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Abstract

Chlorophyll is the most important pigment for the sustainability of life on the planet. Its
light absorbing properties, besides being directly associated with the green colouration
of plants, play a key role in the photosynthesis process. These properties can also elicit
fluorescence, a complex phenomenon leading to striking material appearance changes. Ac-
cordingly, its predictive simulation can strengthen the fidelity of realistic image synthesis
frameworks, notably those targeting chlorophyll-containing materials. Moreover, the sys-
tematic visualization of chlorophyll fluorescence can lend itself to interdisciplinary applica-
tions in related areas such as botany, ecology, remote sensing and photonics. Despite these
aspects, chlorophyll fluorescence remains relatively overlooked in the computer graphics
literature, with related works accounting for it as a complementary rendering component
tied to visible light stimulus. In this thesis, we introduce a biophysically-based framework
for the simulation and visualization of the chlorophyll fluorescence elicited by light excita-
tion in the ultraviolet and visible spectral domains. It employs an algorithmic approach,
centered on the use of fluorescence spectroscopy principles, that can be used in the render-
ing and investigation of other fluorescent materials. We assess the proposed framework’s
predictive capabilities through the rendering of images depicting fundamental qualitative
traits verified in actual observations of chlorophyll fluorescence. We also demonstrate its
effectiveness and applicability in realistic image synthesis through sequences of images de-
picting chlorophyll solutions under various experimental characterizations and illumination

conditions.

111



Acknowledgements

First and foremost, I would like to thank my supervisor, Gladimir Baranoski, for his
guidance, wisdom, and most importantly, his belief in me. I am deeply grateful for the
kindness, patience, and understanding that he has shown. The growth I have experienced

as both a researcher and a person is a direct result of his faith and trust in me.

I would also like to thank Professor Paulo Alencar and Professor Toshiya Hachisuka for

taking the time to review my thesis and for providing invaluable feedback.

This journey would not have been the same without the members of the Natural Phe-
nomena Simulation Group: Petri, Francis, and Scott. I am grateful to have had them as
labmates, and even more so as friends. The experiences and memories that we have shared

will last a lifetime and be remembered fondly.

[ would also like to thank my partner, Caryn, for her encouragement and understanding
throughout this process. She always kept me grounded and I sincerely appreciate her

unconditional support along this endeavour.

Finally, words cannot even begin to express the level of gratitude I have for my parents
and their endless belief and support. They have instilled in me the confidence to pursue
whatever I set my mind to and have gone above and beyond to provide me opportunities

to do so. This thesis stands as a testament to their unwavering love.

v



Dedication

Dedicated to my parents, Fan Qingzhuo (JEFKH) and Zhang Xiaoli (5K/)NiR).



Table of Contents

Author’s Declaration
Abstract
Acknowledgements
Dedication

List of Figures

List of Symbols

1 Introduction

2 Biophysical Background

2.1 Fluorescence Terminology . . . . . . . . . . . . .. ..
2.2 Chlorophyll Fluorescence . . . . . . . . . . . . ... ... .. ...

2.3 Inelastic Phenomena . . . . . . . . . ..

vi

ii

iii

iv

viii

xii



3 Related Work

4 Proposed Framework
4.1 Attenuation . . . . ...
4.1.1 Scattering . . . . . . . .
4.1.2 Absorption . . . ...
4.1.3 Emission Approximation . . . . . . . ... ... L.

4.2 Implementation Aspects . . . . . . . ... ..

5 Results and Discussion
5.1 In-Silico Experimental Conditions . . . . . . . . ... .. ... ... ....
5.2 Baseline Cases . . . . . . . .

5.3 Extended Cases . . . . . . . ..

6 Conclusion

References

APPENDICES

A Chlorophyll: From Chloroplasts to Photosynthesis

B Integration of Fluorescence into a Path Tracing Renderer

Index

vii

11

14

16

18

20

22

22

24

24

27

31

37

39

48

49

51

55



List of Figures

1.1

2.1

2.2

Photographs illustrating the appearance of a chlorophyll solution under dif-
ferent illumination conditions. Top: green colour elicited by visible light
exposure. Middle: red (fluorescent) colour elicited by ultraviolet light ex-
posure. Bottom: Mixed colours elicited by the simultaneous ultraviolet and

visible light exposure. . . . . . . . . .. ...

A Jablonski [30] diagram of relative positions of chlorophyll’s absorption and
fluorescence spectra. Sy represents the ground state of a molecule of chloro-
phyll, while S7 and S5 represent the first two excited states of a fluorophore
[39]. IC stands for internal conversion [65] and it represents a nonradiative

transition between S; and Ss. . . . . ..o

Absorption and emission spectra of chlorophyll a [9]. The chosen concen-
tration was 150 pM. The emission spectrum was measured at an excitation
wavelength of 355 nm, and it is displayed in units of QSEU (quinine sul-
phate equivalent units, with quinine sulphate being a fluorescence standard

reference material used when comparing emission spectrums [66]). . . . . .

Viil



3.1

4.1

4.2

4.3

5.1

2.2

2.3

Graph depicting an approximation (Eq. 3.1) of chlorophyll a’s fluorescence

emission spectrum. Redrawn from Mobley [48]. . . . . .. ... ... ...

Flowchart depicting the decision tree that a camera (incident) ray under-
takes before determining that it is a fluoresced ray. The parameters p;, di,
@ and & correspond to the ray’s path length, the distance to the volume
boundary, the quantum yield and a random number uniformly distributed

in [0,1), respectively. . . . . ...

Diagrams illustrating the handling of a fluoresced ray, r;, and the corre-
sponding excitation ray, 7.. (a) If the path length, p., does not exceed the
distance, ds, to the volume boundary, the fluoresced ray’s path is terminated.
(b) Otherwise, the excitation ray is deemed to have reached the attenuation

POIN, T. . . . . . e e e e e

Diagram describing a scattering direction represented by a polar angle 0y

and azimuthal angle ¢p. . . . . . ..o

Plots of the relative spectral power distributions of the selected illuminants
with stronger components in the ultraviolet (UVB [53]) and visible (D65

and F2 [7]) spectral domains. . . . . . ... ...

Graph depicting the molar extinction coefficient spectrum for chlorophyll

employed in our simulations. . . . . . .. .. ... oL

Graph depicting the chlorophyll fluorescence emission spectrum approxima-

tion derived from the mirror-image rule (Section 4.1.3.) . . . . . . . . . ..

X

17



5.4

2.5

2.6

5.7

2.8

Images depicting chlorophyll solutions with increasing chlorophyll concentra-
tions. From top-left to bottom-left, clockwise: c.; = 0.02 uM, copy = 1 M,
Cent = D M and ¢y = 25 pM. For all images, the employed light source

corresponds to the F2 illuminant. . . . . . . . ... ... ... .. .....

Images depicting a chlorophyll solution exposed to the F2 (left) and D65
(right) illuminants. The value assigned for the chlorophyll concentration

Was Co =0 uM. ..o

Images depicting chlorophyl solutions with the same concentration
(cent = 5 M) and distinct quantum yields, namely ¢ = 0 (left) and @ = 0.23
(right), exposed to the UVB illuminant. . . . .. ... ... ... .. ...

Sketch illustrating the positions of the diffuse light sources employed in the
generation of the images of a chlorophyll spill presented in Fig. 5.8. The
ultraviolet light source is represented by the UVB illuminant, while the

visible light source is represented by the D65 illuminant. . . . . . . . . ..

Images of a chlorophyll solution (c.,; = 1 uM) spill under different illumina-
tion conditions associated with the activation of the diffuse ultraviolet and
visible light sources depicted in Fig. 5.7. Top: only the visible light source
is activated. Bottom: the ultraviolet and the visible light sources are both

activated. . . . . L

29

30

31

32



2.9

5.10

5.11

Al

Sketch illustrating the positions of the directional light sources employed
in the generation of the images of a chlorophyll-containing (transparent)
teapot presented in Fig. 5.10. The ultraviolet source is represented by the
UVB illuminant, while the visible light source is represented by the D65

illuminant. Note that the orientation of the ultraviolet light source is not

Sequence of images depicting a chlorophyll solution (c.; = 50 uM) be-
ing simultaneously illuminated by ultraviolet and visible (directional) light
sources as indicated in Fig. 5.9. From top-left to bottom-left, clockwise,
the images show the colour variations resulting from changing (angularly,
counter-clockwise) the ultraviolet light source’s target illumination area,
from the plane directly below it to the transparent teapot containing the

chlorophyll solution. . . . . . . . ... .. ... ..

Images depicting the scenario described in Fig. 5.9 with only the visible
light source activated (top) and with both, the ultraviolet and visible light
sources, activated (bottom). In the latter case, the ultraviolet light source

is slightly aimed at the teapot. . . . . . .. . .. .. .. ... ... ...

The effects of chlorophyll on foliar appearance. Left: photograph depicting
the reflection and transmission of sunlight onto leaves. Right: microscope
photograph showing the internal layers of a plant leaf laden with chlorophyll-

containing chloroplasts. . . . . . . . . . ... o Lo

X1



List of Symbols

N Avogadro number. N = 6.06 x 103 mol~*. 19

@ Quantum yield. 15, 16

R Gas constant per gram molecule. R = 8.315 x 107 erg K ' mol~t. 19
A Absorbance. 20

1o Absorption coefficient. [%] 17

0, Probability that the attenuation event is absorption. 17

i Attenuation coefficient. [%] 17

B Isothermal compressibility. 8 = 4.95 x 10~ em? dyne=t. 19

¢ Concentration. [M] 20

d The distance from the attenuation point to the boundary of the medium. [m] 14-17

€ Molar extinction coefficient. [Cmfn ol] 20

n Index of refraction. 19

xii



k Extinction coefficient of liquid water. 21
A,, Measured absorbance. 21

¢ Considered concentration. [M] 21

£m Measured molar extinction coefficient. [cmLm OJ 21

I, Considered optical path length. [cm] 21

[ Optical path length. [m] 20

®r Azimuthal angle of the scattered light. [rad] 19

p The distance that a ray travels in a medium before interacting with a particle. [m] 14-18
¢ A random variable used in the stochastic process. 15, 16, 18, 19

7 A primary ray used in a path tracing or other ray tracing algorithm. 17
s Scattering coefficient. [%] 17, 19

os Probability that the attenuation event is scattering. 17

7 Optical thickness depth. [em] 18

T Absolute temperature. [K] 19

Or Polar angle of the scattered light. [rad] 19

T Transmittance. 18, 20

A Wavelength. [nm] 18, 19

x Attenuation point where an incident ray strikes a medium particle. 17

xlil



Chapter 1

Introduction

The modelling of material appearance remains an important research topic in computer
graphics. In particular, it plays a central role in the high-fidelity rendering of natural scenes
composed of organic and inorganic materials. The realistic depiction of these materials
involves the simulation of light absorption and scattering processes directly responsible for

their appearance attributes (e.g., colour and translucency) [13].

In general, the simulation of these processes is carried out assuming the decoupling of
energies associated with different light wavelengths. More precisely, the energy of light
interacting with a material at a certain wavelength is independent of the energy at another
wavelength [16]. There are materials, however, capable of absorbing light at a given wave-
length and re-emitting it at another (usually longer) wavelength, a phenomenon known as

fluorescence [28].

This phenomenon may markedly change a material’s appearance when observed under
certain illumination conditions (Fig. 1.1). It can also affect the light interactions with the

surrounding environment. These aspects make the predictive simulation of fluorescence



relevant for realistic image synthesis [19]. However, despite the recent advances in this
area, this phenomenon is still relatively overlooked in the computer graphics literature,

notably with respect to organic materials.

Chlorophyll is a ubiquitous organic pigment that actively participates in the process of
photosynthesis and gives plants their green colour by absorbing impinging light. A signifi-
cant portion of the absorbed light is transformed into chemical energy, while the remaining
energy may be re-emitted through fluorescence [24]. Due to its scientific importance (e.g.,
it can serve as an indicator of vegetation productivity [26] and stress [41]) chlorophyll

fluorescence has been extensively investigated in the scientific literature.

In computer graphics, to the best of our knowledge, the simulation of chlorophyll flu-
orescence has mainly been considered with respect to the rendering of believable images
of ocean waters [8, 22, 23], with the phenomenon being elicited by visible light. We also
note that existing works depicting fluorescent materials observed under ultraviolet (UV)
light [3, 4, 27, 34, 50] do not explicitly examine chlorophyll and its specific light emission

capabilities in this spectral domain.

In this thesis, we propose a predictive, biophysically-based framework for the simula-
tion and visualization of chlorophyll fluorescence elicited by independent or simultaneous
exposure to ultraviolet and visible light. We comprehensively assess the fidelity [20] of
its predictions through the rendering of images depicting fundamental qualitative traits
verified in actual observations of this phenomenon. We also showcase its effectiveness
and applicability in realistic image synthesis [19] through sequences of images generated

considering distinct material characteristics and different illumination conditions.

In short, the main contributions of this work are three-fold. It presents a framework

that can enable the generation of images that are not only realistic depictions of chlorophyll



Figure 1.1: Photographs illustrating the appearance of a chlorophyll solution under differ-
ent illumination conditions. Top: green colour elicited by visible light exposure. Middle:
red (fluorescent) colour elicited by ultraviolet light exposure. Bottom: Mixed colours

elicited by the simultaneous ultraviolet and visible light exposure.



fluorescence, but are also controlled by biophysically meaningful parameters and less de-
pendent on manual tweaks. Moreover, we note that chlorophyll fluorescence can be found
in a wide range of lifeforms, from higher plants to algae and moss [59]. Accordingly, the
proposed framework provides a sound basis for the effective incorporation of chlorophyll
fluorescence into comprehensive material appearance models designed for these lifeforms.
Lastly, the proposed framework and data gathered for its development and evaluation also
offer an in silico platform for the testing of hypotheses involving this fundamental phe-
nomenon. This, in turn, may also contribute to knowledge advances in other fields such as

botany, ecology, remote sensing and photonics, just to name a few.

The remainder of this thesis is organized as follows. In Chapter 2, we briefly review
relevant aspects and terminology associated with chlorophyll fluorescence. In Chapter 3,
we concisely examine related computer graphics works involving this phenomenon and
rendering methods employed in its visualization. We then present the proposed framework
in Chapter 4. In Chapter 5, we assess its predictive capabilities and applicability to realistic
image synthesis. Finally, in Chapter 6, we conclude the thesis and indicate directions for

future work in this area.



Chapter 2

Biophysical Background

In this chapter, we provide a concise overview of the biophysical concepts relevant to the de-
velopment of the proposed framework. In Section 2.1, we briefly describe the phenomenon
of fluorescence and its related terminology. In Section 2.2, we further detail how fluo-
rescence is elicited by chlorophyll molecules. Readers interested in more information are
encouraged to examine comprehensive publications on these topics, such as the works by
Lakowicz et al. [39] on fluorescence spectroscopy or by Hall and Rao [24] on photosynthesis,

employed as supporting references in this thesis.

2.1 Fluorescence Terminology

Luminescence can be described as a material’s light emission caused by the return of its
excited (by an external stimulus) electrons to their ground state (relaxation) [39]. Fluo-
rescence, in turn, is a form of luminescence where the mechanism of electron excitation

corresponds to the absorption of photons [65] and the emission of light occurs within 1078 s



[21], which, to the naked human eye, can be considered instantaneous. When fluorophores
(molecules of a fluorescent material) are photonically excited, they jump from their neutral,
ground state to an excited state [39] (Fig. 2.1). At relaxation, they return to the ground

state and energy may be released through the emission of a photon.

The absorption spectrum of a fluorophore describes the fraction of incident wavelengths
of electromagnetic radiation that the material absorbs. The excitation spectrum depicts
the relative fluorescence intensity (for a fixed emission wavelength) produced by a range
of (excitation) wavelengths [65]. Its emission spectrum, on the other hand, represents the

relative fluorescence intensity for a fixed excitation wavelength [65].

For most fluorophores, the emission spectrum (or fluorescence spectrum [17]) is con-
sidered independent of the excitation spectrum. We also note that the absorption and
excitation spectra generally peak at the same wavelength and, for practical purposes, the

former can be used to represent the latter [39].

A fluorophore’s quantum yield (sometimes referred to as quantum efficiency [21]) is
defined as the ratio between the number of emitted photons relative to the number of
absorbed photons [39, 65]. It is worth noting that the quantum yield of a fluorophore is

also independent of excitation wavelength [39].

2.2 Chlorophyll Fluorescence

There are four major types of chlorophyll: a, b, ¢ and d [67]. Under in vivo conditions,
they are embedded in pigment-protein-lipid complexes present in photosynthetically active
cells (e.g., found in plant leaves) [59]. The reader interested in more details about the

photosynthetic and energy conversion processes is referred to Appendix A. While the blue-
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Figure 2.1: A Jablonski [30] diagram of relative positions of chlorophyll’s absorption and
fluorescence spectra. Sy represents the ground state of a molecule of chlorophyll, while S}
and Sy represent the first two excited states of a fluorophore [39]. IC stands for internal

conversion [65] and it represents a nonradiative transition between S; and Ss.



green chlorophyll @ is present in all oxygen-photosynthetic organisms [24], yellow-green
chlorophyll b is present in leaves of higher plants and in green algae [24]. Chlorophylls
¢ and d, on the other hand, can be found in brown and red algae, respectively [24]. In
this work, without loss of generality, we focus on chlorophyll a fluorescence. This choice
was motivated by the prominent occurrence of this type of chlorophyll [59] and the larger

availability of supporting empirical information in comparison with the other types [24].

Absorption ||
3. Emission |
125
1l o
2.5+ ] o
:20 x
T
8 2 - 4
c i
g 15 &
5 i
215 S~
< 4 O
10 @
1 ] S
. o
0.5 15
S A o | S T e I L S Y I I | LS R T N I I \7 0
200 300 400 500 600 700 800

Wavelength (nm)

Figure 2.2: Absorption and emission spectra of chlorophyll a [9]. The chosen concentration
was 150 puM. The emission spectrum was measured at an excitation wavelength of 355 nm,
and it is displayed in units of QSEU (quinine sulphate equivalent units, with quinine
sulphate being a fluorescence standard reference material used when comparing emission

spectrums [66]).



The absorption spectrum of chlorophyll a is comprised of two peaks in the blue and red
spectral regions (Fig. 2.2). Thus, when a chlorophyll solution (e.g., obtained by immersing
a plant leaf in alcohol) is illuminated by a visible light source, photons near these peaks

are more likely to be absorbed than those in the green region.

The absorption of a “blue” photon (a photon travelling in the short wavelength region of
the visible spectrum) excites the chlorophyll molecule to the excited state of Sy, while that
of a “red” photon (a photon travelling in the long wavelength region of the visible spectrum)
will excite it to Sy [24] (Fig. 2.1). Due to the instability of the excited molecule, electrons
rapidly return to the ground level and, in turn, release the absorbed photon’s energy
[24]. This release of excitation energy is mainly used to drive photochemical reactions
that initiate the photosynthetic energy conversion [38]. Excess energy is either released as
thermal dissipation or emitted as a photon of lower energy (longer wavelength) [24, 38].
Chlorophyll fluorescence emission only occurs in the red region due to the fact that decay of
excitation between excited states takes place within 10™3s of absorption, while fluorescence
emission requires about 107%s [24]. Therefore, chlorophyll fluorescence occurs in the red

region regardless of the absorbed light’s wavelength [24].

However, when an ultraviolet light source is employed, the non-absorbed photons cannot
be detected by the human eye since they are outside the visible spectral domain. This
results in a perception of red fluorescence stronger than that elicited by visible light [24].
In the former case, the non-absorbed rays are detected by the human eye, contributing
to a broader colour perception (associated with both green and red wavelengths). It is

important to note that absorption and fluorescent emission are separate processes [64].

Lastly, it is also worth mentioning that the quantum yield of chlorophlyl under in vitro
conditions is significantly higher than that verified under in wvivo conditions [14, 45].

Therefore, the fluorescence of a chlorophyll solution is much stronger and more noticeable



than that of a plant organ (e.g., a leaf).

2.3 Inelastic Phenomena

Scattering events result in the perturbation of the direction of propagation of light travers-
ing a medium (or material). When this perturbation is accompanied by a change of wave-

length, these events are termed inelastic [5]. Otherwise, they are classified as elastic.

Similarly, fluorescence can be described as an inelastic phenomenon since it results
from an attenuation event accompanied by a wavelength change. More specifically, light is

re-emitted at a longer wavelength (lower energy) than that of the excitation (traversing)

light [39].
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Chapter 3

Related Work

The simulation of fluorescence involving inorganic materials has been extensively examined
in the field of computer graphics. Since a comprehensive review of this topic is beyond the
scope of this thesis, the interested reader is referred to representative works in this area
such as those by Glassner [15], Wilkie et al. [70], Hullin et al. [27] and Jung et al. [34]. For
conciseness, in this chapter, we focus on computer graphics works that have specifically
involved the simulation of fluorescence produced by chlorophyll or chlorophyll containing

organisms [8, 22, 23].

Cerezo and Seron [8] extended the radiative transfer equation' to consider inelastic vol-
umetric processes. To showcase their system, they produced renderings of natural waters
which took into account fluorescence from chlorophyll a. More specifically, they investi-
gated the simulation of ocean waters with a high concentration of this pigment, and utilized

measured absorption data [48] to characterize their seawater volume. Furthermore, they

IThe radiative transfer equation describes the change in radiance travelling along a certain direction

at a certain point in a differential volume element [10].

11



noted that the distribution of the chlorophyll a fluorescence emission wavelengths is cen-
tered around 685 mm. They also stated that even though the exciting wavelength does
not affect the emission wavelength, it affects the strength of the fluorescence signal. Ac-

cordingly, they approximated the fluorescence emission spectrum with a Gaussian function

provided by Mobley [48]:

) = o exp | -2 0]

where h,(A) is the chlorophyll fluorescence emission wavelength function, Ag is the wave-

(3.1)

length of maximum emission (which, in the case of chlorophyll a fluorescence, is reportedly

to be 685 nm [48]) and A\, = 10.6 nm is the standard deviation of the Gaussian (Fig. 3.1).
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Figure 3.1: Graph depicting an approximation (Eq. 3.1) of chlorophyll a’s fluorescence

emission spectrum. Redrawn from Mobley [48].
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Cerezo and Seron [8] qualitatively compared scenes depicting both elastic and inelastic
scattering phenomena (i.e., fluorescence) and scenes depicting only the former. They
reported that there were no visible differences. Quantitatively, they observed that the net
absorbed energy in the elastic case was always greater than that of the inelastic case except
in the region near 680 nm. According to them, the emitted absorbed energy (through

fluorescence) was reabsorbed, mitigating the difference between the two cases in that region.

Gutierrez et al. [22] also investigated the simulation of inelastic scattering events in
their non-linear volume extension of the photon mapping algorithm [33]. They employed
a Russian roulette algorithm [25] in their fluorescence simulation, utilizing reported data
and various sampling techniques. They then incorporated their simulation in the ren-
dering of ocean waters as a case study. They considered two main seawater cases: one
with varying concentrations of chlorophyll (with this pigment mainly absorbing visible
light at wavelengths outside the blue region of this spectral domain) and another with a
high concentration of dissolved organic matter (or yellow matter). Similar to Cerezo and
Seron [8], Gutierrez et al. [22] qualitatively compared different images of simulated ocean

water characterized by varying parameters.

Later, in their bio-optical model for the visualization of underwater ocean optics that
expands on the previously mentioned work [22], Gutierrez et al. [23] included the compo-
nents of yellow matter, chlorophyll-containing phytoplankton and minerals. However, they
noted that they only considered incident wavelengths in the range of 370 to 690 nm, and

reported that only those wavelengths could trigger fluorescence.

Lastly, Jarabo and Arellano [32], in their implementation of bidirectional rendering of
vector light transport, made use of the chlorophyll material (and its respective properties)
from Gutierrez et al. [23]. They used a time-resolved render to showcase the red emission

of absorbed photons after the excitation source emitting visible light was turned off.

13



Chapter 4

Proposed Framework

In this chapter, we describe the framework proposed for the biophysically-based simulation
of chlorophyll fluorescence. It employs an algorithmic formulation centered on the use of
stochastic techniques [25] and geometrical (ray) optics concepts [18]. Fig. 4.1 provides a
high-level overview of the decision tree that a light ray (originating from a virtual camera)

undergoes when interacting with the material (chlorophyll solution).

After the incident (camera) ray intersects with the volume representing the solution, we
compute its path length (Section 4.1), denoted by p;, i.e., the distance that the ray travels
before interacting with a chlorophyll molecule. If p; is greater than the distance, d;, to the
volume boundary, the ray is transmitted. Otherwise, it is deemed to be attenuated by an

elastic scattering event or an absorption event, which are determined probabilistically.

In the case of an elastic scattering event, we perturb the ray’s direction of propagation
(Section 4.1.1) and continue to trace its path. In the case of an absorption event (Sec-
tion 4.1.2), we check the ray’s wavelength. If it is not within the chlorophyll’s emission

spectrum domain, we terminate its path. Otherwise, we determine if it is associated with

14
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Figure 4.1: Flowchart depicting the decision tree that a camera (incident) ray undertakes
before determining that it is a fluoresced ray. The parameters p;, di, () and &; correspond

to the ray’s path length, the distance to the volume boundary, the quantum yield and a

random number uniformly distributed in [0,1), respectively.
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a fluorescence event as follows.

Recall that the quantum yield, @), represents the ratio between the number of emitted
photons relative to the number of absorbed photons [39, 65]. Thus, we generate a random
number &, uniformly distributed in [0,1). If & < @, the ray’s absorption is deemed to
be linked to a fluorescence event, i.e., the incident ray is deemed to be a fluoresced ray.

Otherwise, the ray’s path is terminated.

Once it is determined that a fluorescence event has occurred, we proceed to trace
the corresponding excitation ray. More specifically, we generate a ray from the point of
attenuation to a sample point on a randomly selected light source present in the scene.
Note that that this excitation ray is associated with a wavelength shorter than that of the
original incident ray, and it is within the spectral power distribution of the selected light

source.

We then compute the excitation ray’s path length (Section 4.1), denoted by p., to
determine whether the fluoresced ray should be terminated or traced to the light source
(Fig. 4.2). More precisely, if p. does not exceed the distance, dy, to the volume bound-
ary, the excitation ray is not generated and the corresponding fluoresced ray’s path is
terminated. Otherwise, the excitation ray is generated from the attenuation point and the

fluoresced ray’s path is traced to the light source.

4.1 Attenuation

We remark that the attenuation of light propagating in a material, or medium, can occur
through absorption and scattering events. These, in turn, depend on the material’s ab-

sorption and scattering coefficients [29] denoted by p, and ps, respectively.  Their sum

16



b)v’

Figure 4.2: Diagrams illustrating the handling of a fluoresced ray, r;, and the corresponding
excitation ray, 7.. (a) If the path length, p., does not exceed the distance, ds, to the volume
boundary, the fluoresced ray’s path is terminated. (b) Otherwise, the excitation ray is

deemed to have reached the attenuation point, x.

gives the attenuation coefficient, denoted by u. These coefficients are typically measured

in inverse length units [58].

Given the occurrence of an attenuation event, the probability of absorption is given by:

Ha
g = —. (4.1)
v

Similarly, the probability of scattering is given by:

s
0y = —. (4.2)
0

Considering a homogeneous medium, the attenuation coefficient is spatially invariant.

Thus, the optical thickness depth 7 is linearly proportional to the distance d along the ray

17



[58]:
T =d p, (4.3)

such that the transmittance (transmitted to incident light flux!, or power, ratio [47]) T

can be expressed as:

T=e". (4.4)
It follows that the free path length p can be computed as [58]:

1
p(&2) = —mln(&), (4.5)

where & is a random number uniformly distributed in [0,1).

4.1.1 Scattering

For practical purposes, one can consider the scattering behaviour of an alcoholic solution
of chlorophyll similar to that of liquid water, particularly considering alcohol solvents
whose optical properties (e.g, refractive indices and Rayleigh ratios?) closely align with
those of water [1, 54, 56]. Although any amount of scattering would be relatively small,

we include a wavelength-based scattering coefficient for completeness and approximate it

'Flux, or radiant power (commonly referred to as power), refers to the total amount of radiant energy
passing through a surface per unit time, measured in watts (W or J s_l) [61]. Radiant energy is a
fundamental quantity representing the energy measured in a group of photons (rays) and has units in

joules (J) [61].
2According to Kerker [36], the Rayleigh ratio, Ry, is defined as the intensity of scattered light in the

direction # per unit solid angle [15] and unit scattering volume, normalized by the incident irradiance [15].
The Rayleigh scattering coefficient may be found by integrating the Rayleigh ratio over all solid angles.
That is, p, = 15 Ry [30].
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using measured data for liquid water [12]:

x? (537

) = T (S ) 0 = 0202 + 27 (46)

where 7 is the refractive index of water, A is the incident wavelength, 7T is the ab-
solute temperature (in K units), R = 8.315 x 107 erg K~'mol~! is the gas constant,
N = 6.06 x 10* mol~! is the Avogadro number, and 3 = 4.95 x 107!t em? dyne™! is the

isothermal compressibility.

For consistency with seminal works [11, 12, 62] on scattering events occurring in water
and other homogeneous media whose main scatterers are molecules much smaller than the
wavelength of light, the ray direction of propagation is perturbed considering the Rayleigh
scattering distribution [46]. Accordingly, the polar perturbation angle 0y is generated
using Algorithm 1, where {3 and &, are random numbers uniformly sampled from [0,1).
As for the azimuthal perturbation ¢g, it is symmetrically distributed over [0, 27), i.e.,
Or = 2m&;, where &5 is also a random number uniformly sampled from [0,1). These two

angles characterize the direction of scattering (Fig. 4.3).

Algorithm 1: Rayleigh Perturbation

repeat
&3,&4 < random|0, 1)
Or < &3
until & < (%6) (1 + cos? Or) sin O

return 6y
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Figure 4.3: Diagram describing a scattering direction represented by a polar angle 6z and

azimuthal angle ¢g.

4.1.2 Absorption

Absorbance, A (also known as optical density), is the parameter that describes the amount
of light that is absorbed and converted to other forms of energy such as heat [47]. Tt is
defined as the logarithm to base 10 of the reciprocal of transmittance [43, 47],

ot (1), ar

Furthermore, according to the Beer-Lambert law [43], the transmittance of an absorptive

material can be expressed as:
T =e* (4.8)

where € and ¢ are the molar absorption coefficient and the concentration of the material,

respectively, and [ is the optical path length.
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Utilizing Eq. 4.7 and Eq. 4.8, the molar extinction coefficient (given in units —-) can
be expressed as:
Aln(10)
= —". 4.9
€ ] (4.9)

Thus, in order to obtain the molar extinction coefficient for chlorophyll, one can use
Eq. 4.9 and measured absorbance data such that:

A, (M) In(10)

4.10
— (4.10)

€chl()\) =

Y

where A,, is the measured absorbance data, while ¢, and [,, respectively represent the

concentration and optical path length values considered in the absorbance measurements.

The total (effective) absorption coefficient of a given solution corresponds to the sum of
the absorption coefficients of its constituent materials [31]. These, in turn, are obtained by
multiplying each material’s specific absorption coefficient (s.a.c.) by their corresponding
concentration in the solution. Note that the absorption coefficient of liquid water corre-
sponds to its s.a.c. [2]. This, in turn, can be used to approximate the absorption coefficient
of an alcoholic (liquid) solvent, such as methanol [52], with optical properties markedly
similar to those of water [1, 54, 56]. Accordingly, the absorption coefficient of a chlorophyll
solution, with concentration c., (given units of M) and molar extinction coefficient €.,

can be calculated as:

ta(X) = Cuater(A) + €cni(A) Cent, (4.11)
where (yater refers to the s.a.c. of liquid water (given in units of %) and it is expressed as:

K(\) 4T
A Y

Cuater(A) = (4.12)

with k() representing the extinction coefficient of liquid water [44, 57].
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4.1.3 Emission Approximation

We remark that fluorescence can be described as the emission of a photon at a longer
wavelength than that of the corresponding absorbed photon [39]. This involves a numerical

shift, also known as the Stokes shift [63], between the incident and emitted wavelength.

It follows that the emission spectrum of a fluorescent material loosely mirrors its ab-
sorption spectrum where photons excite molecules from the ground state to the first excited
state. This resemblance is known as the “mirror-image rule” [21, 39, 65]. In the case of
chlorophyll, its emission spectrum mirrors the region around its absorption peak located in
the red range of the visible spectrum. We employ this principle to approximate the emis-
sion spectrum of chlorophyll. We mirror its absorption spectrum [9] about the vertical line
at 673 nm, and then normalize it such that the integral is equal to one. We also note that
the emission is isotropic and its direction is independent of the incident direction [39]. It
is worth mentioning that we elected to use this approach since measured emission datasets

are still scarce in the literature and they are often tied to a specific excitation wavelength.

4.2 Implementation Aspects

The implementation of the proposed methodology can be seen as a new (fluorescent) mate-
rial class definition for a typical path tracing [16] renderer. Accordingly, as a ray traversing
the target material undergoes distinct attenuation events, their effects are cumulatively

accounted for in the estimation of the ray’s contribution to the radiance® (colour) of its

3The radiance at a certain point on a surface (or volume) is the reflected quantity that closely ap-
proximates the colour of the material (or medium) and it provides an indication of surface (or volume)
brightness [61]. It is independent of surface area, the size of the object being inspected and the distance

to the observer.
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associated pixel. The reader interested in more details about the implementation of the

proposed framework is referred to Appendix B.

23



Chapter 5

Results and Discussion

In this chapter, we assess the predictive capabilities of the proposed framework. We begin
with a concise presentation of key components of our in silico experimental scenarios.
This is followed by a qualitative examination of results obtained for baseline cases, which
were selected to enable the verification of distinct features and trends observed in actual
experiments involving chlorophyll solutions. Lastly, we further showcase the effectiveness
and applicability of the proposed framework by exploring scenes with more complex light

exposure conditions.

5.1 In-Silico Experimental Conditions

In order to determine whether the proposed framework can reproduce the array of chro-
matic variations, notably associated with fluorescence emissions, observed in chlorophyll
solutions exposed to multispectral light stimuli, we have incorporated it into a path trac-

ing renderer (Section 4.2). We then employed this renderer (Appendix B) to generate
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images depicting the effects of different illuminants on solutions containing distinct chloro-
phyll concentrations (c.;). In our simulations, unless otherwise stated, we considered a

quantum yield value (Q = 0.23) consistent with empirical data obtained for chlorophyll

solutions [14].
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Figure 5.1: Plots of the relative spectral power distributions of the selected illuminants with

stronger components in the ultraviolet (UVB [53]) and visible (D65 and F2 [7]) spectral

domains.

Fig. 5.1 shows the relative spectral power distributions (RSPDs) of the selected il-
luminants. To increase our scope of observations, we employed light sources with strong
components in spectral ranges that are commonly associated with chlorophyll fluorescence.

More precisely, to represent light sources emitting primarily in the visible domain, hence-
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forth referred to as visible light sources, we considered the CIE standard illuminants D65
(6,500 K, natural daylight) and F2 (fluorescent, type-2) [7], which can be used to approxi-
mate outdoor and indoor lighting conditions, respectively. On the other hand, to represent
a light source emitting primarily in the ultraviolet domain, henceforth referred to as an

ultraviolet light source, we utilized a UVB illuminant [53].

The molar extinction coefficient spectrum for chlorophyll employed in our simulations
is provided in Fig. 5.2. It was computed using Eq. 4.9 and measured absorbance data
provided by Cerovic et al. [9] (Fig. 2.2), which was obtained considering a concentration

of 150 M and an optical path length of 0.2 cm.
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Figure 5.2: Graph depicting the molar extinction coefficient spectrum for chlorophyll em-

ployed in our simulations.
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For completeness, we provide in Fig. 5.3 the chlorophyll fluorescence emission spectrum
obtained using the approach described in Section 4.1.3. We note that the obtained emission
spectrum shows a closer agreement with empirical chlorophyll emission data (Fig. 2.2) [9]

than the Gaussian approximation (Fig. 3.1) used by previous works (Chapter 3).
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Figure 5.3: Graph depicting the chlorophyll fluorescence emission spectrum approximation

derived from the mirror-image rule (Section 4.1.3.)

5.2 Baseline Cases

In this section, we examine the fidelity of the proposed framework’s predictions with re-
spect to fundamental qualitative aspects associated with the appearance of chlorophyll

solutions under different experimental conditions. We note that, in the context of this
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research, fidelity corresponds to the degree to which computer simulations can reproduce

the behaviour of a real material in a perceivable manner [20].

In Fig. 5.4, we present images of chlorophyll solutions with distinct concentrations. The
illuminant used in all scenes was F2 (Fig. 5.1). All solutions exhibit a green colouration,
with those characterized by a higher chlorophyll concentration presenting a darker hue,
which aligns with the expected light attenuation properties of chlorophyll [9]. Moreover, the
fluorescence emissions are imperceptible for all solutions, which is consistent with physical
observation (e.g., Fig. 1.1 (top)). We remark (Chapter 2) that the fluorescence elicited by
visible light is relatively weak compared to the light that is non-absorbed (i.e., reflected
or transmitted). Furthermore, increasing the concentration, while in theory increases the
amount of fluorescence emission, does not make the emission more noticeable [69]. Thus,
the images presented in Fig. 5.4 demonstrate that the modelled chlorophyll solutions under

visible light exposure depict the expected appearance traits.

In Fig. 5.5, we present images of a chlorophyll solution under different visible light
sources, namely the F2 and D65 illuminants (Fig. 5.1). We remark that these illuminants
were chosen to mimic indoor and outdoor lighting conditions, respectively. Similar to
the observations reported for the images presented in Fig. 5.4, the fluorescence emissions
cannot be observed. We also note that despite the fact that the D65 illuminant emits in
the ultraviolet region, the red emission remains unnoticeable. This further demonstrates
that the unabsorbed visible light contributes markedly more to the observed colour of a

chlorophyll solution than its fluorescence, which is tied to red emissions [24].

In Fig. 5.6, we present images illustrating the chlorophyll fluorescence emissions that
can be observed when a solution is illuminated by an ultraviolet light source, namely the
UVB illuminant (Fig. 5.1). The purpose of this case is two-fold. First, we show that when

the light source has a dominant ultraviolet component, the fluorescence (red) emissions
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Figure 5.4: Images depicting chlorophyll solutions with increasing chlorophyll concentra-

tions. From top-left to bottom-left, clockwise: c.; = 0.02 uM, copy = 1 uM, cepg = 5 M
and c.qy = 25 uM. For all images, the employed light source corresponds to the

F2 illuminant.
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Figure 5.5: Images depicting a chlorophyll solution exposed to the F2 (left) and D65 (right)

illuminants. The value assigned for the chlorophyll concentration was c.,y = 5 M.

are trivially noticeable (Fig. 5.6 (right)), as expected (e.g., Fig. 1.1 (middle)). Moreover,
in order to isolate the fluorescence component of our proposed framework and evaluate
its ability to produce plausible images, we compare a solution with ) = 0.23 to one with
¢ = 0. This highlights the idea that, in a hypothetical scenario where the quantum
yield is equal to zero, the amount of light energy that is re-emitted is also equal to zero
[39, 65]. This should, in theory, be illustrated by a solution whose appearance is given by
only non-absorbed light. This matches the image presented Fig. 5.6 (left) where the only
noticeable colour of the solution is the violet elicited by the non-absorbed (visible) rays.
This controlled comparison is intended to verify that the emission term in our framework

is correctly gated by the modifiable quantum yield parameter and responds as expected.
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Figure 5.6: Images depicting chlorophyl solutions with the same concentration

(Ceny = 5 M) and distinct quantum yields, namely @ = 0 (left) and @ = 0.23 (right),

exposed to the UVB illuminant.

5.3 Extended Cases

In this section, to extend our scope of observations and further demonstrate the plausibility
and robustness of the proposed framework, we examine scenarios in which the chlorophyll
solutions are simultaneously illuminated by ultraviolet and visible light sources. Further-
more, we also take into account distinct light incidence geometries. To the best of our
knowledge, chlorophyll fluorescence simulations and visualizations involving these illumi-

nation set-ups have not been presented in the literature to date.
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Figure 5.7: Sketch illustrating the positions of the diffuse light sources employed in the
generation of the images of a chlorophyll spill presented in Fig. 5.8. The ultraviolet light
source is represented by the UVB illuminant, while the visible light source is represented

by the D65 illuminant.

In Fig. 5.8, we present images depicting a scenario in which a chlorophyll solution spill
is exposed to ultraviolet and visible illumination (Fig. 5.7), provided by the UVB and
D65 illuminants (Fig. 5.1), respectively. When the spill is exposed only to visible light,
its transparent appearance presents a characteristic green hue (Fig. 5.8 (top)). On the
other hand, when it is exposed to both ultraviolet and visible light, with both excitation
pathways contributing roughly equally across the target surface, the resulting appearance
is a mixed hue of the characteristic green of chlorophyll under visible light and the red
fluorescent emission elicited by the ultraviolet light source (Fig. 5.8 (bottom)). This hue

is perceived as a single colour, unlike what can be observed in the next scenario (Fig. 5.9).
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Figure 5.8: Images of a chlorophyll solution (c.,; = 1 M) spill under different illumination
conditions associated with the activation of the diffuse ultraviolet and visible light sources
depicted in Fig. 5.7. Top: only the visible light source is activated. Bottom: the ultraviolet

and the visible light sources are both activated.
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Figure 5.9: Sketch illustrating the positions of the directional light sources employed in
the generation of the images of a chlorophyll-containing (transparent) teapot presented in
Fig. 5.10. The ultraviolet source is represented by the UVB illuminant, while the visible
light source is represented by the D65 illuminant. Note that the orientation of the ultra-

violet light source is not fixed.

In Fig. 5.10, we present a sequence of images depicting a chlorophyll solution also being
simultaneously exposed to directional ultraviolet and visible illumination provided by the
UVB and D65 illuminants (Fig. 5.1), respectively. However, in this scenario, while the
illumination area of the D65 illuminant (visible light) is kept fixed (on the right side of
the teapot), the illumination area of the UVB illuminant (ultraviolet light) is not. More
specifically, its target illumination area is changed (angularly, counter-clockwise) from the
plane directly below it to the transparent teapot (Fig. 5.9). As a result, the chlorophyll’s
characteristic green from the interaction with visible light and the red fluorescence from
the interaction with the ultraviolet light are depicted. Crucially, the two colours spatially

coexist as observed in similar real scenarios (e.g., Fig. 1.1 (bottom)). This is presumably
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Figure 5.10: Sequence of images depicting a chlorophyll solution (c.,; = 50 uM) being

simultaneously illuminated by ultraviolet and visible (directional) light sources as indicated
in Fig. 5.9. From top-left to bottom-left, clockwise, the images show the colour variations
resulting from changing (angularly, counter-clockwise) the ultraviolet light source’s target
illumination area, from the plane directly below it to the transparent teapot containing

the chlorophyll solution.

due to the non-uniform illumination from the two light sources, as well as the perturbation
of light from the refraction caused by the glass that surrounds the medium. These aspects
additionally indicate that the perceptual outcome of combined illumination is also depen-
dent on the scene geometry, the relative orientation of the light sources and the viewer’s
position. The proposed framework is able to capture this nuance, which is highlighted in

the comparison presented in Fig. 5.11.
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Figure 5.11: Images depicting the scenario described in Fig. 5.9 with only the visible light
source activated (top) and with both, the ultraviolet and visible light sources, activated

(bottom). In the latter case, the ultraviolet light source is slightly aimed at the teapot.

It is worth noting that the scenarios depicted in the images presented in this chapter
are also intended to provide illustrative examples of potential applications of the proposed
framework in realistic image synthesis [19]. These applications may involve objects with
distinct geometries and exposed to a broader array of illumination conditions. Moreover,
the described appearance changes prompted by fluorescence can be further expanded by

systematically modifying the characterization parameters of target materials.
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Chapter 6

Conclusion

In this thesis, we have proposed a biophysically-based framework for the multispectral sim-
ulation and visualization of chlorophyll fluorescence. Employing a stochastic algorithmic
approach, it allows for different light exposure set-ups to be considered. In particular, it
utilizes the mirror-image rule to approximate the emission spectrum of chlorophyll. This
strategy not only resulted in an emission spectrum that closely approximates empirical
chlorophyll data, but it can also be applied to other natural materials with similar fluores-

cence capabilities.

We have assessed the fidelity of the proposed framework’s predictions through a system-
atic examination of baseline and extended test cases. The obtained images clearly depicted
fundamental qualitative aspects that can be observed in real demonstrations of chlorophyll
fluorescence. We remark that, to the best of our knowledge, this work represents the first
initiative to visually reproduce chlorophyll fluorescence elicited by independent or simulta-
neous exposure to ultraviolet and visible light reported in the literature. In particular, we

brought to attention two distinct appearance behaviours that arise from the simultaneous
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illumination of chlorophyll by light sources with strong ultraviolet and spectral compo-
nents, namely a uniform, mixed hue, as well as separated hues depicted within the same

material volume.

The investigation described in this thesis can be expanded in different directions. For
instance, as future work, we intend to explore the predictive visualization of fluorescence
prompted by other types of chlorophyll as their appearance may be different from the
classical green colour of chlorophyll a. Furthermore, we plan to extend the use of the pro-
posed framework to the simulation of fluorescence elicited by living chlorophyll-containing
organisms, such as plants and algae, as well as to the visualization of time-dependent,

light-emission phenomena such as phosphorescence.

Besides its intended use in realistic image synthesis [19], the proposed framework can
contribute to relevant interdisciplinary investigations in botany [6], ecology [40, 41], remote
sensing [42, 49] and photonics [60]. For instance, it offers an in silico platform for the test-
ing of hypotheses on the sensitivity of chlorophyll fluorescence to environmental changes.
In particular, hypotheses connecting plant health status with variations in fluorescence
signatures can potentially lead to more effective procedures for the detection of diseases

affecting different types of vegetation.

Lastly, the proposed framework can also be employed to support astrobiology initiatives
aimed at the visualization of ecosystems on different planets whose native vegetation may
be exposed to different solar emissions [37]. Plants on these planets would likely have a
different appearance [37], which, in turn, may be affected by their fluorescence responses

to ultraviolet and visible light.
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Appendix A

Chlorophyll: From Chloroplasts to

Photosynthesis

In this appendix, we provide a brief overview of the process of photosynthesis and how
fluorescence occurs as a byproduct. Through photosynthesis, plants use the absorbed
energy from inorganic compounds and solar radiation in order to synthesize food materials
and other organic compounds [24, 68]. These compounds, in turn, have a vital importance

for most of the lifeforms on Earth.

This fundamental process is facilitated by chloroplasts, specialized organelles located
within plant cells [68]. Each chloroplast organelle contains many thylakoids, a disc-like com-
partment which houses the photosynthetic apparatus in its membrane [24]. The photosyn-
thetic apparatus of a photosynthetic organism (e.g., leaves, algae, phototrophic bacteria) is
a system of protein-pigment complexes and molecules. Included in these protein-pigment
complexes is chlorophyll, the pigment responsible for absorbing light and converting the

absorbed energy into fuel for photochemical and enzymatic reactions [24]. Also, the typical
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Figure A.1: The effects of chlorophyll on foliar appearance. Left: photograph depicting the

reflection and transmission of sunlight onto leaves. Right: microscope photograph showing

the internal layers of a plant leaf laden with chlorophyll-containing chloroplasts.

green colour of algae and plants (Fig. A.1) are prompted by the specific light absorption
profiles of chlorophyll, with mainly blue and red light being absorbed, while green light is
propagated (reflected or transmitted) [2, 9].

The energy absorbed is then transferred to the reaction centers of two photosystems,
namely the Photosystem I (PSI) and Photosystem II (PSII) located in the thylakoid mem-
brane, leading to electron excitation [38]. These photosystems convert the excited energy
to catalyze the production of oxygen and the assimilation of carbon dioxide within the
chloroplast [51]. Excess excited energy is dissipated and it may be released in the form of
heat or light. In the latter case, the light emissions can bring about the visual manifes-
tation of fluorescence, the focal point of the research described in this thesis. It is worth
noting that maximum quantum yield of chlorophyll a observed under in vivo conditions
(e.g., from a plant leaf or an alga) is around eight to ten times lower than that observed

under in vitro conditions (e.g., from a solution) [14, 38].
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Appendix B

Integration of Fluorescence into a

Path Tracing Renderer

The proposed framework was implemented in the pbrt-v4 renderer [55]. More specifi-
cally, it was implemented as a new medium class, ChlorophyllMedium. The majority of
the logic is coded within the VolPathIntegrator::Li() function and extends the exist-
ing volumetric path tracing infrastructure to handle fluorescence events that occur in a

ChlorophyllMedium.

When a camera ray enters a ChlorophyllMedium region, a transmittance value, T_reg,
is sampled via Eqgs. 4.3, 4.4, and 4.5. If the sampled path length, p; exceeds the dis-
tance to the volume boundary, d;, the camera ray is deemed to have not interacted with a
ChlorophyllMedium particle and is transmitted. Otherwise, the camera ray is determined
to be attenuated. The attenuation event is stochastically determined to be either a scat-
tering or absorption event. Their respective probabilities are given by Eq. 4.2 and Eq. 4.1.

If the ray is scattered, its perturbed direction is determined via the Rayleigh scattering
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distribution [46] (Algorithm 1). The ray continues to be traced by pbrt-v4, outside of our
additional code. If the ray is absorbed, the integrator! checks whether the ray’s wavelength
lies within the domain of the emission spectrum, which is obtained via Section. 4.1.3. If
so, then, if a sampled uniform random number is less than (), the camera ray is deemed

to be a fluoresced ray. Otherwise, the ray is terminated and we stop tracing the path.

Proceeding with the fluoresced ray, a light source is sampled using the LightSampler ()
function and a point on its surface is sampled via the renderer’s SampleLi() function. An
excitation wavelength A, is sampled uniformly within the intersection of the light source’s
spectral power distribution and the range of wavelengths shorter than the camera ray’s
wavelength. A shadow ray? is spawned from the attenuation point towards the sampled
position on the light source. The shadow ray’s transmittance through the medium at the
excitation wavelength is sampled, again using Eqs. 4.3, 4.4, and 4.5. If an opaque surface
intersection is detected along the shadow ray, the contribution is set to zero and the path is
terminated. If the sampled path length p. is less than the distance dy from the attenuation
point to the volume boundary, we stop tracing the ray and terminate it. Otherwise, we

continue tracing it.

The fluorescence contribution of the path is added to the radiance estimate L. This
contribution is calculated by multiplying the sampled light source radiance by a number of

scalars. These scalars consist of the following terms: the path throughput weight (which

! An integrator is the top-level rendering algorithm responsible for estimating the radiance along each

camera ray by numerically solving the rendering equation, typically via Monte Carlo sampling [35].
2We borrow the term shadow ray from the path tracing literature [61], where it refers to a ray cast

from an interaction point toward a light source to evaluate the direct illumination contribution. In our
framework, the shadow ray serves the same structural purpose by connecting the fluorescence interaction
point to the sampled light source, albeit carrying the sample excitation wavelength rather than the camera

ray’s wavelength.
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encapsulates the accumulated transmittance and PDF? factors along the camera ray), the
transmittance from the ray’s entry point to the interaction point, the shadow ray transmit-
tance, and the normalized emission spectrum. The product of the aforementioned scalars is
then divided by the channel* average of the rescaled path probability — maintained by the
integrator as part of pbrt-v4’s spectral multiple importance sampling procedure — and
the light sampling probability normalized by the first channel’s value. After calculating

the ray’s contribution as indicated above, we stop tracing it.

3A probability density function (PDF) describes the likelihood of a continuous random variable taking
on a given value [25]. In rendering, it characterizes the probability of sampling a particular direction,

position, or wavelength during Monte Carlo integration [35].
4In pbrt-v4, each ray carries N simultaneously sampled wavelengths, and all spectral quantities are

represented as SampledSpectrum values containing one component per carried wavelength. The first
wavelength, at index 0 (i.e., the first channel), is sampled uniformly over the visible range (unless another
range is specified) and determines all directional sampling decisions. The remaining wavelengths are placed

at equal bins to ensure uniform spectral coverage. In our implementation, we set N = 12.
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