.

Whitmore and Bailie [101] developed a mathematical model to describe the faffirapspar-
ent glazes. Their model was limited to non-scattering media subjected to monwatit illumina-
tion. These simpli cations allowed them to consider the medium as a whole witlsocatating for
the variation in fading with depth. Our proposed framework removes thesetlonga

Morris and Whitmore [72] extrapolated the results of micro-fading tests taiimuthe faded
appearance of an entire painting or museum object. Small areas (appiyi®amn?) of the
object were faded with intense illumination while the colour was continuouslyunes$o produce

a fading curve in CIE Lab space [102]. The results of these micro-gaigists were extrapolated
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to visualize the entire object after years of light exposure [72]. While {ysa@ach may correctly
predict the fading of other areas of the object having the same propastibe measured sample,
it is unclear how it can correctly predict the fading rate of areas with rdiffeproperties€.g,
distinct pigment composition). In addition, this data-driven approach is limitesintalating the
rate of fading of the material measured under the speci c illumination used itesiteln contrast,
the comprehensive physicochemical approach employed in our frafkel@ws us to perform not
only data-driven, but also theoretical fading simulations involving materigfsdifferent properties
and subject to a wide range of illumination conditions.

Shiet al. [86, 87] used per-pixel spline interpolation in the RGB colour space ierdalvisu-
alize the appearance of fading works of art at intermediate stages. ifiakand nal results of the
fading processes are required as input. This is not always feasanteyparly when the processes
involved take place over extended periods of time. In addition, it is worth guthiat this technique
was not designed to predict how fading may evolve under hypotheticalostances. Our proposed
framework is based on the simulation of physicochemical processes. Whaitpiites knowledge of
the spectral properties of the byproducts of these processes, thesust is not directly employed

as an input parameter.

3.3 Yellowing

Paper that has not been chemically treated turns yellow during prolomgedwge to daylight, and
ultraviolet light in particular [42]. This process is callbdghtness reversiarBrightness reversion
occurs as lignin, which accounts for 17-35% by weight of the wood usedper production [81],
undergoes a photochemical reaction resulting in the formation of yellowrapbores known as
orthoquinone$42]. Heitner [42] outlines the development of current understandiriyeoreaction
pathways involved in paper yellowing. To the best of our knowledge, tleeipmenon has not been

speci cally addressed in the computer graphics literature before.
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3.4 Applications of Kubelka-Munk Theory

The theory for light transport in a uniform medium proposed by Kubetichlunk [63] has been
extended and successfully employed in a wide assortment of disciplines tatgight interac-
tions with various man-made and natural materials, from plastics [83] antkpiitks [105] to
plants [84] and human skin [18]. In conservation, Johnston-Felldrdbiployed the K-M the-
ory to account for the effects of light exposure on museum objects esimgirical techniques. In
computer graphics, Haase and Meyer [35] applied the K-M theory to faeilitarrect colour calcu-
lations for realistic image synthesis. Subsequently, this theory has beenyeahpiahe rendering
of artistic effects involving painting media such as watercolours [16] andosayons [82]. It has
also been used as a component in more complex models. For example, Brdddgnrahan [19]
simulate natural processes, such as erosion and deposition, in a layadletibased on the earlier
work of Hanrahan and Krueger [38] to achieve the appearance ofalimpatina. They used K-M
theory to account for the scattering and absorption within each layeulARahman and Chen [1]
employed the K-M theory to propose a spectral volume rendering techtfigienore accurately
accounts for absorption and scattering properties than simple alpha lgjém&@GBA space More
recently, Hganet al. [39] incorporated the K-M theory in their work aimed at fabricating objects

with predetermined subsurface scattering properties.

3.5 Digital Restoration

In conservation literature, teams at the Harvard Art Museum and the Midi&Lab collaborated
to develop computational techniques for transforming measured colongesanto patterns of
illumination that may be projected onto faded murals in order to restore them tootfigiinal
appearance [41]. In contrast to traditional art restoration technidhissapproach preserves the

original artifact and is completely reversible. Berns [7] and Betnal. [8] proposed methods for

*In RGBA, colours are represented by four components: red, ghtes, alpha [90]. The alpha channel denotes the
opacity, and multiple colours may be combined by multiplying the rst thresnciels by alpha and summing the results.
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digital restoration of paintings by using a single-constant Kubelka-Mun&ahto compute the
intermediate appearance stages of faded artwork, given measudhkpeoperties of the faded

and unfaded pigments.

3.6 Summary

Various aging and weathering phenomena have been studied extemsittedycomputer graphics
literature. In addition, particular aspects of fading and yellowing of pigmantsdyes have been
studied in the conservation literature. The research presented in thigatiese however, repre-
sents the rst framework in computer graphics for simulating the fading &tidwing of materials

using a rst principles approach [60].
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Theoretical Framework

The goal of the proposed framework is to account for the light indubadges in material appear-
ance as time progresses. In particular, we consider spectral chergyeas the fading of pigments
and dyes or the light-induced yellowing of paper.

These changes in appearance require that a chemical reaction takesmilain the mate-
rial [29]. To compute the effect of light exposure therefore requin@ we understand the sub-
surface light environment. Furthermore, conservation of energy dscthés, in the case of light
induced fading, absorption takes place in order to initiate a reaction. Thevgrkas the Grotthus—
Draper law [29]. The induced changes in material properties within theustawe volume are then
accumulated over time.

In the following, we begin by describing the theoretical underpinningsdioframework. Using
the scattering model proposed by Kubelka and Munk [63], we then examifezan the application
of the proposed framework to single- ux and two- ux scenarios. Eugthese cases, as we shall

see, numerical techniques will be required to solve the resulting systemsati@ns.
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4.1 General Framework

To describe the light environment below the surface of the material to lpected to light exposure

over time, we begin with the general equation for light transport in three difmeal space [3]:

Z
w NL(r;w)+ m(r)L(r;w) = Le(r;w)+ Szk(r;W0 w)L(r; w9 dw?® (4.1)

whereL(r; w) denotes the radiance at positioiin the directionw = ( g;f), mis the attenuation
coef cient, L¢ is the emitted radiance, akdrepresents the volume scattering kernel. Equation 4.1
indicates that the radiance along a path is reduced by absorption anchttetiag, and increased
by emission and in-scattering. Scattering and absorption are accountedefgywhere in three
dimensional space, thereby handling participating media and subsucttterisg in a natural way.
This is more general than the familiar light transport equation given by K&igh which only
considers absorption and scattering at surfaces.

Generally, an additional term,

11

ct’
is added to the left hand side of Equation 4.1 which accounts for time-depeptienomena due
to the nite speed of light, denoted hy[3]. Although we are interested in the simulation of time-
dependent phenomena, the processes that we are investigating takeysadime scales much
larger than the amount of time required for light to be transported from oirg fo another in a
typical scene. Hence, we are still using the approximation that light is toaiespinstantaneously
between any two points.

To account for the effects of light exposure over time, we rst intragltime as a parameter to all

components of Equation 4.L; L, k, andm Differential equations are then derived to describe how
m(r;t) andk(r;t; w® w) vary with light exposure, denoted hyr; w;t), over a period of time. The

system of differential equations that includes Equation 4.1 and the additiifieaential equations
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Figure 4.1: An initially homogeneous slab of absorbing material is subjecteallbmated illumi-
nation of uniform irradiancé&g from above. The particles are small relative to the volume of the
slab. In particular, we are interested in the cross se@idgn which is illuminated by an unknown
radiant ux densityE after having been absorbed by the portion of the slab above it.

describing the effects of light exposure must then be solved. Typicaliytein a solution, one will

be required to use numerical methods. This will be discussed in Chapter 5.

4.2 Uniform Slab

In this section, we consider the case of a uniform slab of absorbingcatig sng material subjected
to collimated illumination from above (see Figure 4.1). Absorption and scattéakeyplace at
colourant particles distributed (initially uniformly) throughout the medium. T€hearticles are
considered to be small relative to the thickness of the medium. We shall empldwdheix
approach similar to the theory originally proposed by Kubelka and Murk [&i8ice, in this section,
we are considering radiation in the upward and downward directions @hlyuantities vary only

along thez-axis. We shall therefore ugdan place ofr in the following analysis.
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4.2.1 Single- ux Model

As an initial example, we shall consider a uniform slab of absorbing pasciejected to collimated
illumination from above. This is analogous to the special case of the K-M yhaowhich it is
assumed that scattering is absent.

The single- ux model may be described in terms of Equation 4.1 by expmgsgiantities in

terms of the radiant ux density (irradiancdj(2), as follows [43]:

L(zw) = E(2d(w;k), 4.2)
Le(zw) = Eod(2)d(w;k), (4.3)
k(zw® w)= 0, (4.4)

whered(x) represents the Dirac delta function andepresents the unit vector in the direction of

increasinge. For brevity, we de ne

d(wi;we) = d(cosqr  cosg)d(f1  f2). (4.5)

Substituting the above into Equation 4.1, we nd tkagatis es the following equation wham = k:

TE(2)
9z

+ mM2E(2 = 0, (4.6)

which we shall write more concisely as

E,= nE. 4.7)

We also obtain the boundary conditi&i0) = Ey. Note that whenevew 6 k, we haveE = 0.
Next, we must express homvaries as a function of time. The sl&xzin Figure 4.1 is lit
from above by collimated illumination of irradianée Let sq represent the cross-sectional area

of the colourant per unit total volume of the slab (in i This can be expressed in terms of
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simpler quantities asq = fs,, wheref is a dimensionless quantity representing the fraction of
total volume occupied by the particulate, asglis the cross-sectional area per unit volume of the
particulate (in m?t). These quantities are intrinsic properties of the size, shape, and tidanta
distribution of the particles. HencegEAdzwatts impinge upon the absorbing particles. In the
context of our framework, we de ne thabsorption ef ciencya? 2 [0;1], as the fraction of power
absorbed by a particle with respect to the total power impinging on it. The remggiower is
transmitted. De ningn? = a®sq as the volumetric absorption coef cient, we have th&EAdz
watts are absorbed. Note that= n? for a non-scattering medium.

We de ne b, in m3J 1, as the volume of absorbing matter consumed by a given amount of
energy. This is consistent with prior observations found in the consenviterature [73]. The

volume of the colourant that changes with time is then expressed as

dv=  bnfEAdzdi (4.8)

wherev is the volume of absorbing matter in the sladz Equation 4.8 describes how the volume

of the colourant changes with time. Dividing both sides by the total vol&mhzyields

df= bnfEdt (4.9)

Substitutingf = nf=(a®s;) gives

dnf= a®spbnfEdt (4.10)

Assuming that absorbed radiation only changes the volume of particulate raatiarot its distri-
bution (.e, a® andsp remain constant), we are then left with the following system of differential

equations from Equations 4.7 and 4.10:

E,= nfE, (4.11)
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nf'=  bnfE, (4.12)

whereb®= a?spb is the cross-sectional area of the colourant consumed per unit ealesgybed
(inm2J 1). As indicated by Equation 4.12, the paramét@determines the rate at which a material
will fadeover time.

If we differentiate both sides of Equation 4.11 with respedt, tollowed by multiplying both

sides byE, we obtain

EEx= nfE? nfEE. (4.13)

We can eliminatenf by substituting Equation 4.12 into the above, yielding

EEx= b°nfE® nfEE. (4.14)

Finally, substituting Equation 4.11 for both terms on the right side, we get

EEx+ b%E,E? E,E = 0. (4.15)

Additionally, we have the following boundary conditions:

E(z0) = Ege "% (4.16)
E(0;t) = Eo, (4.17)
E(z¥)= Eo, (4.18)
E(¥;t)= 0. (4.19)

Equation 4.16 describes the slab at titree 0, before any absorbing matter has been consumed.
At this time, the slab is uniform. Hence, Beer's law (Equation 2.10) applies iffdiance at

the surfacez= 0 is held constant dy by assumption, yielding Equation 4.17. Eventually, all
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absorbing matter is consumed above any given xed depfrhis is realized in Equation 4.18. At

any xed timet, all incident radiation is absorbed at some depth, yielding Equation 4.19.

4.2.2 Two- ux Model

Next, we extend the model described in the previous section to accolsudtiering. We consider
upwelling and downwelling radiation in a manner analogous to that descripdtlbelka and
Munk [63].

Let EY indicate the downwelling ux density anBY indicate the upwelling ux density. After
traversing a unit distanaiz, E9 is diminished due to absorption mE®dz, due to outscattering by
nPEY dz and augmented due to inscatteringt#£¥ dz The upwelling ux densityE" is diminished

and augmented in a similar manner, yielding the following system of differenfiadte®ns:

Ed=  (nf+ nP)EY+ nPEY, (4.20)

E'= (nf+ nf)EY+ ntEC. (4.21)

Note that, as with the single- ux case, these equations may also be derbracEquation 4.1 by

substituting the following:

L(zw) = E‘@)d(w;k)+ EY@d(w; k), (4.22)
mz2) = nf'+ nt, (4.23)

Le(z W) = Eod(2)d(w; k), (4.24)
k(zw® w)= nPd(w® w+ 1). (4.25)

Equations 4.20 and 4.21 may also be expressed in terms of theFsenE? + EY, and dif-

ference D = E9 EY, of the radiant ux densities in either direction. The sum and differerfce o
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Equations 4.20 and 4.21 are given, respectively, by

D,= nfF, (4.26)

F= (nf+ 2n7)D. (4.27)

More generally, the quantitly is given by

VA
Fin= _, Wrwdw. (4.28)

This quantity, called theuence rate(in Wm 2), describes the total irradiance impinging on a given
point in space.

The derivation of the expressions describing the variationfobver time proceeds as before,
except that now incident radiation is absorbed from both directionss, Bhis substituted by in

Equations 4.8-4.10 and 4.12, yielding the following expressions:

df= bnfFdt; (4.29)

nf=  bonfF. (4.30)

To obtain the corresponding expression fidr we introduce thecattering ef ciencyas, denoting
the fraction of power scattered by a particle with respect to the total powén@mng on it. The scat-
tering coef cient is then given byr? = a®sy. Note thata®= nf=sq anda® = nf=sgy. Multiplying

both sides of Equation 4.30 @f=a? yields
nf= bonFF. (4.31)

4.2.3 Mixtures

Next, we consider a colourant consisting of a mixture of component sudestgpigments or dyes).

Let the absorption and scattering coef cients be giveml?yand nf respectively. The absorption
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and scattering components of the mixture are then

nf

1
— Qo

nF _ (4.33)

nf, (4.32)
ny

1
Q_)o

The absorption and scattering coef cients of the mixture are used to deehninF varies with
depth,z, following the same procedure as above. However, the reduction in thmedraction
occupied by each single colourant is proportional to the energy adxbsbthis particular colourant.
Thus, we haval f; = b; nf‘F dt for j = 1;:::;m. Following the same derivation as above, we get
nfy= bPnfF andnf, = bnfF for each colouran}.

We remark thab®is proportional to absorption ef ciencg?. Consequently, any colourant that
does not absorka@® = 0) will not fade. This is consistent with the law of conservation of endigy.
medium consists of a mixture where some components scatter but do ndi,absbthe remainder
absorb but do not scatter, then the scattering components will not fadsequently, the scattering
will be left unaffected by light exposure. In this instance, we consifeas constant and drop the
equations affectingf with time. We are then left with the following system of differential equations

similar to Equations 4.11 and 4.12 from the single- ux case:

D,= nfF, (4.34)

o= b, (4.35)

To solve this system, we proceed in a similar manner as before (Equation®s 4.15).
If there is only a single absorbing colouranf, = nf, then the system of differential equations

may be reduced to

FDx+ bID,F?2 D,R = 0. (4.36)
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Note that wherE! = 0, we haveF = D = EY and Equation 4.36 reduces to Equation 4.15.

4.2.4 Spectral Considerations

In the multi-spectral context, the reduction in the volume fraction of a coldusgroportional to

the energy absorbed by that colourant across the entire spectrutis,Tha

Zy
dfj= b;dt an/ dl. (4.37)
0

Here, the absorption coef cienusf become wavelength dependent and the uence rate is substi-
tuted by thespectral uence rateF, (having units of Wm?2nm 1). Rather than folding Equa-
tion 4.37 into an expression in termscdnvﬁji as was done prior, we instead use Equation 4.37 as is.
We then computezq’11 in terms of the changing volume fractidip and a constant (with respect to

time) speci ¢ absorption coef ciemrrf‘ = aj-"‘sp, yielding nf = fjn]a .

4.3 Non-trivial Breakdown Products

In some cases, the breakdown products of a light dependent reactionanbe colourless. For
instance, some papers develop a yellow hue after exposure to ultravioteTliggmay be attributed
to the formation of orthoquinones when the lignin is irradiated with UV light [4i2).account for

this, we add a positive term to the equations in the system, to model the incréfassdtreakdown

products due to light absorption:

dfj=  bjnfFdt+ § g;nfFdt. (4.38)
i6]

due to light absorption b If only a single constituent breaks down intathen only a single term

in the above summation will be non-zero.
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4.4 Summary

In this chapter, we have provided the framework describing the in uefiexposure to light over
time on appearance. By introducing time as a key parameter into the rendguiipa, this frame-
work accounts for the photochemical processes of pigment and diyegy fatfe have explored some
particular cases within this framework, namely the single- ux and two- ux isdwhich will serve
as the basis for study in the remainder of this dissertation. In the followingtetsa we will dis-
cuss how to evaluate these models numerically under a given set of init@itioos. We will then
examine the effectiveness of the framework for predicting the progres$ spectral appearance

changes under experimental conditions.
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Chapter 5

Numerical Approaches

5.1 Overview

To the best of our knowledge, the systems of equations developed inetbedomg chapter have no
closed form solution [80]. We must therefore resort to numerical methkadaccomplish this task,
we rst discretize the domain in the vertical deptf) &nd the timet) dimensions. We then solve
the problem in each dimension in turn, holding and n? constant within each interval. We have
used uniform depth and time intervals in our analysis for simplicity, although anpidiscretization
strategies may be employed. Extending the following to allow for variable deyttoatime steps

is straightforward.

5.2 Depth Discretization Step

To solve for the radiant ux densitieE9 andEY at a xed time, we discretize along theaxis into

N layers and holdr? and n¥ constant within each layer as depicted in Figure 5.2.
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Figure 5.1: Diagram depicting the vertical discretization of the simulated mediaording to the
two- ux model. The thickness of each layer is denoteddayEach layer is uniform in its absorption
and scattering, from which the re ectance and transmittance of the layeolatian, as indicated
on the right, may be computed using the K-M theory [Kubelka 1948]. Frormsetiggiantities, the
radiant ux density at the layer boundaries, shown on the left, may berdeted. The dashed line
schematically describes a sample path through the medium.

5.2.1 Re ectance and Transmittance of a Layer

Under these assumptions, the re ectance and transmittance of each laydyentmmputed by

integrating Equations 4.20 and 4.21, as described by Kubelka [62], ygeldin

1

Fi= aj + bj cothb; nfDz’

(5.1)
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Figure 5.2: Diagram depicting the light paths that contributed to the upward@amnward radiant
ux densities, E, at thei layer interface in terms of the radiant ux densities at the adjacent layer
interfaces and in terms of the re ectanceg &nd transmittanceg ) of the adjacent layers.

_ bi
i & sinhb; nfDz+ b coshnfDz’ (5.2)
where
a=(ny+ m)=ny (5.3)
and
q

Since each layer has uniform scattering and absorption propertiegtimat, the re ectance and
transmittance of each layer is the same from below as from above.

For an ideal white scatterer, we haw2= 0. The re ectance and transmittance of such a layer
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reduces to [63]

ri= ngizl, (5.5)
= nfD; 1 56

For a non-scattering glazee., nf = 0, the Beer-Lambert law applies (Equation 2.10). Without
scattering, there is no mechanism by which light may be re ected. Henceagtbetance and

transmittance of such a layer reduces to [63]

ri=0, (5.7)

ti=e M0z, (5.8)

Note also that the above equations use a ground re ectance of zezefdhe, they only account
for re ection within layeri and not for re ection due to subsequent transmission through layer
after re ection from another layer or from the ground. Additionally, weerte r 1 = 0 to be the
re ectance of the in nite, non-scattering layer representing the ambiemtiume and we de ne

rn = r tobe the ground re ectance.

5.2.2 System of Equations

Let Eid = EY(iD2), E'= EY(iD2), for 0 i N, denote the upward and downward irradiances at
each layer boundary. These values may be expressed in terms of dlotareces and transmittances

of the adjacent layers using the following system of equations:

Ed=E (5.9)
EY= riEd+ tiEY, 0 i<N (5.10)
Ed=t; 1EY  +r; (EY 0<i N (5.11)
EX = rnES. (5.12)
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We remark that the re ectances;,, and transmittances,, are exact for a nite, uniform layer [62],
as they were determined by integrating Equations 4.20 and 4.21. Thera&pteeno discretiza-
tion error in this system of equations for the initial state.(at timet = 0). Discretization error will
be introduced as the simulation proceeds because average absorgtgmatiaring coef cients are
used for each layer, whereas layers would become non-uniformlityr@afading progresses. This
is discussed further in Chapter 9.

This system of equations may be expressed in matrix form as
E = ME + Eo, (5.13)
whereE andEg are ZN + 1)-dimensional vectors given by

— U.=d..... u.pd T
E= ESES::iEYLES (5.14)

Eo= (0;E;0;:::;0) 7, (5.15)

0 1
Ro TY 0
Td
Mm=g ©° (5.16)
' TN 1
0 T¢ 1 Rn
having 2 2 blocks
0 1
0 ri .
R= o % 0 i N, (5.17)
ri 1 0
0 1
ti 0
=% K 0 i<N, (5.18)
00
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Figure 5.3: The block tridiagonal system of equations, with blocks oR2describing the radiant
ux densities at each of the layer boundaries resulting from irradidgiadeom above. Note the
andE¢ represent the upward and downward radiant ux density ofithiayer boundary, and that
ri andt; represent the re ectance and transmittance ofthiayer.

0 1

00
S 0 i<N (5.19)
0 t

The entire structure of this matrix equation is depicted in Figure 5.3.

5.2.3 Markov Chain Representation

We remark that this system may be represented by a Markov chain [7&quesce of discrete
random variable¥;|, j 2 N, having the property that each element of the sequence depends only on

the element immediately preceding it. That is,

Pr(Xnr1= XjXo = X0; X1 = X1;::5 X0 = Xn) = Pr(Xne 1= X X0 = Xn) . (5.20)
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Figure 5.4: The state diagram for a Markov chain representing the twasystem of equations.
The left column of states represents downwelling ux, and the right colufrmtates represents the
upwelling ux. Each row of states represents ux passing through ti@dar layer boundary. The
transitions between the transient states represent re ection and traimsnita®ugh the adjacent
layers. State represents light re ected from the medium as a whole. Sdatpresents absorbed
light (it is shown twice for clarity). The probabilities (not shown) assodatéth the dashed tran-
sitions are suf cient to ensure that the sum of the outgoing transition pitities for each node is

1.
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The corresponding state transition diagram is depicted in Figure 5.4. Tiee stpresent a com-
bination of a layer boundary and a direction (upwelling or downwelling)ke Fansitions represent
re ection, transmission, or absorption by the adjacent layers, althoumgetfor the latter do not

appear explicitly in the system of equations depicted in Figure 5.3.

Absorbing and Transient States

A state within a Markov chain is calleabsorbingif there is no way to leave it [33]. That is, a state
is absorbing if the only transition is a self-loop having a transition probability. ofFhere are two
absorbing states in the Markov chain shown in Figure 5.4: stedpresenting light re ected from
the medium as a whole, and stai&aving transitions representing light that is absorbed within a
layer (note the differing uses for the tembsorptior). Non-absorbing states are calldnsient

The transient states in Figure 5.4 include all of the states representingvedimg and upwelling

ux at each layer boundary.

Absorbing Markov Chains
An absorbing Markov chaifis a Markov chain which [33]
1. has at least one absorbing state, AND

2. for every transient state, there is a non-zero probability of rea@nirapsorbing state in one

or more transitions.

As is evident from Figure 5.4, a Markov chain having this structure will ligogbing so long as
there do not exist two layers having unit re ectance separated byaramwore layers having zero
absorptance. That is, such a Markov chain will be absorbing unless #ne two layers and |
(withO0 i< j N)suchthatr= r;=1and for whichry+ tx = 1 whenevei < k< j. To see

this, observe that if there are no two such layers, then one of the follstattgments must hold:

1. There are no layers having unit re ectance,
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Figure 5.5: Example paths to the absorbing states within a Markov chain hiarigrm depicted

in Figure 5.4.Top Left: An uninterrupted upward path ending at statdop Middle: An upward
path is interrupted by a layer having zero transmittance. Since the re ectamess than one, we
may transition to stataat this point.Top Right:An uninterrupted downward path is absorbed at the
bottom layer.Bottom Left:A downward path is re ected upward with unit probability and reaches
stater. Bottom Middle: An upward path is re ected downward with unit probability and reaches
statea from the bottom layerBottom Right:Starting from a state between two perfectly re ective
layers, we may reach staadrom an intervening layer having non-zero absorptance.

2. There is one layer having unit re ectance, OR

3. There are two or more layers having unit re ectance, but for amygéauch layers there is a

layer in between with non-zero absorptance.

If (1) holds, then state may be reached from any upwelling state by means of transmission through
each layer (Figure 5.500p Lef). If a layer is encountered along this path withe 0, then state
a may be reached from this state singe- t; < 1 by supposition (Figure 5.90p Middl9. Since

rn < 1, statea may likewise be reached from all downwelling states via the transition from the
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bottom downwelling state ta (Figure 5.5,Top Righj.

If (2) holds, suppose that; = 1. Upwelling states j and downwelling states | may
be treated in an identical manner as for (1). Statereachable from downwelling states j by
means of downward transmission toward states ection at layerj, and then upward transmission
toward state (Figure 5.5,Bottom Leff. Likewise, statea is reachable from any upwelling state
i ] viare ection at statgf and absorption from layey (Figure 5.5Bottom MiddI8.

If (3) holds, any states outside a pair of perfectly re ective layers mayréated in the same
manner as for (1) or (2). Statemay be reached from any state in between two perfectly re ective
layers via the supposed layer having non-zero absorptance (Figu&oftom Righk

Under the Kubelka-Munk formulation described in Chapter 4, the re aextaf layer of nite
thickness is always less than 1 [63]. The ground re ectange,may be 1. Hence, the two- ux

system falls into category (1) or (2). The corresponding Markov cisaimerefore absorbing.

The Fundamental Matrix

Consider an absorbing Markov chain havimtransient states and absorbing states. Lt be the
n n matrix of transition probabilities between the transient states, anil bet then  m matrix

of transition probabilities from the transient states to the absorbing statés.tiiNt the matrix of
transition probabilities among the absorbing states isrthem identity matrix. The full transition

matrix for this Markov chain is
T A
B= 1 (5.21)

The matrixl T for an absorbing Markov chain is nhon-singular [33] and its inverse,

¥
o

N=Q T=(1 T) 1% (5.22)
k=0
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is called thefundamental matrixof the absorbing Markov chain [33]. This result follows from the

factthatU= 1 T has the following properties [88]:
» U is diagonally dominant (albeit not necessarily strict)ras t; 1 for each row, and

« for any rowi for which dominance is not strici.é., r; + t; = 1), there exists a row for

non-zero probability ending at an absorbing state.

5.2.4 Existence of a Solution

We can solve foE by rearranging Equation 5.13 to obtain
E=(I M) E,. (5.23)

Observe thaM is the matrix of transition probabilities among the transient states of the absorbing
Markov chain depicted in Figure 5.4. Hence, a unique solutioifexistsad M is non-singular.
5.2.5 Computational Complexity

Furthermore, the block tridiagonal structure of this system allows for it tadieed in O(N)

time [48] rather than th®(N?) time required for a general system of linear equations.

5.2.6 Fluence Rate Estimation

The uence rates at the layer boundaries are givefrby EY + EY. The mean uence rate within

layeri is estimated by taking the average of the uence rates at the boundaries:
1
Fi=5(FitFiva).

We remark that the spectral uence rate may be computed independently for each wavelength.
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5.3 Time Stepping

Time stepping proceeds by solving Equation 4.37 while holding the uence catstant within

each layer. The absorption coef cients are then updated according to

Zy
f(t+ Dt)= f(t)exp Dt bnfF dl . (5.24)
0

The spectral uence ratg is computed for a xed set of wavelengths using the procedure describe
in the previous section. The absorption coef ciarfitis sampled at the same set of wavelengths. The
result is then integrated numerically. Finally, the absorption coef cient neayrated according

to

ni(t+ DY) = wnﬂt). (5.25)

5.4 Summary

In the preceding, we have seen that the system of equations arisingrfo@mducing time as a
parameter into the rendering equations cannot be solved analyticallyfavwée relatively simple
single- ux and two- ux models. We have developed numerical technidaesolving these systems
of equations, which involve discretizing the domain along the spatial and tafrgiorensions. A
solution is found for each dimension in turn, and this is iterated over to peoth& progression
of appearance changes over time. Next, we shall examine the effeds/en this approach for
predicting the progression of appearance changes over time due to ljgbdueg, and we will

investigate the performance characteristics of the proposed technigues.
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Chapter 6

Evaluation Procedures

In this chapter, we describe our evaluation approach in which we compzasured and simulated
re ectance curves obtained as fading takes place over an extended pétime. Several sets of
experiments were conducted subjecting various materials to light exposée. The materials
selected for experimentation included 301b :@@m 2) newsprint paper (76m thick), two dyes
(Toluidine Blue O and Congo Red), and a ne grain cork (typically usedidletin boards). Square
samples were prepared and af xed to a piece of bristol board with twedd@pe around the edges
of each sample to prevent them from curling during exposure, thus mangairconsistent distance
and orientation with respect to the light source.

The samples were exposed to light from a 27 W uorescent bulb. Thisdf/fzenp was selected
to minimize the effects of heat as a cause of fading. The spectral poviebuti®n of the bulb is
depicted in Figure 6.1.

Re ectance measurements were taken before exposure, after @évéiguss of exposure up to
twenty-four hours, and after every twenty-four hours thereaftetougeven days. Measurements
were performed using a StellarNet Inc. BLK-C-SR spectrophotometer avii1-Filter Tung-
sten/Krypton lamp. Although the measured values presented some quantitatadality due to
the handling of heterogeneous sample materials (Figure 6.2), the domieatiasprends in the

progression of re ectance curves were fully preserved. This isaardial evaluation requisite since
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Figure 6.1: Spectral irradiance of the 27W uorescent light bulb usetienexperiments as mea-
sured fromP=s inches from the center of the bulb (the distance from which the samplesiivere

nated).

Figure 6.2: Photographs depicting the heterogeneous structure of theatsaised in the experi-
ments:Left Newsprint,Right Cork.

the main purpose of these experiments was to provide spectral refefenessessing whether the

proposed framework can capture different fading behaviors.

6.1 Paper

Re ectance measurements over black and over white substrates warefdke unexposed sample

in order to determine separately the initial scattering and absorption coetiscad the newsprint,

58



6.1. Paper Chapter 6. Evaluation Procedures
400 w
absorption
--------------- scattering
300
o
£
O
= 200
=
Q
o
o
100
ok
350 400 450 500 550 600 650 700
Wavelength (nm)
Figure 6.3: Scattering and absorption coef cients of the newsprint ursedr experiments.
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Figure 6.4: Speci c absorption coef cient (s.a.c.) of lignin [Glading 1940

depicted in Figure 6.3, using the method described in Appendix A. The initsadrpbon coef -

cient was

separated into a component for lignin and a component forrieniag constituents.

The lignin content of newsprint is similar to that of the wood from which it waesdpced, which

typically falls in the range of 20-27% [81]. The midpoint of this range wasdus our simula-

tions. Th

e speci ¢ absorption coef cient of lignin [30] is shown in Figuset (Leff). Further,

it was assumed that absorption by lignin produced a chromatic breakdoangh, whereas other

substances broke down to a non-absorbing material. The absorptibtietteof the breakdown

products

resulting from absorption by lignin was determined by exposingnalsaof newsprint
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Figure 6.5: Absorption coef cient of the fully yellowed newsprint useainm experiments.

on both sides for long enough to allow the sample to completely yellow. The @hsorcoef -

cient was then computed from the re ectance measurement under the@isuthat the scattering

coef cient was unaffected (Figure 6.5).

6.2 Dyes

Solutions of the dyes (Toluidine Blue O and Congo Red) in water were mépa test tubes.
Squares of newsprint paper were cut. Samples were preparedciorselution by pouring the
solution into a petri dish and soaking one of the squares until the soluti@trpted the paper. The
samples were hung vertically in a dark environment to dry. Since the pigmsateples were too
dark to allow for incomplete hiding of the substrate, we have assumed thagthems themselves
contribute only to absorption, eliminating the requirement for separate tamee measurements

over black and over white substrates.

6.3 Cork

A 1=32inch (@8 mm) thick sample of ne grain cork was used. Due to the infeasibility of obtain-

ing a cork sample thin enough for re ectance measurements with incompleteg hadity a single
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re ectance measurement was taken before light exposure and aftetiege interval. Thus, only
the ratio of the absorption and scattering coef cients may be obtained.risimulations, we used
the average speci ¢ scattering coef cient over the visible region of leegum measured from the
newsprint (237Lg*cm 1) as an approximation of the scattering from cork. Cork contains approx-
imately 227% lignin by weight [79]. The absorption coef cient used was therefexpressed as

a sum of the absorption coef cient for this concentration of lignin and #meaining constituents,

which were assumed to break down into a colourless product.

6.4 Summary

In the preceding chapter, we have outlined the procedures used torm#@sprogression of spec-
tral re ectance curves during an extended period of exposure aodnipare these measurements
with simulated re ectance curves. In the following chapters, we will dis@#sticular challenges
that had to be overcome, provide an analysis of the experimental resdlexamples of rendered
scenes, as well as describe the performance characteristics of thedaeaded from our frame-

work.
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Chapter 7

Measurement Challenges

Good science requires both theory and

data. One is of little use without the other.

Gregory J. Ward [100]

In this chapter, we outline the measurement procedures used to obtainalegdoyed in the
evaluation of the model described in the preceding chapters. We degwibleallenges involved in
obtaining these measured data and discuss the techniques used to ovilemmén Section 7.1,
we describe the procedures used in preparing the samples to be sutdigghtiexposure. In Sec-
tion 7.2, we outline the light sources used. In Section 7.3, we discuss tkerental procedures
used to subject these samples to light exposure. In Section 7.4, we desribquipment and
procedures used to measure the re ectance characteristics of the sample

In the following, it should be remembered that a typical experiment trialiredapproximately
two weeks. This includes seven days (168 hours) of cumulative esptime, plus additional time
between periods of exposure to remove the samples to obtain re ectansanereants. As a con-
sequence, it was often the case that each time one of the challenges dethiledvas discovered,
two weeks worth of measurements had to be redone. This does not inclilitlersad time that was

often required to design and develop a solution to mitigate the problem thatscasered.
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7.1 Sample Preparation

Several samples were prepared for experimentation. These inclutkr@ulitypes of pigments and
dyes, as well as different types of paper, and other materials sudrlasitiese samples had to be
carefully prepared to match, as closely as possible, the initial conditionmassin the evaluation
of the model developed in Chapter 5. For the purposes of evaluationad/@dsumed that the
absorption and scattering coef cients were initially uniform throughouiygth of the specimen.

For cork, no additional preparation was necessary. Although thesaoniples had some vari-
ability in their appearance in the horizontal directions, they could be caesideniform with re-
spect to depth (to the extent that light would be able to penetrate them) dué sutheently high
optical density. Non-dyed samples of paper were similarly assumed to be initiadtyrm in their
absorption and scattering characteristics.

Paper samples treated with pigments or dyes had to be prepared in a maasé&y sosure that
the concentration of the colourant was uniform throughout. This wasrghy accomplished by

soaking the paper in the colourant until it appeared the same from both side

7.1.1 Sample Selection

In the evaluation described in Chapter 6, we used newsprint dyed witidif@uBlue O and with
Congo Red. Several other combinations of pigments and dyes were attgmptdd this.

For example, in early experiments, we exposed samples of marker ink ta@scent lamp as
depicted in Figure 7.1. As depicted in this gure, the pink marker was moreegtible to light
exposure than the others. These samples, however, were not stlyderge in order to have their
re ectance measured using the equipment we had available to us at the tintlee\f@re prepared
a larger sample using the pink marker in order to obtain a progressionegtence measurements
during the course of light exposure as shown in Figure 7.2. With this maakeple, however, it was
discovered from the progression of spectral re ectance curvedghank consisted of a mixture

of at least two colourants that faded at different rates. Commercial pigm&uch as these marker
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Figure 7.1. Three marker samples exposed to light from a uorescent laoypLeft: Half of the
samples were covered in order to evaluate the effect of the light ex@oauhe samplelop Right:

After exposure, the unexposed side is reveaBmttom Left:A close-up of the marker samples prior

to light exposure. The dashed line separates the unexposed ares&d@efrom area to be exposed
(right side).Bottom Right:A close-up of the marker samples after exposure. There is considerable
variability in the degree of lightfastness among these samples.
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Figure 7.2: A larger sample was prepared using one of the markers intordetain a progression
of re ectance measurements during the course of light exposure.

inks, are often manufactured from a combination of a number of other pignaenl dyes. The
component pigments used and their precise ratios are not typically discfoa&ohg it dif cult to
distinguish the fading behaviors of the component pigments during anieyer

For later experiments, we selected several additional pigments and dye® v& now had
more samples than could be exposed simultaneously by the lamp used in ourxpitidgheents, we
employed uorescent tube lamps as shown in Figure 7.5. Here, it wasra\titl without securing
the samples to the backing, the paper tended to curl during exposure.ugtithhee could atten
the specimen during measurement, as depicted in Figure 7.6, this often vgs cient to reduce
the variability in the re ectance measurement. This is because the small samplesed that the
re ectance probe be placed very close to the specimen. With this setupaeweall variation in the
distance between the sample in the probe could affect the measuremenerqordy the curling
of the specimen would result in an increased irradiance impinging on therspewhere the paper
had been closer to the light source.

To address these problems, we prepared larger samples and af xaddhe strip of bristol
board prior to exposure as shown in Figure 7.7. By using larger santpeprobe could be held
further away from the specimen, reducing the sensitivity of the measutstodghe precise distance

between the specimen and the probe. Since the samples were held at theiogurse of the
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Figure 7.3: Preparation of samples of newsprint dyed with Toluidine Blueo@rpw) and with
Congo Red [jottom row. Left: A solution of the dye in water is prepareMiddle: A newsprint
sample is placed in the solutiorRight: The sample is left in the newsprint until the dye soaks

through the paper.

Figure 7.4: Paper samples soaked in pigment or in dye solutions are hungitootlder to ensure
that the colourant does not settle toward one face of the paper.
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Figure 7.5: Several specimens exposed to light from uorescent tubpda_eft: Newsprint sam-
ples exposed to an ultraviolet blackligiRight: A variety of samples exposed to a standard uores-
cent tube.

Figure 7.6: A specimen is held at while measuring its re ectance by placingveights on either
end of the strip.
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Figure 7.7: Several specimens were prepared and af xed to a strijistdliboard prior to exposure.
Left: A close-up is shown of the strip of specimens, along with a mask used tonprevectance
measurements from being in uenced by adjacent sampRight: The re ectance of one of the
samples is being measured.

experiment, the irradiance impinging on the specimens remained consistetiteeDuring this
round of experiments, however, several other challenges weraleeveMany of the samples did
not show signi cant fading even after the full seven days of expasur

Additionally, for some samples, the pigment did not apply evenly across éaecérthe paper.
Note that, since the specimen had to be removed from under the light sowrckeirto measure its
re ectance, there was some variation in the exact position of the specinieg fdeasured. Thus,
even if the pigment concentration did not vary with depth at any particuliaut,gbis unevenness
could give rise to considerable variability in re ectance measurements.

Finally, standard printer paper is treated with uorescent dyes in ordappear brighter under
typical indoor lighting. This was found to have an in uence during expesas depicted in Fig-
ure 7.8. For this reason, only specimens using newsprint paper wanee Those using printer

paper were discarded.
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Figure 7.8: Several specimens under a uorescent lamp, which emits somerlithe ultravio-

let region. Fluorescence was found to have an effect during erpasithe samples employing
printer paper, which is often treated with uorescent dyes in order teapprighter under typical
lighting conditions.Left: The lamp is off, revealing the appearance of the specimens under normal
conditions.Right: The lamp is on. Many of the samples uoresce under exposure to the lamp.

7.2 Light Sources

For a light source to be useful for these experiments, it must emit light withiesot power at
wavelengths which the colourant will absorb and which will be effectivmducing fading. Fur-
thermore, in order to minimize the effects of heat as a potential cause ofjfalenmust either
employ a light source that radiates little heat, or place the specimen far awayte light source.

Initially, we worked with incandescent lamps placed far away from theisggctas shown in
Figure 7.9 Left). Such lamps emit light primarily at longeir€., lower energy) wavelengths, and
emit very little in the ultraviolet. Thus, these lamps were not very effectivedaidimg fading in the
specimens used. A halogen lamp was also employed as seen in FiguRegh®. (This lamp was
much brighter overall. Although it still emitted primarily at longer wavelengthstretiveas some
emission in the ultraviolet.

Fluorescent lamps were found to have prominent emission bands in thealdttaggion of the
spectrum, and were more effective at inducing fading as a result. Témyaaliated much less heat,
allowing for more exibility in positioning the light source. Fluorescent tubegea uneven across

the length of the bulb, particularly at the ends, as may be observed in FHidure
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Figure 7.9: Light sources used in early experiments. These lamps rathatd heat, and therefore
needed to be placed far away from the sample to minimize the in uence of tHishéading. They
also emit mainly at longer wavelengths, and were therefore less effattinducing fading.Left:
Incandescent lampsRight: A halogen lamp. This lamp was brighter than the incandescent lamp,
and emitted some light in the ultraviolet, although it still emitted primarily at longer wagéhs.

Figure 7.10: The emission from a uorescent lamp may vary across théhlerfighe bulb. Here,
the bulb is dimmer at the ends of the tube.
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7.3 Experimental Procedure

To minimize the in uence of exposure from light sources other than theceoused in the exper-
iment, it was necessary to conduct the experiment in a room that we cogpddegk. It was also
necessary that we had control over the use of the room over the egtpedod of time needed to
conduct the experiment.

In addition, we needed to ensure that the samples received consisdigrge during periods
of exposure after having been removed in order to obtain re ectanceurgraents. For this pur-
pose, we made sure that the light sources were xed in place and wemesghgs to ensure that

the samples were returned to their positions after removal.

7.4 Measurement Equipment and Procedures

7.4.1 Sample Size

The sample size must be large enough in order to obtain an accurate measuusing the re-
ectance probe. How large the sample must be depends on how far a@gydbe is from the
sample. On the other hand, the samples must be small enough in order tof tiadine under the
light source.

When samples are af xed to a backing in order to prevent them from ke#fgrmed during
exposure, it is necessary to ensure that re ectance measurememtstaneuenced by adjacent
specimens. For this purpose, a mask is used to block adjacent samplaswasis Figure 7.7
(Lefp).

The mask served as a template to ensure that, for each measurement, tteneerobe was
aimed at the same location on the surface of the sample. This ensured #ardiéfs in re ectance
measurements across time intervals were due to fading, rather than duenmgereity across the
surface of the sample (as depicted in Figure 6.2).

Accordingly, we took a single re ectance measurement at each time infeovala point near
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Figure 7.11: A measurement being performed using a white re ectancaasthn

the center of the sample. We note that multiple measurements taken at the same icatioh
time interval would likely vary only in terms of the measurement device's unogyt§d], which

can be estimated to be on the order @001 or lower [55].

7.4.2 White Reference and Dark Current

When measuring re ectance, instruments give readings in terms of rawndiomesscounts In
order to obtain re ectance measurements, it is necessary to obtain wiatemeé and dark current
measurements under the same illumination and measurement conditions. To okitéii@ wefer-
ence measurement, a reference material is used in place of the specimendaswged as demon-
strated in Figure 7.11. The dark current measurement is obtained byrgjdbl light source. The

re ectance is then computed as

r = w, (7.1)
Xwr  Xdc

wherex is the reading obtained from the sample being measuredgandnd x4c are the white
reference and dark current readings, respectively.
Dark current readings are caused by spurious current thatgtsseigh the device when not

exposed to light. This may be temperature-dependent. It is therefore imptotéaurn on the
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measurement devices, and allow them to warm up for some period of time to aialaitk current
level to stabilize before conducting measurements. For early experimenissed an Analytical
Spectral Devices (ASD) spectrophotometer and found that the dar&ntwwould not be stable
even after having been left on for a considerable length of time. In aodensure the accuracy
of these measurements, we would take dark current and white refaresdi@gs between each
measurement. The time was recorded for each reading, and the damktamd white reference in
effect while measuring the specimen was estimated by linear interpolation oatkeutrent and
white reference readings taken before and after measurements oétimep. The nal re ectance

estimate was obtained by computing the average of several such re ectagasurements.

7.5 Summary

There are several challenges that must be overcome when conduggsigg) experiments involv-
ing the fading of materials under exposure to light over an extended pefitiche. These arise
from many different factors. There are challenges resulting from ifheulty of obtaining data

for the pigments, dyes, and other materials used in preparing the samplefatielle There are
challenges involving sample preparation and handling, experimental setipvolving the use of
measurement equipment. Each of these factors must be addressed ito aiokain useful exper-
imental measurements. Furthermore, the learning process is slow, as eatobniteequires weeks
to complete. It is our hope that the preceding discussion aids others ie fesgarch building on

this work.
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Chapter 8

Evaluation Outcomes and Discussion

In this chapter, we evaluate the predictive capability of the proposedithligs: Results are pre-
sented depicting comparisons between simulations employing the numericathaigoto mea-
surements obtained using the procedures outlined in the preceding shayteralso assess the
phenomenological characteristics of the proposed framework, drasgimgarisons with accounts
from the conservation literature. Finally, we demonstrate the applicability oprthosed tech-
nigues to computer graphics through several rendered scenes dgpietiiading and yellowing of
materials before and after extended periods of light exposure.

The remainder of this chapter is organized as follows. Section 8.1 discieseesults of com-
parison between experimental and simulated results described in Chaectén 8.2 discusses
the behavior of the framework and draws comparisons with the literatuB8edtion 8.3, we present
several scenes rendered to further illustrate the applicability of our Wwarken realistic image syn-

thesis. Performance characteristics will be addressed in the next chapte

8.1 Experimental Assessment

Figure 8.1 shows the measuradg) and simulatedi{otton) re ectance curves obtained from the

illuminated side of the newsprint before exposure and after severatigasf exposure to light from
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Measured reflectance

0
400 450 500 550 600 650 700
Wavelength (nm)

Simulated reflectance

0
400 450 500 550 600 650 700
Wavelength (nm)

Figure 8.1: Measured and simulated re ectances of yellowing newsgiobtined from the front
(illuminated) side of the paper initiall{oh), after six hourg6h), one day(1d), and seven day§d).
Top Measured progression of re ectance curvédottom Simulated progression of re ectance
curves.

the uorescent lamp. For clarity, we have selected a representativef seirves to show in the
plots. Note that our framework is able to capture the simultaneous rapid fatlthg absorption
band between 500 and 600nm and the darkening caused by yellowing bgnim. We remark
that the difference in the absolute level of the measusedimulated initial re ectance curves is
attributable to the spatial variation in the internal structure of the newsprieh@sn in Figure 6.2
(Left). The fading parameters used are given in Tables 8.1 and 8.2. Tablad8 §imings for

simulating the yellowing of newsprint on a single core of a machine with t8&2z quad core

Xeon processors. Timings for other simulations were similar.
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Measured reflectance
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Figure 8.2: Measured and simulated re ectances of newsprint dyed waitty@Red as obtained
from the front (illuminated) side of the sample initia{l@h), after six hourg6h), one day(1d), and
seven day$7d). Top Measured progression of re ectance curvBsttom Simulated progression
of re ectance curves.

Figure 8.2 shows the measuradp) and simulatedi{ottom) re ectance curves obtained from
the front side of the newsprint dyed with Congo Red prior to exposudeafier several periods
of exposure to light from the uorescent lamp. Note that the pivot poirapproximately 600 nm
produced by the simultaneous fading of the Congo Red dye and the yellofvithg newsprint is
reproduced by our framework.

Figure 8.3 shows the measuredp) and simulatedi{otton) re ectance curves obtained from

the front side of the newsprint dyed with Toluidine Blue O. Note that thetgiemt in the blue end

of the visible spectrum is reproduced in our simulation. This is caused byrthdtaneous fading
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Figure 8.3: Measured and simulated re ectances of newsprint dyed withidine Blue O as ob-
tained from the front (illuminated) side of the sample initial@h), after six hourg6h), one day
(1d), and seven day&/d). Top Measured progression of re ectance curv@ottom Simulated
progression of re ectance curves.

of the Toluidine Blue O dye with the yellowing of the newsprint.

Figure 8.4 depicts the corresponding re ectance curves obtained thienback of the dyed
newsprint samples. Note that our framework can also reproduce tfergneal darkening on the
red end of the spectrum on the unexposed side of the newsprint dyedCwoiitjo Red. This is
caused primarily by the spike in the spectral irradiance from the lamp in theutteaviolet at
approximately 370nm (see Figure 6.1). In this region, the Congo Red libarizs very little,
allowing this light to penetrate through the paper and cause yellowing thrioutite other side.

Since the dye is highly absorbing in the visible region, however, very little fightetrates through
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Figure 8.4: Measured and simulated re ectances of newsprint dyed wlthidine Blue O(blue)
and Congo Regred) as obtained from the back (unilluminated) side of the sample initf@tyand
after seven day&/d). Top. Measured re ectance curveBottom Simulated re ectance curves.

the sample and there is therefore no fading seen from the unexposedSidéarly, note the

preferential darkening in the blue end of the spectrum on the unexp@edrhis may be explained

in a similar manner as with the red sample.

Figure 8.5 shows the measured and simulated progression of re ectanas dor cork. Note

that the re ectance curve maintains its general shape while increasindui@ oger time. This is

caused by the simultaneous yellowing of the lignin with the fading of the remaimingtituents.

Without yellowing of the lignin, the re ectance curves would atten out adifig progressed. That

is, fading would proceed faster in the blue end of the spectrum than indrenck
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Figure 8.5: Measured and simulated re ectance curves of fading cdtikllyy after six hours,
one day, and seven day3op Measured progression of re ectance curvédottom Simulated
progression of re ectance curves.

8.2 Phenomenological Assessment

Figure 8.6 shows the progress of fading under different conditiosgradated by our framework.
The top sequence indicates the resulting behavior for a non-scatteririgrmebh this instance,
fading proceeds as a wave of colourant decomposition that progrésamward at a constant rate.
This is consistent with prior observations reported in the literature [28hv@rsely, for scattering
media, the progression of fading slows over time. This behavior is depictdteimiddle row
of Figure 8.6, and agrees with the ndings of Johnston-Feller [54] in Wilee depth of fading

decreased with increasing Ti@ontent (a tint). Finally, the bottom sequence depicts the fading of a
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Chapter 8. Evaluation Outcomes and Discussion

Material b (at 400nm) | max

Lignin 1:670 10 ° 400nm
Newsprint 1:002 10 8 700nm
Cork’ 2:000 10 ¥ 700nm
Toluidine Blue O| 1:336 10 ¥ 700nm
Congo Red 1:336 10 ¥ 700nm

" considering constituents other than lignin.

Table 8.1: Fading rates used in the experiments.

From Material To Material\ g(@t400nm) I max

Lignin 0-Quinone | 1:670 10 ° 400nm

Table 8.2: Breakdown rate used in the experiments for newsprint areo fior

mixture of pigments in which one of them fades faster than the others. Exaofjptesge sequences

rendered using this technique are presented in Figure 8.7. The aorddsg fading rates for each

of the components are indicated in Table 8.4. Fading parameters requirbthio 50% fading

over a xed period of time are provided for selected pigment combinatiodguseveral lighting

conditions in Table 8.5.

8.3 Rendered Scenes

Figures 8.8-8.11 present images depicting different fading scenahiefre and after extended

periods of light exposure. Where artistic effect is the primary motivatiom, imay employ the

monochromatic approach on the individual RGB channels for simplicity. Thimigue was used

in Figures 8.9 and 8.10.

Figure 8.9 shows a typical living room with a fugitive carpet. To determinentkan light

Time Steps
40 60

80 100

No. of
Layers 20
10| 3:66
100 | 6:84
1000 | 41:38

731 1096 1462 1827
1366 2049 2732 3415
8287 12419 16551 20673

Table 8.3: Time required (in seconds) to simulate the effect of light expasunewsprint using the
proposed framework, and considering 371 wavelengths (330-7@® dmm intervals).
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Pigment

Row Cyan Magenta Yellow
1 8661 108 9735 108 1:.256 10
2 8661 108 4:867 108 6279 108
3 4:331 108 1:217 107 6279 108
4 4:331 108 4867 108 2511 107

Table 8.4: Sets of fading rates for the pigments used in the renderinggegepid-igure 8.7. The
fading rates are quoted in%@& ! at 500 nm.

Pigments Daylight Incandescent
Cyan 3:385 10 ® 0:128 10 ©
Magenta 3812 108 2:354 10°
Yellow 4:825 108 7:753 10°
Cyan + Magenta 4:817 108 21423 10°
Cyan + Yellow 4:350 108 1:452 10°
Magenta + Yellow 5211 108 3:393 10°
Cyan + Magenta + Yellow 6:027 108 3:315 10 °

Table 8.5: Fading rates (ind ! at 500 nm) required to fade selected combinations of pigments by
a factor of 50% (measured according to the luminance of the material refatitie luminance of

the unpigmented medium) in approximately 56 hours (8 hours per day forsj dager daylight
(D65 with a peak irradiance of approximatelpWm 2nm 1) and incandescent (100W bulb at a
distance of 1 m) illumination.

81



8.3. Rendered Scenes Chapter 8. Evaluation Outcomes and Discussion

Figure 8.6: Sequences of plots depicting the progression of fading atataaiy the proposed
framework. The shading denotes the value of the absorption coef mdative to its original value.

The red line indicates the uence rate relative to the uence rate at thasaifop Row:Fading of

a non-scattering sample. The colourant is consumed at a constantrogessing downward over
time. Middle Row: Fading of a highly scattering sample. The rate at which the colourant is con-
sumed decreases with timBottom Row:Fading of a mixture of pigments of varying lightfastness.
The hue of the shaded area represents the relative volume fractioncofitfgwnent colourants with
depth.

exposure incident as a function of position, a Monte Carlo renderer3setion 2.6) was modi ed
to allow the oor surface to function as a camera. The position and orientafiearious pieces
of furniture were jittered randomly for each sample to account for thetfiattthese objects would
not maintain their locations over a light exposure period of many yearsinidges in Figure 8.10
show a sunroom with a painting (composed of single colourants) exposightdrom above.

The uneven irradiance across the surface of the painting was compmitepgaistandard global
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Figure 8.7: Rendering of an image composed of mixtures of cyan, magadtgebow pigments is
faded according to four hypothetical sets of fading rates for a totalsxe of 4365 10’Jm 2.
The sets of fading rates used are indicated in TableT®@d Row:The pigments fade at perceptually
similar rates Second RowT he cyan pigment fades more rapidlijhird Row: The magenta pigment
fades more rapidlyBottom Row:The yellow pigment fades more rapidly.

illumination algorithm. Figure 8.8 depicts a newspaper exposed over an extg@ediod of light
exposure (789 10’Jm ?). The newsprint was folded in quarters during exposure, resulting in
an uneven pattern of yellowing. The fading parameters used are giviabies 8.1 and 8.2.

Figure 8.11 shows a bulletin board. Printed materials have been addedraaoded from the
bulletin board over time. While a printed material is in place, the area of the bulledirdlzovered
by it is shielded from fading effects, resulting in a dark patch whose calepends on the period

of light exposure. The fading parameters used are given in Tables8.8.2.
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Figure 8.8: Rendering of a newspaper as it turns yellow due to extendecdkpgosureTop Left:
Before exposureTop Right: After exposureBottom: The newspaper has been unfolded.
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Figure 8.9: A living room scene in which the carpet has faded over maagsyof light exposure.
Some models used with permission of Turbosquid [93, 95, 98D Left: Before exposureTop
Right: After exposure.Bottom: The furniture has been removed, revealing areas that have been
masked from fading.
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Figure 8.10: In a sunroom, a painting (composed of single colouranti#sltadours altered after an
extended period of light exposuréop Left: Before exposureTop Right: After exposure Bottom:
Closeup of the painting.
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Figure 8.11: A sequence of renderings of a bulletin board in which primatérials have been
added and removed over time, leaving an irregular fading pattern on theAcoomic strip clipped
from a newsprint has also yellowed from the prolonged light exposBoeme textures used with
permission of Turbosquid [96]Top Left: Before exposureTop Right: After some exposure. The
postings have been rearranged as time has pasaitbm: After further exposure. Most of the
postings have been removed, revealing the uneven fading pattern.
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8.4 Limitations

The proposed framework is directed at simulating the changes in appeashmaterials due to
extended periods of light exposure. Although exposure to light is aftguwme of the primary
causes of fading of pigments, other factors, such as heat or humidityal®ayn uence fading.
Our framework as proposed does not account for these effects.

To the best of our knowledge, detailed numerical data regarding the Bymtfss of particular
colourants is unavailable. Lightfastness data typically consists of a ratirgsuijective scale.
The rating is obtained by fading the sample under consideration next to eatéstonsisting of
blue wool samples of varying degrees of lightfastness [14]. Moresumh data is not typically
published for commercially available materials. As a result, it was necessdrshtoparameters
used in our model using regression techniques [58]. In many eldsessgn techniques are used
to overcome data scarcity limitations [66, 85, 36]. We remark that althoughatiess assigned
for the parameters were selected to highlight appearance featuresptrameters have a physical
basis. This allows the scope of applications of the proposed framewoekdartbnded to predictive

rendering as described by Greenbetgl. [32] in their seminal work on predictability.

8.5 Summary

In this chapter, we have presented experimental results evaluating thietipeecapability of the
proposed framework. We have demonstrated that these techniquestichrnly replicate fading and
brightness reversion using several example specimens, including mewsprk, and Congo Red
and Toluidine Blue O dyes. We provided comparisons between the simulaiad fazhavior and
qualitative accounts drawn from the literature. The framework was aksth tesestimate the fading
rates of various dyes and pigments. These were applied to simulate thegsiogrof example
photographs faded over time due to light exposure, as well as demodsinategh several rendered

scenes.
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Chapter 9

Performance Enhancements

We remark that the focus of this research is to develop a physically-fraseework to enable accu-
rate simulations of these processes. In contexts requiring a high dégnéeractivity, particularly
when simulations of a large number of colourant mixtures is needed, theviakas proposed
may not be suf cient to produce results in a timely manner. In this chaptepresade an analysis
of the in uence of the key parameters of this framework, in particular theber of layers and time
steps, on its performance characteristics. The run-time, and the resyléotyad re ectance and
colour characteristics resulting from the simulation obtained while varying tkegparameters are
compared with the results yielded by a reference simulation employing a largkeenwof layers
and time steps. Practical solutions are proposed allowing for the simulationtefiahappearance
changes due to light exposure where higher performance is required.

The remainder of this chapter is organized as follows. In Section 9.1, wesdishe key param-
eters of the framework and evaluate their in uence on the accuracy atthéts yielded by light
exposure simulations. In Section 9.2, we propose methods to acceleratatledion process. We

provide a brief summary in Section 9.3.

89



9.1. In uence of Key Parameters Chapter 9. Performance Enhancements

9.1 In uence of Key Parameters

The main parameters that in uence the accuracy of the results prodydkd layered fading model
include the number of layers and the number of time steps. We discuss the ohaese param-
eters below and analyse their effects on the accuracy and perforrofittoe simulations. This
analysis may be used to guide the selection of these key parameters in argedaize the accu-

racy of a fading simulation while minimizing the runtime cost.

9.1.1 Number of Layers

Within a layer, the medium is treated as fading uniformly throughout its deptis.igln approxi-
mation of actual fading behavior, where fading will be more pronounceth® exposed side of the
layer than the unexposed side. The difference between the uencieoat¢he top of a layer to the
bottom of that layer increases with greater layer thickness or opticaitdehlence, the accuracy
of the simulation may be improved by increasing the number of layers.

At each time step, the solution to the block tridiagonal system shown in Figure/bd3e size
is proportional to the number of layens, must be found. This may be solved@{n) time [48],

rather than th®©(n®) time that is typically required for a general system of linear equations.

9.1.2 Number of Time Steps

At each time step, the uence rate is determined for each layer. The ueieenithin each layer
is presumed constant during the course of the time step. The accuradg apgroximation is
primarily determined by the rate of fading during the time interval. As uppers$daele, the uence
rate increases in the layers below. Thus, the more rapidly fading peagrethe less accurate the
approximation is that the uence rate remains constant. To reduce errodirted by discretization
in time, more time steps may be used.

The simulation of each time step only depends on the computation of the uetecand ab-

sorptive properties throughout the medium at the beginning of the time stefhathength of the
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Figure 9.1: Optical depth associated with absorption of the three coloyedritsl concentration)
used in the assessment of the fading simulation parameters.

time interval. As there is no other dependency on prior time steps, the perfoenmlinear with

respect to the number of time steps.

9.1.3 Inuence Assessment

As stated earlier, the key parameters affecting the behavior of the lafaelied model are the num-
ber of layers and the number of time steps. The selection of values forghemmeters represents
a trade-off between run-time performance and minimization of discretizatron €fo assess the
effects of these parameters, fading simulations were performed usindesatopsisting of random
mixtures of three primary colourants: cyan, magenta, yellow. The Kubidlkak absorption and
scattering coef cients for these colourants were derived from measemts by Yang [104] of op-

tical depth, Irflp=l), at full concentration, which are provided in Figures 9.1 and 9.2, ctispéy.

Note that, in the case of absorption, the optical depth is commonly expressed a

sa(l )= In (9.1)

whereF; andF 5 correspond to the spectral radiant uxes received and absonpdidebmaterial,
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Figure 9.2: Optical depth associated with scattering of the three colousdritdl (concentration)
used in the assessment of the fading simulation parameters.

respectively. Similarly, in the case of scattering, the optical depth is usuadhessed as

ss(1)=In (9.2)

whereF ¢ represents the spectral radiant ux scattered by the material. The nwhlsrers and
time steps were varied and the results compared for colour and speciah@cto a reference
simulation using 1024 layers and 625 time steps.

To evaluate the spectral accuracy of the model, the re ectance of eacples was compared
directly to the re ectance given by the corresponding reference simualafibe root-mean-square
(RMS) difference between these two re ectance curves was complitedmaximum RMS differ-
ence across all samples is given in Table 9.1 for various combinations kéytmrameters.

To evaluate colour accuracy, the re ectance curves generated Isintliéation are transformed
to the CIE Lab colour space [90]. Table 9.2 shows the maxinbinthe Euclidean distance in
the CIE Lab colour space (Equation 2.32), between the trial simulation arabtresponding ref-
erence simulation. This distance is a measure of the perceptual diffdsetwween two colours,
with DE = 1 representing gust noticeable differenceThat is, two colours having a difference

represented bE < 1 are indistinguishable to a human observer [68].
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max Time Steps
RMS(DR) 5 25 125
2 0:0626 00352 00302
4 0:0371 00129 00085
* 8 0:0311 Q0071 Q0027
E 16 0:0297 00058 Q0013
< 32 0:0293 00055 Q0010
64 0:0292 00054 Q0009
128 0:0292 Q0054 Q0009

Table 9.1: Spectral difference between the results of fading simulateddiog to the framework
using varying numbers of layers and time steps and a reference simulatgnl@24 layers and
625 time steps. Ten random samples were selected and fading was simutatedct-sample, the
RMS DR was computed. The values indicated are the maximum BRRSver all of the samples.

Time Steps
maxDE 5 25 125
2 6:2203 38875 34764
4 3:3564 12955 09543
" 8 2:7686 0:6476 02844
§ 16 2:6603 0:5102 01225
< 32 2:6333 0:4882 00872
64 2:6265 0:4827 00811
128 2:6248 0:4813 00798

Table 9.2: Colour difference between the results of fading (simulated@iogato the framework
using varying numbers of layers and time steps) and a reference simuladiog (024 layers and
625 time steps). The values indicated are the maxirDirover ten randomly selected samples.
The gures shown in bold represebE less than a just noticeable difference.

Table 9.3 shows the average run-time (across all samples) required totsifadag. The
simulations were performed using a single core on a machine with 18612z quad-core Xeon
E5462 processors and 16 GB of RAM.

Figure 9.3 depicts renderings of two sequences of photographs deatimgsfading over an
extended period of time. These sequences employ the same settings asdtartrece simulations,
i.e, 1024 layers and 625 time steps. Figure 9.4 provides a visual depictioe effdct of using

varying number of layers and time steps.
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Time Steps
time () 5 25 125
2 0:6 29 140
4 0:7 32 154
” 8 0:8 3.6 176
a; 16 1.0 44 215
< 32 1.5 6:3 307
64 35 158 766
128 8:6 368 1790

Table 9.3: Time (insecondy required to simulate fading according to the framework using the

varying numbers of layers and time steps.

Figure 9.3: Reference renderings of two photographs faded angdmithe framework using 1024
layers and 625 time steps. The leftmost images depict the initial (unfadedpftagesphotographs.
The remaining images depict the photograph faded over progressingigritime periods.

9.2 Acceleration

A typical high de nition image consists of over two million pixels and may containdrads of
thousands of unigue colours. As such, it is prohibitively expensiveioar simulation for each
colour in the image. For typical fading scenarios, there are only a few pitgnievolved. The
colours to be faded consist of varying mixtures of these pigments. For resxain pigments, we
can divide then-dimensional space into a grid and simulate fading only at grid points. Tondlieter
the re ectance of a faded sample consisting of a different mixture of thiggeents, we interpolate
between grid points. By dividing a three-dimensional colour space (@8¢BMY) into a coarse

grid, we only need to simulate fading for a comparatively small number of pigomnbinations.

Weusea6 6 6 gridin our simulations. Fading results may then be computed at interactige rate
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Figure 9.4: Photograph faded using varying numbers of layers and timpe. step-Left: Initial
(unfaded) state of the photographop-Right: Faded using two layers, ve time step&ottom-
Left: Faded using 128 layers, 125 time stepsettom-Right:Reference rendering, faded using 1024
layers, 625 time steps.

Figure 9.5 shows a comparison of a photograph with fading applied with &hdwv interpo-
lation as described above. The simulation without acceleration require@ Bt8rs to complete.
In contrast, the 6 6 6 grid took 83 hours to generate, after which multiple images may be gen-
erated instantaneously. Figure 9.6 shows renderings of a scenetedhetight exposure over the
course of several years. The dresser has faded except wieelatp stood. The rug has faded,
and the wood oor has turned yellow except where the rug was plackéselrenderings illustrate
the use of this framework in realistic image synthesis applications. The ruthardtesser were

faded by approximating the initial state (prior to light exposure) as a combmafithe primary
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Figure 9.5: Rendering of a photograph fading with and without accelerdt&ft: Original photo-
graph.Center: Reference rendering using 1024 layers and 625 time sRipght: Rendering using
interpolation overa 6 6 6 grid.

pigments depicted in Figures 9.1-9.2 and using the same techniques appliephotibgraphs in
Figures 9.3-9.5. The fading of the wood oor was simulated using absorpta for lignin and

orthoquinones provided in [60].

9.3 Summary

In this chapter, we have analysed the performance characteristics miojpesed framework. We
have developed practical techniques for improving the performancaepiglications in which a

higher degree of interactivity is required.
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Figure 9.6: Rendering of a scene in which a dresser, rug, and woadaosubjected to light
exposure over the course of several yedfsp Left: Prior to light exposure.Top Right: After
several years of exposure, the rug and dresser have fadedeawddid oor has yellowedBottom:
The rug and lamp have been removed, revealing the effects of light @gos the dresser and on

the wood oor.
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Chapter 10

Conclusion and Future Work

The appearance of a material is determined by how it scatters and aligbtbsin traditional
computer graphics, appearance is considered at a given instant in tvee.eended periods of
time, however, light can alter the physicochemical properties of a materidinte#o noticeable
changes in its appearance. Among these changes, fading is one of thebigagous in real-world
settings.

Several advances have been made in recent years toward modelirgndedng of aging and
weathering phenomena. Data-driven approaches have been guojhas could be employed to
render the appearance progression of faded materials. Howessr féohiniques require appearance
attributes at key intervals be supplied as input to the algorithm. To the best &howledge, our
work [60] is the rst in the computer graphics literature to address theigtiee simulation of

fading and yellowing of materials based on rst principles.

10.1 Contributions

In this dissertation, we have presented a novel theoretical framewdtefanderlying mechanisms
responsible for the fading of surface nishes, such as paints andsst@ue to light exposure. By

introducing time as an integral parameter within the standard rendering agudim® framework
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describes the kinetics of fading processes using a robust, yet exhlgicochemical approach
that allows for a wide range of variations in light exposure levels and sacgpiditions such as
thickness and colourant (single or mixture) contents.

The proposed framework provides the foundation for predictive simutbtime-dependent
light exposure effects on material appearance, aimed not only to compafdrics applications,
but also to conservation and industrial investigations. In this work, tHesdations are realized
through the development of a layered fading model using the Kubelkaftwmulation [63]. To
evaluate the delity of this model, its readings were compared to spectrophttomeasurements
obtained from a fading experiment performed during this research.gligative agreement be-
tween the simulated and measured results indicates that the theoretical tregittmeno fading in
this dissertation can capture a variety of different fading behaviors.

We have also provided measurements pertaining to the progression tbspppearance of
selected materials over time due to light exposure. Such data is not readipbe/an the literature.
We discussed challenges that arose in preparing the experimental sgtined to obtain reliable
measurements.

On the application side, the layered fading model introduced in this dissertaiobe read-
ily integrated into existing image synthesis pipelines. To solve the system afediiffal equations
describing the effects of light exposure on material appearance oventiengave proposed an ef-
cient numerical strategy that takes advantage of the layered structtine proposed framework.
We note that these procedures have potential applications in a wide radifferent elds as out-
lined in the next section. We have used these techniques to estimate the &dgofia few selected
dyes and pigments. To demonstrate the applicability of this model, we haveedrsyeral typical

scenes depicting man-made objects subjected to light exposure durindezkfggriods of time.

99



Chapter 10. Conclusion and Future Work

10.2 Future Research

It should be noted that the proposed framework is limited to accounting forgds at the site in
which light absorption takes place. For instance, the removal of a colbairéhe site of absorption
may cause adjacent colourant to spread in order to reach an equilibridditiohally, in organic
materials, the absorption of light may induce reactions that affect the medilonations other
than the site of absorption. In future work, we plan to extend the propmastework to address
these limitations. We also intend to explore its application for simulating changesaiorotterial
appearance attributes, such as uorescence, induced by absatiaiion. Additionally, we plan to
investigate the techniques for inverting the simulation procedures desarithesldissertation. This
would enable its application in studies aimed at digital restoration of fadedcastifeor example,
from spectral images of historical documents [77], along with data désgtifse spectral absorption
and scattering characteristics and lightfastness characteristics of itéwemts, one could render
an image depicting the document in its original appearance. Further, tagactlke accuracy to
run-time cost ratio, we intend to modify the underlying model to allow for dynansa-uniform
layer thicknesses. By using thinner layers where the uence rate elsamgre sharply, a higher
degree of accuracy may be achieved with fewer layers. Allowing these thicknesses to vary
from one time-step to another will allow the system to adapt as the colouraribati®n evolves.
We are con dent that the proposed framework sets a rm foundatiothfese extensions to be built

upon.

100



References

[1] A. Abdul-Rahman and M. Chen. Spectral volume rendering baseith@iKubelka-Munk
theory. Computer Graphics Forun24(3):413-422, 2005.

[2] ANSI. Nomenclature and de nitions for illuminating engineering. ANSI/IES RP-6-1986

llluminating Engineering Society of North America, New York, 1986.

[3] J. Arvo. Transfer equations in global illumination. 8iIGGRAPH '93 Course Notesol-
ume 42, August 1993.

[4] G.V.G. Baranoski and J.G. Roknelight Interaction with Plants: A Computer Graphics
Perspective Horwood Publishing, Chichester, UK, 2004.

[5] R.S. Barros and M. Walter. Synthesis of human skin pigmentation disrdeomputer

Graphics Forumpages 1-15, June 2016.

[6] F.O. Bartell, E.L. Dereniak, and W.L. Wolfe. The theory and measunt¢roibidirectional
re ectance distribution function (BRDF) and bidirectional transmittance waligton function

(BTDF). Proceedings of SPIE Radiation Scattering in Optical Syst@ms.154-160, 1980.

[7] R.S. Berns. Rejuvenating the appearance of cultural heritage aslioigand imaging science
techniques. IrProceedings of the 10th Congress of the International Colour Assonjatio

pages 369-374, 2005.

101



REFERENCES

[8] R.S. Berns, S. Byrns, F. Casadio, |. Fiedler, C. Gallagher, Fidi,]JA. Newman, M. Rosen,
and L.A. Taplin. Rejuvenating the appearance of Seugatsinday on la grande jatte —
1884using color and imaging science techniques - a simulatioferdceedings of the 10th

Congress of the International Colour Associatipages 1669-1672, 2005.
[9] C.F. Bohren.Atmospheric OpticsWiley-VCH Verlag GmbH & Co. KGaA, 2007.

[10] C. Bosch, P. Laffont, H. Rushmeier, J. Dorsey, and G. Drettdkisige-guided weathering:
A new approach applied to ow phenomesCM Transactions on Graphic80(3):20:1-13,
May 2011.

[11] T.F. ChenOn the Modelling of Hyperspectral Light and Skin Interactions and the [&iion

of Skin Appearance Changes Due to TanniRgD thesis, University of Waterloo, 2015.

[12] T.F. Chen, G.V.G. Baranoski, B.W. Kimmel, and E. Miranda. Hypecspé modeling of
skin appearancéACM Transactions on Graphic84(3):31:1-31:14, April 2015.

[13] Y. Chen, L. Xia, T. Wong, X. Tong, H. Bao, B. Guo, and H. Shumisial simulation of

weathering byg-ton tracing.ACM Transactions on Graphic24(3):1127-1133, July 2005.
[14] A. Choudhury.Textile Preparation and DyeindScience Publishers, En eld, NH, 2006.

[15] R. Cook and K.E. Torrance. A re ectance model for computepbies. Computer Graphics

(SIGGRAPH Proceedings)5(3):301-316, July 1981.

[16] C.J. Curtis, S.E. Anderson, J.E. Seims, K.W. Fleischer, and D.Hsi8aleComputer-
generated watercolor. l@omputer Graphics Proceedings, Annual Conference Sqraes

421-430, 1997.

[17] D. Deirmendjian. Scattering and polarization properties of water sl@urd hazes in the

visible and infrared Applied Optics3(2):187-196, 1964.

[18] M. Doi and S. Tominaga. Spectral estimation of human skin color usig(thelka-Munk

theory. InProceedings of SPIEvolume 5008, pages 221-228, January 2003.

102



REFERENCES

[19] J. Dorsey and P. Hanrahan. Modeling and rendering of metallicggatinComputer Graph-
ics Proceedings, Annual Conference Serpemes 387-396, 1996.

[20] J. Dorsey, H.K. Pedersen, and P. Hanrahan. Flow and chkanggpearance. IGomputer

Graphics Proceedings, Annual Conference Sepegles 411-420, 1996.

[21] J. Dorsey, H. Rushmeier, and F. SillioDigital Modeling of Material AppearanceMorgan

Kaufmann/Elsevier, 2008.

[22] P. Dutg€, K. Bala, and P. Bekaerfdvanced Global llluminationTaylor and Francis Group,

Boca Raton, FL, 2006.

[23] P.A. FarrantColor in Nature: A Visual and Scienti ¢ ExploratiorBlandford Press, London,

1999.

[24] R.P. FeynmanQED: The Strange Theory of Light and MattdPrinceton University Press,
Princeton, NJ, 1985.

[25] R.P. Feynman, R.B. Leighton, and M. Sand$ie Feynman Lectures on Physigslume 1.
Addison-Wesley Publishing Company, Reading, MA, 1964.

[26] A. Fournier. From local to global illumination and back. Proceedings of the 6th Euro-

graphics Workshop on Renderimmages 127-136, 1995.

[27] C.H. Giles. The fading of colouring mattersournal of Applied Chemistryl5:541-550,
December 1965.

[28] C.H. Giles, D.P. Johari, and C.D. Shah. Some observations on thickio¢ dye fading.
Textile Research Journgas8(10):1048-1056, October 1968.

[29] C.H. Giles and R.B. McKay. The lightfastness of dyes: A revidextile Research Journal
33(7):528-575, July 1963.

103



REFERENCES

[30] R.E. Glading.The Ultraviolet Absorption Spectra of Lignin and Related Compouiried

thesis, The Institute of Paper Chemistry, Lawrence College, Appleton)iiig 1940.

[31] C. Goral, K.E. Torrance, D.P. Greenberg, and B. Battaile. Modéhegnteraction of light
between diffuse surface€omputer Graphicsl8(3):213-222, July 1984.

[32] D.P. Greenberg, J. Arvo, E. Lafortune, K.E. Torrance, Jékwerda, B. Walter, B. Trumbore,
P. Shirley, S. Pattanaik, and S. Foo. A framework for realistic image syatHasComputer

Graphics Proceedings, Annual Conference Sepeges 477—494, August 1997.

[33] C.M. Grinstead and J.L. Snelhtroduction to Probability American Mathematical Society,
Providence, RI, 2nd edition, 2012.

[34] Jinwei Gu, Chien-I Tu, Ravi Ramamoorthi, Peter Belhumeur, WojcMaltusik, and Shree
Nayar. Time-varying surface appearance: acquisition, modeling aderieg. ACM Trans-

actions on Graphics25(3):762—-771, July 2006.

[35] C.S. Haase and G.W. Meyer. Modeling pigmented materials for realisticeiragthesis.
ACM Transactions on Graphic41(4):305-335, October 1992.

[36] L. Hallik, O. Kull, T. Nilson, and J. Pguelas. Spectral re ectance of multispecies herba-
ceous and moss canopies in the boreal forest understory and dde@anadian Journal of

Remote Sensin@5(5):474-485, 2009.

[37] J.M. Hammersley and D.C. Handscomidonte Carlo Methods Methuen & Co., Ltd.,
London, England, 1967.

[38] P. Hanrahan and W. Krueger. Re ection from layered suidathge to subsurface scattering.

In Computer Graphics (SIGGRAPH Proceeding®slume 27, pages 165-174, August 1993.

[39] M. Hasan, M. Fuchs, W. Matusik, H. P ster, and S. Rusinkiewicz. Physieptaduction of
materials with speci ed subsurface scatteri?®§CM Transactions on Graphic29(4):61:1—

10, July 2010.

104



REFERENCES

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

X.D. He, K.E. Torrance, F.X. Sillion, and D.P. Greenberg. A corhpresive physical model
for light re ection. Computer Graphics25(4):175-186, July 1991.

J. Hecht. Light repairs art: optical overlays restore faded masti&s. Optics & Photonics

News 26(4):40—47, April 2015.

C. Heitner. Light-induced yellowing of wood-containing papersClrHeitner and J.C. Sca-
iano, editorsPhotochemistry and Lignocellulosic Material®lume 531 ofACS Symposium

Serieschapter 1, pages 2—25. American Chemical Society, Washington, 3G, 19

B.K.P. Horn and R.W. Sjoberg. Calculating the re ectance ma@pplied Optics
18(11):1770-1779, June 1979.

K. Hunger and G. WilkerIndustrial organic pigments: production, properties and applica-

tions Wiley-VCH, Weinheim, Germany, third edition, 2004.

R. Hunter and R. Haroldlhe Measurement of Appearandehn Wiley and Sons, New York,
NY, 2nd edition, 1987.

J.A. Iglesias-Guitian, C. Aliaga, A. Jarabo, and D. Gutierrez. Abisically-based model
of the optical properties of skin agin@omputer Graphics Forun84(2):45-55, May 2015.

F.H. Imai, M.R. Rosen, and R.S. Berns. Multi-spectral imaging of a®agh's self-portrait
at the National Gallery of Art, Washington, D.C. Rroceedings of the IS&T PICS Confer-
ence pages 185-189, Spring eld, VA, 2001. IS&T.

E. Isaacson and H.B. KellerAnalysis of Numerical MethodsDover Publications, Inc.,

Mineola, NY, 1994,

S.H. James and W.G. Eckelnterpretation of Bloodstain Evidence at Crime ScenéRC
Press LLC, Boca Raton, FL, 2nd edition, 1998.

H.W. Jensen. Global illumination using photon maps.Pinceedings of the Eurographics

Workshop on Rendering Techniqgupages 21-30, December 1996.

105



REFERENCES

[51] H.W. JensenRealistic Image Synthesis using Photon Mappilg§ Peters, Natick, MA, July
2001.

[52] R. Johnston-FellerColor Science in the Examination of Museum Objects: Nondesctructive
Procedures Tools for Conservation Series. The Getty Conservation Institute, Lgel&s,

CA, 2001.

[53] R. Johnston-Feller, R.L. Feller, C.W. Bailie, and M. Curran. Thetas of fading: Opaque
paint Ims pigmented with alizarin lake and titanium dioxid#&urnal of the American Insti-

tute for Conservation23(2):114-129, 1984.

[54] R.M. Johnston-Feller. Re ections on the phenomenon of fadilmyirnal of Coatings Tech-

nology, 58(736):33-50, May 1986.

[55] D.B. Judd and G. WyszeckiColor in Business, Science and Industdpohn Wiley & Sons,
New York, third edition, 1975.

[56] J.T. Kajiya. The rendering equation. {Domputer Graphics (SIGGRAPH Proceedings)
volume 20, pages 143-150, August 1986.

[57] C. Kelemen, L. Szirmay-Kalos, G. Antal, and F. Csonka. A simple afuist mutation
strategy for the metropolis light transport algorith@omputer Graphics Forup21(3):531—
540, September 2002.

[58] J.F. Kenney and E.S. Keepinlylathematics of Statistics/an Nostrand, Princeton, NJ, 3rd
edition, 1962.

[59] J.T. Kider, S. Raja, and N.I. Badler. Fruit senescence andydsicaulation. Computer

Graphics Forum30(2):257-266, April 2011. Proceedings of EUROGRAPHICS 2011

[60] B. Kimmel, G.V.G. Baranoski, T.F. Chen, D. Yim, and E. Miranda. Sgg@ppearance
changes induced by light exposu®CM Transactions on Graphic82(1):10:1-10:13, Jan-
uary 2013.

106



REFERENCES

[61] B.W. Kimmel and G.V.G. Baranoski. Practical acceleration strategiethéopredictive vi-
sualization of fading phenomena. Rroceedings of the 29th International Conference on

Computer Animation and Social Agenpaiges 45-52, Geneva, Switzerland, May 2016.

[62] P. Kubelka. New contributions to the optics of intensly light-scattering rizdgée Part 1.
Journal of the Optical Society of Americ28(5):448-457, May 1948.

[63] P. Kubelka and F. Munk. Ein beitrag zur optik der farbanstriche #&icle on optics of paint
layers).Zeitschrift fir Technische Physjk2:593-601, August 1931.

[64] E. Lafortune.Mathematical Models and Monte Carlo Algorithms for Physically Based Ren-

dering PhD thesis, Katholieke Universiteit Leuven, February 1996.

[65] J.R. Lakowicz Principles of Fluorescence Spectroscofpringer Science+Business Media,

LLC, Singapore, 3rd edition, 2006.

[66] D. Lazar and G. SchanskeModels of Chlorophyll a Fluorescence Transientslume 29
of Advances in Photosynthesis and Respiratjueges 85-123. Springer Science+Business

Media B.V., Dordrecht, The Netherlands, 2009.

[67] T.J.S. Learner, P. Smithen, J.W. Krueger, and M.R. Schilling, edikdoslern Paints Uncov-

ered Getty Publications, Los Angeles, CA, 2008.

[68] D.L. MacAdam. Visual sensitivities to color differences in daylighburnal of the Optical

Society of America32(5):247-274, 1942.

[69] A. D. McNaught and A. Wilkinson. Compendium of Chemical Terminologlackwell
Science, Oxford, UK, 2nd edition, 1997.

[70] S. Merillou and D. Ghazanfarpour. A survey of aging and weatheringqiena in computer

graphics.Computers & Graphics32(2):159-174, April 2008.

[71] J.R. Meyer-Arendtintroduction to Modern and Classical OpticBrentice-Hall, New Jersey,
1984.

107



REFERENCES

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

H.R. Morris and P.M. Whitmore. “Virtual fading” of art objects: Simulaithe future fading
of artifacts by visualizing micro-fading test resultdournal of the American Institute for

Conservation46:215-228, January 2007.

T.H. Morton. The practical assessment of the light fastness afdggelournal of the Society

of Dyers and Colourist$2(12):597—-605, December 1949.

F.E. Nicodemus, J.C. Richmond, J.J. Hsia, I.W. Ginsberg, and T. kimp&eometrical
Considerations and Nomenclature for Re ectanddational Bureau of Standards, United

States Department of Commerce, 1977.
J.R. Norris.Markov Chains Cambridge University Press, 1997.

M. Oren and S.K. Nayar. Generalization of Lambert's re ectancaedabo In Computer

Graphics Proceedings, Annual Conference Sepages 239-246, 1994.

R. Padoan, Th.A.G. Steemers, M.E. Klein, B.J. Aalderink, and G. ménB Quantitative
hyperspectral imaging of historical documents: Technique and applisatio®th Interna-

tional Conference on NDT of Apages 1-10, Jerusalem, Israel, May 2008.

F.L. Pedrotti and L.S. Pedrottintroduction to Optics Prentice Hall, Upper Saddle River,
NJ, 2nd edition, 1993.

H. Pereira.Cork: Biology, Production and Useg&lsevier, Amsterdam, The Netherlands, 1st

edition, 2007.

A.D. Polyanin and V.F. Zaitse¥dandbook of Nonlinear Partial Differential EquationShap-
man & Hall/CRC, Boca Raton, FL, 2004.

J.C. Roberts.The Chemistry of PaperThe Royal Society of Chemistry, Cambridge, UK,
1996.

D. Rudolf, D. Mould, and E. Neufeld. Simulating wax crayonsPhaceedings of the Paci ¢

Conference on Computer Graphics and Applicatiqregyes 163—-172, October 2003.

108



REFERENCES

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

J.L. Saunderson. Calculation of the color of pigmented plastitsurnal of the Optical

Society of America32(12):727—-729, 1942.

M. Seyfried and L. Fukshansky. Light gradients in plant tissMeplied Optics22(9):1402—
1408, May 1983.

T. Shi and C.A. DiMarzio. Multispectral method for skin imaging: deypst@nt and valida-
tion. Applied Optics46(36):8619-8626, December 2007.

X. Shiand D. Lu. Colorimetric and chemical modeling based aging simulafi®@unhuang
murals. InThe Fifth International Conference on Computer and Information Teclgyplo

pages 570-574, September 2005.

X. Shi, D. Lu, and J. Liu. Color changing and fading simulation farsfroes based on

empirical knowledge from artists. ldvances in Multimedia Information Processing - PCM
20086 volume 4261 ot ecture Notes in Computer Scienpages 861-869. Springer Berlin /
Heidelberg, 2006.

P.N. Shivakumar and K.H. Chew. A suf cient condition for nonistring of determinants. In

Proceedings of the American Mathematical Sogietyume 43, pages 63—-66, March 1974.

T. Smith and J. Guild. The C.l.E. colorimetric standards and their ismsactions of the

Optical Society33(3):73-134, 1931.
M.C. Stone.A Field Guide to Digital Color A K Peters, Natick, MA, 2003.

G. Thomson. The Museum EnvironmentButterworth-Heinemann, Oxford, U.K., second

edition, 2002.

K.E. Torrance and E.M. Sparrow. Theory of off-speculara&ion from roughened surfaces.

Journal of the Optical Society of America7(9):1105-1114, September 1967.

Turbosquid (User: Fworx).  Blinds. http://www.turbosquid.com/3d-models/

free-blinds-3d-model/243419 , October 2004.

109



REFERENCES

[94] Turbosquid (User: Re€om 3D). End tablehttp://www.turbosquid.com/3d-models/
end-table-3ds-free/451642 , March 2009.

[95] Turbosquid (User: Scorchedmedia). Couhttp://www.turbosquid.com/3d-models/
couch-chaise-3ds-free/368829 , September 2007.

[96] Turbosquid (User: TripRay company). Cork a-01http://www.turbosquid.com/
FullPreview/Index.cfm/ID/463083 , May 2009.

[97] E. Veach.Robust Monte Carlo Methods for Light Transport SimulatiBhD thesis, Stanford

University, December 1997.

[98] E. Veach and L.J. Guibas. Metropolis light transport.Phoceedings of SIGGRAPH 1997

pages 65-76. Association for Computing Machinery, August 1997.

[99] Jiaping Wang, Xin Tong, Stephen Lin, Minghao Pan, Chao WangyriHBao, Baining Guo,
and Heung-Yeung Shum. Appearance manifolds for modeling time-vangrgaaance of

materials.ACM Transactions on Graphigc85(3):754—-761, July 2006.

[100] G.J.Ward. Measuring and modeling anisotropic re ecti@omputer Graphics (SIGGRAPH
Proceedings)26(2):265-272, July 1992.

[101] P.M. Whitmore and C. Bailie. Further studies on transparent gladiega Chemical and
appearance kineticsJournal of the American Institute for Conservatia@6(3):207-230,

1997.

[102] P.M. Whitmore, X. Pan, and C. Bailie. Predicting the fading of objeldenti cation of
fugitive colorants through direct nondestructive lightfastness measnts. Journal of the

American Institute for Conservatip88(3):395-409, 1999.

[103] S. Xue, J. Dorsey, and H. Rushmeier. Stone weathering in agriamio. In R. Ramamoorthi
and E. Reinhard, editor&urographics Symposium on Renderipgges 1189-1196, June
2011.

110



REFERENCES

[104] L. Yang. Modelling ink-jet printing: Does the Kubelka-Munk theagply? Ininterna-
tional Conference on Digital Printing Technologjeslume 18, pages 482-485. Society for

Imaging Science and Technology, September 2002.

[105] L. Yang. Characterization of inks and ink application for ink-j@ghping: Model and sim-
ulation. Journal of the Optical Society of America A (Optics, Image Science Vasidn),

20(7):1149-1154, July 2003.

[106] E.F. Zalewski. Radiometry and photometry. In M. Bass, E.W. Van&@tdy D.R. Williams,
and W.L. Wolfe, editorsHandbook of Opticsvolume 2, chapter 24. McGraw-Hill, 2nd
edition, 1995.

111



APPENDICES

112



Appendix A

Computing the Kubelka-Munk
Parameters from Re ectance

Measurements

To compute the Kubelka-Munk (K-M) absorption and scattering coeftigemwe use a procedure
based on techniques described by Johnston-Feller [52]. First, weiradhe re ectance of a layer
of known thickness over a black substrate with re ectangeand over a white re ectance stan-
dard, such as spectralon (which we assume to have unit re ectaneg).plandr, denote these
re ectance measurements, respectively. According to K-M theory; [62]re ectance of a layer of

nite thickness is given by

_ 1 ryg(a bcothbn?z)
"= Ta+ beothbmiz ry (A1)

wherer ¢ is the re ectance of the substrajs the thickness of the layer, and

a= ;ﬁmg (A2)
p
b= & 1 (A.3)



Appendix A. Computing the Kubelka-Munk Parameters from Re ectancasdseements

To simplify Equation A.1, we de ne

X1= a bcothbn?z, (A.4)
X = a+ bcothbn?Z. (A.5)
Note that
X1+ X2

= . A.6
. (A6)

This reduces Equation A.1 to
r = M (A?)

From our re ectance measurements, we have

_ 1 X1I'p

ro= A.8

0% (A.8)
1 x1

ri= . A.9

17 (A9)

The unknowns; andx, may be determined by solving

0 10 1 0 1

B PRBUR=BT K. (A.10)
1 rq X2

1+ rq

Now a andb may be computed using Equations A.6 and A.3, respectively. The scatterihg a

absorption coef cients may then be derived from Equations A.5 and Agpactively, and are

given by
nP= Lcoth 1222 (A.11)
" bz b ' '
nf=(a 1)nt. (A.12)
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Appendix B

Spectral Data Used in the Simulations

The following spectral data was employed in the simulations performed in thls Vibrs includes
absorption and scattering data for various pigments and dyes, and emssetragor light sources
used. Unless otherwise indicated in the table captions, the data wereddizdue experiments

performed during this research as described in Chapter 6.
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Appendix B. Spectral Data Used in the Simulations

Wavelength | Absorption || Wavelength | Absorption || Wavelength | Absorption
(nm) (Lg *em b || (nm) (Lg *em b || (nm) (Lg *em )
225 1.3152e+02 || 315 1.8311e+01 || 405 8.2028e-01
230 1.1041e+02 || 320 1.6904e+01 || 410 6.8661e-01
235 9.1280e+01 || 325 1.5697e+01 || 415 5.9429e-01
240 7.4273e+01 || 330 1.4489e+01 || 420 5.2481e-01
245 5.7318e+01 || 335 1.3366e+01 || 425 4.6774e-01
250 4.3326e+01 || 340 1.2204e+01 || 430 4.2267e-01
255 3.3979e+01 || 345 1.1052e+01 || 435 3.8802e-01
260 2.9242e+01 || 350 9.8156e+00 || 440 3.5817e-01
265 3.0752e+01 || 355 8.5938e+00 || 445 3.3444e-01
270 3.5271e+01 || 360 7.3932e+00 || 450 3.1517e-01
275 3.9084e+01 || 365 6.2323e+00 || 455 2.9769e-01
280 4.0738e+01 || 370 5.1612e+00 || 460 2.8314e-01
285 3.9444e+01 || 375 4.1135e+00

290 3.5481e+01 || 380 3.2112e+00

295 3.0580e+01 || 385 2.4106e+00

300 2.5982e+01 || 390 1.7643e+00

305 2.2584e+01 || 395 1.3124e+00

Table B.1: Speci ¢ absorption coef cient of lignin [30].
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Appendix B. Spectral Data Used in the Simulations

Wavelength | Absorption || Wavelength | Absorption || Wavelength | Absorption
(nm) (em Y (nm) (em ) (nm) (em b

355 6.5879e+01|| 475 1.0785e+03|| 595 1.7903e+02
360 2.1967e+02| 480 1.0148e+03|| 600 1.6684e+02
365 2.9891e+02|| 485 9.6785e+02|| 605 1.5695e+02
370 2.3971e+02|| 490 9.2281e+02| 610 1.4858e+02
375 4.5477e+02|| 495 8.5832e+02| 615 1.4136e+02
380 4.1061e+02|| 500 7.9869e+02|| 620 1.3521e+02
385 6.0636e+02|| 505 7.4433e+02| 625 1.2935e+02
390 6.6150e+02|| 510 7.0052e+02| 630 1.2424e+02
395 8.5843e+02|| 515 6.5113e+02|| 635 1.1764e+02
400 1.1846e+03|| 520 5.9556e+02|| 640 1.1052e+02
405 1.3421e+03|| 525 5.5680e+02| 645 1.0327e+02
410 1.3667e+03|| 530 5.0992e+02|| 650 9.7928e+01
415 1.6639e+03|| 535 4.7094e+02|| 655 9.1506e+01
420 1.5560e+03|| 540 4.3006e+02|| 660 8.6629e+01
425 1.6069e+03|| 545 4.0026e+02|| 665 8.1920e+01
430 1.5702e+03|| 550 3.6526e+02| 670 7.7847e+01
435 1.5313e+03|| 555 3.3901e+02|| 675 7.3352e+01
440 1.6042e+03|| 560 3.0948e+02|| 680 6.9351e+01
445 1.4238e+03|| 565 2.8468e+02|| 685 6.6193e+01
450 1.3924e+03|| 570 2.6664e+02|| 690 6.2417e+01
455 1.3115e+03|| 575 2.4666e+02|| 695 5.9857e+01
460 1.2444e+03|| 580 2.2670e+02|| 700 5.6373e+01
465 1.1741e+03|| 585 2.0916e+02

Table B.2: Absorption coef cient of orthoquinone.
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Appendix B. Spectral Data Used in the Simulations

Wavelength | Irradiance || Wavelength | Irradiance || Wavelength | Irradiance
(nm) (em b (nm) (em b (nm) (em b

355 1.4350e-01|| 475 3.0775e+00|| 595 2.8308e+00
360 1.6487e-01| 480 3.0589e+00/| 600 2.9462e+00
365 2.8244e+00|| 485 6.1925e+00/| 605 2.0093e+00
370 2.7584e-01| 490 6.1085e+00/| 610 2.2440e+01
375 1.7646e-01|| 495 4.2127e+00|| 615 1.1192e+01
380 2.4678e-01|| 500 2.9490e+00|| 620 4.5392e+00
385 2.0522e-01|| 505 2.5389e+00/| 625 5.1325e+00
390 1.9577e-01| 510 2.7704e+00/| 630 5.5878e+00
395 2.3889e-01|| 515 2.8453e+00/| 635 1.2063e+00
400 4.2125e-01| 520 2.5331e+00/| 640 7.9769e-01
405 1.1398e+01| 525 2.1857e+00|| 645 8.3485e-01
410 1.4252e+00|| 530 1.9803e+00|| 650 1.7507e+00
415 1.4085e+00/| 535 2.6604e+00/| 655 9.8122e-01
420 1.9454e+00)| 540 1.5493e+01|| 660 7.9077e-01
425 2.6222e+00| 545 2.3354e+01)| 665 7.2646e-01
430 3.3960e+00|| 550 1.1468e+01| 670 6.1857e-01
435 2.1347e+01)| 555 2.8898e+00|| 675 5.3416e-01
440 4.9354e+00|| 560 1.3010e+00/| 680 6.5250e-01
445 4.5584e+00| 565 8.6424e-01 || 685 6.8965e-01
450 4.5940e+00|| 570 6.6989e-01 || 690 6.6021e-01
455 4.4798e+00| 575 2.1163e+00|| 695 5.3861e-01
460 4.1952e+00|| 580 5.3802e+00/| 700 2.6612e-01
465 3.8420e+00| 585 5.7650e+00

Table B.3: Irradiance of uorescent lamp.
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Appendix B. Spectral Data Used in the Simulations

Wavelength | Absorption | Scattering || Wavelength | Absorption | Scattering
(hm) (cm ) (cm ) (nm) (cm ) (cm )
410 4.0694e-01 | 4.2533e-02|| 570 7.7950e-01| 4.6079e-02
420 2.6498e-01| 1.3046e-01]| 580 1.0562e+00| 2.5450e-02
430 1.4023e-01| 1.7327e-01|| 590 1.3293e+00| 2.2081e-02
440 7.7600e-02 | 1.8568e-01|| 600 1.5726e+00| 2.5800e-02
450 4.9244e-02 | 1.7311e-01)| 610 1.7527e+00| 3.0485e-02
460 3.8121e-02| 1.6914e-01]| 620 1.8978e+00| 3.6283e-02
470 3.5056e-02 | 1.7676e-01|| 630 1.9968e+00| 3.9482e-02
480 4.0021e-02 | 2.1276e-01|| 640 1.9836e+00| 4.1340e-02
490 5.1992e-02 | 2.7341e-01]| 650 1.7792e+00| 3.7530e-02
500 6.9069e-02 | 3.2351e-01]| 660 1.4927e+00| 3.2888e-02
510 9.3470e-02 | 3.4451e-01|| 670 1.2454e+00| 3.4628e-02
520 1.2826e-01 | 3.3243e-01|| 680 1.0208e+00| 4.1333e-02
530 1.7817e-01| 2.8670e-01|| 690 7.8013e-01| 5.6279e-02
540 2.6972e-01| 2.4078e-01]| 700 5.5836e-01| 7.1760e-02
550 3.8328e-01| 1.7622e-01

Table B.4: Absorption and scattering coef cients of cyan pigment [104].

Wavelength | Absorption | Scattering || Wavelength | Absorption | Scattering
(nm) (em 1) (em 1 (nm) (em 1 (em 1)
410 5.5363e-01| 5.1229e-02|| 570 2.8309e+00| 1.3623e-02
420 5.0631e-01| 6.5070e-02|| 580 2.3338e+00| 1.2997e-02
430 4.8738e-01 | 8.0534e-02|| 590 1.4297e+00| 1.5387e-02
440 4.9685e-01 | 7.1836e-02|| 600 7.2082e-01| 5.0025e-02
450 5.5363e-01| 7.1151e-02|| 610 3.1514e-01| 2.3907e-01
460 6.5773e-01| 4.5555e-02|| 620 1.3063e-01 | 3.7314e-01
470 8.0473e-01| 2.9332e-02|| 630 7.0972e-02 | 4.4895e-01
480 1.0076e+00| 1.6009e-02|| 640 4.3462e-02 | 4.2438e-01
490 1.2852e+00| 9.5168e-03|| 650 2.8556e-02 | 3.5230e-01
500 1.5741e+00| 7.5707e-03|| 660 1.9255e-02 | 2.7470e-01
510 1.8836e+00| 7.6787e-03|| 670 1.3526e-02 | 2.0708e-01
520 2.2467e+00| 8.7527e-03|| 680 1.1196e-02 | 1.8081e-01
530 2.4748e+00| 9.8367e-03|| 690 9.1630e-03 | 1.5324e-01
540 2.4842e+00| 1.0842e-02|| 700 8.4276e-03 | 1.4676e-01
550 2.5126e+00| 1.0568e-02

Table B.5: Absorption and scattering coef cients of magenta pigment [104]
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Appendix B. Spectral Data Used in the Simulations

Wavelength | Absorption | Scattering || Wavelength | Absorption | Scattering
(nm) (em ) (em ) (nm) (cm ) (em )
410 2.3180e+00| 4.8748e-02|| 570 7.2296e-02 | 5.7754e-01
420 2.4972e+00| 5.0175e-02|| 580 6.6235e-02 | 5.8622e-01
430 2.7142e+00| 3.7553e-02|| 590 6.0697e-02 | 5.8127e-01
440 2.7470e+00| 2.4510e-02|| 600 5.3831e-02| 5.5378e-01
450 2.4385e+00| 1.8783e-02|| 610 4.5184e-02 | 5.0611e-01
460 2.0281e+00| 1.4391e-02|| 620 3.5940e-02 | 4.4870e-01
470 1.5940e+00| 1.3073e-02|| 630 2.8280e-02 | 3.8562e-01
480 1.1647e+00| 2.1740e-02|| 640 2.1195e-02 | 3.1768e-01
490 8.0631e-01| 4.6170e-02|| 650 1.5110e-02 | 2.4446e-01
500 5.4890e-01 | 9.0699e-02|| 660 1.0121e-02 | 1.7530e-01
510 3.6435e-01| 2.5128e-01|| 670 6.8509e-03 | 1.2438e-01
520 2.2426e-01| 2.9643e-01|| 680 5.4778e-03| 1.0200e-01
530 1.6085e-01 | 3.8303e-01|| 690 4.1366e-03 | 7.7027e-02
540 1.1899e-01 | 4.5795e-01|| 700 3.6314e-03| 7.0541e-02
550 9.6393e-02 | 5.1243e-01

Table B.6: Absorption and scattering coef cients of yellow pigment [104].
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subsurface scattering, 32 ow, 29

Sun, 13 watercolor, 32

sunset, 13 wave nature of light, 11

wavelength, 10-14, 21, 22, 69, 70
tanning, 29

weathering, 28-30, 33
temperature, 12, 72

white reference, 72, 73
thermal emission, 12

wood, 31, 59

thin Im, 30

time of exposureseeexposure time X-rays, 10, 11

Toluidine Blue O, 57, 60, 63, 66, 76—-78,80  XYZ colour space, 22-25
translucency, 21

yellowing, see alsdrightness reversiosgebright-

transmission, 14-16 _ _ _
ness reversiorgeebrightness reversion,

transmittance, 15, 16 ) . _
seebrightness reversiosgebrightness

transmitted vector, 15 _ _ _
reversion, 78seebrightness reversion,

transparency, 21
83, 87
transverse electric, 15
transverse magnetic, 15
TSV-BRDF, 30

tungsten-krypton lamp, 57

ultraviolet, 10, 13, 29, 31, 43, 67, 69, 70, 77
uniform slab, 36
unpolarized light, 15, 16

UV, seeultraviolet

variance, 19, 20
visible light, 10, 11, 13, 14, 24

volumetric rendering equation, 18
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