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Abstract 3D modeling of trees in real environments is a challenge in computer graphics and computer vision, since
the geometric shape and topological structure of trees are more complex than conventional artificial objects. In this
paper, we present a multi-process approach that is mainly performed in 2D space to faithfully construct a 3D model of
the trunk and main branches of a real tree from a single range image. The range image is first segmented into patches by
jump edge detection based on depth discontinuity. Coarse skeleton points and initial radii are then computed from the
contour of each patch. Axis directions are estimated using cylinder fitting in the neighborhood of each coarse skeleton
point. With the help of axis directions, skeleton nodes and corresponding radii are computed. Finally, these skeleton
nodes are hierarchically connected, and improper radii are modified based on plant knowledge. 3D models generated from
single range images of real trees demonstrate the effectiveness of our method. The main contributions of this paper are
simple reconstruction by virtue of image storage order of single scan and skeleton computation based on axis directions.

Keywords

1 Introduction

Trees are indispensable objects in natural environ-
ment. 3D reconstruction and digitalization of a tree
is very important in virtual environments. Botani-
cally faithful tree models are important elements in
landscape simulation, cityscape design, virtual real-
ity, computer games, and other fields of 3D computer
graphics. However, trees can be difficult to model due

to their geometric complexity.

The research of tree modeling has a long history,
and there are many approaches to construct natural-
looking tree models. In the early days, 3D tree models
are either constructed from some botanical and geo-
metric rules'"?!, or designed with the help of an inter-
active editing interfacel?l. These methods can produce
a quite realistic impression of plants, but it is difficult
to construct a 3D model of a given real tree. Recently
some modeling techniques based on the digitization
of a real tree have been developed®°!, but they deal
with trees with leaves, and put special emphasis on the
overall impression, and produce a plausible tree skele-
ton even with the widespread occlusions introduced
by leaves. In this paper we focus on reconstructing

cylinder fitting, generalized circular cylinder, skeleton, tree branch modeling

branching structures of a bare tree and generating a
faithful branch model.

In fact, constructing a 3D model for trunk and
branches is a key step of tree modeling, since branches
determine the architecture of a tree and the shape of
tree crown, which is important for visual realism. In
botanic-faithful virtual tree modeling, branches and
their topological structure are generated at first, and
then other organs (e.g., leaves, flowers or fruits) are
subsequently added.

Besides its importance in computer graphics, geo-
metric modeling of tree branches is also significant in
the application of forestry and ecosystems. The model
of branches contains important morphological param-
eters, such as location and direction of a branch, tree
height, diameter at breast height (DBH) etc. These
parameters are important for estimating wood vol-
ume and shape of the crown for forestry management.
Therefore, branch modeling is of ecological and eco-
nomical interest for forest management!®:7! and timber
industry!®9!,

To create a 3D branch model, the surface informa-
tion of branches should be obtained at first. Apart
from manual measurements with very simple tools,
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currently two kinds of electrical instruments, digital
cameras and range scanners, are used to acquire both
the measurement and appearance information of a
tree.

A number of photographs of a given tree
can be captured from different overlapping views
with a digital camera. Standard computer vision
techniques!'®=12l are applied to recover 3D points on
the surface of the tree from these photographs. It is
simple to acquire photographs using a camera, but the
accuracy of recovered points is limited due to the in-
sufficiency of camera resolution and errors generated
in camera calibration for 3D reconstruction.

Range scanners are used to directly obtain surface
points of a tree, and the accuracy of these points can
be a few millimeters or even less. A single scan ac-
quires one-side information of the tree, and the sample
points are located regularly on the projection plane in
the form of a range image. Multiple scans from differ-
ent views are acquired if possible to obtain more sur-
face information. After registration of multiple scans,
a point cloud representation is obtained with points
distributed on the tree branch surfaces.

In this paper we proposed a simple and efficient
approach to constructing a 3D model of the trunk and
branches of a real tree from a single range image. The
source data for modeling is captured by a single scan of
a bare tree using a laser scanner. Currently we assume
a single scan as the basic input to our algorithm and
this decision is based on the following reasons. First, a
single scan maintains a regular distribution of points
in the form of a range image, so conventional image
processing techniques in 2D space can be applied, thus
simplifying the modeling process. Multiple scans, once
they are registered, become unorganized point clouds,
therefore, no image structure can be leveraged. We
think it is more worthwhile to perform tree modeling
from individual scans and then combine all these in-
dividual models together, as indicated in our future
work (Section 8). This way, we leverage both the im-
age storage order of individual scans and the avail-
ability of multiple scans. On the other hand, multiple
scans are not always obtainable. For example, a tree
can be surrounded by other trees or buildings, and it
is visible from only a peculiar viewpoint. Also in reali-
ty, a single scan can already capture most of the tree
structure.

Trees have irregular branch shape and cross sec-
tion area; like in other tree reconstruction work, we
do not aim to recover the detail shape of a tree, es-
pecially from just a single range image. The incom-
pleteness of the input data and the limited data ac-
curacy and resolution, as well as abundant occlusions
between branches, all prevent us from performing an

exact reconstruction. In this work we generalize the
representation of trunk and branches as circular cylin-
ders. A generalized circular cylinder is defined as the
volume of a circle orthogonal to and sweeping along
a given 3D axis. It can be constructed by a series of
skeleton nodes and their corresponding radiil*1:13].

The remainder of the paper is organized as fol-
lows. After discussing previous work on tree model-
ing in Section 2, we provide an overview of our branch
modeling pipeline in Section 3. Following the descrip-
tion of the efficient circular cylinder fitting method in
Section 4, we present the theoretical base for the esti-
mation of axis direction on each point using cylinder
fitting in Section 5. Skeleton nodes and correspond-
ing radii are computed at each cross-section, and then
the cylinder model is constructed for the trunk and
branches in Section 6. Experimental results are ex-
plained in Section 7. Conclusion and future work are
finally presented in Section 8.

2 Related Work

Many approaches for creating a 3D model of a tree
have been proposed in the past decades, and they
can be roughly classified as three categories: botan-
ical modeling, geometric modeling, and digitization of
real trees.

Botanical Modeling. In the early days, people tried
to simulate the growth process of natural plants. Trees
were synthesized by some botanical rules or grammars.
Among these rule-based methods, L-systems presented
by A. Lindenmayer and P. Prusinkiewicz were widely
used to describe the growth process of living organisms
based on the guidance of fractal patterns!?4.

AMAP modell"! was constructed based on bud life
circles with botanical knowledge and some typical data
This technique reflects the growing
mechanism of plants, including space occupation and
the location of leaves, flowers or fruits.

measurement.

GreenLab models are presented'®! as a mathemat-
ical model that simulates interactions between plant
structure and function. The model accurately repro-
duced the dynamics of plant growth, architecture and
geometry of various annual and woody plants. As a
result of internal competition for resources, the vari-
ability of leaf size and compensatory growth following
pruning can be simulated also.

These approaches are not easy to use for a non-
botanist because they have many parameters to con-
trol the architecture, and the input data (rules and
parameters) are normally rather indirectly related to
the output (3D geometry). The final shape and ap-
pearance of output model are difficult to control. So
it is not appropriate to construct 3D models of real
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trees using botanical modeling methods/®!.

Geometric Modeling. Geometric modeling of trees
is not strictly confined by botanical laws, but seeks
to generate visually realistic shapes!'®l. A 3D model
of each branch is constructed with generalized circular
cylinders from given 3D skeleton points in Bloomen-
thal’s approach(!3].
connected through surface intersection then.

The trunk and side branches are

Generalized circular cylinder is a simplistic and
popular way of modeling plant branch shapes through
Frenet frames. Specifically, prism model is a simpli-
fied application of generalized cylinder for branches!!!,
and it is widely used in popular tree generators. The
model of a maple tree in Bloomenthal’s work has a
deep impression of reality.

The combination of a rule-based approach with tra-
ditional geometric modeling techniques enables the ef-
ficient and effective generation of plants in Xfrog!3:16!,
It allows easy generation of many branching objects in-
cluding flowers, bushes, trees, and even non-botanical
things. It is also a convenient tool for interactive plant
modeling,.

The approaches described in [17, 18] construct 3D
models interactively using freehand sketches. All these
approaches do not aim at 3D model reconstruction of
real trees either.

Digitization of Real Trees. With recent advances in
digital camera and laser scanning techniques, image-
based and laser-scanning based methods have been de-
veloped to create 3D models of real trees in nature.

Shlyakhter et all'®! constructed a 3D tree model
from a set of photographs. In this approach the vi-
sual hull of a tree is produced from the segmented
silhouettes at first, and then a plausible skeleton is
constructed with the medial axis of the visual hull.
To compute the branch thickness and to synthesize
leaves, the L-system fit is applied with the skeleton as
an axiom. More recently, Teng et all'' recovered 3D
trunk model from 2D skeletons in two calibrated pho-
tographs. These methods generate only approximate
skeletons and radii with limited accuracy.

Quan et all®! also used photographs for model-
ing, and they focused on the modeling of leaves, with
branches interactively designed by the user. In these
image-based methods, 3D information is computed
from corresponding points in different images. The
accuracy of reconstructed 3D points from 2D images
is limited due to inevitable noise in input images and
errors in estimated camera parameters. Therefore,
image-based methods pay more attention to the visual
impression than the faithfulness of the reconstructed
model. With this thought, Neubert et al.l2% proposed
a method to produce approximative models from in-
put photographs using particle flows, which avoids the
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recovery of 3D point cloud.

With the help of range scanners, 3D shape infor-
mation of trees can be acquired easily and accurately.
Some methods have been proposed to modeling trees
or extracting tree skeletons from the range scanner
data. In the approach of Xu et al.l¥l, a skeleton is pro-
duced by connecting the centroid of points that have a
similar length of the shortest path to a root point. The
skeletons obtained in this way are dependent on the
position of root points in each disconnected branches,
and the automatic selection of root points is not easy,
especially when there are too much occlusions. Addi-
tionally, as the skeleton nodes are sparse in this ap-
proach, the smoothness and fidelity of final skeletons
should be improved. The corresponding radius of each
skeleton node is estimated with the allometric theory,
and thus is not directly derived from the scanned data.
The very recent approach of Tan et al.l?!! uses the im-
age based methods to get a point cloud of trunk and
branches, and applied the similar procedure as [4] to
compute visible branches.

In the work of Gorte et al.[??l and Pfeifer et al.l%,
tree skeletons are constructed with 3D mathematical
morphology in 3D voxel space, and stem thickness in
each skeleton point is computed with cylinder fitting.
Their method requires multiple-scan to obtain dense
point clouds. Many branches, especially those in the
upper crown, are not reconstructed. Also the recon-
structed branches are disconnected. The drawback of
this approach is that the skeletonization is noise sen-
sitive.

Previous work on modeling real trees all dealt with
trees with foliage which disturb the actual reconstruc-
tion of branches. In contrast, we focus on branching
structures and use a bare tree as input, which can
be done by scanning in winter or pre-distinguishing
branches and leaves based on color and position.

3 Overview

With a range image of a bare tree as input, the
branch modeling method consists of two main parts:
estimation of axis directions (Section 5) and construc-
tion of hierarchical skeletons (Section 6) as shown in
Fig.1.

The estimation of axis directions can be divided
into five steps. First, the range image of branches is
segmented into several patches based on depth discon-
tinuity (jump edges), so that each patch contains only
structurally connected branches, which can be seen
as a rough decomposition of different branches (Sub-
section 5.1). In each patch, mid-points between two
boundary points in horizontal and vertical directions
are calculated as two sets of coarse skeleton points.
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These coarse skeletons are good approximation of ac-
tual skeletons and provide local shape information for
further cylinder fitting (Subsection 5.2).
these coarse skeletons, branch patches are further de-
composed into sub-patches at ramifications, so that
each sub-patch only contains points from the same
branch (Subsection 5.3). In the neighborhood of each
coarse skeleton point, circular cylinder fitting is per-
formed to compute primary axis directions (Subsec-
tion 5.4). After getting these primary axis directions,
a robust axis voting technique is applied to obtain axis
direction for each point (Subsection 5.5).

Based on

[ Input Range Image ]

Direction Voting ] [Circular Cylinder FittingJ

-
\

[ Output Cylinder Model ]

Fig.1. Pipeline of branch modeling.

The construction of hierarchical skeletons consists
of two steps. Based on axis directions, invalid coarse
skeleton points are rejected, which result in a coarse
skeleton on the surface. Refined skeleton nodes that
lie in the center of branches and corresponding radii
are computed in the neighborhood of remaining coarse
skeleton points (Subsection 6.1). Then all skeleton
nodes are connected to form a hierarchical structure
and improper radii are modified based on plant knowl-
edge (Subsection 6.2). Finally, a cylinder model of the
trunk and main branches are constructed using the hi-
erarchical skeleton and corresponding radius at each
skeleton node (Subsection 6.3).

Circular cylinder fitting is a theoretical base for the
computation of axis directions. An effective cylinder
fitting method is presented and explained in the next
section.

4 Circular Cylinder Fitting

Circular cylinder fitting deals with minimizing the
mean square distance from a set of points to a cir-
cular cylinder surface. There are mainly two types
of methods for the least-square fitting of circular
cylinder: algebraic method and geometric method,
which minimize the algebraic and geometric distances
respectively!23],

The algebraic method can be solved with linear
techniques casted as an eigenvalue problem. How-
ever the solution may be very different from the opti-
mum cylinder, especially in the case that fitted points
cover only a small angle around the whole circumfer-
Geometric method is usually formulated as a
five-parameter nonlinear optimization problem. It is
solved with iterative techniques, where a proper esti-
mation of the initial solution is very important to avoid
local minimization.

ence.

Given n 3D points p; (1 < ¢ < n), the objective
function to be minimized is defined as

Foy )
k=1

where d; is the Euclidean (geometric) distance of point
p, to the fitted cylinder surface. Circular cylinders
have five degree of freedom, two for the direction of
axis a, two for the point g that the axis passes through,
and one for the radius r. They can be parameterized
without constraints by s = (4,6, a, p,r) as follows?4:

a = (cos psinf, singsind, cosh)T,

qg=p (azcosa+aysina),
where

a; = (—sin¢, cose, O)T,

a, = (cos¢cos@, sinpcosh, —sinf)’.

Then the geometric distance is computed with the fol-
lowing formula:

di = |[(p; — q) x al| = . (2)

Lukécs et al.?* found an approximate distance func-
tion d; that is faithful to the true distance function
dii

_lm—axaP-
oo = S &)
2r 2r

2
7

d; =d; +

Then the objective function (1) can be transformed to

minZJ?. (4)

k=1
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To find the solution of (4), we use the Levenberg-
Marquardt method[3. Any such algorithm requires
some good initial estimation of the solution. We give
an effective method for estimating the initial values of
a, g, and r in Subsection 5.4, which takes full advan-
tage of the shape property of branches.

5 Estimation of Axis Directions

Since the branch is regarded as a generalized cir-
cular cylinder, every point on the branch surface can
be assigned an axis direction, which is perpendicular
to the corresponding cross-section. The first stage of
our branch modeling system is computing the axis di-
rection of each point. To do that, jump edges are
detected at first to partition disconnected branches in
the range image, and then coarse skeleton points and
initial radii are computed from the contour of each
branch. Finally, a small segment of the branch cen-
tered in each skeleton point is fitted with a circular
cylinder to estimate the axis direction.

(a) (b)

Fig.2. Branch images extracted from a single scan of a maple

tree. (a) Texture image. (b) Range image.

Each pixel in the range image except background
corresponds to a point in 3D space by the 3D-2D pro-
jection, and we regard them as the same throughout
the paper for simplicity. Fig.2 shows a range image
and the corresponding texture image extracted from a
single scan of a real tree by discarding leaves and small
branches. The point size (diameter) is 5 centimeters.

5.1 Jump Edge Detection

Depth discontinuity in a range image often means
boundaries of different surfaces which are called jump
edges, such as boundaries between the tree and back-
ground, boundaries between different branches in-
duced by occlusion. Jump edges can be identified
as points that have depth difference greater than a
threshold, where depth difference of a point is defined
by the maximum difference relative to its neighbors.
However, this hard thresholding can cause undesir-
able artifacts, such as interrupted or dangling lines,

i
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because the range image may contain heavy noise, and
adjacent points on two near branches may have small
depth difference while points on a highly sloped sur-
face have the big one. Hysteresis thresholding can
alleviate these effects by using two thresholds ¢,y
and tmax (tmin < tmax)[%]. Points with depth differ-
ence greater than t,,x are regarded as secure boundary
points. Conversely, points with difference lower than
tmin are not boundary points. Points with difference
between t,;, and ¢, are regarded as potential bound-
ary points which are used to bridge the gaps between
boundaries. These potential points are rejected if they
are not connected to any secure boundary points by
a path of potential boundary points. Fig.3(a) shows
secure boundary points in black color and potential
boundary points in gray color.

Point size is an effective index for the selection of
jump thresholds. t.,;, and t,.x are set as Cp,;, and
Chuax times the point size respectively. For the tree in
Fig.2, C,n and C,,.« are set as 2 and 4 respectively.
The purpose of detecting jump edges is to separate ge-
ometrically disconnected branches, so jump edges are
not necessary to be one-pixel wide.

After discarding the points on jump edges,
branches are segmented into several patches, noted as
{Rilk = 1,2,...,n}. Each patch Ry corresponds to
a cluster of structurally connected branches. Fig.3(b)
shows jump edges (in black) and segmented patches in
different colors.

(a) (b)

Fig.3. Detection of jump edges. (a) Boundary pixels. (b) Seg-

mented patches.

5.2 Coarse Skeleton Extraction

For a tree-shaped object, the midpoint between two
boundary points on a scanning line is a good approx-
imation of skeleton point when the scanning line is
approximately perpendicular with the axis direction
of the object27:28]. In contrast, midpoints with scan-
ning line parallel to the axis direction are not skeleton
points. A midpoint with the angle between scanning
line and axis direction bigger than 45° is referred to as
valid skeleton point, otherwise invalid skeleton point.

As shown in Fig.3(b), the trunk and branches are
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partitioned into several patches after jump edge detec-
tion. We compute midpoints from the contour of each
patch in horizontal and vertical scanning directions re-
spectively, and at the same time obtain the distance
between two corresponding boundary points.

Let {mgk)ﬁ =1,2,...,n(®} represent the horizon-
tal (vertical) midpoints in patch Ry, where n() is the
number of horizontal (vertical) scanning lines in patch

Ry, dgk) denotes the distance (number of pixels) be-
tween two boundary pixels in patch Ry that lie on

(k)

the same horizontal (vertical) scanning line with m;

dgk) indicates the initial diameter of the cross-section

(k)

%

that passes through midpoint m
If the horizontal (vertical) distance between mid-

(k)

point m; ’ and its neighboring midpoint mglj_)l (or

ml(-li)l) is less than a small integer I' (I is set to 3 pixels
by default), we say these two midpoints are neighbor-
hood connected.

It can be observed that valid skeleton points are
neighborhood connected, while invalid skeleton points
are not or the number of neighborhood connected
points is small. Additionally, midpoints ml(.k) with
very large diameter dgk) are invalid skeleton points.
Based on these facts, we can discard some invalid
skeleton points by connecting horizontal and vertical
midpoints respectively. The remaining midpoints are
served as coarse skeleton points. They may still con-
tain some invalid skeleton points, but it does not mat-
ter because these coarse skeleton points are used as
initial centers for cylinder fitting and invalid skeleton
points are further rejected after obtaining axis direc-
tions.

Fig.4 shows the horizontal and vertical midpoints
and extracted coarse skeleton points, where gray pix-
els show the segmented patches in Fig.3(b), blue pixels
are extracted coarse skeleton points and red pixels are
detected invalid skeleton points. It can be seen that
horizontal (vertical) midpoints are good approxima-
tion of skeleton points in vertical (horizontal) parts of

a branch.
\.. \\‘ -TJ {, ---I T‘.- -\\._ /
NP5 >\
/ \\\ \ {2R—-a\\"{/28

(a) (b)

Fig.4. Extraction of coarse skeletons in horizontal and vertical

directions. (a) Horizontal. (b) Vertical.

5.3 Branch Shape Decomposition

Nevertheless, some patches may contain ramifica-
tions, i.e., some neighboring points in the same patch
lie in different branches, which can destroy the fol-
lowing cylinder fitting. It is better to segment the
patches into sub-patches, so that every sub-patch con-
tains points only from the same branch. Note that
accurate partition of different branches from a range
image is very difficult because there is often no clear
boundaries between different branches. Here we do
not aim at accurate partition because of the irregular
shapes of a tree at ramifications. We found that the
partition of branches just in horizontal or vertical di-
rection at ramification points is a simple and effective
solution.

Neighborhood connected midpoints belong to the
same branch, while midpoints in different branches are
not neighborhood connected. Based on this fact, a se-
ries of sub-patches can be obtained after extracting
neighborhood connected horizontal and vertical skele-
ton points respectively in each patch Rj;. The sub-
patch is a set of neighborhood connected midpoints
and all other points lie on the same scanning line with
any one of these midpoints.

Fig.5(a) shows the sub-patches of vertical branches
and Fig.5(b) vertical partition of horizontal branches.
Note that the decomposition of branches is performed
using horizontal and vertical skeleton points respec-
tively, and some branches that contain both horizontal
and vertical skeleton points are partitioned into differ-
ent horizontal and vertical sub-patches.

(a) (b)

Fig.5. Segmentation of branch patches in horizontal direction
and vertical directions based on coarse skeleton points. (a) Hor-

izontal sub-patch. (b) Vertical sub-patch.

5.4 Primary Axis Direction Computation

After obtaining coarse skeleton points (mgk)) and
initial diameters (dgk)), cylinder fitting is performed in
the neighborhood of each coarse skeleton point to com-
pute the primary axis direction. The neighborhood

N(ml(-k)) is set as the intersection of a window mask

(Ni(k) X Ni(k)) centered in mgk) and the sub-patch that
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Fig.6. Cylinder Fitting to a point set (green points) from three views. (a) View from front. (b) View from top. (c) View from left.

(k)

fitted points belong to the same branch. If mgk) is
a horizontal (vertical) skeleton point, the correspond-

m; ’ lies in. The sub-patch ensures that all or most

ing horizontal (vertical) sub-patch which it lies in is

used. Note that if ml(.k) is both a horizontal and verti-
cal skeleton point, two cylinders are fitted in the hori-
zontal and vertical neighborhoods. The size of window
mask Ni(k) is changed with the variety of diameter dEk)
at each skeleton point. This adaptive neighborhood
avoid cylinder fitting in a too small or too big section
of a branch. If the scanning data contain heavy noise
or the cross-sections of branches deviate highly from

circles, the size of neighborhood is set to be big, rel-

(k)

7
In our experiments, Ni(k) = 2d1(-k) + 1, the length of
neighborhood in the axis direction is larger than that

ative to the diameter d otherwise set to be small.

in the direction of cross-section.

The method presented in Section 4 is applied to
perform cylinder fitting. The initial estimations of so-
lutions a, q, and r are computed as follows.

1) Since the size of neighborhood is larger than
the diameter of cross-section, the direction of the first
principal component of fitted points often represents
the axis direction. The initial axis direction a is esti-
mated by computing the eigenvector corresponding to
the biggest eigenvalue.

2) The point g that the axis passes through is es-
timated by the centroid of fitted points.

3) The initial radius r for this fitting is set to
(dl(.k) X 8)/2, where s is the point size.

Fig.6 shows an example of axis directions computed
using the cylinder fitting method. The blue line repre-
sents the initial axis direction estimated by the direc-
tion of the first principal component, and the red line
is the resulting axis of cylinder fitting and red points
cross-section. The sub-figures show three orthogonal
views.

Fig.7(a) shows the primary axis directions of coarse

skeleton points. These axis directions are projected

to the range image plane for better visualization. In
most cases, the angle between the initial estimated
axis (blue arrowhead) and the resulting axis (red ar-
rowhead) is small, which indicates that the direction of
the first principal component is a good approximation
of the axis direction and local optimization is avoided
to some extent due to the fine initial estimation.

]

Fig.7. Axis direction refinement from the initial estimation to

the refined axis direction. (a) Initial estimation of axis direc-

tions. (b) Refined axis direction.
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5.5 Axis Direction Refinement

As mentioned earlier some points are both horizon-
tal and vertical skeleton points, two circular cylinders
are fitted in the horizontal and vertical neighborhood
of each point, which generate two corresponding axis
directions for the point. Additionally, each point p on
the branch lies in the neighborhood N(mg-k)) of sev-

eral coarse skeleton points mg-k), (7 =1,2,...,n(p)),
so several axis directions ag-k)
p after cylinder fitting.

To collect these axis directions, we refine them by
smoothing, which is similar to image filtering in princi-
ple. This is performed by finding a consensus (voting)
direction, i.e., finding a unit vector & that maximize
the square sum of inner products between @ and these

are generated for point

axis directions ag-k):
(k)\2
: . 5
max (®,a;”) (5)

This is a typical constrained optimization problem. It
is characterized by the well-known necessary and suf-
ficient optimality condition

VS(x) + A\VC(x) = 0,

where S(x) is the objective function to be maximized,
C(z) the constrained function, and A the Lagrange
multiplier,

S(x) =Y (z,a{")? = 2T A" Az,
Clx)=x"z -1,

A=lai"” ey, ", (6)
The solution is solved by eigen-analysis of the matrix
built from co-variances, i.e., @ is the eigenvector corre-
sponding to the biggest eigenvalue of the matrix AT A.
This solution is used as a refined axis direction of point
p.

Fig.7(b) shows all refined axis directions in the
range image plane. Fig.8 shows a local view of the
refined axis directions in 3D around a ramification on
the branch surface.

6 Construction of Cylinder Model

After axis directions have been estimated, skeleton
node and corresponding radius of each cross-section
can be computed. Ideally, a skeleton node is the center
of a circular cross-section, and it is better to compute
the skeleton node by cylinder fitting. However, several
factors make the radius of fitted cylinder deviate from
true dimension, and skeleton node deviate from actual
center. First, the scanning data may cover only a small

portion of the whole circumference due to occlusion or
limited scanner resolution. Second, the cross-section
of branches are not circular in most cases, especially
Third, the
scanning data inevitably contain noise. As a solution,
we use the centroid of each cross-section as a skeleton
node, and compute the corresponding radius from the

the cross-section around a ramification.

branch thickness dgk) in range image.

Fig.8. Refined axis directions on the branch surfaces around a

ramification.

6.1 Computation of Skeleton Nodes and Radii

In order to construct a proper 3D skeleton, we take
advantage of the horizontal and vertical coarse skele-
ton points. Some of these coarse skeleton points so
far are invalid skeleton points. These invalid skele-
ton points, according to their definition, can be distin-
guished by the angle between scanning line and axis
direction. If the angle is smaller than 45°, the skeleton
point is rejected as invalid skeleton point. Fig.9 shows
the remaining coarse skeleton points by rejecting in-
valid skeleton points in Figs.4(a) and 4(b), where blue
points come from horizontal skeleton, and red points
come from vertical skeleton.

|

Fig.9. Coarse skeleton points.



854

Computation of Skeleton Nodes. The coarse skele-
ton points lie on the surface of branches, and they pro-
vide initial position for the centering skeleton nodes.
Each coarse skeleton point determines a cross-section
of a branch. The center of this cross-section can be
computed by the weighted centroid of neighboring
points, where the neighborhood is the same as that
in cylinder fitting. The computed centroid may not
be on the same cross-section with the coarse skeleton
point because of the asymmetry neighborhood induced
by irregular branch surface or occlusion, and it should
be translated in the axis direction to the cross-section.

Let m(? be a coarse skeleton point, a be the axis

direction of m(®, agk) be axis directions of neighbor-

ing points pgk)7 ¢ be the weighted centroid of all points
in N(m (), then skeleton node m(®) can be computed

by the following equation

m® =c—(c—m?,a) - a, (7)
where
_ = pMw;
C=—=
dowi
e —m® a))y @l a)l
’”l‘“’( 5 )w( 5 )

47 is adapted as point size s times a constant (e.g., 5),
and §, is computed by the variance of (agk), a).

In the computation of skeleton node, weights w;
are used to weaken the influence of points p, that are
far away from m(? in the axis direction a. Points
with axis direction largely different from a are also as-
signed with small weights. The weight function w is
a smoothly vanishing, locally supported function. In
particular we adopt Wendland’s radial function (8) as
in [29].

w(z) = (1 —2)*(1 + 4=). (8)

Fig.10(a) shows the principle to calculate skeleton
nodes in (7). Since the coarse skeleton points are ac-
quired on every scanning line in the range image, which
are dense with pixel accuracy, the computed skeleton
nodes are also dense with high accuracy and can finely
describe the shape of branches as shown in Fig.11.

Computation of Radii. As mentioned earlier, cylin-
der fitting provide radius information for every skele-
ton node but with some radii deviating from true di-
mension, and it is difficult to distinguish these im-
proper radii, so here we compute the radius at each
skeleton node with the branch thickness. Let d be
the average thickness of branch at point m(® and its
neighboring points, o the angle between the scanning
line and the 2D axis direction of a in 2D image space.
The branch radius r at point m(®) is computed by the
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following equation:

d X sina
= 9
. 0
Fig.10(b) shows the principle to calculate the ra-
dius of a skeleton node.

Branch Mask Window
(a) (b)

Fig.10. Computation of a skeleton point and its radius. (a)
Skeleton points. (b) Radii.

Fig.11. Skeleton segments.

6.2 Connection of Skeleton Nodes

In this step 3D skeleton nodes are connected with
straight lines to produce a hierarchy of skeletons rep-
resenting the shape of tree branches. This connection
is performed in two steps: skeleton nodes correspond-
ing to coarse skeleton points in the same sub-patch
are connected first, which form a series of skeleton seg-
ments, and then these skeleton segments are connected
to form a hierarchy of skeletons.

In the first step, since skeleton nodes are computed
in the neighborhood of coarse skeleton points one by
one and they lie in the same cross-section of a branch.
These skeleton nodes can be connected in the same
way as the connection of their corresponding coarse
skeleton points in the range image.
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After connecting skeleton nodes in each sub-patch,
we get a series of disconnected skeleton segments as
shown with different colors in Fig.11.
In the second step, each skeleton segment is con-
nected to another segment. Let p be one end point of
a skeleton segment, a be the axis direction at point p,
M = {m;} be a point set of neighbor skeleton nodes
on other skeleton segments. A skeleton point m; € M
is connected to point p when the following conditions
are satisfied:
1. the distance between point m; and p is smaller
than a distance threshold A;

2. the angle 6; is smaller than a threshold ©O;

3. m; has the smallest projection distance d; to
point p among all points in M,

di = <mi iy 2 a’>7

0; = cos™? (L>
m: ol

The threshold © is set as 30° in our experiments.
The distance threshold A depends on the occlusion
between branches and is set by user. This way of con-
necting skeleton segments is similar to that of [4].

This connection is performed on every end point of
each skeleton segment. If there exist many branches
and large occlusion, this automatic connection may
produce incorrect connection. So we designed an user
interface based on Fig.9 to connect different skeleton
segments, which is very convenient to perform in 2D
space with the range image providing implicit 3D in-
formation. The connection result is a fully connected
skeleton with the hierarchical structure of a tree as
shown in Fig.12, where different colors represent dif-
ferent hierarchical levels.

Fig.12. Skeleton hierarchy.

Since the radius at each skeleton node is computed
by the branch thickness, the computed radii of partly
hidden branches may be smaller than true dimensions.
To alleviate these errors, the radii are refined from tip
to root of the skeleton so that the radii of child skeleton

nodes are not bigger than that of parent nodes.

6.3 Generation of Cylinder Model

Once the connected skeleton and corresponding
radii are obtained, a cylinder model is constructed
by generating a set of generalized cylinders with these
skeleton and radiil'-13].

Given a list of skeleton points (m;) and radii (r;),
the procedure to construct the cylinder branch model
is to find the discrete Frenet frames (T;, N;, B;) re-
cursively from one end of the branch to the other end
with as less torsion as possible at first. Then the gener-
alized circular cylinder equation is piecewise computed
as a spanned surface between two end circles.

The texture coordinates for each point on gener-
alized circular cylinder are defined as the coordinates
when it is isomorphically mapped to a planar square
area.

7 Experiments and Discussions

In this section, we show reconstruction results from
two range images. The first one is a range image
(Fig.2) extracted from a single scan of a 20-meter tall
maple tree using Riegl Inc’ LMS-Z360i 3D image sen-
sor. The leaves of this tree are discarded, and small
branches are also rejected due to the difficulty in dis-
tinguishing them from leaves. Fig.12 shows the gen-
erated hierarchical skeleton with 19 branch segments
by connecting 1399 skeleton nodes.
hierarchical levels of this example is 5.

The number of

(a) (b)

Fig.13. Sterculia tree model. (a) Range image. (b) Hierarchical

skeletons.

Fig.13(a) shows the second range image generated
by a single scan of a 6-meter tall sterculia tree with-
out leaves in the early spring. Fig.13(b) shows the
generated skeleton with 198 branch segments by con-
necting 11550 skeleton nodes. The number of hierar-
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chical levels of this example is 6. Note that some small
branches in the middle of range image (Fig.13(a)) are
discarded in skeleton connection due to heavy occlu-
sions. Fig.13 illustrates that the generated skeleton is
faithful to original tree due to the accurate and dense
skeleton nodes.

The hierarchical connection for skeleton segments
of the maple tree in Fig.12 is fully automatic. But
for some skeleton segments of the sterculia tree, the
automatic connection is not correct. We utilized the
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user interface to interactively modify the wrong con-
nections in 2D image space with the range image for
reference.

Fig.14 shows the constructed trunk and branches
of the two trees, where Fig.14(a) and Fig.14(d) are
shaded cylinder models. Bark textures are mapped

on the cylinder models as shown in Fig.14(b) and
Fig.14(e), where the self shadows are rendered in post-
processing. Fig.14(c) and Fig.14(f) show the texture-
mapped models from novel views.

(d)

(e) (0

Fig.14. Rendering of branch models. (a) 3D maple model. (b) Textured maple model. (c) Another view of maple. (d) 3D sterculia

model. (e) Textured sterculia model. (f) Another view of sterculia.

(a)

(b)

Fig.15. Virtual forest of defoliated maple and sterculia trees in winter. (a) Global view. (b) Another view.



Zhang-Lin Cheng et al.: Simple Reconstruction of Iree Branches from a Single Range Image

To show the realism of the models acquired with
our new technique, a virtual forest of defoliated trees is
constructed in Fig.15 using these two cylinder models
with random distribution and rotation on the ground.
There are 26 samples in the forest with 9 maple trees
and 17 sterculia trees. Fig.15(a) and Fig.15(b) show
rendering results of this forest in two different views.

The rendering results in Figs.14 and 15 are syn-
thesized using Phong local lighting model. Shadow
effects are generated with z-buffer in post-processing
using Reeves algorithm[®"],

There are two limitations in this approach. First
the skeleton segments are connected with straight
lines, i.e., skeleton nodes for occluded branches are
predicted in a very simple way. This may reduce the
fidelity of generated model. Another restriction lies in
the estimation of radius. Due to the incompleteness of
input data and irregular cross-section area of branches,
some radii computed by cylinder fitting highly deviate
from true dimensions, and the thickness of branches in
range images only provides rough information about
the radius.

8 Conclusion and Future Work

We proposed a method to construct a cylinder
model of the trunk and branches of a real tree from
a single range image. The key idea is to estimate the
axis direction at each point by cylinder fitting and to
compute skeleton nodes based on these axis directions.
Since generalized cylinder is a general primitive for
plant modeling in computer graphics!!!l, our cylinder
model of the trunk and branches can be used as in-
put or measurement of a real tree for plant growth
simulation!!,

The main advantage of this approach is the uti-
lization of image storage order of single scan, which
results in a simple reconstruction of branches mainly
performed in 2D image space. Additionally, skeleton
nodes are computed at each cross-section after getting
axis directions, which results in dense skeleton nodes
with high accuracy.

Due to the heavy occlusions among branches in a
single scan, the prediction of hidden part is inherently
difficult. In the future, we plan to construct occluded
branches from a second or third auxiliary scan data,
i.e., skeletons are reconstructed from individual scans
and then they are registered and combined together.
The mechanism of GreenLab plant growth model can
be used to predict hidden parts of a branch in the
The result of this approach can be used as
input of some plant growth modeling methods, e.g.,
GreenLab and L-system. The parameter estimation
or parameter fit in GreenLab and L-systems can use

crown.
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the constructed cylinder model as an axiom to gener-
ate twigs and leaves as done by Shlyakhter!*?!.
Finally, this approach should be improved to cope
with other trees with more complex crown, especially
for the trees with more branches partially hidden by
leaves or by other branches.
should integrate with foliage construction, so that a

full model of foliage tree can be reconstructed.

Branch reconstruction
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