
Abstract
We integrate lidar point clouds and large-scale vector maps
to perform building modeling. The proposed scheme com-
prises three major steps: (a) the preprocessing of lidar point
clouds and vector maps, (b) roof analysis, and (c) building
reconstruction. During the preprocessing stage, the building
polygons are first obtained from the polylines, followed by the
selections of lidar points in the building polygons. An irregu-
lar triangulated network is then built to represent the facets.
The segmentation of planar facets for roof analysis is imple-
mented by examining the patch size and the facet orientation.
The interior 3D roof edges are then determined from the
intersection of the roof planes. Finally, the building models
are reconstructed through regularization. Two sample sites are
tested for the purposes of validation. The experimental results
indicate that the proposed scheme allows for high fidelity and
accuracy, provided that the point cloud density is enough.

Introduction
Due to the need of 3D spatial information for urban plan-
ning, construction, and management, cyber city modeling
has become ever more important. A replica of the real world
is reconstructed in cyber space and stored in an information
system. The cyber city is essential for urban and environ-
mental planning, hazard mitigation, telecommunications,
flight simulations, transportation, and map revision. The
timely information provides valuable decision support to
city managers.

Building models are one of the most important elements
in a cyber city. The modeling of buildings is an important
photogrammetric and GIS task (Gruen and Wang, 1998). The
aim of this research is to automate the manual production
of building modeling in a photogrammetric system. Tradi-
tionally, building models are reconstructed using aerial
photography. From the geometric point of view, reconstruc-
tion strategies can be classified into three categories. In the
first type, point features such as building corners are first
extracted, and then the point sets are organized into a model
(Gruen and Wang, 2001). In the second type, line features
such as building structure lines are extracted, and the lines
are then structuralized to form a model (Henricsson and
Baltsavias, 1997; Rau and Chen, 2003). In the third type,
also called the model-driven approach, volume features are
selected to fit the model in the image space. Constructive
Solid Geometry (CSG) is the most common approach (Lang
and Förstner, 1996; Tseng and Wang, 2003; Suveg and
Vosselman, 2004).

Shaping Polyhedral Buildings by the Fusion 
of Vector Maps and Lidar Point Clouds

Liang-Chien Chen, Tee-Ann Teo, Chih-Yi Kuo, and Jiann-Yeou Rau

The idea of the reconstruction of buildings from image
data is based on the extraction of image features. One may
then use these image features to model the buildings through
a hypothesizing process. There are three challenges to be met
in automatic feature extraction. The first is the insufficient
information caused by perspective occlusions. The second
challenge is the weak image features when the building
boundaries have low contrast. The third issue is that when
an image feature does not correspond to an object feature,
which could cause ambiguity in the reconstruction procedure.

Nowadays, lidar (light detection and ranging) has
become a well-established technique for deriving 3D infor-
mation for mapping and GIS tasks. Reconstruction strategies
from lidar data can be classified into two types. In the first,
planar features are extracted, and then the extracted planes
are used to derive the line features. The building model
is obtained by integrating the planar and linear features
(Maas and Vosselman, 1999; Rottensteiner and Briese, 2002;
Alharthy and Bethel, 2004). In the second type, line feature
are first extracted and then the extracted lines are used to
trace building polygons. The building model is obtained
by shaping the top of the building polygons (Hu, 2003;
Sampath and Shan, 2004).

The two-dimensional vector maps provide accurate
building boundary locations because most of the bound-
aries are derived by human interpretation. The vector maps
preserve accurate building boundaries, while the lidar point
clouds contain a wealth of shape information. Thus, a fusion
of large-scale vector maps and lidar point clouds would be
beneficial to precise building shaping. In this data fusion
scheme, the contribution of vector maps is to provide accu-
rate building boundaries and building locations. This reduces
the effort needed to detect the building regions thus improves
the degree of automation, while the role of the lidar point
clouds, on the other hand, is to provide the roof shape. The
inner structure lines and multiple building roof types can be
derived from the point clouds. There are a couple of advan-
tages to integrate lidar and vector maps for building model-
ing. The first advantage is an improvement in the degree of
automation, due to bypassing the process of building detec-
tion, since building locations can be obtained from the vector
maps. The second advantage is that the vector maps provide
accurate building boundaries provided that the mapping has
been done through a standard procedure. In addition, the
building models may be considered value-added products
of the maps making their application more cost effective.
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Several investigators have reported on the generation
of building models from lidar and vector maps (Haala and
Brenner, 1999; Vosselman and Dijkman, 2001; Overby et al.,
2004; Schwalbe et al., 2005). Reconstruction strategies can
be classified into two categories, i.e., model-driven and data-
driven. The model-driven strategy is a top-down strategy,
which starts with a hypothetical building model which is
verified by the consistency of the model with the lidar point
clouds. In the model-driven strategy, the building bound-
aries may be split into several 2D primitives by preset rules.
A number of 3D parametric primitives are to be hypothe-
sized after the splitting of the 2D boundaries. The best fitting
3D parametric primitives are then selected from the lidar
point clouds. The building model is obtained by merging all
3D building primitives (Haala and Brenner, 1999; Vosselman
and Dijkman, 2001; Sugihara and Hayashi, 2003). However,
this method is restricted to the finite types of 3D parametric
primitives.

The data-driven strategy is a bottom-up strategy where
the planar and linear features are extracted in the beginning,
then grouped into a building model through a hypothesizing
process. Overby et al. (2004) demonstrated a 3D Hough
transform, data-driven approach. Schwalbe et al. (2005)
extracted the planar features using orthogonal point cloud
projection. The ridgeline is obtained by the intersection of
planes. The methods are suitable to reconstruct the gable
roofs building. But the stepped edges or height jump lines
are not considered in their investigation.

No matter what the approach is selected, the essential
issue for the modeling of buildings from lidar point clouds is
the extraction of the facet features. Region growing and direct
segmentation are two commonly used methods in planar
analysis. The first method starts from a seed element. Adja-
cent elements are examined to see if their characteristics are
similar to the seed element. The seed region grows as long
as the adjacent elements behave similarly. When a region
stops growing, a new seed element will be chosen. The region
growing stops when all elements are assigned. Cho et al.
(2004) used grid data with image-based region growing
technique to extract the facet feature. An interpolation process,
accompanied by interpolation errors, is required to resample
the data into a regular grid. But it can speed up the process.

In the second approach the geometric parameters of all
elements are computed and followed by the detection of
planar facets using a clustering technique. The 3D Hough
transform is an extension of the well-known 2D Hough
transform used for straight-line extraction. The lidar point
clouds can be transformed into the parameter space and the
clustering technique used to extract the facet features. Lidar
point clouds can be structuralized as Triangulated Irregular
Networks (TIN). The parameters of the triangles such as the
slope, orientation, and distance can be mapped into the
parameter space. The facet features are then obtained by a
clustering technique (Hofmann, 2004).

The objective of this investigation is roof shaping. For
those cases, we perform spatial registration to co-register the
data sets. It is assumed that the building objects indicated
by the lidar data and vector maps are consistent. Although
important, it is not the intention of this paper to work on
the building detection.

The proposed scheme is comprised of three major steps:
(a) the preprocessing of the lidar point clouds and vector
maps, (b) roof analysis, and (c) building reconstruction.
In the preprocessing stage, the building polygons are first
obtained from the polylines. Then, the lidar point clouds
corresponding to the building polygons are extracted by
point-in-polygon examination. After this, the TIN repre-
senting the facets of the point clouds is built. In the roof
analysis stage, segmentation of planar facets is implemented
by examining the patch size and the orientation of the

surface normal vectors. The interior 3D roof edges are then
determined by intersection of the roof planes. Finally,
building models are reconstructed through regularization.
The major contribution of this investigation is to propose
a solution for the reconstruction of complex buildings.

The Proposed Scheme
The proposed method is essentially comprised of three parts.
The first involves the preprocessing of lidar data and vector
maps. In the second, roof analysis to extract planar and linear
features is performed. In the last part, building reconstruc-
tion by using geometric regularization is done. A schematic
representation of the proposed method is shown in Figure 1.

Data Preprocessing
The procedure starts by tracing the building polygons. The
building boundaries are delineated by polylines from which
the topology can be reconstructed. The building polygons have
to be enclosed. We use the Split-Merge-Shape method (Rau
and Chen, 2003) to do this. The point-in-polygon technique
(Mortenson, 1999) is taken to select the lidar points inside
the building polygon. The selected lidar point clouds are
structuralized as a TIN-mesh built by Delaunay triangulation
to represent the facets of the point clouds (Golias and Dutton,
1997). In order to avoid the selection of erroneous points,
the slope of the triangle is checked and ground points inside
the building polygon are removed. If the triangle is too steep
and close to the building boundaries, then the lower point
of triangle will be regarded as a ground point and will be
removed. Figure 2 shows a comparison of the point cloud
selection, with and without filtering.

Figure 1. Scheme of the proposed method.
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Roof Analysis
After the selection of lidar point clouds, we use selected
points to extract the facet features. The objective of roof
analysis is to group the co-planar points to represent a facet.
The step edges and ridgelines can be extracted from the
facets after facet detection. This stage includes facet detec-
tion and the extraction of structural lines.

Facet Detection
In this step, planar analysis of the roofs and the walls is
implemented. This is important for determining the roof
surfaces. The detection of the wall faces of buildings with
step edges is also included in this step. The TIN-based region
growing approach is selected to extract the facet features.
The angles of the surface normal vectors and the minimum
area are chosen as the geometric parameters indicating the
roof surfaces. In addition to the two previous parameters,
the height differences are also analyzed to determine the
wall faces. The idea is similar to 3D model generalization
in computer graphics (Schroder and Robbach, 1994; Chen
et al., 2005).

Once the point clouds that belong to a building are
selected, the TIN is built. First, the surface normal vector
of each triangle is determined. Starting from a seed triangle,
if the normal vectors of the seed and its neighboring triangle
have a similar orientation, these two triangles are combined.
The seed region continues to grow as long as the difference
in angle between two adjacent triangles does not exceed
a threshold. The reference surface normal vector is recalcu-
lated using the normal vectors of all triangles that belong
to the region. A new seed triangle is chosen when the
region stops growing. The region-growing step stops when
all triangles have been assigned to be roofs or walls. Errors
in the lidar data may lead to fragmented triangles in the
detected regions. To avoid this, small regions will be merged
with neighboring regions with the closest normal vector.
Figure 3 illustrates the planar extraction. Figure 3a shows
the angle between adjacent triangles; Figure 3b and 3c show
the coplanarity condition between the triangles.

In general, a wall is much steeper than a roof. Given
this characteristic, the height difference must first be
calculated to obtain the steep triangles. The wall planes

Figure 2. Comparison of the point cloud selection, with and without filtering: (a) planimetric view of 
TIN-mesh without filtering, (b) perspective view of TIN-mesh without filtering, (c) planimetric view of 
TIN-mesh with filtering, and (d) perspective view of TIN-mesh with filtering.

Figure 3. Illustration of planar extraction: (a) angle between adjacent triangles, (b) triangles with
normal vectors, and (c) results of triangle region growth.
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are extracted from the steep triangles. The extraction
process is similar to the previous one, but we only con-
sider the connection of steep triangles and minimum area
of steep triangles in wall extraction. After the wall extrac-
tion, the roof planes are extracted from the remaining
triangles. This sequential process avoids the mixing of the
wall and roof features and any ambiguity between differ-
entiating walls from roofs is minimized. The proposed
method achieves reliable planar detection results. An
example is illustrated in Figure 4.

Extraction of Structural Lines
After the roof surface and wall face detection, three kinds
of interior 3D edges are generated. The first type, for gable
roofs, is computed from the intersection of two adjacent
planar faces. The second type, which is called the step edge,
is determined by examining the orthogonal vector of a wall
region. The third kind of 3D edge is computed from the
intersection of the building boundary and the detected inner
edges. The first step in extracting a structural line is to
generate the adjacency matrix for patches. The intersection
lines and step edges are determined from adjacent roof
planes and wall planes, respectively. Finally, 2D building
boundaries are integrated for 3D modeling by the inclusion
of detected edges and planes.

A patch adjacency matrix is generated to determine
the important adjacency relation between the planes, which
is used to check whether neighboring planes are connected.

If this is the case, then the intersection lines of the major
structure are calculated. The connectivity of the planes can be
established by examining any shared planar edges. Figure 4
demonstrates labeled results of the planar extraction. The
respective patch adjacency matrix is shown as Table 1. The
matrix elements marked “True” indicate neighboring planes.
Notice that walls and roofs are unambiguously distinguished
in the matrix.

After setting up the patch adjacency matrix, the struc-
tural line intersected by two adjacent planar facets is
generated using the plane equations and adjacency informa-
tion. Pairs of adjacent roof planes are selected from the
patch adjacency matrix to compute the intersection line.
The intersection line is obtained from neighboring planar
equations. The 3D intersection line mathematically com-
puted from the planar equations is generally a straight 3D

line without end points. The vertices of the triangles are
used to determine the line boundary. The final product of a
3D structural line is a straight line with two end points.
Figure 5 illustrates the line determination process. Figure 5a
delineates the boundaries of rectangles calculated from
shared triangle vertices; Figure 5b depicts the generated
intersection line with two end points.

The next important structure to be considered is the step
edge. A step edge is a building structural line between two
height jump facets. This kind of structural line is determined
from the wall facets and adjacent roof facets. Figure 6a shows
a wall facet and connected roof patches indicated by the lidar

Figure 4. Roof and wall facets with labels.

TABLE 1. PATCH ADJACENCY MATRIX

Roof1 Roof2 Roof3 Roof4 Roof5 Roof6 Roof7 Roof8 Wall1 Wall2

Roof1 True
Roof2 True True
Roof3 True
Roof4 True True
Roof5 True True True
Roof6 True True True
Roof7 True
Roof8 True
Wall1 True True
Wall2 True True

Figure 5. Illustration of line extraction: (a) bounding
box between planes, and (b) results of intersection
line.
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TIN-mesh. Since the planimetric measurement accuracy of the
lidar system is relatively low, wall facets extracted from lidar
point clouds may not be as vertical as they should be. In the
first step, the lidar points of the wall facets are projected onto
a horizontal plane. Then, least squares regression is used to
obtain the step edge direction along the horizontal plane. The
step edge direction is demonstrated in Figure 6b. The bound-
aries of the step edges are calculated from the boundaries
of the lidar points. Finally, the height of the step edges is
assigned by the connecting roof facet equations. The extracted
step edges are shown in Figure 6c.

The determined ridge lines and step edges are important
interior structural lines for a building. Although all of the
interior structure lines contain height information, on the
vector maps the building boundaries are still two-dimensional.
In order to complete 3D reconstruction, the heights of building
boundaries must be determined from the extracted planes and
inner structural lines. There are two steps in this stage. In the
first step, the building boundaries are divided by the inner
lines into several line segments on a horizontal plane. These
line segments are then examined to judge to which plane they
belong. The actual height information for each line segment is
determined using the respective plane equations.

Building Modeling
Finally 3D building models are reconstructed from the 3D

lines. Geometric regularization and Split-Merge-Shape
modeling are the two major processes here.

Geometric Regularization
Three-dimensional edges are regularized by employing
geometric constraints. The end points of the edges are

adjusted to the most probable locations by least squares
adjustment. There are three steps: (a) selection of suitable
geometric conditions, (b) the formation of observation
equations, and (c) the determination of unknown parame-
ters by least squares adjustment.

Four geometric constraints are considered for general
buildings: (a) 3D edges are either parallel or orthogonal to
the principal axis of a building, (b) a roof edge is horizontal
if the end points have similar elevations, (c) a middle point
is selected if an intersection point is close to the middle of
an edge, and (d) end points of 3D edges that form a roof
surface are coplanar. These constraints are then employed in
the least squares solution to adjust the end points of the 3D

edges. Figure 7a, 7b, 7c, and 7d, respectively, represent the
four constraints. Since polyhedral models are considered in
this investigation, it is appropriate that roof surfaces are
represented by planar facets.

Split-Merge-Shape Modeling
After regularizing the 3D edges, 3D models of the buildings
can be reconstructed using the Split-Merge-Shape method
(Rau and Chen, 2003). The Split and Merge process sequen-
tially reconstructs the topology between the two consecu-
tive line segments, and then reforms the areas as enclosed
regions. The two procedures are performed in two-dimen-
sional space. During the splitting process, a line segment is
chosen for reference. The line segments are split into a group
of roof primitives. All possible roof primitives in the area of
interest are generated from all line segments. The connectiv-
ity of adjacent roof primitives is analyzed during the merging
procedure. If shared boundaries do not correspond to any 3D

line segment, the two roof primitives will be merged.

Figure 6. Illustration of step edge determination: (a) wall facet and connecting roof
patches in lidar TIN-mesh, (b) step edge direction from wall facet, and (c) extracted step
edge.

Figure 7. Geometric constraints for building regularization: (a) principal axis constraint, (b) horizontal
constraint, (c) symmetric constraint, and (d) coplanar constraint.
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TABLE 2. INFORMATION RELATED TO THE TEST DATA

Test Data Case I Case II

Location Tai-Chung Hsin-Chu
Test Area (m*m) 500*600 1100*1000
No. Buildings 115 102
Lidar System Optech ALTM-2033 Leica ALS-40
Lidar Acquisition Date April 2002 April 2002
Lidar Point Density (pts/m2) 1.7 1.6
Scale of Vector Maps 1:1 000 1:1 000
Exposed date (Airphoto) March 2002 March 2002

In the Shape step, the available 3D edge height informa-
tion is used to determine the most appropriate rooftop.
The Shape process is performed in a three-dimensional
space. The first step of shaping is to assign a possible height
to each roof edge from its corresponding 3D edge. Every 3D

edge is first automatically labeled as a shared edge or an
independent edge. The height for an independent edge
can then be assigned from its corresponding 3D edges.
The second step is to define the shape of a rooftop, accord-
ing to the height of the independent edges. If more than two
independent edges exist, and are sufficient to fit into a
planar face, coplanar fitting is applied.

Experimental Results
Two test sites, including buildings with different character-
istics, are selected for the validation process. The first
one covers a rural area located near Tai-Chung in central
Taiwan. The average density of the lidar point clouds
obtained by the Optech ALTM-2033 system is 1.7 points per
square meter. The test area contains 115 buildings. The
second case covers an urban area located in the Hsin-Chu
Science-based Industrial Park in northern Taiwan. The
average density of lidar data obtained by the Leica ALS-40
system is 1.6 points per square meter. The test area contains

107 buildings. The vector maps for both cases have a scale
of 1:1 000. The vector maps are originally produced from
aerial photos by stereoscopic measurement. The related
information is shown in Table 2. The test data for both cases
are shown in Figure 8 and Figure 9.

According to the shape complexity, the buildings are
categorized into four types: (a) buildings with horizontal roofs,
(b) buildings with gable roofs, (c) buildings with cambered
roofs, and (d) buildings with complex roofs. Figure 10 shows
the examples of these four building types. The number of each
building type is also indicated in the Table 3.

Figure 9. Test data for case 2: 
(a) lidar data, and (b) building
boundaries.

Figure 8. Test data for case 1: 
(a) lidar data, and (b) building
boundaries.
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There are several thresholds employed in this investi-
gation. In the data preprocessing, the parameters of steep
triangle are defined by slope larger than 70° and height
difference larger than 3 m. The parameter of the neighbor-
hood for a building boundary is defined by the horizontal
error of lidar data; in this study, we used 1 m. In the wall
region growing, the parameters of steep triangle are the same
as data preprocessing. In the roof region growing, consid-
ering the point accuracy and points spacing, the threshold
of angle between triangles is selected by Equation 1. The
point spacing is about 0.6 m, and the accuracy of the laser
point measurement is about 0.15 m. By using Equation 1,
the threshold of angle between triangles is 14°. In practical,

because of other error consideration, the range of this parame-
ter is selected from 14° to 20°. For the threshold of small
regions, we assume the width or height of building is larger
than 3.5 m. So, we use 12.25 m2 ( � 3.5 m*3.5 m) as the
threshold of the smallest regions of being retained.

(1)

where Tu is the threshold of angle between triangles, m0 is
the accuracy of the laser point measurement, and d is the
spacing between points.

The experimental validation procedure includes three
aspects. First, the fidelity, i.e., the correct reconstruction
rate, for different building types is validated. Second, the
height consistency between the reconstructed rooftops
and the original lidar point clouds is checked. Third, the
planimetric accuracy of the roof corners in the reconstructed
models with the corners acquired by the stereoscopic
manual measurements.

Reconstruction Rate
The generated digital building models (DBMs) are shown in
Figure 11 and Figure 12. The base height of the building
models is interpolated from the digital terrain model (DTM).

Tu � tan�1 � m0

d �

Figure 10. Four types of test buildings: (a) horizontal roof buildings, (b) gable roof buildings, 
(c) cambered roof buildings, and (d) complex roof buildings.

TABLE 3. NUMBER OF DIFFERENT BUILDING TYPES

Building Type Case I Case II

Horizontal roof 36 56
Gable roof 53 32
Cambered roof 6 3
Complex roof 19 11

Total 112 102

Figure 11. Results of the generated building models for case 1: (a) top-view of the generated DBMs, and
(b) perspective view of the generated DBMs.
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Figure 13d illustrates the reconstructed building. Figure 14
shows a building with multiple gable roofs. Figure 15
demonstrates a building with multiple gable roofs and step
edges. The planar facet detection results are shown in Figure
15a. The extracted step edges and intersection lines are
shown in Figure 15b. Due to the ambiguity of the lidar point
clouds, the extracted structural lines are not regular. The
improved results are shown in Figure 15c. Figure 15d
illustrates the final reconstructed building model.

The fidelity of the building reconstruction in terms of the
shape correctness is validated. A traffic light system indicates
the success rate. High reliability or correct is indicated by
“green,” partially correct by “yellow,” and erroneous by
“red.” Reconstructed buildings that have the same shape as

Figure 12. Results of the generated building models for case 2: (a) top-view of the generated DBMs, and
(b) perspective view of the generated DBMs.

Figure 13. Complex building: (a) results of detection for planar facets, (b) computed 3D edges, (c) 3D

edges after regularization, and (d) reconstructed 3D building model.

In case 1, the number of original building lines from vector
maps is 883. After the reconstruction, the number of build-
ing lines is increased to 1,071. In case 2, the number of
original building lines from vector maps is 3,480. After the
reconstruction, the number of building lines is increased to
3,721. It can be seen that the generated building models are
more detailed than the vector maps.

Some selected examples with different building complex-
ities are now scrutinized. The reconstruction procedure
of a complex building with multiple gable roofs is shown
in Figure 13. Figure 13a shows the results of planar facet
detection; each color indicates a group of triangles. The three-
dimensional edges before and after the geometric regular-
ization are shown in Figures 13b and 13c, respectively.

Figure 14. Building with multiple gable roofs: (a) results of detection for planar facets, (b) computed
3D edges, (c) 3D edges after regularization, and (d) reconstructed 3D building model.
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the actual ones are correct. The partially correct category
indicates a group of connected buildings where a part is
correctly reconstructed. Reconstruction is considered erro-
neous when the building model is different in shape than the
real one. Table 4 shows the success rate for the three building
types. Ninety percent of the buildings in case 1 are correctly
reconstructed and eighty percent for case 2. Some partially
correct buildings that are occluded by trees. Building recon-
struction failed (i.e., the erroneous category) for the small
ones that did not have sufficient lidar points. Figure 16
shows an erroneous example. A comparison of the aerial
photo and lidar data shows that the incorrectness is due to
an insufficient point cloud density, i.e., 0.2 pts/m2.

Accuracy Evaluation
Shaping errors can be evaluated by checking the discrepancy
between the lidar data and the reconstructed models. A shap-
ing error is a difference in height between selected lidar
points and a roof surface. Non-roof lidar points are manu-
ally removed from the correctly reconstructed buildings.

A comparison of the rooftop planes in the reconstructed
models with the lidar point clouds gives an RMSE (Root Mean
Square Error) shaping error of 0.12 m for case 1. The discrep-
ancy ranges from 0.06 m to 0.33 m. The RMSE shaping error
for case 2 is 0.21 m, with a discrepancy ranging from 0.07 m
to 0.40 m. Note that random lidar point cloud error may
reach 0.10 m to 0.20 m in general situations. The shaping
errors demonstrate the potential of the proposed method.

In the planimetric accuracy evaluation, we compare the
coordinates of the roof corners in the reconstructed models
with the ones acquired by the stereoscopic manual measure-
ments. The stereo aerial images with a scale of 1:5 000 are
used in evaluation, where it is scanned in a 20 mm per pixel
mode. Thus, the planimetric accuracy of aerial images is about
0.3 m. In case 1, we measure 166 well-defined building
corners for accuracy evaluation. The RMSE are 0.37 m and
0.31 m in the X and Y directions, respectively. In case 2, we
add 208 well-defined building corners for accuracy evaluation.
The RMSE are 0.47 m and 0.55 m in the X and Y directions,
respectively. The error vectors are shown in Figure 17. The
error vectors are superimposed with building boundaries.

Figure 15. Building with multiple gable roofs and step edges: (a) results of detection for planar facets,
(b) computed 3D edges, (c) 3D edges after regularization, and (d) reconstructed 3D building model.

TABLE 4. SUCCESS RATE OF BUILDING RECONSTRUCTION

Case I Case II

Partially Partially
Building type Results Correct correct Erroneous Correct correct Erroneous

Horizontal roof 36 0 0 56 0 0
Gable roof 53 0 0 21 11 0
Cambered roof 6 0 0 3 0 0
Complex roof 8 9 2 4 7 0

Success rate (%) 90 8 2 82 18 0

Figure 16. Erroneous building: (a) aerial image, and (b) lidar data.
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Figure 17. Error vectors of building corners: (a) case 1, and (b) case 2.
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Summary of the Experimental Results
The experimental results are summarized as follows:

1. The reconstruction rate is better than 80 percent. If the
density of lidar point clouds improves, a higher reconstruc-
tion rate can be expected.

2. The discrepancy between the reconstructed roof and selected
lidar points is better than 0.2 m. The planimetric accuracy of
the building corners is better than 0.6 m.

3. The existing inner structure lines from vector maps are
beneficial to the building shaping. Normally, these inner
lines are not existing in the vector maps, but some of them
are exception. For the complex building, these inner lines
are still not enough to represent the building details.
Comparing the original building lines and generated
structure lines. The number of increasing structure lines are
188 and 241 for case 1 and case 2, respectively.

4. The results show the potential of 3D building model
generation by the fusion of lidar and vector maps.

Conclusions
We have proposed a feasible scheme to reconstruct a
variety of buildings that integrates vector maps and lidar
point clouds. The experimental results indicate that the
fidelity of the building reconstruction is high, provided
that the point cloud density is sufficient. Discrepancies
between the point cloud set and the roof surfaces are
measured to check the accuracy. The RMSE of the discrep-
ancy is close to the random error of lidar point clouds.

In this study, we assumed the vector maps are error
free. If the buildings are demolished, the reconstruction
process could generate wrong building models. Further
study will focus on this part. For general applications,
future works on targeting the variety of building roofs
are needed. In addition, it is worthwhile to include aerial
image to alleviate the limitation of lidar density.
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