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Abstract

Leaf modeling is a very important and challenging problem be-
cause of the wide variations in the shape, size, and structure of
the leaves among different species of plants. The main draw-
back of existing methods for synthesizing leaves is that they are
non-intuitive and tedious to use. With these methods, leaves of
different shapes are either reconstructed from images individu-
ally or defined by different sets of complex rules. In this paper,
we present a novel parametric leaf model based on botanical
considerations for generating the geometric shape of a wide va-
riety of leaves. The shape of the leaf is represented by a set
of landmark points on the leaf boundary and tangents to the
boundary at these points. The geometric shape of a leaf is
generated by fitting quadratic B-spline curves to the landmark
points and tangents. The proposed leaf model is intuitive and
can be used to generate multiple instances of a leaf, each having
the same overall shape but differs slightly in detail. In addition,
a leaf morphing method is proposed for morphing leaf shapes
in the parametric leaf space as defined by the leaf model. Ref-
erence leaf shapes can be easily specified by the user as soft
constraints for leaf morphing. Given the source, target, and ref-
erence shapes, a NURBS curve is fitted over them in the leaf
space to generate a smooth morphing path, which is then used to
synthesize the specific leaf shapes along the path. This method
can produce smooth morphing of leaf shapes for simulating leaf
growth and for computer animation applications.

1 Introduction

Leaf modeling is a very important problem in botany, hor-
ticulture, agriculture, forestry, and ecology [26, 3, 30]. Leaf
model can be used to simulate various plant functions and
interaction of plants with the environment. These simula-
tions can help to increase the production of plants by opti-
mizing the use of available resources and produce healthy
plants with more effective pest management [26, 3, 30].
The simulation of plant functions also enables botanists
to conduct virtual experiments that are impractical oth-
erwise, for example calculating the percentage of available
sunlight intercepted by plants [3, 30|, and understanding
how diseases are spread by rainfall splash [27].

Building a realistic leaf model suitable for simulating
its interaction with the environment consists of two steps:

(1) modeling leaf shape in 2D plane, and (2) modeling leaf
deformation in 3D space. This paper presents an algorithm
for procedurally generating a wide variety of leaf shapes in
2D plane.

Modeling leaf shape is a difficult and challenging prob-
lem due to the wide variations in the shape, size, and struc-
ture of the leaves among different species of plants (Fig-
ure 4, 5, 9). Even in the same plant, no two leaves are
identical. The challenge is to design a compact leaf model
that can intuitively represent and synthesize a wide variety
of shapes.

This paper presents a novel parametric approach for
modeling, generating, and morphing leaf shapes. It models
leaf shapes using landmark points and tangents along the
leaf boundary. It can model and generate a wide variety
of leaf shapes, as well as synthesize various instances of a
given leaf, each having the same overall shape but differs
in shape details. It is numerically stable so that a small
change in the parameter values produces a small change
in the leaf shape. As an application of the parametric leaf
model, this paper presents a leaf morphing method. The
leaf morphing is performed in the parametric leaf space,
which is defined by the leaf model. Reference leaf shapes
can be easily specified by the user as soft constraints for
leaf morphing. This method produces smooth morphing
of leaf shapes that can be used for simulating leaf growth
and for computer animation applications.

2 Related work

Tree modeling: Many methods have been developed for
modeling plants and trees: interactive [2, 6], rule-based
[23, 11, 1], image-based [20], biology-based [28]|, and ma-
chine learning [4]. However, these methods model only
the branching structure or the crown of trees and plants.
The leaves, in these methods, are modeled using simple
geometric shapes such as quadrilateral, triangle, ellipse, or
disk textured mapped with a leaf image.

Leaf deformation modeling: Many methods have
been proposed for modeling deformation of a leaf in 3D
space [19, 9, 15, 13, 14]. All these methods use a scanned
image of a leaf to construct leaf shape in 2D. Using the
leaf shape, these methods then use free-form deformation



[19], skeleton-based deformation [9, 13, 14|, and ad-hoc
techniques [15] to model the leaf deformation.

The technique presented in this paper compliments ex-

isting tree modeling and leaf deformation methods by pro-
viding a procedural algorithm for generating a wide variety
of leaves.
Leaf shape modeling: The existing methods for generat-
ing the geometric shapes of leaves can be divided into two
categories: image-based and rule-based. The image-based
methods attempt to reconstruct the surface of leaves from
2D images [24, 29, 16]. These methods work well for dig-
itizing an existing plant for visualization in architectural
walk-through or virtual reality. However, they are not suit-
able for synthesizing leaves of a wide variety of shapes. It
is too tedious and time-consuming to capture and process
data from real plants of all possible leaf shapes.

On the other hand, rule-based methods based on the
L-system [12] define a set of rules for generating leaf
shapes [7, 21, 25]. By including relevant rules, these meth-
ods can potentially generate a wide variety of leaf shapes.
Unfortunately, these methods model leaves using complex
rules that contain conditional and recursive statements.
They are not intuitive to use as it is very difficult to imag-
ine what the shape looks like by reading the rules. More-
over, there is no standard procedure to follow for creating
the rules required for a given leaf. It can be very tedious
and time-consuming to specify the rules. Due to the draw-
back of existing methods, it is tedious to perform leaf mor-
phing based on these methods.

This paper introduces a novel method for modeling
and generating leaf shapes. The use of landmark points
and tangents on the boundary of a leaf makes leaf mod-
eling simple and intuitive while at the same time general
enough to model a wide variety of leaf shapes. The pro-
posed method can use a reference image, like image-based
methods, to digitize an existing leaf, or it can procedurally
generate, like rule-based methods, large number of leaves
having same overall shape but differ in details.

3 Overview of Leaf Modeling

There are two main types of leaves: narrow leaves and
broad leaves. Narrow leaves look like needles, awl, or scales,
and are found in plants that have adapted to conversing
water. Broad leaves can be classified as simple leaves and
compound leaves [5]. Each leaflet of a compound leaf can
be considered as a simple leaf in our model. This paper
focuses on modeling broad leaves because about 85% of
the plant species on the Earth have broad leaves.

For ease of computational modeling and application,
this paper categorizes (simple) broad leaves into two com-
putational categories: unilobed and multilobed. Unilobed
leaves have a single lobe, whereas multilobed leaves have
multiple lobes. The proposed leaf model is based on
unilobed leaves (Section 3.1). Multilobed leaves are mod-
eled as a combination of unilobed leaves (Section 3.2).

3.1 Unilobed Leaves

Botanists categorize the shape of a unilobed leaf by the
shapes at the base, the apex, and the waist, which is the
widest part of the leaf [5]. The base shapes are categorized
into six types: straight, concave, convex, concavo-convex,
complex, and cordate. Both concavo-convex and complex
bases have multiple points of inflections along the leaf mar-
gins (the boundaries). Leaves with cordate base have ex-
tensions below the base called basal extensions (Figure 51).

The apex shapes are categorized into four types:
straight, convex, acuminate (i.e., concave or concavo-

Table 1: Common shape types of unilobed leaves. C: concave,
S: straight, V: convex, X: with extension.

Waist Shape Base Shape Apex Shape Number
Elliptic C,S,V, X C,S,V, X 16
Ovate C,S,V, X C S, Vv, X 16
Obovate C, SV, X C, SV, X 16
Oblong \% \Y% 1
Linear S S 1

Total 50

convex), and emarginate. Emarginate apex have exten-
sions above the apex called apical extensions (Figure 5m).

The waist shapes are categorized into five types,
namely elliptic, ovate, obovate, oblong, and linear, depend-
ing on the location and extent of the waist. For elliptic,
ovate, and obovate shapes (Figure 5a, h, i), the widest part
of the leaf is, respectively, in the middle, near the base, and
near the apex of the leaf. In oblong shape (Figure 5k), op-
posite sides of the leaf in the middle portion are parallel.
In linear shape (Figure 51), the widest part of the leaf is
very small (less then one tenth) compared to the length of
the leaf.

Considering all possible combinations of these shapes,
there are 5 x 6 x 4 = 120 possible types of leaf shape.
However, not all of them occur naturally in real leaves.
For example, oblong leaves (Figure 5k) always have convex
base and convex apex. Leaves with linear shape (Figure 5f)
are very thin compared to their lengths. So, there is only
one oblong shape and one linear shape. It is estimated,
from the real leaf samples that we have collected, that
about 26 types of unilobed leaf shapes occur commonly in
nature.

In order not to induce extraneous complexity into the
proposed leaf model, the following shape features are omit-
ted:

e Teeth along the leaf margin (Figure 7) are omitted
as they do not contribute significantly to the overall
shape of the leaf. They can be added to the margin
using methods such as curve analogies [31].

e Leaves with complex base shape are omitted. The
number of leaf types with complex base shape is very
small. So, they can be omitted.

In summary, 50 types of unilobed leaf shapes are mod-
eled by the proposed model (Table 1, Figure 4, 5). Of
these 50 shapes, 26 occur naturally. The remaining 24
shapes may occur in nature but we are unable to find real
leaf examples of them. Note that each type of leaf shape
admits many variations depending on the aspect ratio, and
the amount of concavity, convexity, and extension of the
base and the apex. Moreover, the divisions between shape
types can be fuzzy. For example, straight base is a transi-
tional shape between concave and convex bases. There is
no strict rule as to how straight a base needs to be before
it is classified as straight as opposed to concave or convex.
Nevertheless, these shape types serve as a useful method
for botanists and the general users to intuitively describe
the shape of a leaf.

Some leaves have asymmetric shapes (Figure 6). These
leaf shapes can be modeled either with different shape
types for the left and the right side, or with the same
shape but different parameter values. Some leaves have
long slender tips called drip tips (Figure 7). The apex
shapes of these leaves are initially concave and then con-
vex.



3.2 Multilobed Leaves

There are three basic types of multilobed leaves: palmately
lobed, pinnately lobed, and bilobed. In a palmately lobed
leaf (Figure 9b—f), the lobes originate at the base of the
leaf. These leaves have an odd number of lobes. In a pin-
nately lobed leaf (Figure 9g), the lobes originate along the
primary vein of the leaf. These leaves typically have many
lobes, and the number of lobes can be even or odd. Leaves
with an odd number of lobes have a lobe at their apexes.
A bilobed leaf (Figure 9e) has two lobes that originate at
the base. Unlike a palmately lobed leaf, there is no lobe
at the apex.

Multilobed leaves can be symmetric or asymmetric,
i.e., the lobes on the left and right sides of the leaves can
have the same or slightly different shapes. Each lobe in
a multilobed leaf can be symmetric or asymmetric. Mul-
tilobed leaves can also have teeth along the margin. As
for unilobed leaves, teeth are omitted because they do not
contribute significantly to the overall shape of a leaf.

4 Modeling of Unilobed Leaves

This section presents a parametric leaf model of unilobed
leaf shapes. A leaf shape is represented by a set of land-
mark points on its margin and tangents to the margin at
these points. These parameters can be specified intuitively
by the user using a GUI and a reference image (Figure 1).
The parameters of the leaf model are used by the leaf shape
generation algorithm to generate the curves for the leaf
margin.

4.1 Model Parameters

The parametric leaf model is defined on a local coordinate
system placed on the leaf with the origin at the base and
the y-axis pointing towards the apex of the leaf. The z-y
plane is set as the plane of the leaf surface. The primary
vein is assumed to be straight. It is defined to be aligned
with the y-axis and have a unit length (Figure 5.1) All
parameters are defined relative to the primary vein. In this
way, a leaf instance can be placed in some global coordinate
system by appropriate scaling, rotation, and translation.
The surface of a leaf is divided by the primary vein into
the left side and the right side. Parameters for the two sides
are defined separately so that asymmetric leaf shapes can
be modeled.

For a unilobed leaf with basal extensions, one side of its
margin is defined by four landmark points and the corre-
sponding unit tangents at these points (Figure 1b). Land-
mark point pp is the base, which is fixed at (0,0). p:
is called the tail, at which the basal extension is maxi-
mum. P, is the waist, at which the width is maximum.
P is the apex, which is fixed at (0,1). The tangent t;
can vary clockwise from (1,0) to (0,—1) and t, can vary
counter-clockwise from (0,1) to (—1,0). By definition of
the tail and waist, respectively, t; is parallel to the z-axis
and t,, is parallel to the y-axis. Thus, there are only 6
free parameters for defining one side of the margin: 6, 0,,
p: = (2+,yt), and pw = (Tw,Yw). The landmark points
and tangents are related to these parameters as follows:

ps = (0,0), ty, = (sin 6y, cos Oy),

pt = (@,ye),  te=(1,0), )
Pu = (Tw,Yw), tw=(0,1),

pPa = (0, 1), te = (—sinfq,cosb,).

Other leaf types are defined in a similar manner. In
particular, a leaf without extension has 4 free parameters,
a leaf with apical extensions has 6, and a leaf with both
basal and apical extensions has 8 free parameters.

(a)

Figure 1: GUI for specifying landmark points and tangents. (a)
Unilobed leaf. (b) Multilobed leaf.

4.2 Leaf Shape Generation Algorithm

The margin of a leaf is generated by fitting a pair of
quadratic B-spline curves to the landmark points and tan-
gents, one for each side of the leaf. Each B-spline curve
passes through the points p; and the unit tangents to the
B-spline curve at the points p; are t;. B-spline curves are
used because they allow for intuitive control over the leaf
shape.

A degree-d B-spline is a piecewise polynomial curve
defined as follows [22]:

p(u) = (z(u),y(u)) = Y Br.a(u)q (2)
k=0

where p(u) are points on the B-spline curve parameter-
ized by u that lies in the range [0,1]. The points qx, k =
0,...,n, are the control points. The functions By q(u)
are the B-spline basis functions. Degree-2 B-spline curves
are chosen because degree-1 B-spline curves are just piece-
wise linear segments passing through the control points,
and degree-3 or higher-degree B-spline curves can produce
overly complex shapes that may have self intersections
(Figure 2).

We apply the algorithm in [22] to generate B-spline
curves to fit the landmark points of the leaf model. The
algorithm finds the parameters of a quadratic B-spline
curve that passes through a set of landmark points p;,i =
1,..., N, such that the unit tangents to the curve at points
p:i are t;. For each point p; with tangent t;, a parameter
value u; can be determined for the B-spline curve that
passes through it:

pi = P(w)=Y Bra(w)a 3)
k=0
aiti = p'(w) = Bia(u)ax, (4)

where qi, 0 < k < n, are the control points, and «; is
a scalar that scales the unit tangent t; to match the first
derivative of the curve at u;.

Parameters u;, and «; are estimated by approximating
the B-spline curve by a polyline formed by connecting the
points p;. Then, the position of the control points q; are
computed by solving Eq. 3 and 4. To obtain a unique set
of control points q, the number of control points must
be equal to the number of equations. Since there are 2N
equations, the number of control points (n + 1) must be
equal to 2/V.

The ideal choice for the parameter values u; are the
normalized arc lengths of the B-spline curve. Since the
curve is not yet known, the arc lengths are approximated
using chord lengths between points p; [22]. Let D denote
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Figure 2: B-spline fitting results. (Left) Degree-2 B-splines
produce desirable shapes. (Right) Degree-3 B-splines produce
overly complex shapes that can have self intersections.

the total chord length:

N
D=>"[lpi — pi-ill-
=2

Then, the B-spline parameters are defined as

u1:O, uN:L

(6)

ui:ui,1+Hm_7DI)i71H, fori=2,...,N—1.

For leaf shapes without basal and apical extension,
N = 3. So, the linear equations that relate the landmark
points p; and control points qi (Eq. 3, 4) are defined by
a single parameter us together with the positions and tan-
gents of the landmark points. For leaf shapes with either
basal extension or apical extension (but not both), N = 4,
and Eq. 3 and 4 are defined by two parameters us and
uz together with the landmark points. Leaf shapes with
both basal and apical extensions have N = 5 and three
free parameters.

It is important that the leaf shape generation algorithm
is numerically stable so that small change in parameter
values produces small change in the generated shape. The
algorithm is stable if the coefficient matrix of Eq. 3 has
a small condition number. Figure 3 plots the condition
number with respect to the defining u; for the case of N =
3 and N = 4. It is clear that the condition number is
small except when the defining u; is very close to zero or
one. These exceptions occur when the waist is very close
to the base or the apex, or, in the case of N = 4, the basal
extension is very close to the base or the apical extension
is very close to the apex.

When the defining u; is equal to zero or one, the coeffi-
cient matrix is singular. Then, the coefficient matrix is not
invertible and the control points of B-spline curve cannot
be estimated by matrix inversion. In this case, closed form
solutions of Eq. 3 and 4 can be obtained to estimate the
control points. In the implementation, closed form solu-
tions are used to avoid the singular matrix problem.

4.3 Leaf Shape Generation Examples

Our leaf model can generate 50 types of unilobed leaf
shapes as categorized in Section 3.1 (Table 1). Figure 4
illustrates 48 of them with different combinations of waist,
base, and apex shapes. The remaining two shape types,
oblong and linear, are illustrated in Figure 5(k, f). Among
them, 26 shape types have real leaf examples. The others
may also occur in nature but we are unable to find real
leaf examples for them.

Figs. 5 illustrates leaf shapes that have been given spe-
cific names by botanists [10]. Note that some of these leaf
shapes belong to the same type. For example elliptic, oval,
and orbicular leaves in Figure 5 belong to the same type
with elliptic (mid) waist, convex base, and convex apex.
They differ by their aspect ratios and the roundedness of
their shapes. These figures show that the leaf shapes gen-
erated by our model match those of the real leaves very
well.

condition number

condition number
2500

2000 ‘f
1500 ‘f
1000 ‘f
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Figure 3: Condition number of system equation. (a) N = 3.
(b) N = 4. Condition number is small everywhere except when
ug or ug is very close to 0 or 1.

Figure 6 shows that our model can generate asymmet-
ric leaf shapes. Figure 7 illustrates more complex leaf
shapes. Top row shows that our model can generate leaf
shapes with drip tips. For a leaf with a very long and slen-
der drip tip, the match between the generated tip and the
real tip is not perfect (Figure 7, third case) due to the small
number of landmark points used to generate the B-spline
curves.

Technically, the match can be made perfect by includ-
ing an additional landmark point. Bottom row of Figure 7
shows that the generated margins fit the overall shapes of
the leaves with teeth. As discussed in Section 3.1, teeth
are omitted in our model and can be added using methods
such as curve analogies [31].

Figure 8 shows that different instances of a leaf shape
can be generated by perturbing the parameter values. The
generated instances have the same overall shapes as the
reference shape but differ in shape details. This property
allows the user to easily generate realistic leaf instances
that differ in detailed shapes for practical applications.

Timing for generating leaf instances was measured on
a laptop with Intel Quad Core processor. The proposed
method can generate about 550 leaf instances per second
(~ 220 triangles). This shows that the laminar shape gen-
eration algorithm is fast and can be used for quickly gen-
erating large number of leaves instances.

5 Modeling of Multilobed Leaves

The shape of a multilobed leaf is modeled as a combination
of unilobed leaves. Each lobe is modeled as for a unilobed
leaf. To combine the lobes, they are first arranged and
placed in space. The placement of lobes is defined by the
primary veins of multilobed leaves. For a palmately lobed
leaf (Figure 9b—f) and a bilobed leaf (Figure 9a), the lobes
are placed at the base of the primary vein. For a pin-
nately lobed leaf (Figure 9g), the lobes are placed along
the primary vein.

The positions and orientations of each lobe can be spec-
ified by the user (Figure 1b), if detailed specification is
desired. Otherwise, our model places them according to
a linear relationship as follows. Let r;, 0;, l; denote the
position (y-coordinate), orientation, and length of lobe i.
Then,

i(i— 1)

r, = ir 4+ TAS, (7
. 0, — 0

0 = 91+(1—1)n7117 (8)
. I, —1

li = l1+(7’_1)n_11, (9)

where As is a constant rate of change of spacing among
the lobes, and n is half the number of lobes. In addition,
valley points and valley tangents may be specified.
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Figure 4: Unilobed leaf shapes. (Rows 1, 2) Elliptic (mid) waist, (Rows 3, 4) ovate (low) waist, (Rows 5, 6) obovate (high) waist.
(Odd row, left column) Concave base, (odd row, right column) straight base, (even row, left column) convex base, (even row,
right column) basal extension. (Each half row, from left to right) Concave, straight, convex apex, and apical extension. Real leaf

examples are shown for available cases.
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Figure 5: Unilobed leaf shapes with specific names. (a) Elliptic,
(b) lanceolate, (c) oblanceolate, (d) rhomboidal, (e) deltoid, (f)
linear, (g) oval, (h) ovate, (i) obovate, (j) orbicular, (k) oblong,
(1) cordate, (m) obcordate, (n) reniform.

In generating the margin of a multilobed leaf, the lobes
are first scaled by their lobe lengths and placed at the re-
quired positions and orientations. Next, adjacent lobes are
combined by fitting additional B-splines curves at the val-
ley points. In the case that the valley points are not speci-
fied, the intersections of adjacent margins form the valleys.
On the other hand, if adjacent margins do not intersect,
then additional B-spline curves are fitted at default valley
points placed at a predefined distance from the primary
vein. Figure 9 illustrates generation of multilobed leaves.
The generated shapes match the shapes of real leaves well.
Time taken for generating multilobed leaves depends on
the number of lobes. About 370 leaf instances per second
can be generated for a leaf with 3 lobes (~ 700 triangles)
and 180 leaf instances per second for a leaf with 7 lobes
(~ 1800 triangles).

6 Constrained Leaf Morphing
6.1 Overview of Leaf Morphing

Leaves generally change shapes as they grow [17, 18]. In
some species, the leaf shapes can change significantly from
one type to the other [18]. Leaf morphing can be used
to simulate leaf growth for biological studies, as well as
to generate morphing sequences for computer animation.
To produce the correct morphing sequence for a particu-
lar species of leaves, shape change has to be constrained.
The constraints can be most easily provided by the user
as an ordered list of intermediate reference shapes. They
should be soft constraints so that the user can determine
how much each reference shape influences the morphing
sequence to produce the desired shape change.

A straightforward method of leaf morphing is to use the
reference shapes as key frames and perform linear morph
between the key frames. This method has several draw-
backs. First, key frames are hard constraints, which is not
desirable. Second, shape change may be abrupt. To gener-
ate a smooth nonlinear morph across the key frames, it is
necessary to measure shape change, which is very difficult
to accomplished in the physical space of the leaf shape.

In contrast, our method models leaf shapes by shape
parameters. So, shape change can be easily measured in
the parameter space of leaf shapes. Leaf morphing can
then be cast as a problem of obtaining a smooth morph-
ing path in the parameter space under soft constraints of
reference shapes.

This paper presents only the method of morphing
unilobed leaf shapes. The method for morphing between
unilobed and multilobed leaves is discussed elsewhere.
However, an example of morphing from unilobed to multi-
lobed leaf is presented. Without loss of generality, we shall
focus our discussion on morphing symmetric unilobed leaf
shapes. The same method can be applied to morphing
asymmetric unilobed leaf shapes with a doubling of the
dimensionality of the leaf space.
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Figure 7: Leaves with more complex shapes. (Top) Leaves with
drip tips. (Bottom) Leaves with teeth.

6.2 Unified Leaf Space

As discussed in Section 4, depending on whether a leaf
shape has basal and apical extensions, the number of free
parameters for a (symmetric) leaf is either 4, 6, or 8. So,
when the source, target, and reference shapes have differ-
ent degrees of freedom, they have to mapped into a unified
leaf space before morphing can proceed.

Let S and S’ denote two consecutive shapes in the
morphing sequence. Without loss of generality, suppose S
has no basal extension and S’ has basal extension. Then, S
and S’ are mapped into a unified leaf space as follows. All
the landmark points p; and tangents t; of S are mapped
to the corresponding landmark points p} and tangents t
of §’, i.e., base to base, waist to waist, and apex to apex.
The tail p} of S’ is mapped to a point p on S such that p
has the same arc-length ratio from the base and the waist
as does p; in S’

L(p,pw) _ L(P:,PL)
L(p,ps)  L(Pi,py)

where L is the arc length measured along the leaf margin.

(10)

The point p in S is dependent on the B-spline curve
that fits the margin of S. So, its tangent can be com-
puted from Eq. 4. As the point p moves towards p}, its
tangent also changes from the computed value to the (de-
fault) value of t;. So, the unified leaf space requires one
additional dimension compared to the degree of freedom
of the leaf shape with basal extensions so as to include the
tangent angle of p. In this case, the number of dimensions
is 7. Now, S and S’ can be mapped to two shape points
in the 7-D leaf space.

Analogous mapping can be applied for S’ with apical
extensions. When S’ has both basal and apical exten-
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Figure 8: Generation of leaf instances. Various instances of the
leaf shapes in the first column are generated by perturbing the
parameter values randomly by up to 20%.

Figure 9: Multilobed leaves. (a) Bilobed, (b—f) palmately lobed,
(g) pinnately lobed.

sions, two additional landmark points are added to S, and
the unified leaf space has two additional dimensions com-
pared to the degree of freedom of the leaf shape with both
basal and apical extensions. In this case, the number of
dimensions is 10. When S and S’ have different types of
extensions, then an additional landmark point is added to
both S and S’ to map their extension points to the others.
This process also raises the dimensionality of the unified
leaf space to 10.

6.3 Generation of Morphing Path

Given the source shape S = Ry, the target shape T =
Ry+1, and an ordered list of reference shapes Ry, 1 < k <
n, the lowest-dimensional leaf space S that unifies these
shapes is determined. Next, the shapes are mapped to S
by first mapping the tails, if they exist, using the following
algorithm:

1. Initialize list L to contain all Rj.
2. Repeat until L is empty:

(a) Identify shapes R; in L that contain tails.

(b) For each immediate neighbor R; of R; that does
not contain a tail, map the tail of R; to R; and
insert a tail into R;. Then, remove R; from L.

Mapping of shoulders (the point where apical exten-
sion is maximum), if they exist, is performed in a similar
manner. After mapping, all the shapes have the same de-
gree of freedom and they correspond to shape vectors in
S.

Next, a morphing path M is computed by fitting a
NURBS curve to the shape points in S such that it passes
through S and 7', and approximates Ry:

-1
U)> (11)

n+1 n+1
u) = Zkak,g(u)Rk <Z Wk Br 2 (
k=0 k=0

where s(u) is a point on M and wy, is the weight of shape
vector Ry in the unified leaf space. The weights wo and
Wp41 of Ro = S and R,+1 =T are set to 1.

After obtaining the morphing path M, shape vectors
are sampled at regular interval along M, and intermedi-
ate shapes are generated from the shape vectors using the
method discussed in Section 4.2. The larger the weights
wg, the more M is pulled towards the reference shapes. So,
the user can determine the amount of influence imposed by
each reference shape on the morphing sequence.

Figure 10 compares linear morphing with our proposed
nonlinear morphing. The results show that shape change
is more smooth with nonlinear morphing.
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Figure 10: (Row 2) Nonlinear morphing produces smoother shape change than (Row 1) linear morphing.

Figure 11 illustrates examples of constrained leaf mor-
phing. The first shape was morphed to the last shape,
constrained by the shape in the middle of row 3. Rows 1,
2, and 3 show the morphing sequences with, respectively,
zero, small, and large weight. With zero weight, no con-
straint was imposed and the first shape was morphed to
the last shape by first losing basal extensions followed by
growing apical extensions. With non-zero weight, the api-
cal extensions grew out before the basal extensions were
lost. The larger weight imposed more influence by the ref-
erence shape. Row 4 shows an example of morphing with
two reference shapes.

Figure 12 illustrates examples of constrained leaf mor-
phing for simulating the growth of real leaf [18]. This mor-
phing sequence also scaled the generated shapes according
to the actual sizes of the real leaves. Row 1 shows the
real leaves at various stages of development. In the un-
constrained morphing sequence (row 2), the aspect ratio
of the leaf shapes remain roughly unchanged. When con-
strained by just the third real leaf, the leaf shapes remained
elongated longer (row 3), and basal extensions developed
earlier. With both constraints, the leaf shapes remained
elongated longer (row 4), and basal extensions developed
later.

Figure 13 illustrates an example of morphing from a
unilobed to a multilobed leaf.

7 Conclusions

This paper presented a novel parametric leaf model that
can generate a wide variety of leaf shapes. The model is
intuitive to use and it generates leaf shapes that match
those of real leaves very well. It can also generate multi-
ple instances of a leaf, each having the same overall shape
but differs in shape details. A morphing algorithm is pro-
posed that performs constrained leaf shape morphing in a
unified leaf space. It can generate smooth morphing se-
quences under the soft constraints of reference leaf shapes.
It can be used to simulate leaf growth for biological stud-
ies, as well as to generate morphing sequences for computer
animation. This constrained leaf morphing method will be
extended to multilobed leaves in the future.

One possible extension of the existing method is to
develop a parametric leaf deformation algorithm similar
to the leaf generation algorithm. For simulating interac-
tion of plant with environment, it is necessary to model
physics-based deformation. One way to extend proposed
leaf model is to use Cosserat tree model [8] on the venation
pattern of leaf. Another minor improvement is to automat-
ically estimate the leaf shape parameters from the input
reference image.
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