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Abstract— Vegetation is an essential component of the out-
door scene in the fields of virtual environment and computer
game. The foliage models consisting of a great number of
complex structures make real-time visualization impossike.
In this paper, a novel viewpoint-driven foliage simplificaion
framework is proposed for efficiently rendering virtual
plants in polygonal models. Before the collapsing step,
complex leaf models are reshaped as quadrilaterals and
then separated into clouds of cells for rapidly finding the
best leaf pair. Unlike the geometric foliage simplification
approaches, we introduce an information-theoretic tool,
mutual information to measure the leaf visibility and the
leaf-collapse error from multi-viewpoints. The viewpoint
dependent foliage simplification algorithm produces folige
level of detail (LoD) models close to the original ones in
terms of visual and geometric criteria. Our approach is
appropriate for applications which require exact geometry
tolerance but also high visual quality.

Index Terms—real-time visualization, mutual information,
leaf-collapse, LoD, visual quality.

I. INTRODUCTION

of the foliage, some special simplification schemes are
designed to construct the multi-resolutions models such
as those based on leaf-collapse [9] or others based on
pruning [10]. Most polygonal foliage simplification meth-
ods adopt leaf-collapse simplification scheme and the
geometric similarity as a measure of the quality between
an original mesh and the one obtained from simplification.
With these methods we can achieve foliage models that
are very geometrically similar to the original models in
low temporal cost, however the visual quality is neglected.
The appearance of the simplified models may be seriously
distorted especially when they are in very coarse level.
In many works, information entropy has been studied
to measure the correlation between a set of viewpoints
and visibility of the objects [11], [12]. They suggest that
the variation on entropy has a close relationship with the
model silhouette during the simplification process.

The purpose of this paper is to propose a foliage
simplification framework that can keep as much visual
quality as possible for efficient rendering. Before im-

EGETATION is essential in virtual environment or Plementation of our foliage simplification algorithm, the
computer game [1], [2]. There have been manycomplex leaf mesh is transformed into a quadrilateral so

successful systems for plant architecture modeling anthat all species of leaves in the foliage, either broad or
growth simulation such as AMAP [3], L-system [4], thin are represented with the uniform form. In our foliage
Xfrog [5]. However, all these models are formed by suchSimplification algorithm, we introduce a new viewpoint-

a great number of complex plant structures that realdriven simplification algorithm based on an information-
time visualization is not possible. The case is worsdheoretic measure called foliage mutual information. This

for plant community with massive amount of data in me_tric measures the correlatio_n between a set of view-
detailed foliage, independent, small in size, repetitive i POINts and the leaves of the foliage. We then develop the
distribution, which paralyzes the most advance availabléeaf visibility as well as simplification error for the foge
rendering system. Generally, the highly detailed modelsimplification. The leaf visibility quantifies how much
are not always necessary to be rendered at full scasual information of a single leaf possesses while the
especially when the viewers are far away from the objects£/"or mgtric assesses the variation of the foliagg mutual
Multi-resolution level of detail (LoD) models are well- information as the cost of a leaf-collapse operation.
know methods in the literature for reducing the polygonal The rest of the paper is organized as follows. We survey
complexity of models to improve performance in render-the previous foliage simplification approaches for effitien
ing highly detailed meshes [6]. rendering in section Il. Next, we discuss the complex leaf

The basic scheme for constructing LoD approximatiofnesh simplification in our framework before implement-
of models is simplification. Unlike the continuous sur- NG the foliage simplification algorithm. In section 1V,
faces [7], the foliage composed of sparse non-connectétfe define the leaf visibility and the simplification error
geometry cannot be optimally simplified with common Metric based on mutual information to find the best leaf

methods as edge collapses [8]. According to the naturairs as well as measure the leaf collapse cost. In section
V, we describe the viewpoint-driven foliage simplifica-
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tion algorithm. In section VI and VII, we introduce the
implementation of experiment and explicit the simplified
results of our simplification algorithm comparing the pure
geometric simplification algorithm. Finally, conclusions
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and future work are presented. lager leaf with similar geometry. In order to find the
best leaf pair to be collapsed, the cost function based
Il. RELATED WORKS on geometric similarity for leaf-collapse is extended to

. . o . _area, diameter and so on in Progressive Leaves Union
Researches on the real time visualization of detaile

plants aim at decimating the primitives of the pIants.PLU) [28]. Hierarchical Union of Organs (HUO) [29]

. improves PLU, in which the presentations of leaves in
to a certain level so that the large-scale scenes coul

o ) ) the collapse operation are extended to triangular leaves
be efficiently rendered without overwhelming the current ) o L
and the hierarchy is introduced to simplification. Later,

graphics hardware. Rendering plants in real-time ha . . . .
been extensively studied, and many methods have beeﬁHe idea of hierarchy is extended to simplify leaves not

developed. Depending on the presentation of the virtu nly phyllotaxy, but also the topology of branches [30].

plants, the previous works can be broadly classified intg he methods mentioned above can simplify broad leaves

three representative categories: image-based algor,ithmvéle”’ but not coniferous leaves, Deng et al. [31] proposed

. . : a method for this foliage by using two representations,
point-based algorithms, and polygon-based algorithms. — . . .
e . : cylinder and line, to represent close and far coniferous
Image-based rendering:In the field of image-based

rendering, imposters and billboards [13] are two commo leaves respectively. Later on, Deng et al. [13] introduce a

) : etween CPU and GPU in rendering.
distances due to weak geometry. Since then, Max [14], All these polygonal foliage simplification methods

[15] adds depth information to the pre-calculated IMageg . e a similar basis: to decimate geometry by recur-

for imposters. Later on, Shade et al. [16] and Chang e%. - . .
: . Sively combining two leaves into one, which also known

al. [17] introduce layered depth image (LDI) to render , . .
. . .—as the leaf-collapse operation. In the previous foliage
objects from pre-computed pixel-based representation-

A . . ! simplification methods, the error metric for the leaf-
s with depth from different viewpoints. To solve the L TR
collapse operation is based on geometric similarity. Those

parallax problem, Garcia et al. [18], [19] use textures eometric approaches concern on geometric fidelity while

to increase the detail of the leaves without increasin ; . . )
: . eglect visual quality, they produce foliage approxima-

the memory, and Jakulin [20] presents trees with set , . ;
ions with a very low geometric error but poor visual

of parallel billboards to eliminate the artificial effect. . , . L
. ality especially when the foliage models are simplified
Recently, some researchers have developed the billboa
0 the very coarse levels. Here we address the problem

clouds [21], [22] to represent a plant by a set of arbitrarilyfrom both points and develop a viewpoint-driven foliage

oriented billboards. Others work with volumetric textures .~ ...~ . : .
X . ._simplification approach capable of taking both geometric
like Meyer et al. [23] converting complex natural object : . ; .

effect and visual effect into consideration.

into volumetric textures. Although those improvements
make better rendering at the medium-close distances,
they are still not suitable for real-time rendering at close ~ !!l- COMPLEX LEAF MESH SIMPLIFICATION
distance. The broad leaves in nature may have various shapes
Point/Line-based rendering: Point/line models [24] rather than quadrilaterals. In order to make our collapsing
are efficient for rendering with small polygons, and usu-algorithm available for different shapes of leaves like
ally combine with the polygon to construct hybrid modelsbroad and thin, the leaf meshes of different species
for the trees. At close distances, polygonal geometry ishould be in same presentation. So before the foliage
used. With increasing viewing distance, branch meshesimplification algorithm, the complex leaf meshes are
would be transformed into lines and leaves would bedesirable to be simplified into quadrilaterals first. No
instead of points. For even farther distance, fewer pointsnatter how complex a leaf, the mesh is always composed
and lines will be used by randomly sampling [25] or by of triangles and vertices which can be classified into three
merging small points into one [26]. Point-based renderingategories: inner, boundary and corner points. The corner
of trees is only efficient for distant objects since the dffec points include the leafstalk and leaf tip points, which are
is visually unacceptable closely. nearest and furthest points from the branch bearing the
Polygon-based rendering:Polygon is the primitive to leaf. Fig.1(a) gives an example of the complex leaf mesh
present the geometric model of an object. Many polygoror Corylus avellana.
based simplification methods have been explored to elimi- The complex leaf mesh simplification aims at pro-
nate some geometric details for speed. These methods geeting the complex leaf model on a plane, and then
efficient in simplifying objects with continuous surfaces, generating a quadrilateral as similar to the original leaf
but not available to the foliage consisting of many isolatedgeometry as possible. According to the leaf special struc-
surfaces. So some special approaches have been propos@d and its close relationship with the bearing branch, the
for the foliage simplification. complex leaf mesh simplification is separated into three
The Foliage Simplification Algorithm (FSA) [9], [27] steps. First is to construct a projection plafie;, v, z) =
is based on leaf-collapse operation in which a pair ofux + by + cz + d with three point, v, v3 which satisfy
leaves are recursively selected and replaced by a neyi(v;) = 0{i = 1,2, 3}. The leafstalk point is the joint of
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Z-axis

Z-axis

Figure 1. Complex leaf mesh simplification. (a) Complex leefsh for
Corylus avellana, the points of which are divided into thcagegories:
corner points including leafstalk and leaf tip points markes round,
the boundary points marked as rhombus and the inner pointsethas
triangle. (b) Quadrilateral presented@® E F' generated from complex
leaf mesh simplification operation.

the leaf and the branch bearing the leaf, so it is necessary
to keep the leafstalk point in the generated quadrilateral
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the quadrilateral is constructed as follows. We take the
leafstalk pointA as the center of the 2D coordinate system
on the projection plane and the lidkB as x axis where
point B is the leaf tip point projection in Fig.1(b). Then
the projected boundary points are separated into two parts
by x axis, the up points above theaxis, and the down
points below thexr axis respectively. Lel/,, save the
maximal distance of up point set to line segmehB

and D,,, save the maximal distance of down point set to
line segmentAB. Then we can map the leaf contour to
a rectangle named' DEF as Fig.1(b) where€’, D, E, F’
denote the four coplanar points in projection plane. With
the projection operation, a leaf could be drawn in a
rectangle, so the complex leaf mesh is finally replaced by
a quadrilateral which is the most close to the leaf mesh
geometry.

Fig.2 presents the foliage original model of Corylus
avellana and the result after the complex leaf mesh sim-
plification operation in three dimensions. The two foliage
models before and after simplification are a little differen
which means the quadrilateral model suffers some loss of
validity. However, with the mesh simplification operation,
the complex leaf mesh is simplified into a quadrilateral
which has the same form with thin leaf mesh. So foliage
with either broad or thin leaves could be simplified with
our viewpoint-dependent simplification algorithm.

Leaf meshes in three dimensions

plane to preserve the realism. Therefore the first point ,0_02>\/“/-(/
. . . . -0.02 -
v; is determined as the leafstalk point. Other two points 5 oo 0 oo 0%

vg, v3 are from the remaining points in the leaf mesh and
satisfy the sum of the distances from all points in the
leaf mesh to the plang,, ., ., determined by, vo, vs

Z003 002

X-axis Y-axis

(a) Original model

Simplified leaf meshes

is minimal. The minimal sum of distances is expressed

as:

min {Z d(Vi, for,va,ws){vi €V — {01702,1)3}}} , (1)

whereuv, is the leafstalk pointys, v € {V—uv1}, Vis the
set of total vertices of the leaf mesh, afdepresents the
function computing the distance from the pointto the
plane determined by points, vo, v3. With Eq. (1), the
fittest three points), v, v3 for the projection plane are

B Bt e
found in the leaf mesh and marked as round in Fig. 1(b). W”“

Next, all the boundary points in the leaf mesh are
projected onto the formerly generated plane. Fig.1(b)

-0.03 ~

X-axis Y-axis

(b) Results from leaf mesh simplification

shows us the projection result of the leaf mesh in Fig.1(a)

where round points determine the projection plan while"

igure 2. Original Corylus avellana corresponding to itf lmesh sim-
lification result. (a) is the original foliage model of Cary avellana,

the triangle points are the projection of other boundar)?b) is the simplified foliage model, the points in yellow mate leaf

points. Finally, with the projection plang(vy, v, vs)

stalk points.

and the projected boundary points of the leaf mesh,
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IV. VIEWPOINT-DEPENDENTSIMPLIFICATION METRIC  provides us with. We assume that the information that

After the complex leaf mesh simplification, leaves arethe viewpoints provide is visibility. Recently, Informafi
presented in quadrilaterals as the inputs of the foliagéh€0ry tools have been used to select good viewpoint for a
simplification algorithm. Before defining the foliage sim- OPject [12]. Here we define viewpoint mutual information
plification algorithm to construct the LoD mode of the that allows us to obtain the leaf visibility from a set of
foliage for efficient rendering, the simplification metric Viewpoints. The viewpoint mutual information incorpo-
should be determined. In previous works, the simplificaates both the projected area and the number of leaves, and
tion metric to determine which pair of leaves should betan be understood as the amount of information captured

firstly collapsed mostly focuses on geometry like distancefrom the viewpoints.

area, planarity similarities, while the visual quality of

foliage from a set of viewpoints is neglected. In thisB. Foliage Mutual Information and Leaf Visibility
section, we W'I.l mtrodu-ce |_nform_at|or.1-.the_oret|c measure 1, compute the amount of visibility about leaf clouds
called mutual information into simplification metric, so ;, in the foliage from a set of viewpointe’, we define
that the appearance of the foliage could be well preserveﬁn information channel/ —s I between the random
h\?ariablesv and L, which represent the set of viewpoints
and the set of leaves respectively. Viewpoint will be
indexed byv and leave byl. The marginal probability
A. Information-theoretic Measures distribution of V' is given byp(v) = 1/N,, where N,

In order to measure the visual information of the foliageis the number of viewpoints. Here we suppose that the
captured from a set of viewpoints, some information-probability of each viewpoint is the same. The conditional
theoretic tools like entropy and mutual information areprobabilitiesp(l|v) are given by the relative area of the
utilized, the concepts of which are defined as follows. projected triangles over the sphere of directions centered

Let A be a finite set,X be a random variable taking at viewpointv and can be written ag(llv) = a;/ay,
valuesz in A with distributionp(x) = Pr[X = z], and Wwherea; is the area of the current leafprojected over
let Y be a random variable taking valugsin B with  the sphere, and, = Y., a, is the total area of the whole
distribution p(y) = Pr[Y = y|. The Shannon entropy foliage sphereN; is the number of leaves in the foliage,
[32], [33] H(X),H(Y) of random variables andY  ao represents the projected area of the background in open

foliage simplification algorithm.

are defined by scenes and is assigned (owvhen the background is not
taken into consideration. Finally, The marginal probapili
H(X)=- ZAp(x) log p(x), (2)  distribution of L is given byp(l) = > vev p(0)p(ljv) =
e (1/Nw) > pev p(l0).
HY)=— Zp(y) log p(y). (3) From this channgl, it follows that the conditional en-
by tropy (4) can be written as
The Shannon entropi{ (X ), H(Y), measure the average H(L|V)=— Z p(v) Z p(l|v) logp(I|v)
uncertainties of random variablé andY. All logarithms VeV leL’
are based 2 with the convention thalibog 0 = 0 is used = (1/N,) Z H(v) (6)

for continuity. Generally the entropy is presented in bits.
The conditional entropybetween two distributions
about variablesX, Y is defined as follow equation:

veV’

whereH (v) = =3, ;. p(l|v) log p(l]v) is the entropy of
view point v. With the conditional entropy, The mutual

HY|X)==Y plx) ) logp(ylw), (4)  information (5) is given by
z€A yeB
I(V,L) = l|v)1 l l

wherep(y|lz) = Pr[Y = y|X = z] is the conditional V.L) U;/p(v)l;:,p( [v)log(p(t]v)/p(1))
probability. The conditional entropyd (Y'|X) measures
the average uncertainty associated withif we know the = (1/N) Z Z p(l|v) log(p(l[v)/p(1))
outcome ofX. In general, we havél (Y|X) # H(X|Y) vevr el
andH(X) > H(X|Y) > 0. Then, themutual information =Y _(1/Ny) > plijo) log(p(l|v) /p(1))
(MI) betweenX andY sets is defined by leL’ VeV’

I(X,Y) = H(X) — HX|Y) = HY) — HY|X) = ZXL: I(v, 1), Y

6 ’
= > @) Y pyln)logp(ylz)/p)- 6)  here
z€A yeB

The mutual information/(X,Y) is a measure of the I(V,1) = (1/Ny) Y p(lv)log(p(l|v)/p(1)).  (8)
shared information between variablés and Y. From vev’
Eq.(4), it can be inferred that(X,Y) = I(Y, X) > 0. The foliage mutual information expresses the degree of

One of the features we associate with goodness atependence or correlation between a set of viewpoints and
quality of a viewpoint is the amount of information it the foliage, and tells the amount of visual information for
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the whole foliage. It can be used as a tool for weightingniques based on projected areas have been analyzed in
foliage simplification result that is wether the simplifica- [37]. They are the OpenGL histogram, the hybrid SW-
tion method cloud well preserve the visual quality of theHW histogram and the occlusion query. In this paper we
original foliage. For a plant, the value of foliage mutualuse hardware occlusion queries to calculate the number
information always depends on the number of viewpointof pixels that pass the z-buffer test as the projected
and their distribution around the foliage. In the work of area for each leaf. Basically, for each viewpoint, the
Lindstrom et al [34], they suggest that using uniformlyfoliage is rendered twice to obtain the number of non-
distributed view points around the foliage could obtainoccluded pixels visible from the current viewpoint. First,
good results. Moreover, they found when the number othe foliage is sent for rendering and the depth buffer
viewpoints exceeds 20, it adds little accurate informations initialized. Second, we independently sent each leaf
for the mesh simplification. for rendering. With this procedure it's necessary to make
For a single leaf, we propose to takéV,!) described N; + 1 rendering passesy,; being the number of leaves
in EqQ.(8) as its visual quantity measurement called leain a plant. Only in the first pass the whole geometry is
visibility from a set of viewpointd’’ which are uniformly  rendered, while in the following passes, one single leaf
distributed around the foliage. High value of leaf visityili is rendered again to count the number of pixels that pass
means the high importance of the leaf for the wholethe depth test and thus the number of pixels which are
foliage appearance, while low value corresponds to lowisible from the current viewpoint.
importance. Collapsing the leaf with low value of visibil-
ity has little effect on the contour of the foliage while the \; \/|EWwPOINT-DRIVEN FOLIAGE SIMPLIFICATION
geometry is gradually reduced. The leaf visibility prodde
a measure for deciding which leaf should be firstly merged

into a new one at the leaf collapse step. Th_e foliage simpl?fication_ apprqach_prop_osed in our pa-
per, like many previous foliage simplification algorithms,

. . L is based on leaf collapsing technique. The main idea of
I(\:A.e:r?pr0|nt-dependent Foliage - Simplification ~ Error leaf coIIapsg operation is that the new Ieaf. geperated
from collapsing the current best leaf pair maintains the
In the foliage simplification algorithm based on multi- most geometric similarity as the original leaf pair. In the
viewpoints, the leafl with lowest visibility should be former section, we have introduced the foliage mutual
firstly united with the one of its geometrical neighborsinformation and leaf visibility to measure the visual
I’ to keep the visual as well as geometrical quality of theinformation of the whole foliage and a single leaf from a
simplified foliage. In [35] mutual information has been set of viewpoints around them. In our leaf collapse step,
used to describe the shape for object recognition sincghe leafl; with least visibility is optimal to be chosen as
it's sensitive to the shape variation. In addition, the nalitu one of the best leaf pair currently. Another candidate leaf
information evaluates the average variation from a set of, of the best leaf pair is from the same cell generated
viewpoints covering the sphere of foliage so that changingrom Octree method and incurs least simplification error
the orientation of the foliage no long leads to a differentcp defined as Eq.(9). So the simplified foliage preserves
simplification result. the visual effect and the geometric effect of the foliage

error metric(C,) for collapsing a pair of leaveg(l,!")

is defined by foliage mutual information variation for all ]
viewpoints: A. Leaf Collapse Operation

ALGORITHM

In first step, we have simplified the complex leaf mesh
to a quadrilateral, now all the leaf meshes in the foliage
where L’ represents the simplified foliage. The simplifi- are in uniform presentation with four verities and two
cation error metric indicates the variation before andrafteadjacent triangles. In the leaf collapse step, a new leaf
performing the leaf-collapses. The smaller valu€ifis, is generated to approximately represent the space two
the less loss of visual quality for the simplified foliagelwil original leaves have occupied. The vertices of the new leaf
be. In order to avoid quadratic number of comparisonsvill be from the two collapsed leaves, and no new vertices
when looking for the leaf pair with lowest visual error, are introduced. This method will allow us to maintain an
we cluster the leaves into a cloud of cells with Octreearea similar to the two original leaves, so the geometric
partition [36]. With this structure, when looking for leaf validity of the foliage during the leaf collapse process
pair for collapsing in one cell, its neighboring cells don’t could be well kept. The following describes the leaf pair
need to be considered. Our foliage simplification errorcollapsing process.
metric based on mutual information is sensitive to the For fusing the two candidate leaves into a new one, the
distance of viewpoint to the foliage. Therefore an equatwo verticeswv;, vo with the longest distance are firstly
radius of the viewpoint sphere for the foliage is adoptedound from the eight vertices of the two original leaves.
necessarily. Those two vertices would be the first two vertices and the

With regard to computation of the leaf visibility and longest distance would be the diameter of the new leaf.
mutual information for the whole foliage, several tech-Other two vertices of the new leaf, v, are chosen from

CP: |I(V5L)_I(‘/7L/)|a (9)
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lost. When assigning the value &F, a tradeoff between
accuracy and cost should be considered.
_ When the appropriate pair of leaves is found, leaf
o collapse operation described as Fig.3 is performed. After
the leaf collapse, the leaf pajrly,l2) is remove from
current foliage while the newly united ledfis added
into the current mesh model. A leaf collapse in our
algorithm may affect the visibility of the remaining leaves
in principle. Because the new leafis similar to the
two original pair of leaves(ly,l2), but they not just

- . . equal, so when a new leaf replaces the pair of collapsed
the remaining vertices of the two original leaves one byleaves some valid leaves in foliage may be sheltered

one satisfying the sum of distances to the chosen vertlce\ﬁhile other leaves in shade may come out. But this does

in former step is maximum. Then the normal vectors for . )
: not happen to every leaf in the foliage. At each step we
the four vertices of the new leaf are computed and a new

uadrilateral is generated from the four vertices as th choose only a small group of leaves that are affected by a
gew leaf. The mger inq brocess is shown as Fia.3 feaf collapse, then the visibility is recalculated for thos

) ging p . '9.2. leaves. The following pseudo code shows the summary

The leaf collapse method mentioned above is based o

) oF our simplification algorithm.
area maximum, so the new leaf keeps as much geometric

similarity as possible during the collapsing process. Th%lgorithm 1 Foliage simplification algorithm based on
leaf collapse metric is used in our foliage SimpliﬁcaﬂonmuIti-viewpoints

algorithm, then the geometric validity of the foliage would
well kept during the simplification process. Next we will / Compute initial visibility for each ledf in foliage mesh

Collapse

vl v2

Separation

Figure 3. The leaf collapsing process.

introduce our algorithm of foliage simplification. L, and build a queue for visibility value.
for (I L)
. o . . Computel(v,1), wherev =1,---,n
3. Follz?\ge Simplification Algorithm Based on Multi- Insert double(l, ;) in queueg
viewpoints end for

Leaf visibility provides a quantitative measure for the // Perform leaf collapse operation on the leaf with minimal
amount of visual information which a certain leaf con-  visibility where M is the total number of leaf in foliage,

tributes to the appearance of the whole foliage from a set andN (C) represents the number of leaves in ¢&ll
of viewpoints. From the definition as EQ.(8) in former ,;, — A

section, it's deduced that the more visual informationyhile (m > 1)

a leaf possesses, the more important role it plays for choose leaf; with minimal visibility I in queueg
keeping the silhouette of the whole foliage. Whereas, the Find cell ¢ which leafl, belongs to

leaf with lowest value of visibility is most insignificant  hile (N(C) < N")

than others in the visual effect of the whole foliage, Enlarge cellC' with surrounding cells
merging it firstly with its geometric neighbors would  ong while

introduce least appearance loss. In each leaf collapse step ring the pair of leaves(l, , 1,) with lowestC,, in cell

of the foliage simplification, the leaf with insignificant C. L, I are the foliage before and after a leaf collapse
visibility in the remaining foliage is chosen as one of the oper’ation.

pair of leaves to be collapsed next. So in our simplification Cp, = MAXIMUM

process, the visibility for all the initial leaves in the ifage for ”(776 (C—-1})

is computed firstly and stored for accessing how valuable Collapse the pair of leaves(,, I;)

a leaf is in the whole foliage visual quality. Compute collapse cogt, — |I&V L) - I(V,L')|
In order to keep the visual and geometric qualities of if (C) < Cpoin) P ’ ’

the foliage, the pair of leaves to be collapsed should be C v ”ém = 1.

both geometrical similar and incur least visual error. The B min pr2

leaf with least visibility in the current foliage is fixed end if
Undo the leaf coll ith leaf paily, I;
on as one of best leaf palf. The other candidate leaf endnfo? e leaf collapse with leaf paifls, L;)

lo composing the best leaf pair is from the geometrical
neighbors of leat; which are in the same cell generated
from space segmentation with Octree. If the number of
leaves in the current cell where lehf locatesN(C) is
less than a pre-determined corét, we extend the cell

to its geometric neighbor cells in 3D space. Appropriate
value of N’ is important for searching leaf collapse pair.
If N’ is too large, more time will be taken. On the other
hand if N’ is too small, more suitable leaf pair may be en

// Perform the leaf collapse operation.
Find leaf pairp(ly,l2) with lowestC, . inq
Collapse leaf paip(l1,l2) and generate a new le#f
Deletels, I» and add the new ledf in queueq
Recalculate the visibility of every leaf in the cell of

leaf pairp(l1,l2) and update their value in quege
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In general, multi-resolution representations of foliage
model are constructed from the viewpoint-dependent fo-
liage simplification algorithm. The original mesh of the
foliage is named a8y, and other different approximations
compose a serial set recordedias Fs, - - - , F,,_1 where
n is the times of leaf collapse operation. The data is
organized as a binary tree, where the root-node is the
leave that formd-,,_;, and the leaf-nodes are the leaves of
the original foliage modek;. With those multi-resolution Reain % b o
representations, we can easily get any LoD foliage for ¥
real-time visualization.

4 N (% ..l
PN
A
.
9 d *.

Figure 5. The images for tree rendering under different pints.
VI. | MPLEMENTATION

In the programming model, several classes are definethe hardware platforms of Intel Core i5 2.8GHZ with 4GB
As leaf is the basic element in the simplification includingRAM and AMD Radeon HD 6450 1GB graphics card.
a great number of faces and vertices, it consists of a list
of vertices, a list of faces noted by the indexes of vertices, VII. RESULT

and its interrelated attributes such as area, diagonaleng  \ye carried out tests with several plant models of differ-

normal, visibility, union age and so on. The methods injhg complexities. To qualitatively measure the visual and
leaf are computing leaf area, diagonal, and normalizingieometric errors between the original and the simplified
the orientation of leaf polygon, et. al. To avoid collapsmgmodeB' we implemented the root mean square error
leaf pair in the whole space, the foliage is firstly divided(RMSE) of the pixel-to-pixel image differences defined
into clouds of cells with Octree [36] method. The cell is i, [34] and the mesh comparison tool called Metro v4.07
marked with indicating indexes j, a list of leaves, as [3g] 1o compute the geometric differences. The generated
well as its attributes including volume, number of leaves;ggits were compared with the those from geometric
in the cell, and the fiel to enable or disable the cell. 4gorithms [13] at the same reduction level. In our simpli-
The interfaces in cell are designed for computing the cellication algorithm, three kinds of trees which are Corylus
vol_ume, adding or deleting leaf in the cell, coIIapsmg |eafavellana, Purple willow and Temple juniper with broad,
pair to reduce the cell geometry. The members in thnin and needle leaf shapes were tested. Their geometry
foliage class are list of cells, number of cells, the activeynq the associated parameters in the simplification step
leaves remaining in the foliage, viewpoints, as well asyre jisted in Table I. The number of leaves and triangles
the hardware occlusion query object. More details for the, those three foliage models is increasing dramatically.
classes and their relationship are shown as Fig.4.  pere we employed 20 viewpoints to collect the visual
At the beginning of our experiment, the ARB occlusionntormation and the distances from viewers or cameras
query language of OpenGL is employed to collect theg the centers of trees were predetermined as Table | to
mutual information for the foliage and leaf visibility. exactly capture the whole appearance of the trees. The
Firstly, theCreateArbQuerf) function of class defined as riginal meshes of the former three tree models were are
Fig.4 is called to create a querying bodjQuery, and the 5o Fig.6.
whole foliage is rendered in a certain viewpoint to initial
the depth buffer. Then, a single leaf is rendered again to TABLE I.
Compute |tS pl’OjeCtIng area on the Sphere W|th functlonTHE GEOMETRY OF THE FOLIAGE MODELS AND PARAMETERS USED

RendertoQuer). At last, with the help of equations INOUR TESTS
_de]_clned as Eq.7 ar_]d Eq.8, ;ﬁmmputeWewlnformgthm Model Geometry Parameters for simplification
is invoked to obtain the foliage mutual information and ™o% , ; :

. [ e Leaves  Triangles Viewpoints Distance
the single leaf visibility. Due to the limitation of the

. Corylus avellana 386 772 20 2.8

observmg. scope, only_ part of leaves could bg capt.ured purple willow 4,456 8.912 20 30
from a single viewpoint, therefore the 20 viewpoints Temple juniper 13,162  2,6324 20 3.2

distributed over the vertices of regular dodecahedron are
set in our algorithm. Fig.5 shows the trees under different In the following tests, the foliage models were reduced
viewpoints. to 80, 60, 40, 20, 10, 5, and 2.5 percentage of original
Before the simplification step, the functidreafPoly- complexities with the algorithm based on mutual infor-
gonSint) is called to convert the polygonal model of leaf mation and leaf visibility proposed in this paper, and
to quadrilateral, so that all the leaves in the foliage havehe algorithm based on geometric similarity proposed in
an uninform presentation for leaf collapsing operation[13] separately. The detail geometry of the simplified
In addition, proper cells are generated fr@ellUnion)  foliage models is shown in Table Il. With the increasing
or CellPartition() operation, then the simplification is simplification ratio, the number of leaves and triangles in
implemented on the respective cells wimplificatiorf)  the foliage model decreases dramatically. For example,
operation. The simplification algorithm is performed onwhen the number of leaves in the foliage model is
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Foliage

-CellList[][] : Cell
-ViewLis([]

-N : unsigned int
-glQuery : unsigned int
-TotalVis: float

+LeafPolygonSim()
+CreateArbQuery() : bool
-+PassSpecial View(in view : Vector3)
+ComputeViewInformation()
-+GenerateCell()
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Cell

-i:unsigned int
-j : unsigned int

-N : unsigned int
-V : float

-LeafList[] : Leaf

Face

-pl : unsigned int
-p2 : unsigned int
-p3 : unsigned int

+DeleteLeaf{in p

+ComputeVolume() : float
@ *AddLeaf(in 1 : Leaf)

+LeafCollapse(in 11 : Leaf, in 12 : Leaf, ) : Leaf

: unsigned inf

+CellUnion() +......0
-+CellPartition()
+Simplification() 1 Leaf
+RendertoQuery(in viewID : unsigned inf)
+.....0) -VertexList[] : Vector3
-FaceList[] : Face
% T -Area : float Vector3
-DiagonalLen: float -x : float
View -Normal : Vector3 -y : float
-Visibility : float -z : float
~Position : Vector3 -Age: unsigned int +CrossProduct(in v : Vector3)
7UF’ ¢ Vector3 * -E : bool i +DotProduct(in v : Vector3)
—Aim : Vector3 -Fragment[] : float +Normalize()
+SetView(in view : Vector3) +Area() +......0)
oL ) +Diagonal))
+Normal()
Fe) *
1

Figure 4. The definitions of classes and their dependennidhei foliage simplification implementation, and the numbarthe line as well as
symbol *' labels the aggregation between the classes.

(a) Corylus avellana

Figure 6.

(c) Temple juniper

(b) Purple willow

Three kinds of tree models used for the simplificati
operation. (a) is Corylus avellana with 386 leaves, (b) igoRuwillow
with 4456 leaves and (c) is Temple juniper with 13162 leavidseir
geometry and parameters used in the simplification proaestsged in

Table I.

TABLE II.
THE GEOMETRY LEFT IN THE SIMPLIFIED FOLIAGE MODELS WHEN

THE COMPLEXITY IS REDUCED T080, 60, 40, 20, 10, BND 2.5
PERCENTAGE

Reduction ratio Corylus avellana Purple willow Temple juniper
Leaves Triangles Leaves Triangles Leaves Triangles
80% 308 616 3,564 7,128 21,058 10,529
60% 462 231 2,673 5,346 15,794 7,897
40% 308 154 3,564 1,782 10,528 5,264
20% 154 7 1,782 891 5,264 2,632
10% 76 38 890 445 2,632 1,316
5% 38 19 444 222 1,316 658
2.5% 18 9 222 111 658 329

ation is carried out step by step. The leaf with least leaf
visibility defined as Eq.(8) is prior to collapsed. Mean-
while another candidate leaf to be collapsed is elected
from the neighborhood and the leaf-collapse operation
satisfying the visual loss of the whole foliage defined
as simplification error metric in Eq.(9) is minimal. From
results generated from the simplification, it's appareat th
our algorithm maintains the appearance of the simplified
foliage better even when the reduction ratio becomes very
small. On the opposite, when the reduction ratio becomes
smaller and smaller, the simplified foliage with geometric
similarity method could not keep original distribution

simplified into 2.5 percentage, there are only 9 leaves leféf the leaves, for example leaf density becomes much
in Corylus avellana, 111 leaves left in Purple willow andsparser. When the LoD is reduced to a certain sparse level,
329 leaves left in Temple juniper. The simplified resultsthe simplified result even loses the original appearance.
with the former methods for foliage models of Corylus Therefore, our simplification algorithm keeps foliage ap-
avellana are as Fig.7, the results for Purple willow showrpearance better than the algorithms which only focus on
as Fig.8 and the results for Temple juniper shown as Fig.ghe geometric similarity.

In our algorithm, we emphasize that the appearance Fig.10 drawn from the errors on RMSE and Haus-
preservation of the foliage when the simplification oper-dorff distances clearly depicts the differences between
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**#:

80% 40% 10% 2.5% 80% 40% 10% 2.5%
(a) Foliage models of Corylus avellana simplified with ougaaithm (a) Foliage models of Temple juniper simplified with our algon

80% 40% 10% 2.5% 80% 40% 10% 2.5%
(b) Foliage models of Corylus avellana simplified with algon (b) Foliage models of Temple juniper simplified with algbnit
proposed by Deng [13] proposed by Deng [13]

Figure 7. The simplified results for foliage model of Corylsellana  Figure 9. The simplified results for foliage model of Templmiper
when the complexity of the original foliage model is reduted0, 40,  when hen the complexity of the original foliage model is reetlito 80,
10, 2.5 percentage. 40, 10, 2.5 percentage.

neighborhood, the leaf collapse operation based on cost
function defined as Eq.(9) may leads to some geometric
loss shown as Fig.10(b) when the foliage simplification
ratio decreases, especially in the foliage models withelarg
number of leaves. However the loss is tolerable when the

viewers are far from objects, that is our eyes concern more
on the visual validity.

80% 40% 10% 2.5%
(a) Foliage models of Purple willow simplified with our alghm

VIIl. CONCLUSION AND FUTURE WORK

This paper presents a viewpoint-driven foliage simpli-
fication method to extract any LoD model for foliage, and
then large-scale vegetation scenes could be efficiently ren
, dered on current hardware with limited capability where

80% 40% 10% 2 5% only a proper level of deta_ll of _the plants is rendered in the
(b) Foliage models of Purple willow simplified with algonithpro- ~ SCENES. With leaf mesh simplification, the complex leaves
posed by Deng [13] are transformed into a uniform presentation, quadrilftera
Figure 8. The simplified results for foliage model of Corymsellana therefqre -mOSt spgues of fohage are a-vallable Tor the
when the complexity of the original foliage model is reduted0, 40, S|mpllf|cat|0n algor'lthm. In _the Slmpllf!catlon algorithm,
10, 2.5 percentage. we introduce two information-theoretic measures called
mutual information and leaf visibility from a set of
viewpoints to weight the visual information of the whole
our algorithm and the geometric simplification approacHoliage as well as the visual information of a certain leaf
proposed in [13] in visual and geometric aspects. Thén the foliage. The leaf with lowest leaf visibility in the
solid curves are the results of foliage simplification basedoliage is firstly collapsed to one of its geometric neigh-
on information entropy metric proposed in our paperbors which induces lest variation in mutual information
while the dotted curves are the foliage simplificationof the whole foliage defined as simplification error metric
results obtained from the foliage simplification algorithmin our paper. As shown in the former experiments, our ap-
based on geometric similarity. In Fig.10(a), the curvegproach can maintain the foliage silhouette better than the
of RMSE from the simplification of the three foliage geometric-based method and produce lower visual errors,
models with our algorithm are lower than the curves frommainly because it benefits from visibility information.
the results with geometric algorithm. It reveals that our As future work, several potential further improvements
foliage simplification algorithm reserves much more vi-may be explored. Firstly, as we know, many virtual plants
sual information than the geometric foliage simplificationmodeling systems like L-system generate the topological
algorithm. Although in the leaf collapse step, the fitteststructure of the plants according to which the leaves in
partner for the current candidate leaf with least visipilit the models could be grouped into "botanically-faithful”
to compose the best leaf pair is from its geometricunions. The best leaf pair for collapse is selected from
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