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3D Building Reconstruction from LiDAR Data

Lu Wang

LiDAR Software Development
John Chance Land Surveys
Lafayette, LA 70506

Abstract—Airborne LiDAR data can be used to create 3D
terrain models useful in augmented or virtual reality in which
real-world landscapes are incorporated. Automatic generation of
3D models of man-made structures such as buildings is essential
for creating these detailed models. We present a method that
builds a 3D mesh, segments the triangles, and forms planar facets
that correspond to a roof structure of a target building. We
illustrate our method with real-world data sets.
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L. INTRODUCTION

In last few years, the need for 3D visualization in
geographical information has received increased attention,
especially for viewing urban areas. Such information is being
heavily used in a wide range of applications such as urban
planning, urban construction, urban change monitoring, and
environmental monitoring and protection. Technologies such as
immersive visualization, augmented and virtual reality often
require that 3D models of urban landscape be modeled and
constructed. Creation of such models is labor intensive. Light
detection and ranging (LiDAR) surveying systems provide
accurate and dense scanning laser points, which can define a
good man-made structure profile. A LiDAR scanner traces a
narrow laser beam across a regular grid of sample points and
measures the arrival time of reflected light for each sample
point. Based on this time and the constant speed of light, the
scanner can report the 3D position of surface points from a
pyramidal region of space [4].

Detailed 3D city model can be made from this aerial
LiDAR data. The point cloud acquired by a LIDAR scanner is a
set of unstructured points that must be processed into mesh or
planar surfaces so that the terrain model can be rendered
efficiently. Multiple data sources are typically utilized in order
to construct accurate digital representations of urban
landscapes. The most common additional source of
information is aerial or satellite imagery [19].

An important first step in handling LiDAR data is to
segment the data set [7] and to identify the segmented
components. Haala and Brenner [5] combine multispectral
imagery and laser altimeter data to extract buildings, trees, and
grass-covered areas. In an wurban landscape, man-made
structures such as buildings are often of much interest to a user.
As a result, much research efforts have been directed towards
extracting such properties as the height and shape of a building
from a LiDAR point cloud [10].
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Most prior work in this area focused on extracting the
shape, or the footprint, of the building. = Zhang et al. [6]
separate the ground and non-ground LiDAR data points using a
progressive morphological filter. Building measurements are
identified from non-ground measurements by a region-growing
algorithm and plane-fitting technique. Finally, the footprints of
buildings are formed by connecting the boundary points. Wang
et al. [14] use a Bayesian technique to automatically construct
building footprints from a pre-classified LiDAR point cloud.
Cheng et al. [17] directly extract the building boundaries from
high-resolution imagery and improves the correctness and
completeness of the extracted boundaries by integrating
LiDAR data.

A building with a flat roof is completely specified by the
height and its footprint. In the more general case when the
building's roof consists of a number of steeped surfaces, the
processing needed is often more sophisticated. Hu et al. [11]
describe a hierarchical technique that creates a tree-structured
building model composed of geometric primitives extracted
from LiDAR data and use aerial imagery to aid the model and
refine processes. Jaw and Cheng [18] present a method of
building roof reconstruction by fusing laser range data and
aerial images through a sequence of Construct-Shape-Refine
(CSR) procedures. Vosselman [8] uses a three-dimensional
version of the well-known Hough transform to extract planar
faces from the irregularly distributed point clouds, and the
known ground plans of the buildings are available to support
the 3D reconstruction usage. Haithcoat [9] generates the
digital surface model (DSM) from the LiDAR point data. Then
an orthogonal algorithm is used to extract building footprints
and a watershed analysis is conducted to extract the ridge lines
of building roofs.

In this paper, we propose a method using airborne LiDAR
data as the only data source to reconstruct man-made structure
3d model. Our proposed 3D building reconstruction pipeline
assumes that the LiDAR data set has been segmented using
methods such as those reported in [3,7] so that a building
segment can be identified based on features such as the shape
of the footprint. A triangular mesh covering the building is
constructed from the laser points. A 2D building outline is
extracted from this mesh. Simultaneously, the triangles are
pre-processed and clustered to reconstruct planar facets. The
planar facets are combined with the 2D building outline to form
a 3D building model. The 3D building model is, in turn,
combined with a linescan color attribute set to form a textured
(or colored) 3D building model.
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Further details of the steps in our pipeline are presented in
Section 2. We describe experiments and results in Section 3.
Finally, we draw our conclusion in Section 4.

IL. 3D BUILDING RECONSTRUCTION

A mesh of triangles is used to represent the LiDAR data.
Each laser point in the LiDAR data set is a potential vertex in
the mesh. A LiDAR sensor scans the scene and for each scan,
it acquires a number of sample points, referred to as beams.
Each scan more or less follows a straight line and successive
beams on a scan are approximately equally spaced. Thus,
each 3D laser point (x,y,z) is associated with a scan number
and a beam number. To build a mesh, for every set of four
laser points from adjacent scans and beams, we can create
zero, one, or two triangles. We apply a threshold to the
elevation differences of the laser points to determine whether
one or more triangles are formed. The shorter of the two
diagonals is also used to determine how the triangles are
generated. Let d be the diagonal length threshold, if the length
of the shorter diagonal is larger than d, then no triangles would
be created. Otherwise, two triplets of points may become
triangles. Each triplet of points is made into a triangle only if
all the pairwise elevation differences are less than the pre-
defined elevation difference threshold (Figure 1).

o6 b b

(@) (b) (c)

Figure 1. An example with four points with the associated elevations. By
adjusting the elevation difference threshold, three different scenarios can arise.
(a) No triangles are created by setting the threshold to 2. (b) One triangle is
created by setting the threshold to 5. (c) Two triangles are created when the
threshold is set to 6; in this case, the shorter diagonal is taken.

After the mesh is built, all the external vertices are
obtained. Connecting these external vertices in sequence
generates the initial building outline. Then, the external
vertices are segmented into clusters by computing the slopes
of their connected vertices. The best fitting lines from each
vertex cluster are generated such that

d=Y |/ xizab) =yl

is minimized. By intersecting these best fitting lines, the final
building is created. The minimization problem is solved by
taking the partial derivatives of d with respect to a, and b, and
setting them equal to zero.

A. Building data segmentation

In order to create the 3D building model, an important
step is to create the planar facets of the building roof. To
create the planar facets, we need to know which laser points
are on the same planar facet. A graph-theoretic segmentation
algorithm [1,2] is applied to segment the laser points into
different clusters.

Each cluster contains the information of one planar facet.

For each triangle in the mesh, we compute its centroid Ve and
unit normal vector n. Consider the centroid of each triangle as

a node in a graph G(V.,E) . The weight associated with each

edge E between a pair node Wy, is defined as the similarity
between node i and j. Given two nodes in the graph, we use

the dot product of the two normal vectors #; and 7?; to
decide the similarity of these two nodes. The weight between
two nodes is computed as:

P2
e_y(l_n’ HJ)Z/J if |Vc,~ —ch| <d

0 otherwise

where 7 is a scale factor, "iis the unit normal vector of

triangle i, the parameter Veiis the centroid of triangle i, and d
is the pre-defined distance threshold.

The centroids of triangles are segmented using normalized
cut algorithm [2]. Each partition of laser points represents a
planar facet definition of the roof. In graph theoretic
framework, the goal of the partitioning is to maximize the
similarity within each of the disjoint sets while minimizing the
similarity between the two sets. A partition can be evaluated by
the cut measure:

cut(A,B) =

sz‘j

node;e 4,
nodejeB

Segmentation by minimizing the cut measure can result in
small partitions since a large number of edge cuts resulting
from a large partition increases the cut measure. An alternative
to the cut measure is the normalized cut measure, defined as:

t(4,B t(4,B
Neut(4, B) = cut(4,B)  cut(4,B)
assoc(A,V) assoc(B,V)
where
assoc(A4,V) = Z wij
node ieA;
node jeV

Since normalized cut measure discourages the small partitions
containing only a few nodes, the segmentation of roof points is
less affected by noisy points (e.g. laser points returned from
air conditioners) or small facets.

The weight matrix is built from the above weight
measure, and we use the eigenvector with the second smallest
eigenvalue to bipartition the graph. A current partition can be
subdivided and the segmented parts can be recursively
repartitioned as needed. The eigenvector corresponding to the
next higher eigenvalue is the optimal refinement of the current
partition.
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B. 3D model construction

After all the centroids of triangles are partitioned into disjoint
clusters, for each cluster of points, we can fit these points to
obtain the plane definition. A plane is defined as:
ax+by+z=c
or
z(x;,y;;a,b,c)=c—ax—by
The problem is now to find the least-squares minimum:

E= Z"z(xi,yi;a,b,c) _ Zi||2
i

The minimized problem is solved by, e.g., taking partial
derivatives of E with respect of a, b, and c.

The 3D intersection lines between pairs of planes are
computed. Combined with 2D building outline, we compute
the 2D intersection points of two intersection lines and the 2D
intersection points of intersection line and building outline

Wi,
. . . . . i
segment. Finally, all the 2D intersection points are projected to 4,7,,%%{{%@ ‘
h pl decide the 3D outline of lanar facet of th e
each plane to decide the outline of every planar facet of the A il e
ildi e i, =
, . oy i e el
C. Linescan color attribute %WWW%M%%%%
. . . . Al i e
An integrated line scan camera is typically fitted to a laser ”%Mj%%é;f% Ul/%%,{{;’%f,’"
scanner. It is used to generate the RGB values for each laser ///’W/"?;”’” “
return. A major benefit of this line scan color attribute is that
the image geo-referencing process can be bypassed and the Figure 4. The triangular mesh of the data points.
color attributes are automatically geo-accurate. . . .
We decompose every planar facet polygon into triangles, The test data set is partitioned into 4 segments by

and each triangle is recursively decomposed into a set of ~ aPplying normalized cut measure twice, as shown in Figure 5.
smaller triangles. All the triangle vertices are matched to the  Lhe final segmentation result by the normalized cut measure is
source laser points with linescan color attributes. A triangle is ~ shown in Figure 6. The parameters in the normalized cut
decomposed if 1) its maximum edge length is greater than a segmentation were set as: V=150, d =3.0, 0 =2.0.
pre-defined threshold and 2) its area is greater than a pre-

defined threshold. The decomposition rule is to bi-partition the “;3 ?,,’

triangle by its shortest median (Figure 2). ‘é{{‘" b

Figure 5. The LiDAR mesh segmented by applying the normalized cut
algorithm twice. Each segment is labeled with a unique color for illustration.

Figure 2. Decompose a facet polygon into a set of triangles

111 EXPERIMENTAL RESULTS

The system described in the Section II was implemented in
software and tested with different LIDAR urban data sets. In
the first experiment, the data set shown in Figure 3 contains
about 3000 laser points. A triangular mesh (Figure 4) was built
from the data set with elevation threshold set at 0.3m.
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Figure 9. 3D reconstructed building model. Each planar surface is labeled

with a unique color for illustration.

Figure 6. Building segmentation result.

We also demonstrate another building roof data set

containing about 6000 LiDAR laser points (Figure 10). The

After the segmentation step, six planar facets were generated,

and the intersection lines between planes were computed,

which are shown

segmentation results are shown in Figure 11 and the 3D model

reconstruction result in Figure 12.

final 3D

in figures 7 and 8. The

reconstructed building roof model is shown in Figure 9.

Figure 10. A LiDAR set of 6000 points.

Figure 7. Intersection lines determined from best fitting planes.

Figure 11. Segmentation results of the 6000-point LiDAR set. Each segment

is colored with a distinct color.

Figure 8. Best fitting planes and the intersection lines viewed in 3D.
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Figure 12. Two views of the reconstructed roof from the 6000-point LiDAR
set. Each planar surface is colored with a distinct color.

The linescan color attributes of the source laser points are
shown in Figure 13. In Figure 14, the vertices of the triangular
mesh are colored with the linescan color attributes, which are
subsequently applied as texture map to the building’s roof
(Figure 15). The maximum triangle area is set to 0.15m?, and
the maximum triangle edge length is set to 1.0m.

Figure 13. Source laser points with linescan color attributes.

3141

Figure 14. All vertices of the decomposed triangles colored with linescan
color attributes.

Figure 15. Linescan color attributes applied as interpolated color among all
vertices using DirectX. This program was developed using DirectX 9.0

Iv. CONCLUDING REMARKS

We present a method to reconstruct the 3D urban models
from LiDAR data. The advantages of this systems are, firstly,
only LiDAR data is used in the system, which prevents
accumulative errors from other sources; secondly, the
segmentation results for the triangles are very stable, since the
normal vectors on the same facet are very close to each other,
and the segmentation results are affected little by small facets,
like the chimneys on the roof or air conditioners, since the
normalized cut measure avoids the isolated small partitions;
thirdly, the reconstructed 3D building model is by nature a
closed structure without extra refinement step or more
constraints and requirements, since the outline of each planar



facet is defined from the intersection line with its neighboring
planes; last but not least, the processing of the data is fast.
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