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Abstract 1 Introduction

We describe a representation for tree leaves

and an interactive modeling system for creating The planar outline of a plant leaf and the larger
realistic close up images of leaf clusters. The members of its venation system are strong factors
planar outline of the leaf and the larger members in the recognition of tree and plant species and as
of its venation system are strong factors in the such are essential to realistic imaging. The larger
recognition of plant species and as such are veins also play a major biological role in determin-
essential to realistic imaging. The larger veins ing the leaf surface shape and it is this role that we
also play a major biological role in determining mimic in the shape modeling discussed in this pa-
the leaf surface shape and it is this role that per. The 3-D surface shapes of leaves create light
we mimic in the shape modeling discussed in and shadow effects that contribute to their visual
this paper. The proposed representation uses aappeal, as well as providing indications of their
model of a leaf consisting of a three dimensional age and health as suggested by Figure 1.

skeleton formed by its larger veins and a surface  In computer graphics applications, veins are
membrane representing the leaf lamina that spansusually represented using either texture mapping
the void between the veins. The veins play two or bump mapping. These techniques, however, do
roles. They can be interactively modified to not account for the physical presence of the veins
create the 3-D shape of the leaf model. They which protrude from the leaf surface, adding to the
also provide for realistic light and shadow effects thickness of the the foliar tissues at the venation
when rendered as generalized cylinders using sites. Consequently, neither of these techniques
measured width parameters. The representationcan realistically represent the silhouette view of a

consists of two coupled data structures, a tree plant leaf and, more importantly, the masking and
data structure of veins for the leaf skeleton and

an unstructured triangular mesh for the leaf
membrane. The skeleton is modified by the
user of the modeling system, and the membrane g
mesh is a surface mesh that follows the skeleton
shape computed using harmonic interpolation.

Figure 1: Photos: shapes of maple leaves

Keywords: leaf, vein, skeleton, interpolation



shadowing of light incident on the leaf surface (see
Figure 13).

In this paper, we describe a representation for
detailed descriptions of plant leaves which account -
for the physical presence of veins, and an interac- N
tive modeling system for creating close up images :
of leaf clusters. This interactive system provides b

a practical framework for the simulation of foliar
shape changes associated with environmental fac-

tors and physiological processes. Furthermore, by
incorporating the 3-D modeling of the veins, the
proposed representation allows the realistic simu-
lation of the illumination effects mentioned above.

It is important to note, however, that the main fo-
cus of our research is the geometrical modeling of ,v

plant leavesj.e. rendering issues, such as light b (iii
transport and absorption within foliar tissues, are D
beyond the scope of this work. For a comprehen- C

sive literature review in this area, the reader is re-

ferred to recent texts by Jacquemoud and Ustin [1]

and Baranoski and Rokne [2].

The proposed representation uses a model of a
leaf consisting of a 3-D skeleton formed by its
larger veins and a surface membrane represent-
ing the leaf lamina that spans the void between 4
the veins. The veins are represented by piece- L,
wise linear space curves and the skeleton is a hi-
erarchical collection of these curves that follows E E
the biological classification reviewed iRelated
leaf anatomy The interactive modeling system
builds two coupled data structures for this repre-
sentation. One is a tree data structure for the veins
of the skeleton; the other is an unstructured trian-
gular surface mesh for the leaf membrane. It starts
with scanned images of a leaf, builds and models
the skeleton interactively and generates the mem-
brane mesh automatically. An overview of these
processes is given below. The system outputs a 3-
D leaf model suitable for inclusion in a scene for
rendering, such as presented in Figure 10.

B
)

Figure 2: Modeling processes

The coloration of real leaves on the side that
is normally exposed to the sun is usually differ-

The interactive modeling system we describe tries €nt to their shadow side. So the modeling system
to strike a pragmatic balance between processestakes as input a pair of scanned color images of the
that can be automated and those that seem to re-sunny and shadow sides of a leaf. From these, it
quire interaction to achieve the desired level of re- €xtracts, in process A, a polygonal boundary auto-
alism. It has primarily been designed to support Matically. This polygon is regarded as lying in the
our experimentation with interactive leaf shape # = 0 plane of the leaf model coordinate system.
modeling. Using Figure 2, we give an overview of The user then, in process B, interactively identi-
how the modeler builds the data structures for a 3- fies suitable structural veins for the model from
D image of a leaf. These schematics label the suc- the shadow side scan, as a branching hierarchy of
cessive states of the data structures in lower casePiecewise linear curves. The base width of the se-
Roman numerals, (i), (i), etc and label the transi- lected veins is also recorded in process B to pro-
tion processes in upper case letters, A,B, etc. The vVide parameters for vein rendering.

states of the data structures during this sequence of Process C automatically constructs a quality tri-
processes are shown in Figure 3. angular mesh for the polygonal profile of the leaf

1.1 Overview of the modeling processes



State Leaf membrane Leaf skeleton

. Scanned leaf images None.
@ In (x, y) plane.
(ii) | Leaf profile. None.

Hierarchical list of the
same vein line segments
in the (x, y) plane.

Veins added as internal
edges of polygonal profile.
(iii) | The resulting data
represented is a planar
straight line graph (PLSG).

A good quality planar
constrained Delaunay
(iv) | triangulation that is a
refinement of the PSLG of
(iii).

Unchanged.

The skeleton is updated to
include any refinement of
vein edges in the mesh.

Coordinates of ends of line
segments are modified.

v)

All mesh nodes mapped
(vi) | into 3-D shape consistent
with leaf skeleton of (v).

Unchanged.

Figure 3: States of the data structures for leaf mod-
eling

that includes the veins as constrained edges. The
user can then create a 3-D shape for the leaf skele-
ton by interactively bending the veins in the model
coordinate space, which is process D. This shape is
automatically extended to the triangular mesh that
represents the leaf membrane by harmonic inter-

chy of spline curves with curves added geometri-
cally that extend from the medial axis to the leaf
boundary. The resulting skeleton divides the leaf
profile into polygonal patches. The skeleton and
the leaf boundary are then interactively modeled
into a 3-D shape and the leaf membrane is created
by interpolation of these patches by sweeping us-
ing generating curves over the patches.

For polygonal objects generally, the medial axis
is a geometric construct that is sometimes referred
to as the object’s skeleton. In [4], Gold presented
a method that computes from a scanned image,
both a polygonal boundary and its medial axis. He
demonstrated this method on a number of shapes
including an artificial maple leaf.

The use of the medial axis in forming a leaf
skeleton provides an interesting instance of the
trade-off between automation and interaction for
leaf modeling. It leads to highly automatable ap-
proaches to building a skeleton. Whether such ap-
proaches can be developed that provide a high de-
gree of realism is an open question. We are not
aware of other research that aims to build models
of leaf skeletons that are anatomically based.

The harmonic interpolation technique of
process E is different from the process of [3]

polation in process E. The rendering of an image for generating the leaf surface membrane. Both
of the 3-D shaped leaf into a scene is process F.techniques are automated; however, harmonic

The leaf lamina can be rendered by transforming
each triangle to its position in the scene space and
using the texture mapping appropriate to the visi-
ble side of the triangle. Similarly, the veins can be
rendered as generalized cylinders, using prorated

interpolation is more general in that it does not
require modeling of the leaf boundary, nor does it
require that all the veins extend to the boundary.

There is an extensive literature on realistic plant
modeling and scene creation involving plants,

values of the vein base width parameter. These which are activities to which our leaf models can

structural veins and the curvatures of the mem-

be directed. Prusinkiewiczt al [5] provide a

brane allow for realistic ||ght and shadow effects current, detailed presentation of Combining inter-

in scenes when global illumination methods, such action and parameterized algorithms for both of
as ray tracing or path tracing are used.
Process D can be repeated several times startingof the use of generalized cylinders which is perti-
with the data structures in state (iv) to produces nent to our view of rendering leaf veins. The com-
several leaves for a cluster that have the same pro-prehensive bibliography of this paper references
file, but different 3-D shapes. We illustrate this in  many earlier contributions to plant modeling by

Figures 12 and 10.

1.2 Review of Related Research

In a recent paper, Bhdermanret al, [3] present a

these topics. In particular, it contains a discussion

the authors, and others. Lintermann and Deussen,
[6], have presented a general approach to organiz-
ing the wide range of features in plant imaging,
including leaves as one component, using parame-
terized interaction. Bloomenthal, [7], used tem-

discussion of leaf shape modeling based on a Se_plates for leaves in his discussion of modeling en-

ries of processes for building a representation o

¢ tire maple trees.

a leaf skeleton and leaf membranes. The choice There are many papers that relate to steps in the
of skeleton and membrane are significantly differ- process described by the schematics in Figure 2.
ent from the ones presented in this paper, and the A number of these steps require techniques that
processes used are correspondingly different. Thedeserve reference, but which are not directly con-
paper discusses the use of the medial axis of thenected to the focus of this paper. We reference
leaf boundary as the basis for the leaf skeleton. them in the discussion of the step to which they

The skeleton for modeling is created as a hierar- apply.



1.3 Related leaf anatomy The network topology of real leaves is influ-
enced by the dual biological functions of mechan-
Our primary references for the biology of venation jca| stability and fluid transport of the system. All
systems are the review article by Roth-Nebelsick |evels contribute to fluid transport, but it is the role
et al, [8], the comprehensive reference by Hickey, of the lower levels to also provide mechanical sta-

[9], and the article by Bohret al [10]. In this  pility, Although a leaf may have multiple primary
section, we review features that are relevant to the yeins, the network virtually never has a cycle of

skel_eton of the leaf model and decisions about its primary veins. Cycles in the subnetwork of pri-

design. mary and secondary veins are unusual but not rare.
Two primary functions of a vein of a leaf are Cycles involving subnetworks of veins of levels

to provide mechanical stability to the leaf as a higher than 2 are the norm. It seems clear that

structure and to transport water and nutrients be- the redundancy which cycles bring to the network

tween the leaf and the other organs of the plant. serves the fluid transport function.

For familiar tree leaves, the veins appear orga-

nized into a hierarchical network distributed over

the leaf with a distinctive pattern characteristic

of the plant. The distinctive venation systems of 2 Process A: Extracting a leaf

some common leaves can be seen in the photos fil

of Figures 1, 4, and 13. We detail some obvious profile

features. Veins have a direction indicated by de-

creasing width; we refer to the wider end as the We use the term ‘profile’ for the 2-D outline of a

base. In planar images, the larger veins appear agdeaf to distinguish it from the 3-D surface form of

bands whose center line is a curve with a well de- a leaf, for which we use the term ‘shape’. This

fined tangent that usually changes little in direc- profile is regarded as a domain of the plane 0

tion. Leaf images show that veins can be classified of the 3-D space of the leaf model. In process A

into distinct groups based on the highly correlated of Figure 2, a polygonal boundary for the profile

attributes of base width and length. is recovered from the scanned image of a leaf by
These groups form the basis for classifying the common techniques involving edge detection and

vein hierarchy. The veins in the group with the boundary simplification. For conciseness, we do

largest attributes extend from their base where the Not detail these techniques; however, we note that

leaf boundary joins its stem, usually diametrically the amount of edge detail in the initial polygonal

across the leaf to its periphery. These are the pri- boundary plays a significant role in the size of the

mary veins at the lowest level of the hierarchy. The eaf membrane mesh in state (iv). Our boundary

oak leaf of Figure 4 has one primary vein; maple recovery techniques are parameterized to provide

leaves typically have five. The veins grouped in the More or less detail in order to allow some control

next biggest size category are the secondary veins;OVver the resulting mesh size.

they branch from the primaries and extent well out

towards the boundary of the leaf. This classifica-

tion can be extended to 6 to 8 levels for the types ] -
of leaves that we are discussing; although the dis- 3 Processes B and C: BU”dmg

tinctions become increasingly fine. the leaf skeleton and mesh

Processes B and C have the coupled tasks of build-
ing the leaf skeleton and unstructured mesh. The
automatically recovered leaf profile (process A)
and the appropriateness of the interactively se-
lected initial skeleton (process B) form the bio-
logical input to the leaf model. As shown in the
middle of Figure 2, the generation of the mesh for
the profile (process C) plays two roles. It refines
the skeleton and it provides the discretization for
the harmonic interpolation of process E that cre-
primary vein ates the leaf membrane.
We discuss the leaf skeleton data structure in de-
tail in the following subsection, and comment on
Figure 4: Photo: leaf components its relation to the biological vein hierarchy. Some
details of processes B and C then follow.




3.1 Defining the skeleton data structure

Because the leaf skeleton is the key control for

modeling the 3-D shape, we describe its data struc-
ture in detail. The leaf skeleton of the modeler is

based on a selection of the lower order veins that
can be used:

a) to define the 3-D surface shape of the leaf im-
age

b) to provide a 3-D structure for the image of the
vein for rendering the leaf

In principle, different skeletons could be used for
these two functions. However, we believe that a bi-
ologically appropriate skeleton can serve both ad-
equately.

A vein is represented as a sequence of directed
line segments which form a piecewise linear space
curve and which we will call a vein sequence. We

. . . a
describe the ends of a line segment as its start andT

final points and similarly for vein sequences. We
note that Process C of Figure 2 refines vein se-

guences, so a dynamic data structure for the se-

guence is needed.
We can describe the data structure for the leaf
skeleton in graph terms as a shallow tree of vein

sequences. It appears to us that a three level hi-
erarchy of vein sequences suffices for purposes a)

and b). The parent-child relationship of the vein

sequences is defined by start points, see Figure 4.

A vein sequence that has no ancestor is a primary
vein sequence of the skeleton. If the start point of
a sequencé/ .S, coincides with the final point of a
line segment]s, of a primary vein sequencé,s,
thenV S is a secondary vein sequendes is its
parent vein ands is its parent line segment. Ter-
tiary vein sequences have a similar relationship to
secondary vein sequences.

This parent-child relationship ensures a unique
parent, as long as the two veins of the lower level
do not end at the same final point. This would sig-
nal a cycle in the veins of the parent level. We
impose on the leaf model, the condition that no cy-
cles are permitted in the vein hierarchy.Related
Leaf Anatomywe pointed out that cycles involv-
ing primary veins virtually never occur and involv-
ing secondary veins are rare. We argue that the al-
gorithmic simplification benefits of this acyclic as-
sumption are significant and the reduction in real-
ism of the resulting image is insignificant. We note

induces a tree structure on the set of line segments.
We use this tree structure on the line segments in
our description of the vein modeling algorithm in
Process Dbelow.

3.2 Some details of the processes

In process B, an initial coarse leaf skeleton is
created, which is then refined as a byproduct of
the mesh generation of process C. The endpoints
for the line segments chosen for the vein se-
quence for a selected vein are identified by mouse
clicks. Then the vein base width is measured and
recorded. To create the vein hierarchy, new veins
must be identified after their parent line segment
has been identified.

The line segments of the skeleton that are cre-
ated in process B are added as additional vertices
nd edges to the polygonal boundary of the leaf.
he combination is a planar straight line graph
(PSLG) of edges and vertices from the boundary
plus initial skeleton. Quality mesh generation for
a PSLG is a standard computation involving two
control parameters, a triangle size toleraricand
a minimum angle tolerance;. A quality mesh
generation program computes a constrained De-
launay triangulation that is a refinement of the in-
put PSLG, with no triangle exceedign size and
no angle less than, except possibly for small an-
gles between constrained edges in the input PSLG.
See Ruppert [11], or George and Borouchaki, [12]
for descriptions of this computation. The mod-
eler uses the freely distributed program Triangle
by Shewchuk, [13], for this task. The choice of
the tolerance parameters influences the size of the
mesh generated. The mesh vertices created by
the refinement process used in quality mesh gen-
eration include some additional points inserted on
constrained edges from the leaf skeleton. The vein
sequences of the leaf skeleton must be updated to
replace line segments that have been refined dur-
ing the mesh generation phase of process C. As a
result, a discretization that is suitably fine for mod-
eling the veins is obtained.

4 Process D: Vein shape
modeling

that secondary and tertiary vein sequences are per-The planar veins of process B are interactively
mitted to end at a point interior to the leaf bound- modeled into 3-D space curves in process D. An
ary, and that tertiary veins can form cycles. These example of vein shape modeling for a chestnut leaf
two flexibilities, which are biologically appropri- is shown in Figure 5. The vein sequences of the
ate, may serve purpose b). We have not experi- skeleton appear as 3-D space curves. In this case,
mented with them for purpose a). we are modeling an older leaf with a highly curled
Since the line segments are totally ordered skeleton.
within each vein sequence, the vein tree structure Each vein is modeled independently by rotation



Figure 5: Shape modeled skeleton: chestnut leaf Figure 7: Harmonic interpolated leaf membrane
mesh: chestnut leaf

thors, e.g. [6] and [3]. The basic idea described
above is then automated fotS. For each line seg-
ment of V.S, rotations about its start point are com-
puted that place its final point on the cubic spline
shape curve. These rotations are applied to the leaf
skeleton subtree of the line segment. The user of
the modeler selects the endpoints of control vein,
CV S, at locations that are effective for the model-
ing and with only as many as seem necessary. As
segment described irviodeler Intgrfacebelow, the user can
— see that effect of reshapirigl/ .S on the leaf image
during the interaction.

child veins

active line

<—I 5 Process E: Building the leaf

Z
membrane
Figure 6: Rotating subtree of active line segment

Harmonic interpolation (process E) provides a

powerful, general technique to extend the shape of

the shaped skeleton to the leaf membrane using the
of selected line segments of the vein. The basic the mesh for the leaf profile generated in process
concept is that the user selects an active line seg-C. Figure 7 shows the triangular mesh surface of
ment for modification in the leaf skeleton and in-  the leaf membrane for the highly curled chestnut
puts rotations about its start point. Each rotation |eaf skeleton of Figure 5. This mesh is somewhat
is extended to the subtree of line segments rooted coarser that we usua”y use for mode”ng in order
at the active line segment. A subtree rotation in to make the figure less cluttered. Typically, meshes
a plane is illustrated in Figure 6; it is @ common  of the order of about a thousand triangles are suffi-
modification of hierarchical graphic structures. cient for Shape mode]ing_ Harmonic interpo]ation

After process C has refined them, the vein se- is implicit in the sense that a system of equations

guences are long enough to warrant introducing a of about the size of the leaf mesh must be solved
technique to facilitate the basic idea. This tech- for each of the three spatial coordinates of the in-
nigue operates at the level of modifying the shape terpolated surface. A simple description of these
of one vein sequencé/S. A temporary control equations is given at Equation 2. These compu-
vein sequence’V' S, that approximate¥’.S, but tations can be done for meshes of at least several
has fewer line segments, is identified by select- thousand triangles with no noticeable delay in up-
ing a subset of the end points &fS, including dating the displayed leaf shape during interactive
its start and final pointa”'V S is then reshaped us- modeling. For high quality rendering, significantly
ing a walk throughC'V'S applying user selected larger meshes may have to be generated by subdi-
3-D rotations to each control vein line segment, vision of the shape modeling mesh.
and its successors. A cubic spline space curve is Harmonic interpolation is motivated by the
fitted to the reshaped@V' S; this use of a spline  following classical specification of a function,
curve has been anticipated by several other au- f(r,s), in a domainD when f(r, s) is required to



take known valueg(r, s) on part of the boundary
0D, of D. fis specified as the solution of the fol- s

lowing partial differential equation boundary value Q% &
problem
0%f  O*f
= 4 = = : D
Af 52 + 952 0 for (r,s) € 3
f(r,s) = g(r,s) for (r,s) € 0D (1) '
of

== =0 for (r,s) € 0D — 9D,

on Figure 8: Neighbouring triangles of a Delaunay

edge
Functions that satisfy Laplace’s equatidty, = 0,

are called harmonic functions. The functigh

specified by (1) can be viewed as a harmonic func- o

tion defined inD that interpolateg(r, s) on dD;. is the midpoint of edge?; to P; andT4 must be
The extension of this concept to computing the acute so tha€) 4 stays inTs. This restriction on

representation of the leaf membrane as a paramet-the triangles at the leaf boundgry basically requires

ric surface can be described mathematically as fol- the mesh to be adequately fine and well shaped

lows. By relabeling the: andy variables as and near the boundary. _ _ . _

s, we can regard the leaf profile in the, y,0) To compute the dlscretlzed_c_oordmate functlpn,

plane as the domair), of parameter space. We (7, s), the FEM method specifies a system of lin-

seek to define the parametric surface by three coor-€ar equations of the formz = b wherez,, is the
dinate functions(z(r, s),y(r, s), z(r, s)) that are ~ value of the coordinate function at mesh verfgx

defined for (r,s) in P to form the leaf mem-  In (2), we give the form of the equation associated

brane. The planar leaf skeleton of state (iv) of Fig- With & mesh vertex/;, not on the leaf skeleton,

ure 3 constitutes an internal ‘constraint’ on which that is connect tan neighbouring mesh vertices,

(2 (. ), ysi (. 5), sk (r, 5)) are specified by the P, & = 1 tom by mesh edges.

leaf shape modeling of process D. We specify that . .

z(r, s) be harmonic in the leaf profile, except at the . o A

points of the skeleton whete(r, s) = z.(r, s), <g %’]’“> i ; Vg @i =05 (2)

and thatdx/On = 0 on the leaf boundary, ex-

cept at a point of the skeleton that extends to the If P, = (r;,s;) lies on the leaf skeleton, then

boundary, and similarly for(r,s) and z(r, s). the equation is simplyr; = x4 (r;,s;). This

In this sense, the model for the leaf membrane, is a system of linear equations with sparse ma-

(x(r,s),y(r,s),z(r,s)), is the harmonic interpo-  trix, A, which can be solved by most sparse ma-

lating surface of the modeled leaf skeleton. trix techniques or software. A system of equations
Formally, we compute the coordinates at the  with the same matrix, but different right hand side

vertices of the leaf membrane mesh, now parame- vectors is also specified for the discretized coor-

terized by(r,s), by solving Laplace’s equation, dinate functionsy(r,s) and z(r, s). Efficiencies

Az = 0, using the finite element method (FEM) in computing the harmonic interpolating mesh can

applied using the mesh and subject to the skeletonbe gained by observing that these three systems of

and leaf boundary conditions. Repeating thisgfor  equations all have the same matrix of coefficients.

andz, we get the coordinatds:, yx, i) for each

mesh vertexP,. However, we do not need much .

of the apparatus of the FEM, because in this sim- 6 The interface of the leaf shape

ple case, the linear equations for the coordinates, modeler

xi (, andy, andzg,) can be formed from a single

parameter;; ;, associated with the mesh edge be- Figyre 9 displays the modeler's GUI; it is created

tween vertices”; and P;. Because we are using & sing the GUI toolkit Qt [15]. It comprises a view-

Delaunay triangulationy; ; has a simple geomet- g window, on the left, a small control panel for

ric description. For an edge internal to the mesh, 1o viewing window, on the upper right, and a

let T4 and T}z be the mesh triangles that share the 46| with menu tabs for controlling the processes

common edge betwed) andP; as showninFig-  f the schematics in Figure 2 on the lower right.

ure 8. LetQ 4 and@ s be the circumcenters Gf, The menu tabs correspond to the processes as
andTg, theny; ; = [|Qa — Q&ll/I|P; — Pill; see  tollows:
Letniowski, [14].

If edge P; to P; is on the boundary of the leave, Profile Process A - image processing and a
thenT4 has no neighbou?’z. In this case@p boundary edge editor



8 [1on-Commercial] - edge

the interactive modeling under the control of the
Model menu. The upper left window shows a
front view of the entire leaf skeleton. The user can
use it to select a particular vein sequence to mod-
ify, which we refer to as the active vein sequence,
AV'S. The AV S alone is shown in the two other
windows, in side and bottom views. Vein model-
ing is normally done by manipulating the&V S in

the windows displaying its planar form.

For selecting thedV S for modeling, the user
may either select a vein sequence of the leaf
skeleton directly, or interactively create a tempo-
rary control vein sequencé€V S, as described in
Process Do be used as thdV' S. In either case,

5 Shon s

[ Potie | Vein | Mesh | Model | Render | ) the program logic of rotating a line segmetfat, of
Vein edt the AV S, and rotating the subtree of line segments
Vein edit mode On rooted at/s is the same. In the case ofd/ S, the
Set vein runber 1 3 subtree is just the successor line segments in the

3 control vein sequence.
= The effects of modifications to th€'V S are
computed for the full leaf skeleton, using pro-

Set start radius 17

Set end radius 2

Set offset -8

= Zooming jection onto a cubic spline curve as discussed in
R i ol Model menu Process D and the result is displayed in all the 4
Control node edit mode On SulendOWS

Pick control nodes [Jon

Vein editing to FVM

Synchronize [Jon

7 Demonstration Scenes

FVM application

Apply FYM Show meshes

& J

Figure 9: Modeler interfaceModel menu

Vein Process B - a vein sequence editor

Mesh Process C - mesh generation

Model Process D and E - vein modeling and har- |
monic interpolation '

Render a simple version of Process F - control
of OpenGL rendering of the modeled leaf for
display by the modeler

The GUI also provides for importing a scanned Figure 10: Cluster of maple leaves scene
image of a leaf, or a previously saved representa-
tion, and the export of a representation for future
modeling, or scene creation. In the two subsections below, we present two

The viewing window can be used to display a demonstrations of specific effects in the leaf mod-
single view for the processes of a menu, or subdi- eling that we have described. A demonstration of
vided into 4 subwindows, as shown in Figure 9. a cluster of maple leaves is given in Figure 10.
The 4 subwindow viewing state is used for leaf The leaves in the cluster were modeled from a sin-
modeling; it is a common configuration for 3-D gle profile. Figure 11 shows three dried leaves,
modeling. The bottom right subwindow displays which are an oak leaf, a chestnut leaflet and a sil-
the 3-D image of the current leaf representation as ver maple leaf hanging on a cloth covered board.
either a skeleton, a mesh, or a rendered image, inThe shapes of the three leaves were obtained from
an orientation controlled by the viewing window their scanned image using the proposed method in
control panel. The other three windows support this paper. The rendering of these images was done




view shows simulated morning light at a low el-
evation on the left, and the bottom view shows
evening light coming from the right. The figure
demonstrates the role of the modeled veins in cre-
ating effects similar to those of Figure 13.

w%l

-ﬁ%m-m e

Figure 11: Three dried Leaves

Figure 13: Photo: self-shadowing of leaf in high-
lighted box
using POV-Ray, [16], which is a copyrighted free-
ware ray-tracer.

7.1 Simulating leaf aging

Six models of a leaflet of a composite chestnut leaf
are shown in Figure 12. They have been modeled
from a single profile and colored to create the ap-
pearance of different stages of aging. The inten- early morning
tion of Figure 12 is that they look progressively -

older in clockwise order.

early evening
\ Figure 14: Model: light and self-shadowing ef-
fects

_ , o 8 Conclusions and Future Work
Figure 12: Leaflets in clockwise simulated aging

sequence We have described a leaf model that has the de-
tail necessary for rendering close-up images. In
a sense, it represents the fine detail end of multi-
7.2 Light and Shadow Effects scale resolution of _Ieaves. For_integration with a
plant or tree modeling system, it would be neces-
Figure 13 shows a mid-day photograph of a clus- sary, or at least highly desirable, to develop such a
ter of spring chestnut leaves. Prominent on the multi-scale capability for this modeling approach.
lower left is the shadow side of a highly curled The time consuming activities in our vein mod-
leaf clearly showing the secondary veins picking eling processes are the interactive processes of cre-
up the direct sunlight and casting shadows on the ating the initial skeleton, process B, and manipu-
leaf membrane. In Figure 14, the shadow side of lating the skeleton to model the leaf shape, process
a leaf model of a similarly curled chestnut leaf is D. The automated processes A, C, E, and F cause
shown under three lighting conditions. The top no noticeable delay to the interaction. Improved

mid-day

-




image processing techniques, e.g.

sented in [4], may help identify the larger veins
of the leaf image and their width parameters and
thus partially automate process B.

A compelling future investigation that this work

suggests is research in rendering of plant appear-

ance using biophysically-based models of light in-
teraction with foliar tissue [2]. For example, the
shape changes of aging leaves are accompanied

by characteristic colors caused by variations in the 11]

concentration and distribution of natural pigments

(e.g., chlorophylls carotenoids and anthocyanins)

[17]. The accurate simulation of these biological
factors would allow the generation of predictable [12] P L George and H BorouchakiDelaunay
images of metachromatic (or “senescent”) leaves.

References

[1]

2]

[3]

[4]

[5]

[6]

S. Jacquemoud and S.L. Ustin. Leaf optical
properties: A state of the art. Bth Interna-
tional Symposium of Physical Measurements
& Signatures in Remote SensjmEages 223—
332, Aussaois, France, 2001. CNES.

G.V.G. Baranoski and J.G. Roknéight In-
teraction with Plants: A Computer Graph-
ics PerspectiveHorwood Publishing, Chich-
ester, UK, 2004.

L M Uiindermann, P MacMurchy, J Pivovarov,
and P Prusinkiewicz. Modeling lobed leaves.
In CGl, editor, Proceedings of Computer

Graphics Internationglpages 60—-65, 2003.

C Gold. Crust and anti-crust: a one-step
boundary and skeleton extraction algorithm.
In SIGACT, editor,Proceedings of 15th An-
nual Symposium on Computational Geome-
try, pages 189-196. ACM Press, 1999.

P Prusinkiewicz, L Mindermann, R Kar-
wowski, and B Lane. The use of positional
information in the modeling of plants. In
Proceedings, edito6IGGRAPH pages 289
—300. ACM Press, 2001.

B Lintermann and O Deussen. Interactive
modeling of plantsIEEE Computer Graph-
ics and Applications19(1):56—-65, 1999.

[7] J Bloomenthal. Modeling the mighty maple.

In ACM, editor, Proceedings of SIGGRARH
pages 305-311. (Philadelphia, Pennsylva-
nia), 1985.

[8] A Roth-Nebelsick, D Uhl, V Mosbrugger,

and H Kerp. Evolution and function of leaf
venation architecture: A ReviewAnnals of
Botany 87:553-566, 2001.

(10]

[13] J R Shewchuk.

(14]

(15]

[16]

[17

]

such as pre- [9] L J Hickey. Anatomy of the dicotyledons,

2nd Ed, volume 1. Clarendon Press, Oxford,
1979.

S Bohn, B Andreotti, S Douady, J Mun-
zinger, and Y Crowder. Constitutive property
of the local organization of leaf venation net-
works. Physical Review,F65:061914-1:4,
2002.

J Ruppert. A Delaunay refinement algorithm
for quality 2-dimensional mesh generatian.
of Algorithms 18:548-585, 1995.

Triangulation and MeshingHermes, 1998.

Triangle: Engineering a
2D quality mesh generator and Delaunay
triangulator. In ACM, editor,First Work-
shop on Applied Computational Geometry
pages 124-133. (Philadelphia, Pennsylva-
nia), 1996.

F W Letniowski. Three-dimensional Delau-
nay triangulations for finite element approx-
imations to a second-order diffusion opera-
tor. SIAM J. Sci. Stat. Computl3:765-772,
1992.

Jasmin Blanchette and Mark Summerfield.
C++ GUI Programming With Qt 3 Bruce
Perens’ Open Source Series. Prentice Hall,
Upper Saddle River, New Jersey, 2004.

Persistence of vision (TM) raytracer [com-
puter software], 2004. Persistence of Vision
Pty. Ltd. ; http://www.povray.org.

B.J. Ford. A general theory of execration in
higher plants.Journal of Biological Educa-
tion, 20(4):251-254, 1986.



