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Abstract fect light propagation. Furthermore, the models oriented to
the rendering of organic materials, like the multilayer model
Rendering techniques currently used in computer graphics[12], have the drawback of relying on spectral curves of re-
enable the generation of very realistic images of a wide rangeflectance and transmittance which are only available in the
of materials. Despite of the latest achievements in this field, |iterature for a few illuminating and viewing angles.
there are still areas, such as biological imaging, open for fur-  Recently a reflectance and transmittance model for plant
ther investigation. In this paper a simplified model for light tissue, the algorithmic BDFmodel [2] (ABM, for short),
interaction with plant tissues is presented. It accounts for thewas proposed to overcome these limitations. It computes the
main biological characteristics of these materials needed toreflectances and transmittances through the incorporation of
preserve their rendering quality, while avoiding undue com- biological factors that affect light interaction with foliar tis-
plexity in order to increase their rendering efficiency. The sues. Among these factors are the absorption curves of the
model's design and formulation are based on Monte Carlo pigments present in such tissues. The algorithmic nature of
techniques, and it can be incorporated into global illumina- the ABM enables its easy incorporation into most rendering
tion systems without a significant computational overhead. systems, but it makes its in-line application computationally
Its accuracy and performance are examined through comparexpensive.
isons with a biologically-based model whose spectral read-  |n this paper we present a simplified model for light in-
ings have been verified against experimental data for realteraction with plant tissues, which aims to provide a balance
specimens. between two apparently conflicting goals, namely accuracy
and efficiency. This model accounts for the three compo-
nents of plant tissues’ BDF (surface reflectance, subsurface
reflectance and transmittance), and uses pre-computed re-
flectances and transmittances as scale factors in a stochas-
tic simulation of the scattering profile of the foliar tissues.
1 Introduction The use of these scale factors replaces the time consuming
) . random walk process used by ABM to simulate the random-
The accuracy of simulations of light interaction with plants zation and the absorption of light within the foliar tissues.
depends on the reflectance and transmittance models for fOMoreover, this approach reduces the number of rays needed
liar tissues. The use of physically-based models can en-iy achieve a desired accuracy level in the resullts.
sure that the applied rendering methods do not violate the  Tnese factors are computed off-line using the ABM, since
laws of physics [18]. Moreover, these models have to be he spectral curves provided by this model have already been
biologically-based in order to appropriately account for the compared with experimental data of real foliar specimens,
natural processes involved in these simulations. Simplicity is showing a high degree of accuracy [2]. Although the pro-
also an important requirement for a reflectance mpdel, since,posed simplified model is oriented to leaves, the most impor-
as pointed out by Ward [30], a model may otherwise become (g plant surface interacting with light, it can easily be ex-
computationally impractical. Thus, it is necessary to design tended to other plant surfaces like petals and stems since they
practical reflectance and transmittance models that allow USpresent similar optical and structural characteristics [5, 15].
to render these materials fast without undermining the imageyse compare the results obtained using the proposed model
quality. . _ with results obtained applying the ABM in-line.

Researchers from remote sensing and biology areas have  The remainder of this paper is organized as follows. The
proposed reflectance and transmittance models for plant,ext section presents background information relevantto this
leaves that relate their optical properties to their biological investigation. Section 3 describes the proposed model. Sec-
and biochemical characteristics [7, 13, 20, 28], butthese modyjon, 4 describes the testing parameters and procedures. Sec-
els are not suitable for image synthesis applications. Re-{jop, 5 discusses the results and performance issues. The pa-

flectance models specifically oriented to these applications per closes with a summary and directions for future research.
are, however, usually designed for a wide range of materials,

and tend to overlook important biological factors which af- IBidirectional surface-scattering distribution functigBSSDF or sim-
ply BDF [6]).

Keywords: biologically-based rendering, reflectance, trans-
mittance, bidirectional surface-scattering distribution func-
tion, scattering probability function
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2 Background leaf. For some viewing directions, the surface reflectance
may be so large that the leaves appear to have the color
2.1 Reflectance and Transmittance Terms of the light source instead of green (Figure 1). This hap-
pens when the reflected light visually overwhelms the much
The fraction of light at wavelength incident from a direc-  smaller amounts of green light scattered by the interior of
tion+; at a pointr that is neither absorbed into nor transmit-  the leaves. The diffuse (Lambertian) character of leaf’s re-
ted through a given surface is called the absolute reflectanceflectance emanates primarily from the mesophyll tissue
R(x,4;, ), of the surface. Similarly, the fraction of light through multiple scattering, with a small contribution of scat-
transmitted through the surface is called the absolute trans-tering from rough elements on the leaf surface. The multiple
mittanceT'(x, ¢;, X). However, the reflectance and the trans- scattering in the leaf’s interior also gives the leaf’s transmit-
mittance do not describe the distribution of the reflected and tance a near-Lambertian distribution.
transmitted light. Thebidirectional reflection distribution
function (BRDF) and thebidirectional transmission distri- I ——— %

bution function(BTDF) are used to overcome this limitation. . — - subsurface reflectan
As suggested by Glassner [6], they can be combined into the

BDF, which can be expressed in terms of the ratio between
the radiance of the surface seen from a point in a direation
and the incident power per unit of area.

However, as pointed out by Shirley [26], sometimes it is
more convenient to work with the radiant power than with .
the radiance. Under these circumstances it is more natural """ angeotincidence
to describe the surface reflection and transmission properties
in terms of the probability distribution of the reflected and Figure 1: Curves of reflectance and transmittance of a soy-
transmitted light. This term can be calledattering proba- bean leaf obtained using the ABM [2] at a wavelength of
bility function (SPF) [26]. It describes the amount of energy 550nm and considering the leaf’s front (adaxial epidermis)

)

scattered in each directiahas: towards the light source.
dl(z,¢, )
) = 1
Ve N = RNy O
where: 2.3 Overview of the Algorithmic BDF Model
v i point 9f incidence. : In the ABM [2] light propagation is described in terms of
v = direction of propagation. i h liaht | diob d of
dI = radiantintensity scattered in the directipn .raty optl_cs, Wt e.rehtlg IS assur:nef tr? € composed o rtm_n—
d® = radiant power incident fronp; atz. interacting straight rays, each of them carrying a certain

amount of energy [9]. Instead of geometrically modeling
many cells individually [7], the propagation of light within
the foliar tissues is simulated as a stochastic process whose
states are associated with the air-cell wall interfaces. Once
a ray enters the leaf it can be reflected or refracted multiple
times until it is either absorbed or propagated back to the
environment.

The termR(z,v;, \) appears in the numerator when we are
dealing with the reflection of light. It scales the function to a
valid probability density function (PDF) [11] over the solid
angle through which the reflected light leaves the surface. In
the case of the transmission of light, a similar expression is
used, in whichR(z,v;, A) is replaced byl"(z, ¢;, A).

2.2 Interaction of Light with Foliar Tissues

A leaf can be described as a diffusing and pigmented struc-
ture (mesophyll) having external plates of epidermal cells
with a protective wax layer (cuticle). The surface roughness
characteristics and the refraction index of the cuticle con-
trol the specularly reflected light from the adaxial (front) and
abaxial (back) epidermis. The mesophyll contains pigments
whose concentration and distribution control the absorption
of light in the visible region of the light spectrum within a 0 e
leaf. wavelength (nm)
Grant et al. [8] describe leaves as having both specular
and diffuse characteristics. The specular (non-Lambertian)Figure 2: Curve for specific absorption coefficient (s.a.c.) of
character of the leaf reflectance arises at the surface of thechlorophyll used by the ABM (adapted from [13]).
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Figure 3: Scattering distribution performed by the simplified model to represent the three components of a foliar specimen’s
SPF: a) surface reflectance b) subsurface reflectance and c) transmittance.

The absorption testing executed by the ABM assumes aabsolute transmittancd’(9;, \)), as sketched in Figure 3.
homogeneous distribution of pigments, and it is performed These are computed off-line using the ABM [2] and stored
probabilistically every time a ray starts a run in the meso- in a table.
phyll tissue. It consists of the estimation of the ray free path The parameter space of the foliar SPF is represented by
length, p, using an expression based on Beer’s law [1, 21]. the input directional parameter space and the output direc-
If p is greater than the thickness of the pigmented medium, tional parameter space. The first is given by the angle of in-
then the ray is propagated, otherwise it is absorbed. In ordercidenced; ([0, 7]), and the second is given by the azimuthal
to compute, it is necessary to sample the curves for the spe- angled ([0, 27]) and the polar anglé ([0, 7]). The domain
cific absorption coefficients of the pigments presented in this chosen fo; accounts for differences in the reflectance and
tissue, such as chlorophyll (Figure 2). The number and spac-transmittance curves of foliar specimens that differ markedly
ing between sample points will depend on the strategy usedin the structure of their two sides. For specimens that do
to guide the selection of wavelengths for image generation. not present this characteristic [29] or for applications that

assume identical optical properties for both sides [23], the

3 The Simplified Model domain off); can be narrowed tf), 7].

In the simplified model light propagation is also described 3.1 Surface Reflectance
in terms of ray optics, and the interaction of light with the
foliar tissues is described in terms of their SPF. As pointed When a ray hits the epidermis of a foliar specimen it may be
out by Glassner [6], the BDF (or, in our case, the SPF) is propagated to internal tissues or be reflected back to the envi-
a difficult function to work with due to its dependence on ronment. Brakke et al. [3] have noted that the scattering pro-
several variables. Fortunately, we can make some simplify- file of a plant leaf can be approximated by an exponentiated
ing assumptions about the foliar tissues that give us a morecosine function. In the simplified model a similar approach
computationally convenient expression to manipulate. is used to simulate the distribution of the rays reflected at the
First, we assume that the physical properties describingfoliar tissues. Govaerts et al. [7] have shown that the epi-
the light propagation are identical everywhere within the fo- dermal cells can be approximated by oblate ellipsoids which
liar tissues, i.e. they can be considered as homogeneoufiave semi-axes;, a> andas, with a; = as anda; > a3
interacting media [7]. This assumption allows us to leave [27]. For the plant cells we considef anda- as the axes
out the positional argument. Second, since the anisotropyin the plane of the foliar tissues, with values corresponding
of plant leaves is considered to be associated with their ve-to average radiusy,., of the cell. We define the oblateness
nation system [31], and considering that the biological data of the cell as& Based on the epidermal cells’ dimensions
regarding these systems is scarce to support the design ofor several spemes of plants found in the literature [7, 22], an
a biologically-based anisotropic reflectance model for these appropriate range for the oblateness would be [0.2,5].
materials, we also assume that they are isotropic. This as- Initially, to account for the surface component of a foliar
sumption allows us to work with only one parameter for the specimen’s SPF for a given incident ray, we obtain the cor-
directions);, which is given by the angle of incidendg, of responding reflected ray using the law of reflection (angle of
an incident ray with respect to the normal of a leaf. incidence §;, equal to the angle of reflectiofi,). Then, to
The proposed model takes into account the three compo-simulate the effects of the epidermal cells’ shape on the re-
nents of the SPF of a plant tissue, namely surface reflectanceflected rays at the aisepidermal cells interface, we perturb
subsurface reflectance and transmittance. The contributiorthe reflected rays using a warping function (2). This function
from each of these components is scaled using the respectiveorresponds to a PDF based on an exponentiated cosine dis-
values of absolute reflectancB4(6;, A) andR,(6;, A)) and tribution [16], and the exponent is given by the oblateness of
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the epidermal cells. The perturbation is performed through along its latitude and 40 patches along its longitude H¥d
angular displacements, andj.. The anglex, corresponds  rays per curve. As pointed out by Lalonde and Fournier [17],
to the polar angle with respect to the ideal reflection or ideal the use of these virtual devices give us control over the data
transmission direction. The angle corresponds to the az- generation and allow us to avoid measurement errors.
imuthal angle around the ideal reflection or ideal transmis- Lilley et. al [19] mention that to provide the correct colour

sion direction. These angles are given by: in high quality computer graphics, the CIE XYZ values
) should be converted to the RGB colour space of a monitor
(ae, Be) = (arccos[(1 — &) =s+T1], 2my) 2 using the SMPTE monitor chromacity coordinates. In fact,
o many monitors used in the current workstations use these co-
where: i i i
£ ande, = uniform random numbers [0, 1]. ordinates. Thus, we decided to sample the absorption curve

b _  oblateness of the epidermal cells for chlorophyll (Figure 2) in the dominant wavelengths cor-
o N P! ' responding to these coordinates (Table 1) in order to gener-

Therefore leaves whose epidermal cells’ oblateness is large ’
. . YTate the table of reflectances and transmittances. Note that
will have a surface reflectance closer to a specular distribu-

tion than leaves whose epidermal cells’ oblateness is small the dominant wavelength regarding the green channel corre-
" sponds to the wavelength for which the absorption of light

by chlorophyll is minimum.

3.2 Subsurface Reflectance and Transmittance

When light passes to the internal tissues its direction of travel Table 1: Chromacity coordinates and wavelength values.

is randomized and it becomes diffuse. This randomization X y wavelength
of the incident rays results in a near-Lambertian distribu- Red 0.630 0.340 608n
tion for the subsurface reflectance of a foliar specimen, and Green 0.310 0.595 55in
a near-Lambertian distribution for its transmittance. In or- Blue 0.155 0.070 455n

der to simulate the distribution of rays regarding these two white (D65) 0.313 0.329
components, we perturb the normal of the foliar specimen
instead of the incident ray. The orientation of the normal The images presented in the next section were generated
used in the perturbation depends on the incidence geometryusing a modified version of Kajiya’s path tracing [14, 26].
If the incident ray hits the foliar specimen’s front (adaxial For the computation of the direct light contribution we se-
epidermis) we use the normal for the subsurface reflectancdected the scale facto®,(6;, A) andT'(#;, \) according to
component and its opposite vector for the transmittance com-the position of the light source with respect to the foliar spec-
ponent. Otherwise, we use the normal and its opposite vectorimen. This selection was made using the angle of the shadow
the other way around. ray with respect to the specimen’s norm@l, and applying

For these perturbations we use another warping func- the following criteria:
tion(3), whose PDF corresponds to a diffuse or cosine dis-

tribution [16]. The perturbation is also performed through w if 0° < 8; <90°
angular displacementsy,,, and 3,,. The anglex,, corre- —for0° < 6 <90°
spondg to the .pola'r angle with respect to the reflection or T(97:,>\) if 90° < §; < 180°
transmission direction of the propagated ray. The apgle
gprrespongﬁ to the a}zimutha! angtl)e .around the propagation TO:N 0° < 6; < 90°
irection. These angles are given by: _for90° < 6, < 180°
(i, Bm) = (arccos(V/E, ), 276s) 3) Ball:N) i 900 < §; < 180°
where: While the ABM uses an explicit mechanism to simulate
¢& andé; = uniform random numbers [0, 1]. the absorption of light, the simplified model relies on the ab-

sorption probabilities implicitly associated with the scaling
factors. In order to perform fair comparisons between these
two models, we use an adaptive tree-depth control [10] based
. . on cumulative ray attenuation (attenuation, for short) in our
For our experiments we selected, without loss of general-. : : .

implementation of the path tracing algorithm. The attenua-

ity, foli i leaf [2]. Th I . ) .
ity, foliar data regardmg a soybean leaf [2] e absolute tion of a ray is obtained through the product of the reflectance
reflectance and transmittance measurements were made us-

g a il speciophotometer (2] and rays nrequla 197 ISTNCe ol hesrfaces ey <o 20)
intervals of1° for the angle of incidencé; ([0,7]). The P 0

i ) . . ) control the depth of the tree during the ray-tracing. For a
comparisons regarding the foliar specimen’s BDF presented ven scene we select a value fdo make the process usin
in the next section were performed using a virtual goniopho- 9 P 9

tometer [2] with a collector sphere divided into 20 patches  2Society of Motion Picture and Television Engineers.

4 Testing Parameters and Procedures
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the simplified model stop with the same ratio of unshot rays y ’P)_\

to the total number of shot ray8.01%) as the process using o \ o
the ABM. Since the attenuation has three values correspond- ; \ :
ing to the three RGB channels, we convertitto luminancein |78 / - !

order to compare it with a selected0.01). This conversion
is made using the following SMPTE formula [19]:

Y = 021222 R+0.7013G +0.0865 B (4) o e

For a given graphics setting the measurements regarding
both models were performed on the same machine. More-
over, the models were implemented using the same software
guidelines to avoid differences that could affect the timing.
The root-mean-square (RMS) errors [6] of the difference im-
ages, as presented in the next section, are computed from
normalized pixel values (scaled @ 1]).

Figure 4: BDF curves obtained at the wavelengths associated
5 Results and Discussion with the RGB channels (Table 1) and considering the leaf’s

front (adaxial epidermis) towards the light source. a) and
In order to perform a comprehensive evaluation of the BDF €) Using the ABM. b) and d) Using the simplified model.
curves provided by the proposed model it would be neces-Curves for different angles of incidence present a similar
sary to consider all possible testing geometries. However,agreement.
due to the large number of measurements needed, we limit
our examination to selected representative cases. Figure 4
shows the BDF curves generated using the ABM and the
simplified model, for angles of incidence 86° and 45°,
and considering the plane given by the direction of incidence
and the specimen’s normal. Notice that the curves provided
by the simplified model capture the main characteristics of
the foliar specimen’s BDF, namely an angular dependency
on the incident angle for the BRDF intermediate to that ex-
pected of diffuse and specular reflectors and a near-
Lambertian distribution for the BTDF. They also present a
good qualitative agreement with the curves provided by the
ABM which agree with the experimental curves published
by Breece and Holmes [4] and Wooley [31]. The small dis-
crepancies are mainly related to the simplified nature of the
proposed model, and do not significantly affect the image

Although the convergence graphs (Figures 8, 9 and 10)
are illustrative of the behavior of both models, they do not ac-
count for different types and amounts of work performed at
each depth of the ray-tracing tree. In order to extend our per-
formance evaluation, we have measured the speed up gains
of the simplified model over the ABM for the three graph-
ics settings. These speed up gains depend on a number of
factors: the illuminating and viewing angles, the ratio of the
number of pixels associated with the specimen(s) to the total
number of pixels (in our case, called foliar ratio), the scene
geometry, and the loss of quality threshold (in our case, given
by the RMS errors). As mentioned earlier, the large number
of measurements preclude us of looking at all these factors
and their combinations at this point of our research. How-
quality as we can see in Figures 5, 6 and 7. ever, th_e figgres presented in Table 2_ suggest that the use
of the simplified model can provide noticeable performance

Figures 5a and 5b shows the first set of images with front ~ . . S : : .
lit leaves. The curves presented in Figure 8 shows that for 9aINs without a significant loss of image quality. This aspect

this graphics setting the rendering process using the simpli-![?];rtnh;niléel\‘/ﬁirtgat ﬁir]ci\t?(lnr:gil::\?glvﬁocj:ll::r rgorzﬁn?gg?z;e
fied model converges faster, in terms of the ray-tracing tree- foliar primitives P 9 9

depth, than the rendering process using the ABM. In the sec- | P dert .d iseinthei due to Monte Carl

ond set (Figures 6a and 6b), the leaves are back lit. For this n orderto reduce noise in the images due fo Monte .ario

graphics setting we can also observe a faster convergence fopz:zt;racezl:]gi)ire]ztle\?vrha:gﬁ?r'1(\:Arlgafe%dtr?elzrg:oIrlljl:?tki)rireoézggﬁlei
the rendering process using the simplified model (Figure 9). P PEr pixel,

in the third set (Figures 7a and 7b), only ambient ligt is TS"'S: For instance, the image presented in Figure 7b was
used, and there are no direct lighting calculations involved. gfn tes (ela sgd CPU t'mpe) gn a Sgl RplOOOO The incor-
As in the previous settings, the rendering process using the inu P : . '

simplified model converges faster (Figure 10). However, for ?rgrritel\?vrg)?IjsthrﬁamOcdoer:sl?otlgrr;]k?lrerifofllli;n:k?elzog\?elz:gtliTtla?l?jtle?ir]n
this graphics setting the curve regarding the simplified model time y y 9
is smoother than the corresponding curves for the previous T.h head of pre- tina the table of reflect
settings due to the fact that there are no transmitted rays suc- € overnead of pre-computing the table of retiectances
and transmittances is minimized by the fact that, for a given

cessively traversing two leaves back and forth, as opposed tofoliar specimen, this operation must be performed only once
the previous cases. P , p P y :
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Figure 5: First set of images with the front (adaxial epidermis) of the leaves towards a light source. a) Using the ABM. b) Using
the simplified model.

Figure 6: Second set of images with the back (abaxial epidermis) of the leaves towards the light source. a) Using the ABM.
b) Using the simplified model.

Figure 7: Third set of images with ambient light only. a) Using the ABM. b) Using the simplified model.
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Table 2: Comparison of accuraeg. performance gain.
set foliar ratio RMS error speed up
Red Green Blue

0.009 0.009 0.012 5.14
0.011 0.014 0.010 4.47
0.020 0.016 0.012 9.77

1°F 24.97%
2nd19.42%
3rd 37.61%

Then, the resulting table can be used several times not only
in the rendering of individual leaves, but also in global il-
lumination calculations involving vegetation canopies [23].
Furthermore, the table look-ups are performed through direct
indexing and its storage requirements are within reasonable
limits. For instance, the table used in our testing experiments
requires only 14.5 Kb of storage space. Even if finer sam-
pling resolutions are used in the measurement of reflectances
and transmittances, we believe that the use of such a table
provides a worthwhile trade-off between accuracy and com-
putational costs, specially considering the sizes of the mem-
ories available nowadays and their decreasing costs.

6 Conclusion

We have presented a physically and biologically-based model
for light interaction with plants that can be incorporated into
rendering systems without a significant computational over-
head. Although the evaluation of a computer model is less
predictable than measuring physical phenomena, our exper-
iments suggest that despite of its simplified nature, the pro-
posed model captures the general behavior of foliar BDF's
and does not introduce significant errors along the rendering
pipeline.

There are some practical issues that we intend to address
to improve the results obtained so far. Since the rendering
of organic materials like plants have a strong wavelength de-
pendency, the quality of the images is directly affected by the
spectral sampling. We plan to investigate methods for guid-
ing the wavelength selection, for instance the strategy pro-
posed by Meyer [24], to determine the group of wavelengths
that fits best the perceptual and computational requirements
of these applications. Future efforts will also include devel-
oping practical techniques to exploit the parallel implemen-
tation of the proposed model in shared memory multiproces-
sor workstations.
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