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Abstract—We introduce a novel template-based modeling
technique for 3D point clouds sampled from unknown buildings. The
approach is based on a hierarchy algebraic template to fit noisy point
clouds with sharp features. In the hierarchy template, the first-level,
i.e., the lowest-level, contains three kinds of primitive geometries:
plane, sphere, and cylinder. These primitive geometries are
represented in algebra form. In the higher levels, some simple
shapes are constructed by combining these primitive geometries, and
the simple shapes can are further joined to form the final template
model. In the fitting process, different to the general approaches
which are intrinsic an iterative fitting process, we fit point clouds by
directly solving a least-square linear system. This makes the
approach efficient and robust in the point cloud modeling.
Furthermore, some geometric constraints are taken into account in
the fitting process for the purpose of increasing modeling accuracy.
The experiment results show that the modeling accuracy is improved
by integrating the geometric constraints in the fitting process, and the
proposed template-based fitting is robust, in terms of withstanding
noises and preserving sharp features, than the approaches based on
implicit surfaces.

. INTRODUCTION

Digital scanning devices such as LiDAR (Light Detection
and Ranging) have recently become affordable and available.
They are capable of acquiring high-accuracy and high-
resolution point clouds. Thus, the techniques for point cloud
modeling have received increasingly attentions. As the
approaches reconstruct the point clouds, they face a common
problem: how to handle the point clouds with the inherent
noises. It will be especially challenge in handing point clouds
that contains sharp features (for instance, the point cloud
sampled from buildings in the city) since noises and sharp
features are ambiguous mentioned in [1]. Most modeling
techniques are based on constructing an implicit surface to fit
point cloud [2-10,21,22]. Comparing to the topology-based
reconstruction approaches [11,12,18-20], which are only able
to handle data without noises, the implicit surface approaches
that fit with a smooth function have the ability of handle noisy
input. However, this also cause some important sharp features
are smoothed.

In this paper, we use a hierarchy template model to
fit/reconstruct point clouds without the processes of noise
removal or sharp feature detection. In particular, the
complicated process such as parameterization or
correspondence establishment is not required. The only one
thing is to select a proper template model to fit point clouds.
The template model is formed by the defined primitive
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geometrics including plane, sphere, and cylinder. In the fitting
process, we directly solve a least-square linear system instead
of a non-linear one. This makes our approach be efficient and
robust in modeling point clouds.

The remainder of this paper is organized as follows. Section
2 reviews the related works on point cloud modeling.
Algorithm overview is described in Section 3. Our methods
are introduced in Section 4. Section 5 shows the experimental
results with discussion. Conclusions and future works are
given in Section 6.

Il.  RELATED WORK

We classify the previous works about point cloud fitting
into three categories, implicit-based, topology-based, and
template-based, based on what kind of surface representation
is used in fitting. In the topology-based category, many
approaches have been proposed including the ball-pivoting
algorithm [12] and Delaunay-based algorithms [11,18-20].
They handle the point cloud modeling problem from a
computational geometry viewpoint. They address on the
topology problem and let the constructed surfaces exactly
pass the sampled points. Thus, these approaches are
intrinsically sensitive to noises. This makes them infeasible to
handle point clouds captured from digital scanners.

An alternative approach is to reconstruct a smooth implicit
surface that approximate the point clouds, i.e., the implicit-
based category [2-10,21,22]. Interpolating a set of points with
radial basis functions (RBF) [5,9], a signed distance function
[21] or locally fitted implicit quadrics (MPU) [6], or modeling
using moving least-square (MLS) technique [2-4,22] offers a
smooth 3D object representation. However, as mentioned in
Section 1, the sharp features are also smoothed in the
approximation. This would lead to failure in feature detection.

In the template-based category, many approaches have
been proposed to fill missing parts of incomplete point cloud
model by utilizing the geometry information of the template
model [13-17]. They establish a mapping between the point
and template models for accurately filling the holes. In [17],
the authors present an example-based completion framework.
The template models are retrieved from a database. They treat
surface completion as a case of mesh merging. The retrieved
templates are warped to align the point model, and then
blended together to fill holes. In [13], similar to [17], an
incomplete target model is merged with a selected template



model. To establish the correspondence between the template
and target models, they embed them onto a base mesh. This
approach is very robust even for an incomplete model
containing large complex holes or multiple components. The
approach presented in [14] directly deforms the template
model to approximate the incomplete point model. In this
paper, instead of completing holes, we focus on the accuracy
modeling of noisy point cloud captured from airborne-based
or ground-based digital scanning system. By directly solving
a least-square linear system, we can fit a template model to a
point clouds.

Il. SYSTEM OVERVIEW

Fig.1 illustration the workflow of proposed modeling
algorithm. Given a set of unorganized points, in the
preprocessing, we segment point cloud into several primitive
geometric groups (Fig. 1(a)) (there are three types of
geometrics: plane, cylinder and sphere). Next, each point
group is approximated by its related primitive geometry (Fig.
1(b)). Here, a direct least-square fitting approach is adopted.
By incorporating these fitted primitive geometrics with some
geometry constraints defined in the template, we solve a least-
square linear system again (Fig. 1(d)) for the purpose of
increasing modeling accuracy.

Unorganized (a)
point clouds Preprocessing

(b) Primitive
geometry fitting

(c) geometry constraintsl

(d)Template

Output models [«— fitting

Fig. 1 System workflow.

IV. TEMPLATE-BASED POINT CLOUD FITTING

A. The algebra of primitive geometry

Point clouds sampled from city buildings (captured from
airborne-based or ground-based scanning system) generally
contain a lot of sharp edges and corners. Therefore, it is
suitable to select the primitive geometries, plane, sphere, and
cylinder, for data fitting. The approaches of fitting these three
types of geometries are not novel now. Many approaches have
been proposed in the past. They can be classified into
geometric approach [24] and algebraic approach [23]. In
geometric approaches, they minimize the sum of the squared
Euclidean distances to the given point cloud. The geometric
fitting has several drawbacks. First, the problem is formulated
as a non-linear system. Thus, the linearization process is
required and the solution can only be found using an iterative
and expensive process. An elegant alternative approach is to

substitute the geometric distance by an algebraic distance [23].

In this way, the fitting can be archived by directly solve a
least-square linear system. Here, we first describe the algebras
of primitive geometrics, plane, sphere, and cylinder, in Egs.
(2)-(3), respectively.

f(x,y;,z)=Ax +By,+Cz;+ D=0, @
where (A, B,C )represents the plane normal.

f(x,y,2)=AX"+Yy’+2%)+Dx +Ey,+Fz,+G=0, (2)
subjectto D*+E?*+F?-4AG <0,

f(x,Y;,2)= Ax} + By} + Cz? + Dx, + Ey, + Fz, 3)
+Gxy; + Hy;z + 1%z, +J =0

B. Direct least-square fitting of algebra template

The least-square fitting process for sphere is described only.
As for other primitive geometries, the readers can derive by
the same process. Given a set of points{(x,, y,, z, )}, containing
N points, we want to find a sphere, represented by the
coefficient A, D, E, F, G (see Eq. (2)), which approximates
these points. The fitting of a sphere to a set of points can be
approached by minimizing the sum of squared algebraic
distances of the points to the sphere. The algebraic distance of
point (x;, v, z,)to the sphere is formulated in Eq. (4).

N N
minY_ f(x,y,z) =min> (x -a) (4)
& i -
where x =[x+ y?+22,x,v,2,1] anda=[A D,E,F,GJ .
The problem of Eq. (4) can be solved directly by a standard
least squares approach, but the fitting result can be an

ellipsoid or sphere. To ensure the solution is a sphere, the
appropriate constraint Eq. (5) is added to Eq. (4).

D?+E2+F2-4AG =1 ©)

By rewriting the above constraint in matrix form, the Egs. (4)
and (5) can be reformulated as :

min||Da|? subjectto a’Ca=1 (6)
where the design matrix D and constraint matrix C is:

Y+ %y oz 1

D=|x’+y’+z} x vy z 1

XA+yi+zi X o Yn o Zy 1
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Fig. 5 The point cloud reconstruction result. (a) The source point clouds; (b) the visualization of the primitive geometries fitting (the
primitive geometries are visualized in different colors); (c) the reconstruction result; (d) the primitive geometries.

The solution a of this minimization problem yields as the
eigenvector the smallest positive eigenvalue of the following
generalized eigen-problem:

D'Da=ACa )
To increase the modeling accuracy, we integrate all geometric
algebras of template models and add some geometric
constraints in the least-square linear system. For install, two
planes R= [Aiv B..C,, D1] and P, = [Azl B,.C,, Dz] are
perpendicular to  one another. Thus, we  set
(A,B,C,)-(A,,B,,C,)=0 as soft constraint in the linear

system. We show an example of hierarchy template in Fig2.
In this case, there are three levels in the template model. In
the first level, there are two boxes (formed by twelve planes),
two cylinders and one plane. In the second level, the two
boxes and two cylinders are combined to form two simple
shapes, respectively. In the third level, these two simple
shapes are combined with a plane to form the final template
model. Using this template to fit the point cloud (Fig. 2 Left)
can obtain a fitting result (Fig. 2 Right).

oolle
wlile L

Fig. 2 Left: the source point cloud; Middle: (a) the level-1 primitive
geometries; (b) the level-2 shapes; (c) the final template model; Right:
the fitting results.
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V.

To demonstrate the robustness and feasibility of the proposed
point cloud modeling approach, both articulated (Figs. 5 and 6)
and real data (Fig. 3) were experimentally evaluated. The
proposed method is based on the hierarchy algebraic template.
Therefore, we start this section with the visualization of the
decomposed primitive geometrics and their fitting results
(shown in Figs. 3 and 5-6). Obviously, the primitive
geometries are decomposed and fitted well in these two

EXPERIMENTAL RESULTS
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experiments. In Fig. 4 and Table 1, we show the comparison
between point cloud modeling with and without geometric
constraints. The results show the modeling accuracy is
increased by integrating geometric constraints in least-square
fitting. In Fig. 7 and Table 1, we also show the comparison
between our approach and Poisson approach [7]. We can see
that surface reconstructed by Poisson approach still contains
significant noises, and misses thin and small surface.

¢l

Fig. 3 The reconstruction result (a) The input point cloud; (b) the
primitive geometrics (displayed in different colors); (c) the
reconstruction result.

2 2

Fig. 4 A comparison between construction without (Left) and with
(Right) geometric constraints.

LAl

Fig. 6 The point cloud reconstruction result. (a) The source point
clouds; (b) the visualization of the primitive geometries fitting (the



primitive geometries are visualized in different colors); (c) the
reconstruction result; (d) the primitive geometries.

©

Fig. 7 A comparison of point cloud reconstruction. (a) The Poisson
approach [7]; (b) our approach without any geometry constraint; (c)
our approach with geometry constraint.

@

(b)

Data #V. Approaches Rs(’:\cﬂ)gstructl%rgﬁgor
(@) 0.513 43.045

Fig.5 107,914 (b) 0.744 39.888
(© 0.512 43.102
(a) 0.832  38.170

Fig.6 177,945 (b) 0.639 40.643
(© 0.569 41.474

Table. 1 A statistics. 1% row: the test point clouds; 2" row: the number
of points (#V.); 3" row: the approaches ((a): the Poisson approach [7];
(b): our approach without any geometry constraints; (c) our approach
with geometry constraints); 4™ row: the reconstruction error (the error
is measured by root mean square (RMS) and peak signal-to-noise ratio
(PSNRY)).

VI.

We presented a novel template-based building modeling
technique for 3D point clouds. Based on direct least-square
fitting, a hierarchy algebraic template with user-defined
geometric constraints are used to approximate the point
clouds contains only simple geometries such as plane, sphere,
and cylinder. The experimental results show that our approach
can deal with noisy point clouds containing sharp features.
This make the propose approach feasible to be applied in
cyber city modeling.

CONCLUSIONS
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