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Abstract

Recent developments in rendering have provided very realistic images. However, these images rarely show or-
ganic objects. We believe that one of the main difficulties of rendering these objects realistically is the lack of
reflectance and transmittance models oriented to organic materials. In this paper an algorithmic reflectance and
transmittance model for plant tissue oriented to computer graphics applications is presented. The model accounts
for the three components of light propagation in plant tissues, namely surface reflectance, subsurface reflectance
and transmittance, and mechanisms of light absorption by pigments present in these tissues. The model design is
based on the available biological information, and it is controlled by a small number of biologically meaningful
parameters. Its formulation, based on standard Monte Carlo techniques, guarantees its easy incorporation into
most rendering systems. The spectral curves of reflectance and transmittance computed by the model are com-
pared with measured curves from actual experiments.

Keywords: Physically-Based Rendering, Biologically-Based Rendering, BRDF, BTDF, BDF, Absorption.

1. Introduction However, it can easily be extended to other plant surfaces
like petals and stems since they present similar optical and

A substantial part of research in computer graphics is ori- structural characteristies?2.

ented towards image synthesis. In this context physically-
based rendering plays an important role. Current research in
this area focuses on ensuring the correctness of the results,
which is directly associated with thHedirectional surface-
scattering distribution functiofBSSDF or simply BDF4)

used to describe how the light interacts with different mate-

rials. The term BDF represents a combination of the BRDF . thi th der is referred to the texts by Graand
(bidirectional reflection distribution functigrand the BTDF In this area he reader 1S reterred to e exis by .
Vogelmanrvo, In realistic image synthesis we have different

(bidirectional transmission distribution functiprwhich are . ; L )
used to describe the reflectance and transmittance character! eql_Jlremer_us, r!amgly we are |r_1terested n |ncorpqrat|ng the
L . available biological information in a BDF model while keep-
istics of the materials. . h
ing the cost/accuracy ratio low. Nonetheless some concepts

Although many physically plausible BDF models (those used inthose areas can be useful in computer graphics appli-
whose existence does not violate the laws of physigs cations as well. For instance, some of the models developed
have been proposed in the computer graphics liter&fyre by biologists and remote sensing researchers use the con-
there is still a lack of models oriented to biological materials. cept of layers, which is very intuitive, to simulate the light
In this paper we address this issue through the presentationpropagation in plant tissue20. Recently computer graph-
of an algorithmic BDF model (ABM) that accounts for bi- ics researchers, Hanrahan and Kruéggpresented a model
ological factors that affect light propagation and absorption which simulates subsurface scattering using the concept of
in plant tissues. The model is oriented to leaves, since they layered surfaces as well. Their model is oriented to a wide
are the most important plant surface interacting with light. range of materials including organic tissue. However, in the

Many researchers from areas like remote sensing and bi-
ology have proposed models for reflectance and transmit-
tance for leaves where the goal is to understand physiologi-
cal processes that relate foliar optical properties to biophys-
ical characteristicg!. For a comprehensive literature review
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case of leaves, important biological factors affecting light absorption of the light in the visible region of the light spec-
absorption, reflection and transmission are not considered, trum within the leaf. The spongy tissue consists of smaller
and the predictions of their model are not compared to ex- cells, roughly ovoid to round in shape, that present less
perimental data. densely packed chloroplasts, with 50 to 80% of their volume
occupied by air spac. The spaces between the mesophyll

Many BDF models used in computer graphics rely on val- cells are also filled with air.

ues of reflectance and transmittance either set by the user or
obtained from the literature. Although spectral reflectance
and transmittance curves are available for leavég, they

are restricted to a narrow range of illuminating and viewing a)
angles. Thus it becomes necessary to design a BDF model
for plant tissue in which the reflectances and transmittances
are calculated by the model itself. An exact model of a plant
tissue would explicitly model individual cells. The model
presented by Govaerts et &.11 is an example of such an
approach. The drawbacks of such a model are that a large
number of parameters are involved, which make the control
difficult, and that a significant implementation overhead is
required. Our strategy is to use a higher level of abstraction
which allows our BDF model to be controlled by a small
number of biologically meaningful parameters and enables
its easy incorporation into most rendering systems. Its imple-
mentation is based on an algorithmic process through Monte
Carlo methods4. Thus the BDF of a foliar tissue can be
calculated and used on the fly during the rendering process,
or computed and stored for validation purposes. We com-
pare the results obtained using our model with the available
experimental datés 9 19.3.27.42,

cuticle
adaxial epidermis

palisade layer

spongy layer

antidermal wall
_____ abaxial epidermis
cuticle

The remainder of this paper is organized as follows. The
next section describes the foliar tissues and how they absorb
and propagate light. Section 3 presents the algorithmic BDF
model. Section 4 describes the testing procedures. Section 5
discusses the results and the performance issues. The papef &
closes with a summary and proposed extensions.

Figure 1: a) Typical cross-section of foliar tissues.
b) Artist's conception of a typical epidermis tissue
2. Foliar Tissues and the Propagation of Light (Courtesy of Daniel Dimian, The University of Calgary).

A leaf can be described as a diffusing and pigmented struc-

ture (mesophyll) having external plates of epidermal cells Three principal types of scattering occur within the fo-

with a protective skin (cuticle). Figure 1a shows an idealized . . ) . : . .

leaf cross-section. The outermost portion of the cuticle con- !lar tssues: Raylelgh, M'e and r_efractlve-reflectlve _scatter—
sists of epiticular wax. The surface roughness characteris- Ing %. Rayleigh and Mie scatterings occur for _pa.rtlcles_of
tics and the refraction index of the epiticular wax control the size eql.JaI to orless than the wavel_eng_th of the incident I_|ght
specularly reflected light from the adaxial (face) and abax- respectively. In the case of the foliar tissues these particles
ial (back) epidermis. No intercellular spaces are normally correspond to organelles and macromolecules. Although the
present in the epidermal tissues, and the cells usually fit one eXFem.Of and the exact causes of this forms of scattering n
another like pieces of a jigsaw puzzle (Figure 1b). The mes- foliar tissues have not yet been completely resolved, their
ophyll is composed of a densely packed layer of palisade contribution to the total internal scattering is considered to
cells, and a loosely packed layer of spongy cells. There are _be very low compared with the reflective-refractive scatter-

) ) ing 39. The dimensions of the palisade and spongy cells are
I f pl hich only h I . o )
also species of plants which only have spongy mesoghy quite large compared to the wavelength of the incident light,

The palisade cells have a cylindrical shape, and 5 to 20% which make them responsible for this type of scattering. The
of their volume is air space. These cells present a high con- reflective-refractive scattering accounts for most of the dif-
centration of chloroplast which contain pigments, namely fusion or internal scattering, and it is affected by the arrange-
chlorophylls (mainlya andb forms) and carotenoids. The  ment of tissues, and the refractive index differences, mainly
concentration and distribution of these pigments control the air-cell wall interfaces.

(© The Eurographics Association 1997
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Grant et al.1213 describe leaves as having both specu-
lar and diffuse characteristics. The specular, non-Lambertian

The light interactions in our model may therefore be seen
as a random walk4 in which the transition probabilities

character of the leaf reflectance arises at the surface of theare associated with the Fresnel coefficieftsdomputed at

leaf. For some viewing directions, the surface reflection may

each interface, and the termination probabilities are associ-

be so large, that the leaves appear white instead of green.ated with the free path lengtip) computed when a ray trav-

This happens when the white light visually overhelms the
much smaller amounts of green light scattered by the in-
terior of the leaves. The diffuse, Lambertian character of
leaf reflectance emanates primarily from the mesophyll tis-
sue through multiple scattering, with a small contribution of
scattering from rough elements at the leaf surface. The mul-
tiple scattering in the leaf interior also gives the leaf trans-
mittance a near-Lambertian distribution. In many species the
adaxial epidermis is attached to the mesophyll over most of

els in the mesophyll layer towards or from interface 2. The
Fresnel coefficients are computed through the Fresnel equa-
tions, which tell us the amount of light reflected and trans-
mitted at an interface as a function of the incident light, the
refractive index of the incidence mediumy), the refractive
index of the transmission medium;{, the geometry of the
surface and light, the angle of incidend®)( and the angle

of transmission@) given by the Snell’'s law:

ni sinBj = Nt sin6 (1)

its inner surface (Figure 1a), so that once light past the outer
epidermal surface, it can easily pass into the center of the o )
leaf. The light entering or leaving the abaxial surface of a A complete derivation of the Fresnel equations may be
leaf, however, must pass through two semiplanar interfaces, found in the texts by Hecht and Zaj&tand Shirley®3. Al-
namely air-abaxial epidermis and air-antidermal wall inter- though they are valid only for infinite plane surfaces, in prac-
faces (Figure 1a). Thus light from a source on the back side ic€, &s pointed out by Govaefs these equations may still

of a leaf can penetrate the back epidermis and be reflected P& Used since a cell is large with respect to the wavelength
back by the inside surface of the epidermis without encoun- Of the incident light, and the portion of the cell wall interact-
tering the mesophyll. It is largely because of this factor that N9 With aray can be considered locally flat. Each time a ray
the leaf backs are often pale. The fact that the back surface Nits an interface we compute the corresponding coefficient

of a leaf is a greater barrier to the escape of the oblique light
than the face, explains why leaves that differ markedly in the
structure of their two sides, show corresponding differences
in their reflectance and transmittance curves.

3. The Algorithmic BDF Model

In the ABM light propagation is described in terms of ray
optics, where light is assumed to be composed of non-
interacting straight rays, each of them carrying a certain
amount of energy®. The refractive-reflective scattering is
assumed to be the dominant form of scattering within the
foliar tissues. Instead of geometrically modeling many cells
individually, the propagation of light within these tissues is

(F). We consider only the real parts of the refractive indexes,
since for the spectral region covered in this work (#a@0o
700hm), and for the materials considered, the complex parts
are so small that they can be neglected. Then the equation
used to compute the Fresnel coefficients at each interface,
assuming unpolarized lighg, reduces to:

_ (n? )% + (cosd? — cosB)’ng

= (2
(it (N? +Nn) + nit (cosB? + cosb?))?
where:
Gt = Cosbcosb;
N = Nint

After computing the Fresnel coefficient at an interface, we
generate an uniform random numfeg [0, 1]. If the random

simulated as a stochastic process whose states are associateg;mperz is smaller than or equal to the Fresnel coefficient
with the air-cell wall interfaces represented in Figure 2. Once g e generate a reflected réiyotherwise we generate a re-
aray hits a leaf it can be reflected at the state 1 (at interface g 5cted rayt. The reflected ray is obtained using the law of

1) or state 4 (at interface 4) or refracted to the interior of the
leaf. Then it can be reflected or refracted multiple times until

it is absorbed at state 2 or leaves the leaf at the states 1 or 4.

interface 1

\

g o
1§ adaxial epidermis

! mesophyll
interface 2 :
' air

interface 3

77
o
7

abaxial epidermis

.

interface 4

Figure 2: Interfaces and tissues considered by ABM.
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reflection in which the angle of the reflection directiép, is
equal to the angle of the incidence directién,and will be
in the same plane as the incident fagnd a surface normal
vectorni . The equation used is the following:

P = U+ 2Acosd; = V— 2A(V- i) 3)

The refracted ray is obtained using the Snell's law, as
described by Heckbet8, and is given by:

2
o Ni Ni 2 Ni
f=|-——¢g—/1-( — 1-¢ n+—v 4
r]tcI \/ <r]t)( ') Nt “)
where
G = v
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The ABM takes into account the three components of  When light passes to the mesophyll its direction of travel
the plant tissues’ BDF: surface reflectance, subsurface re- is randomized and it becomes diffuse. We simulate the dis-
flectance and transmittance. They are affected by the surfacetribution of the rays in this tissue using another warping
roughness, the light absorption in the mesophyll tissue, and function (6). In this case the PDF corresponds to a diffuse

the internal scattering. In the next sections we describe how
we address these issues.

3.1. Scattering Profile

Brakke et al4 have noted that the scattering profile of a plant
leaf can be approximated by an exponentiated cosine func-
tion. We have used a similar approach to simulate the distri-
bution of the rays reflected or refracted at the foliar tissues. A
rough surface, like a leaf epidermis, can contain more than
one distinct scale of roughness. The contour of the epider-
mal walls represents large surface features with respect to
the wavelength of the incident light. The microdetails of the
epiticular waxes represent the small surface features relative
to the wavelength of the incident light. For the plant epider-
mis, as pointed out by Gra# the large-scale roughness will
dominate scattering in the specular direction, and the small-
scale roughness will control scattering away from the spec-
ular direction. The epiticular waxes exhibit a wide range of
geometric configurations, and their contribution to the over-
all reflectance is not as significant as the overall shape of the
epidermal cells. For these reasons we have decided to con-
centrate our simulation efforts on the large scale features.

Govaerts et alt! have shown that the epidermal cells can
be approximated by oblate ellipsoids. An oblate ellipsoid
has semi-axeg;, ap andag, anda; = ap butag < a; 38.

For the plant cells we considei anda, as the axes in the
plane of the foliar tissues, with values corresponding to av-
erage radiusg,, of the cell. Unlike the oblateness defini-
tion used by Govaerts et al., we define the oblateness of the
cell as%. The epidermal cells’ dimensions regarding sev-
eral species of plants can be found in the literatar 26,

To simulate the effects of the epidermal cells’ shape on the
reflected rays at the aisepidermal cells interface, we per-
turb the rays using a warping function (5). This function cor-
responds to a PDF (probability density functidhbased on

an exponentiated cosine distributi&h and the exponent is
given by the epidermal cells’ oblateness. The perturbation
is performed through angular displacementsandfe. The
angleae corresponds to the polar angle with respect to the
ideal reflection or ideal transmission direction. The arfigle
corresponds to the azimutal angle around the ideal reflection
or ideal transmission direction. These angles are given by:

(dte,Be) = (arccog(1— &) 1], 2E,)

®)

where:
&1and, = uniform random numbers [0, 1].
ob = oblateness of the epidermal cells.

or cosine distributio#3. The perturbation is also performed
through angular displacements, and Bm. The angleom
corresponds to the polar angle with respect to the reflection
or transmission direction of the propagated ray. The angle
Bm corresponds to the azimutal angle around the propaga-
tion direction. These angles are given by:

(am, Bm) = (arccosgy/&; ), 21 5) (6)

where:
&1 andéz

Figure 3 presents a sketch showing the perturbations per-
formed in each interface in both directions, upwards and
downwards. In order to be consistent with available biologi-
cal information and avoid undue complexity, we adopt a con-
servative strategy. In other words, we do not perturb the rays
where the impact of the perturbation is not significant to the
overall BDF.

uniform random numbers [0, 1].

a) e

down

c) d)
NS AR
\.\ '/. \ ) \‘\ ::,.}::f:‘::\

Figure 3: Perturbations performed by ABM on the rays dis-

tributions at the four interfaces in the upwards and down-
wards directions of propagation considering the adaxial

abaxial surface on the top and the abaxial surface on the
bottom a) Interface 1. b) Interface 2. c¢) Interface 3. d) Inter-

face 4.

3.2. Absorption

A ray may encounter the mesophyll tissue after interacting

with interface 1 or interface 2. Once it enters the mesophyll
tissue it may be absorbed or propagated diffusively due to

multiple interactions with the many air-cell walls’ reflective-
refractive discontinuities. When a perturbed refracted ray
comes from interface 1 (Figure 4a), it is tested for absorp-

tion. If it is not absorbed the ray is tested for reflection or
Therefore leaves whose epidermal cells’ oblateness is large refraction at interface 2. If the outcome of the test is the re-
will have a surface reflectance closer to a specular distribu- fraction of the ray, it is perturbed and transmitted to inter-
tion than leaves whose epidermal cells’ oblateness is small. face 3. Otherwise the perturbed reflected ray (Figure 4b) is

(© The Eurographics Association 1997
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tested for absorption. If it is not absorbed, it may be reflected
back to the mesophyll at interface 1 (Figure 4c), restarting

the mesophyll loop, or sending it back to the environment.

When a ray comes from interface 3 it is also tested for re-
flection or refraction at interface 2. If the outcome of the test

is areflected ray, it is perturbed and sent it back to interface 3
without accounting for absorption. Otherwise, the refracted

ray is perturbed (Figure 4d) and tested for absorption. If the
ray is not absorbed, it proceeds in the mesophyll loop.

Figure 4: Mesophyll loop. a) Ray coming from outside in-
teracts with interface 1. b) Refracted ray from interface 1
interacts with interface 2. c) Reflected ray from interface 2
interacts with interface 1. d) Ray coming from interface 3
interacts with interface 2.

The absorption of light in dye solutions varies with the
thickness of the sample and the concentration of pigments in
accordance with the Beer’s laWes. It states that the trans-
missivity of a plate along its slant ray is given by:

T:8—Achsetﬂ

@)

where:
A = specific absorption coefficient.
c = concentration of pigment.
h = thickness of plate.
0 = angle of slant ray with respect to normal

direction.

The absorption testing executed in state 2 of our model

is based on Beer's law, and assuming a homogeneous dis-

tribution of pigments. It is performed probabilistically every
time a ray starts a run in the mesophyll tissue. It consists of
the estimated ray free path length,through the following
expression:

1
p=——In(&)cosd ®)
Ag
where:
13 = uniform random numbes [0, 1].
Ag = global absorption coefficient of pigments.
0 = angle between the ray direction and

the normal direction.

The global absorption coefficient, as described by

(© The Eurographics Association 1997

Jacquemoud and Bar&} is given by:

n
Ag=> A G ©)
2
where:
A = specific absorption coefficient of a given
pigment(%).
c = concentration of a given pigmenig).

If p is greater than the thickness of the pigmented
medium,ty, (both expressed iam), then the ray is propa-
gated, otherwise it is absorbed. The thickness value used in
this comparison does not correspond to the total thickness
of the leaf, but to a fraction of it. Since the palisade tissue
presents a higher concentration of pigments than the spongy
tissue, and it is largely responsible for the internal scatter-
ing, we suggest to use its length (around 45% of the total
thickness) for most cases. For species that present an undif-
ferentiated mesophyll tissue, e.g. characterized by the pres-
ence of spongy cells only41, we suggest using the entire
length of the mesophyll tissue (around 75% of the thick-
ness). The comprehensive set of leaf optical experiments,
called LOPEX?19, provides the pigment concentrations and
thickness values for leaf samples of more than fifty species.
The curves for the specific absorption coefficient of chloro-
phyll and carotenoids pigments can be found in the paper
by Jacquemoud and Barét Additional information on op-
tical parameters of foliar tissues is available in a survey by
Gausman and Alleh

3.3. Implementation Overview and Summary of
Parameters

The model was implemented using B¢+ language and
theggLibrary36, a set oLt utilities designed to be used in
computer graphics applications. In thgLibrary materials

are classified as families, such as metals and dielectrics, and
grouped by parameters that affect their behavior, following
the ray tracing framework for global illumination proposed
by Shirley et al35. A set of routines specific for each family
computes the BDF for that family. In the case of our model,
the new family corresponds to the plant tissues, and the rou-
tines used to implement it correspond to each of the four
states, which are called recursively by a controlling routine
until the ray is either absorbed or leaves the material.

The parameters used in our model are the following:

Nc - refractive index of the external cutinized wall of the
epidermis: used in the Fresnel computations in states 1
and 4;

ob- oblateness of epidermal cells: used in the perturbation
of the rays in state 1 (Figure 3a), in state 3 (Figure 3c), and
in state 4 (Figure 3d);

Nm refractive index of the mesophyll cell wall: used in the
Fresnel computations in state 2;

tm - thickness of mesophyll tissue: used in the absorption
computation in state 2;
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e C- concentration of pigments: also used in the absorption 4.1. Simulation of Photometric Devices
computations in state 2;

e N5 - refractive index of the antidermal wall: used in the
Fresnel computations in state 3.

We are interested not only in the spectral curves of re-
flectancep, and transmittancea, but also in the BRDFf;,
and in the BTDF,f;. The actual measurements pfandt

The refractive indexes come from experiments described &€ Performed using spectrophotometers equipped with an
in the literatures 2043, The remaining parameters are also ntégrating sphere, and the actual measurements ahd
available in the literature, as mentioned earlier. The user [t &€ performed using goniophotometé#s. In our sim-
may also adjust the optical parameters, &g.depending ulation of a spectrophotometer with integrating sphere_ the
on the conditions at hand. For example, for some species, a'@/S are shot from an emitter placed above the specimen
leaf in the sunlit and a leaf in the shady portions of a tree, following an incident differential solid angledy. Consid-
may present differences of thickness of around 25%he ering a total number oN rays fired towards the specimen,
curves for the specific absorption coefficient provided by ©N€ can assume that each ray carries the same amount of
Jacquemoud and Barét and used in the absorption com- POWer®. If the total power to be shot ', then, as stated
putations are independent of the plant species, since they re-PY Shirley3? %, the power carried by each ray is given by:
fer to pigments commonly present in plant tissues. However, o
they may be adjusted according to the pigment concentration =y (10)

2840, Notice that we use the same parameters for the adaxial
and abaxial epidermis. This approach is accurate for most Recall that reflectance describes the ratio of reflected
cases, but for some species it may be more appropriate to yower to incident power, and transmittance describes the ra-
use a set of parameters with slightly different values. tio of transmitted power to incident power. Themnif rays
are reflected towards the upper hemisph&e the spectral
reflectance of the specimen with respect to a given wave-

4. Testing Issues lengthA of the incident light will be given by:

One approach that comes to mind for validating a BDF P(A, e, Qr) = % (11)
model is visual inspection by comparing images generated
using the model with images generated using previous mod-
els. This approach is not suitable in our case since the graph-
ics literature lacks models oriented to plants. Validating our  In our simulation of a goniophotometer we use a slightly
model in this manner is therefore not possible. Another alter- different arrangement. Instead of considering the entire up-
native would be to compare the computer generated imagesper and lower hemisphere as collectors, we use several de-
using our model with photographs of real plants. In this case tectors represented by the patches of a sphere placed around
the validation of our model could be biased by error gener- the specimen. Then ii, rays hit a detector placed in the
ated by other stages of the rendering pipeline, such as ge-upper hemisphere, the BRDF with respect to a given wave-
ometrical modeling, spectral modeling and directional sam- |lengthA of the incident light will be given by:

pling. Since our goal at this point of our research is not nec-

essarily to generate the best possible image of a plant (but to fr(A,dGy,dck ) =
contribute to its synthesis respecting the laws of physics), we

chose, as a third alternative, to test our model as a separatewheredoC\rp corresponds to the project solid angle regarding
unit of the rendering pipeline and compare the results with the reflectance detector. It is given by:

the best available experimental data.

The transmittance is calculated similarly considering the
lower hemisphere.

my
NdG P (12)

e, P = SArCOSr (13)
In order to perform a comprehensive validation of a BDF L2
model it would be necessary to consider all possible illu- where:
minating and viewing geometries. The very large number dA = differential area of the reflectance detector.
of measurements needed as well as the lack of experimen- L = distance from the sample to the detector.
tal data covering all the possible instances precludes the use Wr = angle between the direction of reflectance
of this approach. Judd and Wyszeékipointed out that in and the specimen normal.

many goniophotometric measurements the most interesting
and informative data for practical samples are taken in the
plane given by the direction of the incident light and the nor-

mal of the specimen. Although the evaluation of a computer  The origins of the rays are random points uniformly cho-
model is less predictable than measuring physical phenom- sen from a disk which corresponds to the emitter’s surface.
ena, we chose to use this plane in the testing of our model The coordinates of the points are given by the gél),

due to the practical reasons mentioned above. which is computed using the following warping function

Similarly the BTDF is calculated considering detectors
placed in the lower hemisphere.

(© The Eurographics Association 1997
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suggested by Shirlesg: We select, without loss of generality, a leaf from the soya
_ e species Glycine max, Soja hispidabecause of its standard
(O1) = (2181, RVE2) (14) foliar characteristics, and the large variety of experimental
where: _ data available for comparisdr? 42 besides OPEX The pa-
¢1andgz =  uniform random numbers [0, 1]. rameters used are presented in Table 1. The refractive in-
R = radius of the disk. dexes are provided by Wooley. The oblateness was ob-

The targets of the rays are random points uniformly cho- t@ined using the average dimensioas € 12,5, ag = 2.5)
sen from a specimen represented by a pair of triangles. To Which are available in the texts by Govaerts et'aland
choose a random poirg on a triangle defined by the ver- Norman29, The concentration of chlorophyll was obtained

ticesgo, gz andg we use the following expression: _directly from LOPEX and the thickness was computed us-
ing 45% of the total leaf thickness provided b PEXas
d= o+ 9(d1 —Go) + V(G2 — Go) (15) proposed in section 3.2.
where¢ andy are obtained using another warping function
suggested by Shirle¥: 5. Results and Discussion
(0,y)=(1-v1-8&,(1-9)&2) (16) The spectral curves obtained from the model are qualita-
where: tively in agreement with the actual measured values (Fig-
g andf, = uniform random numbers [0, 1]. ure 5). The quantitative discrepancies may be due to in part

to the facts that we did not consider the carotenoids (which
The precision of real photometric devices, as mentioned account for 20% of the total amount of pigments) and we
by Judd and Wyszeckp, is measured by the ability of the  did not separate different chlorophyll pigments. Moreover,
instrument to repeat a measurement of a given specimen. the underestimation of surface microdetails, and shadowing
For instance, a spectrophometer is considered to be of high and masking effects may also contribute. Nevertheless it
precision if the spectral measurement, reflectance or trans- should be noted that Figure 5 represents mainly qualitative
mittance, is repeated to a achieve a tolerance better thancomparisons, between modeled and measured values, since
A(A) = +0.001. In our simulations we select the number of  some parameters used in the simulation, namely the refrac-
raysN to be shot using this tolerance value to avoid undesir- tive indexes and oblateness, correspond to average values
able fluctuations in the measurements. published in the literature. Besides, as stated by Salisbury
and Ros$2, the exact position of the absorption peaks de-
pend on the solvents in which the pigments are dissolved,
and one can expect small shifts consideringivo values.
LOPEX19 is a set of leaf optical experiments recently per- For this reasons one must account for possible variations be-
formed on about 120 leaf samples representative of more tween the average values used by the model and the exact
than 50 species. The experiments include spectral curves ofvalues regarding the leaf used in the actual measurements.
reflectance and transmittance as well as auxiliary measure-
ments like pigment concentrations and thickness measure-
ments. In order to compare our results with these measured | o= 2
values, we attempt to reproduce as faithfully as possible the
actual measurement conditions. We use the same area forthe|  °*[ ]
specimen, 40n?, and the same angle of incidencé, ®ith
respect to the normal of the specimen. Our emitter has a ra-
dius of 8nm, and it is positioned at a distance ofid® from
the center of the specimen. These values correspond to the
area of the apertures and radius of the integrating sphere re-
spectively. N

4.2. Testing Parameters

reflectance
transmittance

500 600
wavelength (nm)

500 600
wavelength (nm)

Figure 5: Comparison of modeled spectral curves of a

Nne 1.6 soybean leaf with measured spectral curves provided by

ob 50 LOPEX, for an angle of incidence & and 10° rays. a)

Nm 141 Reflectance curves. b) Transmittance curves.

c 43.62

tm  0.0072

Na 1.42 As pointed out by Vogelmarf®, the asymmetry in the leaf

anatomy gives different reflectance and transmittance read-

Table 1: Parameters used in the testing of ABM. ings for the adaxial (face) and abaxial (back) surfaces. Spec-

trometric curves obtained experimentally by Wooleghow

(© The Eurographics Association 1997
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greater reflectance for the backs than for the faces in the vis- leaves'2. It also shows (lower part) that the simulated BTDF
ible region of the spectrum. Figure 6a shows that our model has a near-Lambertian distribution, which is also a character-
can capture this aspect of foliar optics, which is responsible istic of the real BTDF of leave®. Moreover the curves in

for the fact that the backs of most leaves appear pale to the Figure 7 generally agree with the experimental BDF curves
eye. The experiments by Wooley also show greater transmit- published by Breece and Holm&and Wooley*2.

tance when the leaf’s back is toward the light, although in ) )

the visible region the differences of magnitude of the trans-  EVen though a performance analysis should in general not
mittances are not so high as the differences of magnitude of be based only on counting the number of interactions, since

the reflectances. Figure 6b shows that our model can captureit d0€s not account for differing amounts and types of work
these characteristics of the transmittance curves as well. ~ Performed on each interaction, we believe that it may be il-
lustrative of the behavior of our model. Figure 8 shows that,

despite the stochastic nature of our model and the number

B o of interfaces involved, the number of iterations (state tran-
sitions) is usually low. This suggests that the cost/accuracy
0z i 0z SR ratio is compatible with physically-based rendering require-

ments. Furthermore in applications where the accuracy re-
quirements for individual elements, such as a leaf or a petal,
are not very high, e.g. the rendering of a tree with hundreds
of leaves, the model may be reduced to its most important
states, namely states 1 and 2.

o.1sf

reflectance
transmittance
o
&
0

o
b

0.05F

500 600 500 600
wavelength (nm) wavelength (nm)

Figure 6: Modeled spectral curves of a soybean leaf consid-
ering its face (adaxial surface) towards the light and its back
(abaxial surface) towards the light, for an angle of incidence
of 8° and 1CP rays. a) Reflectance curves. b) Transmittance
curves.

8000

frequency

» 0
8 9
e 9
S ©

2000

ite. / ray

wavelength (nm) 700 60 wavelength (nm) 700 10

\ Figure 8: Number of interactions per ray and per wave-

\ length for 10 rays. a) Graph for zero to fifty interactions

B per ray, b) Zoom in of the region with high frequency of in-
teractions per ray.

The ABM is oriented to the visible region of the spectrum,
but it may be adapted to be used in the applications regard-
ing other regions, e.g. infrared applicatichsWeights may

Figure 7: BDF of a soybean leaf at a wavelength 550 be associated with the rays at each interaction accordingly
nm (which corresponds approximately to the reflectance and yvith the Fresnel coeffic_ient. In_this case instead of trackin_g
transmittance peaks), for angles of incidencd &%, 30° and just one ray after each interaction, we would track two. This

45, in the plane given by the incidence direction and the Would represent additional implementation overhead, but it
normal of the specimer,0’ rays, and the collector sphere ~ Would reduce considerably the number of rays needed to sat-

divided into20 patches along its latitude and0 patches isfy the precision criteria. It would also allow the use of a
along its longitude. Russian roulett@rocedure 14 to stop the rays probabilisti-

cally in the 700-1300m region which is characterized by the
lack of absorption. In the 1300-2504 region the absorption
Figure 7 (upper part) shows that the simulated BRDF ex- is controlled by the water content. For this region, in the ab-
hibits an angular dependency on the incident angle inter- sorption testing performed at state 2, one has to consider the
mediate to that expected of diffuse and specular reflectors, absorption coefficients for watét instead of the absorption
which corresponds to the characteristics of the real BRDF of coefficients for pigments.
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6. Conclusion and Future Research 4,

In this paper we have presented a plausible BDF model
for plant tissue that incorporates the biological information
available. It can easily fit into most rendering systems since 5,
it is controlled by a small number of biologically meaning-

ful parameters, and its formulation based on standard Monte
Carlo methods provides adequation to efficient rendering
technigues. Our simulations show good qualitative agree-
ment with measured values while also showing that there is ™~
still room for improvement.

We intend to proceed with the investigation of the factors
affecting the surface reflectance, and explore efficient alter-
natives to simulate the wax configurations, and shadowing
and masking effects. We also intend to account for the pres-
ence of venation and hair, which affect the spectral curves g
as well. Although there is little experimental data on the
anisotropy of plant tissues and the factors affecting it, this
issue shall also be examined more closely.

Finally the complexity of the mechanisms involved in
plant tissue optics makes selecting the “best” approach or the

“pbest” model a delicate task. Developing practical solutions, 10.

including application of parallel processing techniques, will
likely require a better understanding of the biological pro-
cesses involved. We believe that this is a necessary step to
increase the correctness and extend the range of applications
of photorealistic rendering. Our future research efforts will
be focused in this area.
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